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General introduction

Chapter 1

Chapter 1
Reactive oxygen species as double‐edged sword
Oxidative stress occurs when there is an imbalance between the production of
reactive oxygen species (ROS) and their detoxification by antioxidants. During
lifetime, cells are challenged by various levels of oxidative stress, depending on
the cell type and cellular location. Mitochondria and immune cells, mainly
neutrophils and macrophages, are two important sources of endogenous ROS
production. In the mitochondria, during oxidative phosphorylation (OXPHOS)
some electrons will leak out of the electron transport chain and can react with
oxygen molecules to generate the superoxide anion (O2•‐) (1). O2•‐ can further
react to hydrogen peroxide (H2O2), and if these primary ROS are not neutralized
by antioxidants, both these free radicals together can, via the iron‐catalyzed
Fenton reaction, be transformed to the most reactive radical among all ROS
(secondary ROS): the hydroxyl radical (OH•) (2).
ROS are not only a harmful side‐product of energy production; specifically
the less reactive primary ROS can also be beneficial, for example as intracellular
signaling molecules or in ROS‐mediated host defense for the elimination of
pathogens (3). However, the long‐term presence of immune cells at the site of
chronic inflammation can, by the presence of chronic oxidative stress, contribute
to the pathophysiology of many different diseases (4). In addition to
endogenously produced ROS, also several exogenous sources, including UV‐light
and cigarette smoke, can contribute to the accumulation of ROS within cells (5, 6).
All these sources together will lead to accumulation of ROS which if not
neutralized, will result in oxidative stress. Excessive ROS levels can disturb redox
signaling and damage the proteins, lipids and DNA (Fig. 1). As such, disturbed
redox signaling and ROS‐induced damage contributes to aging and is involved in a
wide variety of diseases, including Alzheimer’s disease, atherosclerosis and cancer
(Reviewed in (7, 8)).
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Figure 1 (see previous page). The redox balance. The balance between the production of
ROS (by endogenous and exogenous sources) and their detoxification by (enzymatic and
non‐enzymatic) antioxidants determines the cellular outcome; slightly increased ROS
levels may play a role in signal transduction and immunological defense systems, whereas
excessive ROS production can damage all kinds of biomolecules.

Cellular defense mechanisms against excessive ROS
To protect itself against the damaging effects of ROS, the cell possesses the
antioxidant defense system and DNA damage repair enzymes. Antioxidants
remove ROS by being oxidized themselves, and thereby prevent ROS‐induced
oxidation to biomolecules. The antioxidants can be classified in the enzymatic, e.g.
superoxide dismutase and catalase, and non‐enzymatic, e.g. glutathione (GSH)
and vitamin C, antioxidants (Fig. 1).
When the antioxidant defense system provides insufficient protection,
DNA damage repair, of which base‐excision repair (BER) is the most important one
(9), and endoplasmatic reticulum unfolded protein responses (10) will be
activated as second layer of protection for repair of oxidative DNA lesions and
removal of misfolded/oxidized proteins, respectively.
Nrf2, the master redox switch
The transcription factor Nrf2 (nuclear factor, erythroid 2‐like 2; Nfe2l2) is one of
the main regulators of these above mentioned cellular defense mechanisms
against oxidative and xenobiotic stress (11). Under physiological conditions, Nrf2
is present in the cytoplasm where it is bound by Keap1. Keap1 forms a complex
with Cul3 and Rbx1, and this E3 ubiquitin ligase complex is able to ubiquitinate
Nrf2, resulting in Nrf2 being targeted to the proteasomes for degradation. When
oxidative stress is present within the cell, the cysteine residues of Keap1 become
oxidized, resulting in a conformational change of the Keap1‐Nrf2 complex which
prevents Keap1 to ubiquitinate Nrf2 (12, 13). As a result, newly formed Nrf2 will
not form a complex with Keap1 and is able to translocate to the nucleus and bind,
together with small Maf proteins (14), to antioxidant response elements (AREs)
resulting in the transcription of its downstream target genes, which include
antioxidant and DNA repair genes (15).
Oxidative stress and cancer
Several lines of evidence point toward a role for ROS during carcinogenesis. In
almost all cancers elevated ROS levels, as indicated by increased oxidative DNA
damage and lipid peroxidation, and decreased plasma antioxidant levels have
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been observed (16‐18). In addition, oxidative stress levels have been correlated to
chemotherapy resistance (19, 20). It has also been directly shown that ROS
exposure can both initiate (21, 22) and progress (23) cancer. Many mechanisms of
action of ROS causing cancer have been investigated, among which the
accumulation of ROS‐induced DNA mutations.
Mitochondrial oxidative damage as contributor to aging and age‐related
diseases, including cancer?
With increasing age and in many diseases, including cancer, the number of cells
harboring dysfunctional mitochondria and the number of mitochondria containing
deletions or mutations in their mitochondrial DNA (mtDNA) is increasing (24‐26).
Moreover, previously, ROS were thought to be especially harmful to the mtDNA,
as it was thought to be “naked” and lack DNA repair pathways, and therefore,
extra vulnerable to the ROS produced in the mitochondria during OXPHOS. This all
together lead to Harman’s free radical theory of aging, in which it was proposed
that ROS, mainly generated by the mitochondria (mtROS), could be the cause for
the cellular damage accumulated during aging and age‐associated diseases (27). In
later years, the theory further evolved into the “Vicious cycle” theory, in which it
was proposed that mtROS induces mtDNA mutations that in their turn result in
dysfunctional OXPHOS, resulting in even higher mtROS production (28). However,
now we know that mtDNA is less “naked” and less vulnerable to oxidative damage
than previously thought; despite lacking histone proteins, the mtDNA is
compacted in DNA‐protein complexes, the so‐called nucleoids (29). Moreover, in
recent years, evidence accumulated that challenges previous theories; despite
increased levels of mtDNA mutations during aging, these mutations
predominantly consist of transition mutations (A to G or C to T point mutations)
and these show a clear strand orientation bias (24, 26). In contrast, oxidative DNA
damage mainly induces transversion mutations (G to T). In addition, no increase in
mtDNA mutations is observed in a MYH‐/‐ /OGG1‐/‐ double knockout mouse model,
which does not express the two major enzymes responsible for repairing 8‐oxo‐dG
(30).
Based on these findings, clearly it is not oxidative stress that accounts for
the somatic mtDNA mutation burden associated with aging. Instead, this strand
orientation bias might suggest that there is a difference in mutagenesis sensitivity
between both strands. This putative difference might be the result of the way
mtDNA replicates; according to the strand‐displacement model of mtDNA
replication, the template for the L‐strand is transiently single‐stranded, and
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therefore more sensitive to DNA damage than the template for the H‐strand (31).
Based on these thoughts, errors in the repair of these mutations by mitochondrial
DNA polymerase γ are now expected to be the cause of the age‐associated
accumulation of mtDNA mutations (24‐26).
Interestingly, despite the fact that in vivo levels of oxidative damage to
mtDNA may not be of great consequence to the individual, it is found that
overexpression of a mitochondrially targeted catalase, but not a peroxisomal or
nuclear targeted variant, extends lifespan and general health in mice (32, 33). In
addition, in worms only knockdown of a mitochondrial superoxide dismutase
could extend lifespan, whereas the cytoplasmic variant even reduced lifespan
(34). These studies give us an indication that either mitochondrial components
other than the mtDNA sequence, such as mitochondrial epigenetics, or
mitochondrial components involved in signaling cascades outside the
mitochondria, such as the mitochondrial‐nuclear communication, are the actual
targets of oxidative damage/signaling.
The involvement of epigenetics in ROS‐induced diseases such as cancer
In addition to DNA mutations, a broad spectrum of diseases, including cancer, is
known to be associated with changes in the epigenetic landscape. The epigenetic
landscape harbors an additional layer of reversible, heritable information on top
of the DNA sequence that affects genomic function, which includes: (1) DNA
methylation, (2) post‐transcriptional modifications of histone proteins and (3)
non‐coding RNAs (35). The latter will not be discussed.
DNA methylation, the addition of a methyl group to the C5 position of a
cytosine (5mC), takes mainly place in the context of a cytosine followed by a
guanine (CpG). However, also non‐CpG methylation can occur albeit at much
lower levels and especially in certain cell types, such as embryonic stem cells (36).
The location of DNA methylation determines its outcome. In order to affect gene
expression, DNA methylation often occurs in clusters of CpGs, called CpG islands,
near the transcription start site in gene promoter areas (35). DNA
methyltransferases (DNMT1, DNMT3A and DNMT3B) are the enzymes that
transfer a methyl group to the DNA (37), as opposed to the Ten‐eleven
Translocation (TET) 1‐3 enzymes that actively initiate removal of this methyl group
via sequential hydroxylation reactions. These reactions give rise to the formation
of 5‐hydroxymethylcytosine (5hmC), then 5‐formylcytosine (5fC), and finally 5‐
carboxylcytosine (5caC) (38). Subsequently, conversion to an unmodified C can
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occur either via passive (DNA‐replication induced) dilution or excision of the
modified C by DNA repair enzymes, such as thymine‐DNA glycosylase (TDG) (39).
The nuclear DNA is packed around histone proteins. Especially, the tails of
these histones are subject to extensive post‐transcriptional modifications, such as
methylation, acetylation and phosphorylation. As a result, the packaging of the
histones is modified, causing the chromatin to be in either a closed or a more
open state. In this manner, post‐transcriptional modifications of histone proteins
can regulate and coordinate transcription, DNA repair, and DNA replication (40).
Altered histone modifications, global DNA demethylation and locus‐
specific DNA hypermethylation, mainly in CpG islands near gene promoters, are
prominent features linked to carcinogenesis (40, 41). The contribution of ROS
herein is less well‐established, but several examples indicate that this mechanism
might also be important during carcinogenesis (42‐44).
Mitochondrial epigenetics, an unknown factor involved in ROS‐induced
diseases?
Besides having an effect on nuclear epigenetics, ROS might also act on the
mitochondrial epigenetic landscape. All human nucleated cells contain
mitochondria, varying from several hundreds to thousands, depending on the
energy requirement of the tissue. Each mitochondrion contains about 1‐10 copies
of mtDNA (29, 45, 46). The mtDNA is quite different from the nuclear DNA (nDNA)
(Table 1), which, according to the endosymbiotic theory, can be explained by the
fact that mitochondria evolved from alphaproteobacterium that were engulfed by
eukaryotic cells (47).
In humans, the mtDNA is a 16,569 bp circular double‐stranded DNA
molecule that encodes for only 37 genes: 13 protein‐coding genes, 2 ribosomal
RNAs (rRNAs) and 22 transfer RNAs (tRNAs) (48) (Fig. 2). The rRNAs and tRNAs are
involved in translation of these 13 protein‐coding genes. Combined with over 60
nuclear encoded proteins, each of these 13 protein‐coding genes encode for
proteins that form the five enzyme complexes required for OXPHOS (48).
In contrast to nDNA, mtDNA is only maternally inherited and does not
contain any introns. In addition, nDNA is packed around histones, whereas mtDNA
is clustered in protein‐DNA complexes that are called nucleoids. The main
constituent of nucleoids is the mitochondrial transcription factor A (TFAM) (29).
TFAM is, besides its function as transcriptional regulator, thought to be involved
in histone‐like functions such as packaging and organization of the protein‐mtDNA
complex (49, 50). Other important factors that are associated with nucleoids
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include the mitochondrial DNA polymerase γ (POLG), the mitochondrial DNA
helicase Twinkle and the mitochondrial single‐stranded DNA binding protein
(mtSSB) (51, 52).
Table 1: Difference between nuclear and mitochondrial DNA
Nuclear DNA
Mitochondrial DNA
9
Size (in bp)
~3 x 10
16,569
Shape
Linear double helix
Circular double helix
Inheritance
Both parents
Maternal
Organelles/cell
1
~10‐50,000
Copies/organelle
2
1‐10
# of genes
~20,000‐25,000
37 (13 protein‐coding)
Gene density
~1 in 40,000 bp
1 in 450 bp
Introns
Found in almost every gene
Absent
% coding DNA
~3%
~93%
Histones
Associated with the DNA
Not associated with the DNA
CpG islands
24,000‐27,000
None
CpG density
1% (CpG underrepresention:
2.6% (CpG
21% of the expected
underrepresentation:
frequency)
63% of the expected frequency)
Methylation
3‐4% all Cs, ~70‐80% of all
Increasingly acknowledged
CpGs
Hydroxymethylation
0.03‐0.69% of all Cs
Increasingly acknowledged

In contrast to histone modifications, there are indications that epigenetic
regulation by DNA modifications such as DNA methylation and
hydroxymethylation can potentially occur in the mtDNA. Indeed, already more
than 40 years ago, in the early 1970s, the first evidence arose for mitochondrial
DNMT activity (53, 54) and 5‐mC DNA methylation being present in the mtDNA of
different species, albeit at much lower levels than in the nucleus (55, 56).
Interestingly, the observed activity of the mitochondrial DNMT was only 1/5th of
its nuclear counterpart (53). These early studies found 5mC levels ranging
between 0.06‐0.6% (or, when assuming only CpG methylation to occur, 2‐8.4%)
(55‐58). At that time, many researchers could not confirm these findings (59‐61).
Therefore, it was unclear whether these observations were merely artefacts, for
example, arising from the incomplete separation of the mitochondria from the
nucleus, or that mitochondria just like the nucleus have their own epigenetic
regulation.
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Figure 2. Mitochondrial DNA
(mtDNA). The human mtDNA is
a 16,569 bp circular DNA,
containing a heavy (H, outer
ring) and light (L, inner ring)
strand. The genes encoded from
the L‐strand are written inside
the circular DNA, whereas genes
encoded from the H‐strand are
written on the outside. The
protein‐coding genes encode for
the complexes required for
oxidative
phosphorylation
(Complex I: orange, complex III:
purple, complex IV: pink,
complex V: yellow). The D‐loop
region contains the promoters
for the L‐ and H‐strand (LSP,
HSP1, HSP2) and the origin of
replication of the H‐strand (OH).

A few years ago, the discussion was renewed by the detection of both
5mC and 5hmC in mtDNA, but more importantly, the finding of a DNMT1
transcript with an alternative start site directly upstream of the most common
translational start site (62). This newly discovered DNMT1 transcript (mtDNMT1)
contained a mitochondrial targeting sequence directly upstream of the normal
DNMT1 start site. From then on, the renewed interest into mitochondrial
epigenetics led to the publication of many more articles focusing not only on its
existence, but also on different aspects such as the presence in the mitochondria
of other epigenetic enzymes and factors that could have been correlated with the
presence of mitochondrial epigenetics. However, the functionality of this extra
epigenetic layer remains to be discovered.
How exactly ROS would modify the nuclear or mitochondrial epigenetic
landscape remains unclear. Nevertheless, several hypothesis have been
postulated, either suggesting a direct action of ROS on the DNA/epigenetic
enzymes that modifies the epigenetic landscape (63) or an indirect action of ROS
that changes epigenetic enzyme activity via a change in metabolism, and as such
epigenetic enzyme co‐factor availability (64).
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Scope of the thesis
This thesis describes the role of ROS in health and disease, especially looking at
the involvement of epigenetics herein, and with a main focus on cancer.
Oxidative
stress

Part 2

Epigenetics

Cancer
Accumulation of DNA mutations, i.e. to the DNA sequence itself, or epigenetic
mutations (epimutations), i.e. to the heritable layer of gene regulation on top of
the DNA sequence, can contribute to ageing and diseases, including cancer (7, 8).
ROS seems to play a dual role during carcinogenesis. In healthy cells, ROS
can be pro‐tumorigenic, as they can induce DNA mutations and activate pro‐
oncogenic signaling pathways (21‐23). Interestingly, cancer cells show elevated
ROS levels, but they try to restore their redox balance by increasing their
antioxidant capacity. Implying that even for cancer cells, too high levels of ROS are
detrimental.
Part 1 – ROS as therapeutic target in cancer: Chapter 2 – 6
In Chapter 2 to 6, we explored the possibility to use modulation of ROS levels as
chemopreventive or therapeutic target in (ovarian) cancer (Fig. 3).
N4Py

Cell death threshold
ROS levels

Nrf2

Carcinogenesis

17

1

Chapter 1
Figure 3. Modulation of ROS levels as therapeutic target in cancer (see previous page).
During carcinogenesis, cells gain (metabolic) changes that result in increased ROS
production. Increased ROS levels favor cell proliferation, and as such are beneficial for
cancer progression. However, excessive ROS production would result in cell death.
Therefore, cancer cells acquire adaptations, among which constitutive activation of Nrf2,
which keep ROS levels beyond the cell death threshold. Based on the intrinsic difference in
baseline ROS levels between cancer and normal cells, therapies that induce ROS levels,
such as inhibition of Nrf2 or the use of the transition metal catalyst N4Py, can create a
therapeutic window in which cancer cells are preferentially eradicated.

In Chapter 2, we make use of the fact that cancer cells harbor higher
baseline levels of ROS compared to normal cells. By increasing the intracellular
ROS levels using N4Py, a transition metal catalyst that can convert primary ROS
into highly reactive secondary ROS (65), we were wondering whether this could
create a therapeutic window in which cancer cells compared to normal cells are
preferentially affected. Subsequently, in Chapter 3, we looked into the effect of
different metals on the N4Py molecule. It was hypothesized that by using different
metals in the N4Py complex, the basic properties of the molecule could be
modulated and possibly further improved. In Chapter 4 we determined the
relationship between the mode of transport, localization and biological activity of
the N4Py molecule. By fusing different fluorophores to the N4Py molecule, we
intended to change its intracellular behavior. Moreover, the fluorophore
conjugation enables the visualization of the molecule. As such, we expected to
gain greater insights into the intracellular dynamics and localization‐biological
effect relationship. This information would be useful to better understand the
mechanism of action in cells, and to better predict how other modifications of the
molecule would change the intracellular behavior of the molecule. In the end, this
information may allow further improvements of the anticancer effect of BLM
mimics.
In Chapter 5 and 6, we focus on the transcription factor Nrf2. Nrf2 is the
master regulator of antioxidant and cytoprotective responses. In healthy cells, this
pathway is activated upon exposure to ROS, and thereby minimizes the damage,
including cancer‐causing DNA mutations, induced by ROS. Cancer cells can hijack
this pathway, resulting in constitutive activation, in order to restore their redox
balance. Moreover, resistance to chemotherapy and radiation is often associated
with increased expression of Nrf2 (66‐69). Therefore, we explore the
chemopreventive and therapeutic potential of Nrf2 in ovarian carcinogenesis.
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Part 2 – Crosstalk between ROS and epigenetics: Chapter 7 – 10
A stitch in time saves nine! In order to enable better cancer prevention, it is
important to understand how cancer cells arise. Epimutations are known to
contribute to carcinogenesis, but up to now, the majority of epimutations remain
unexplained. However, we do know that genetic mutations in epigenetic
regulators can explain some of the genome‐wide epigenetic changes in cancer
(71). ROS can directly induce genetic mutations, but interestingly, it has also been
shown to indirectly induce epimutations (44). In Chapter 7 to 11 we were
interested whether and how ROS can have an effect on the epigenetic landscape,
and as such can have intracellular signaling properties. More specifically, Chapter
7 and 8 focus on the nuclear epigenetic landscape, whereas Chapter 9 and 10
focus on the mitochondrial epigenetic landscape. As a consequence of the
intracellular signaling properties of ROS, disturbed ROS production could have an
effect on acquiring disturbed epigenetic regulation, which in its turn could result
in the predisposition to cancer.
In Chapter 7, we took a closer look into the DNA methyltransferases.
These epigenetic enzymes are involved in DNA methylation. However, in vitro
evidence suggests these enzymes might also play a role in active DNA
demethylation when specific environmental conditions are met, among which
high ROS levels. Here, we hypothesize how these specific environmental
conditions can be met in the chromatin micro‐environment.
Besides having a local effect within the proximity where it is produced
(Chapter 7), ROS can also act as signaling molecule. As mitochondria are one of
the main sources of ROS within the cell, we focused in Chapter 8 on the
communication between mitochondria and nucleus via mitochondrial ROS
molecules having an effect on the epigenetic landscape in the nucleus.
Interestingly, mitochondrial ROS by themselves might be regulated by
(mitochondrial) epigenetics. In Chapter 9, recent evidence for the existence and
functionality of mitochondrial epigenetics are discussed. Moreover, we propose
how mitochondrial epigenetics might be regulated. As recent evidence (Chapter
9) provides reason to believe mitochondrial DNA methylation has an important
function and can contribute to many (mitochondrial) diseases, including cancer
and diabetes, we aimed to reveal its function in Chapter 10.
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Part 3 – The local epigenetic environment as therapeutic target in cancer:
Chapter 11 – 12
One of the prominent epigenetic alterations in cancer cells, is the locus‐specific
DNA hypermethylation, mainly in CpG islands near gene promoters (41). This
alteration can, via the inactivation of tumor suppressor genes, contribute to
cancer development.
In the treatment of blood cancers, several drugs are used that target the
epigenetic landscape, including the DNA methylation inhibitors (DNMTi) such as
Decitabin (5‐aza‐deoxycytosine), and the histone deacetylase inhibitors (HDACi)
such as Voriniostat (Suberoylanilide Hydroxamic Acid, SAHA) (70). However, as the
currently approved epigenetic drugs are non‐selective/target the epigenetic
landscape genome‐wide, they have many side‐effects. Therefore, there is a great
need for epigenetic therapies that are more selective/gene‐targeted.
In Chapter 11 and 12 we take a closer look into several aberrantly
hypermethylated putative tumor suppressor genes (TSGs) in cervical cancer
(C13ORF18, CCNA1, TFPI2, Maspin and EPB41L3). Different strategies are pursued
and compared with the ultimate goal to permanently re‐express these
hypermethylated genes: (1) Transcriptional activators (VP64); (2) Epigenetic
Editing using the DNA hydroxymethyltransferase TET2 compared to base excision
repair by the enzyme TDG; (3) Epigenetic drugs (DNMTi, HDACi). By doing so, we
could reveal which genes possess a tumor suppressive function in cervical cancer,
and therefore, can be interesting targets for permanent re‐expression.
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Abstract
Iron complexes of N,N‐bis(2‐pyridylmethyl)‐N‐bis(2‐pyridyl)‐methylamine (N4Py)
have proven to be excellent synthetic mimics of the Bleomycins (BLMs), which are
a family of natural antibiotics used clinically in the treatment of certain cancers.
However, most investigations of DNA cleavage activity of these and related metal
complexes were carried out in cell‐free systems using plasmid DNA as substrate.
The present study evaluated nuclear DNA cleavage activity and cell cytotoxicity of
BLM and its synthetic mimics based on the ligand N4Py. The N4Py‐based reagents
induced nuclear DNA cleavage in living cells as efficiently as BLM and Fe(II)‐BLM.
Treatment of 2 cancer cell lines and 1 noncancerous cell line indicated improved
cytotoxicity of N4Py when compared to BLM. Moreover, some level of selectivity
was observed for N4Py on cancerous versus noncancerous cells. It was
demonstrated that N4Py‐based reagents and BLM induce cell death via different
mechanistic pathways. BLM was shown to induce cell cycle arrest, ultimately
resulting in mitotic catastrophe. In contrast, N4Py‐based reagents were shown to
induce apoptosis effectively. To the best of our knowledge, the present study is
the first demonstration of efficient nuclear DNA cleavage activity of a synthetic
BLM mimic within cells. The results presented here show that it is possible to
design synthetic bioinorganic model complexes that are at least as active as the
parent natural product and thereby are potentially interesting alternatives for
BLM to induce antitumor activity.
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Introduction
Bleomycins (BLMs) are a family of natural antibiotics produced by Streptomyces
verticillus first reported in the 1960s (1). Nowadays, they are widely used for the
clinical treatment of various tumors, including carcinoma of cervix, head, neck,
and testicles (2). In the presence of cellular metal ions and oxygen, BLMs are
capable of mediating oxidative DNA cleavage, which is believed to be the major
contributor of their antitumor activity (3‐6). The metal‐binding region of BLMs
(Fig. 1) coordinates metal ions to form metallobleomycins that react with oxygen
and consequently mediate the abstraction of H atoms from the DNA substrate to
initiate the cascade of DNA cleavage (4‐9). BLM mediates both single (SSBs) and
double strand DNA breaks (DSBs) in cells, with the latter proposed to be the main
contributor to the observed cytotoxic effects. Depending on the number of DSBs
and the ratio of SSB/DSB, two different types of cell death can be induced by BLM
(6, 10). Moderate numbers of DSBs lead to cell cycle arrest and mitotic
catastrophe, whereas a high number of DSBs, that is, high concentrations of BLM,
results in an apoptosis‐like process. Experiments with deglycoBLM have shown
that a high number of SSBs, or a high SSB/DSB ratio, could act as a signal for the
cell to trigger apoptosis (10).
To date, BLM is among the best studied DNA cleaving antibiotics, although
it is still not fully understood in terms of function and mechanism (7‐9, 11, 12). To
better understand BLM’s mode of action, different synthetic mimics of the metal‐
binding domain of BLMs have been designed and synthesized and the study of the
corresponding metal complexes has contributed significantly to our
understanding (13‐22). Among the metallobleomycins, the highest DNA cleavage
activity in cell‐free systems is found for Fe‐BLM (4, 5, 23). With the same level of
antitumor activity, the in vivo toxicity of Fe(BLM) is significantly less than Cu(BLM)
and Zn(BLM) and native BLM at therapeutically effective concentrations (24).
Therefore, intensive studies have been focused on synthetic mimics of Fe‐BLM
(15‐17, 19‐22). Many of these mimics are capable of cleaving isolated plasmid
DNA, although generally less efficient than Fe‐BLM (15‐17, 19‐22). The cell
cytotoxicity of several of these synthetic mimics has been investigated (20), but to
the best of our knowledge, to date there have been no reports demonstrating the
actual ability of any of these BLM mimics to induce efficiently nuclear DNA
damage in cells.
We previously showed the iron(II) complex of the pentadentate ligand
N,N‐bis(2‐pyridylmethyl)‐N‐bis(2‐pyridyl)‐methylamine (N4Py, 1; Fig. 1) to be an
excellent structural and functional mimic of Fe(II)‐BLM (22, 25‐31); efficient
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cleavage of plasmid DNA was shown for N4Py mimics in cell‐free systems, albeit
still with lower efficiency than BLM itself (22, 28, 31). However, these previous
data have been obtained in cell‐free systems, and might not fully reflect the
activity of Fe–N4Py on living cells. Therefore, this study is exploring the cellular
responses upon treatment with N4Py‐based reagents. Here, we report that,
compared to BLM and Fe(II)‐BLM, three N4Py‐derived synthetic BLM mimics,
Fe(II)‐1, ligand 2 (which contains a covalently attached 1,8‐naphthalimide moiety
that could potentially contribute to DNA binding), and Fe(II)‐2, show high
cytotoxicity at low micromolar concentrations against the cell lines investigated,
with some level of selectivity toward cancer cells. Moreover, the treatment of
human carcinoma cells with the N4Py‐based reagents gives rise to cell death and
nuclear DNA cleavage at least as efficiently as with BLM and Fe(II)‐BLM.

Figure 1. BLM (metal binding domain in red color with metal coordinating N atoms
underlined) and N4Py ligands 1 and 2 employed in the present study. Ligand 2 contains a
covalently attached 1,8‐naphthalimide moiety that could potentially contribute to DNA
binding.

Results and Discussion
Nuclear DNA Damage
The main mechanism of action of BLM and its mimics is thought to proceed via
the induction of oxidative DNA cleavage (4‐6). For BLM, it has been shown that
oxidative DNA cleavage can result in both SSBs and DSBs (4‐6). The latter are the
most deleterious form of DNA damage and this can, if left unrepaired, ultimately
result in chromosome breaks and translocations, or even be lethal. To validate
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that the N4Py‐based BLM mimics can also induce nuclear DNA damage in living
cells, the amount of DSBs was assessed by fluorescence‐activated cell sorting
(FACS) analysis of γH2AX. The phosphorylated histone variant H2AX (γH2AX) has
been well established to be a highly sensitive and specific marker for double‐
strand breaks in DNA in nuclear chromatin (32, 33).
In this study, the N4Py‐based iron(II) complexes Fe(II)‐1 and Fe(II)‐2, as
well as the free ligand 2, as a representative member of the N4Py ligand family
(22), were used. Based on the high affinity of N4Py ligands for Fe(II) salts (26), it
was expected that this ligand would quickly bind a Fe(II) ion in vitro. For
comparison, BLM and its corresponding iron complex, Fe(II)‐BLM, were included
as well. After 48 h of treatment with the reagents, the number of DSBs was
determined in two human cancer cell lines (SKOV‐3: epithelial ovarian cancer;
MDA‐MB‐231: metastatic breast epithelial cancer) and a noncancerous cell line
(HK2: immortalized proximal tubule epithelial cell line from healthy adult human
kidney). As the latter are noncancerous yet dividing cells, they provide some
indication about the cancer cell line selectivity of the observed effects. The
concentration of BLM and BLM mimics used in this study is in the range of
reported concentrations of BLM in biological tests in vitro (24, 34‐37). The HK2
cells were only treated with 30 μM of DNA cleaving agents, except for Fe(II)‐BLM,
which was also tested at 3 μM.
SKOV‐3 and MDA‐MB‐231 cells treated with 3 μM Fe(II)‐1, ligand 2, and
Fe(II)‐2 showed similar levels of γH2AX fluorescence as untreated cells or cells
treated with solvent only (Fig. 2, Suppl. Fig. 1‐2, Suppl. Table 1), so no significant
genomic dsDNA damage occurred under these conditions. However, using 3 μM
Fe(II)‐BLM, γH2AX levels in SKOV‐3 cells were 4.2 ± 1.7 fold higher than the
solvent controls (P < 0.05), which indicates that at this concentration nuclear DNA
damage is induced by Fe(II)‐BLM. When the concentration of reagents was
increased to 30 μM, the levels of cellular γH2AX fluorescence in both of the cancer
cell lines were significantly increased compared to the blank and solvent controls
(P < 0.05) (Fig. 2, Suppl. Fig. 3‐4, Suppl. Table 1). Thus, efficient nuclear DNA
cleavage was induced with all reagents at this concentration (Fig. 2, Suppl. Table
2). A comparison between the different N4Py based reagents shows that their
activity is comparable (i.e., within the margin of error). The only notable exception
is that the observed γH2AX levels in MDA‐MB‐231 cells induced by 30 μM of the
iron complex Fe(II)‐2 are significantly higher than those induced by the
uncomplexed ligand 2 at the same concentration (P < 0.05). This is in apparent
contrast with the observed cytotoxicity for these compounds (vide infra).
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Figure 2. dsDNA damage
(γH2AX) upon treatment
with BLMs and synthetic
BLM mimics. γH2AX
mean
fluorescence
intensity was normalized
to solvent control in
SKOV‐3 (orange), MDA‐
MB‐231 (gray), and HK‐2
cells (blue) treated with 3
μM and 30 μM reagents
after 48 h. HK‐2 cells were
only treated with 30 μM
reagents, except for 3 μM
Fe(II)‐BLM. Experiments
were conducted by doing each treatment in duplo, and each experiment was carried out
in triplicate. Data are presented as the mean ± SEM * P < 0.05 compared to all other
conditions, according to one‐way ANOVA.

Metabolic Activity
An
MTS
(3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐carboxymethoxyphenyl)‐2‐(4‐
sulfophenyl)‐2H‐tetrazolium) assay was performed to determine whether the
observed dsDNA damage affected cell functioning (38, 39). The metabolic activity
was determined on SKOV‐3, MDA‐MB‐231, and HK2 cells treated for 48 h with
different concentrations (1, 3, 10, 30, and 50 μM) of BLM, ligand 2, and the iron(II)
complexes Fe(II)‐BLM, Fe(II)‐1, and Fe(II)‐2.
As shown in Fig. 3A‐C, the IC50 (half maximal inhibitory concentration)
values of BLM and Fe(II)‐BLM against SKOV‐3 and MDA‐MB‐231 cancer cells were
in the range 10–30 μM, while for the synthetic compounds Fe(II)‐1, ligand 2, and
Fe(II)‐2 they were in the range 3–10 μM. Against the noncancerous HK‐2 cells, the
IC50 of BLM was >50 μM, while the IC50 of Fe(II)‐BLM and Fe(II)‐1, ligand 2, and
Fe(II)‐2 were in the range 10–30 μM. A notable observation is that, whereas the
cell viability of SKOV‐3 and MDA‐MB‐231 cancer cells gradually decreased upon
increasing the concentration of BLM and Fe‐BLM, a sudden transition from good
to almost no cell viability was observed in case of the N4Py‐based reagents
between 3 and 10 μM. The reason for this sudden transition is unclear, but this is
in agreement with the observation that at 3 μM concentration of N4Py‐based
reagents almost no nuclear DNA damage occurred, whereas at 30 μM extensive
nuclear DNA damage was observed (Fig. 2). Against HK‐2 cells, this transition is at
higher concentrations, that is, between 10 and 30 μM. Thus, using 10 μM of Fe(II)‐
1, ligand 2, and Fe(II)‐2, the viability of SKOV‐3 and MDA‐MB‐231 cancer cells was
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lost almost completely, while more than 70% of the cell viability of the
noncancerous HK‐2 cells was remaining (Fig. 3D, Suppl. Table 2). Raising the
concentration of Fe(II)‐1, ligand 2 and Fe(II)‐2 to 30 μM, resulted in complete loss
of selectivity as also the viability of HK‐2 cells was lost completely. With BLM and
Fe(II)‐BLM, reasonable selectivity in cell viability of the noncancerous HK‐2 cells
compared to the cancerous SKOV‐3 and MDA‐MB‐231 cells could also be
achieved, but only at higher concentrations (i.e., ≥30 μM). Hence, compared to
BLM and Fe(II)‐BLM, the synthetic mimics showed a higher degree of cancer cell
line selective cytotoxicity at low concentration. This is tentatively caused by the
higher levels of reactive oxygen species (ROS) in cancer cells compared to normal
cells. Cancer cells are known to have elevated levels of ROS including 1O2 and O2●–
compared to normal cells, which is mainly due to the increased metabolism (40‐
42). This result is in line with the previously reported plasmid DNA cleavage
activity of Fe(II)N4Py complexes, which has been postulated to involve the
formation of N4Py‐Fe(III)‐OOH by reaction with ROS such as O2●– (22).
Here, the opposite trend is observed for 2 and Fe(II)‐2 compared to the
γH2AX assay: in the case of SKOV‐3 and MDA‐MB‐231 cells 2 appears to be more
cytoxic than Fe(II)‐2 (Fig. 3A‐B). These observed differences between 2 and its
corresponding iron complex are at present not understood. While they suggest
that in the cancer cell lines, metal uptake might be a factor, it is not clear how this
might relate to the differences observed. A further complicating factor is that
multiple processes are involved in cell death caused by N4Py‐based reagents (vide
infra). Since comparable cytotoxicity was observed for Fe(II)‐1 and Fe(II)‐2, it can
be concluded that the covalently attached naphthalimide in ligand 2 does not
increase the cytotoxicity.
Apoptotic Effect
Fig. 3 shows an improved inhibitory effect on metabolic activity of all N4Py‐based
reagents compared to the BLMs. However, as the MTS assay only gives a read‐out
for metabolic activity, the observed decrease herein could be explained by cell
growth inhibition (cytostatic) and/or cell death (cytotoxic).
To provide some insight into the mechanism of action, cell death was determined
using a propidium iodide (PI)/FACS assay. Cells will only stain PI
positive when the cell membrane has become permeable; that is, only late
apoptotic or necrotic cells will stain PI positive. For experimental reasons, a
comparison was made only between BLM and Fe(II)‐ 1, as it is clear from earlier
work under cell free conditions and the results above that the naphthalimide
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moiety in 2 and Fe(II)‐2 does not significantly change the inherent reactivity and
the activity in vitro (22).

A

B

C

D

Figure 3. Metabolic activity upon treatment with BLMs and synthetic BLM mimics.
Viability of SKOV‐3 (A), MDA‐MB‐231 (B), and noncancerous HK‐2 (C) cells treated for 48 h
with 1, 3, 10, 30, and 50 μM of BLM (aqua), Fe(II)‐BLM (blue), Fe(II)‐1(red), ligand 2
(orange), and Fe(II)‐2 (pink). Viability of SKOV‐3 (orange), MDA‐MB‐231 (gray), and HK‐2
(blue) cells treated with 10 μM of the indicated DNA cleaving agents (D). Experiments
were conducted by using triplicate samples for each treatment, and each experiment was
carried out in triplicate, or in duplicate in case of BLM. Data are presented as the mean ±
SEM.

As high concentrations of DMSO can by itself induce some background
level of cell death (Suppl. Fig. 5), the DMSO concentration was decreased to 0.1%
to reduce background cell death. Remarkably, it was found that 30 μM BLM does
not induce significantly more cell death compared to solvent control. In contrast,
30 μM Fe(II)‐1 clearly shows an increase in the percentage of necrotic/late
apoptotic cells (77 ± 4.2%) compared to the solvent control (2.6 ± 0.5%) (P <
0.001) (Fig. 4, Suppl. Table 6, Suppl. Fig. 6).
Different processes may contribute to the observed cell death, including
apoptosis, necrosis, and autophagy. It is known that BLM and some of its synthetic
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mimics are capable of initiating apoptosis (43, 44, 20). To address the role of
apoptosis with Fe–N4Py, cells were treated with the broad range caspase‐
inhibitor
carbobenzoxy‐valyl‐alanyl‐aspartyl‐[O‐methyl]‐fluoromethyl‐ketone
(zVAD‐FMK), which is an irreversible inhibitor of the catalytic site of caspase
proteases and thereby inhibits apoptosis (45, 46). Upon addition of the apoptosis‐
inhibitor zVAD‐FMK, a relative reduction of 48 ± 9% of cell death in 30 μM Fe(II)‐1
treated cells was found. Hence, about half of the observed cell death under the 30
μM Fe(II)‐1 treatment condition is the result of apoptosis (Fig. 4). Even after
inhibition of apoptosis, there is still a significant amount of cell death left
compared to the solvent control (P < 0.001).
Figure 4. Cell death observed upon
treatment with 30 μM BLM and Fe(II)‐1.
SKOV‐3 cells were treated for 48 h with 30
μM BLM or Fe(II)‐1 in the presence or
absence of the apoptosis‐inhibitor zVAD‐
FMK (20 μM). Flow cytometric analysis of
propidium iodide as a cell permeability
staining was used to define the percentage
of necrotic/late apoptotic cells. Each value
represents mean ± SEM from three
independent experiments. *** P < 0.001
compared to all other conditions, according
to one‐way ANOVA.

The combined data of Fig. 3 and 4 indicate a difference in the mechanism
of action of BLM and Fe(II)‐1; the observed decrease in metabolic activity as seen
in Fig. 3 is mainly caused by a cytostatic effect of BLM and a cytotoxic effect of
Fe(II)‐1. Thus, in addition to direct N4Py‐induced DNA damage, the overall
observed nuclear DNA damage (Fig. 2) is partially caused indirectly by the
induction of apoptosis (Fig. 4) (45, 47, 48).
The contribution of apoptosis in dsDNA cleavage was addressed in our
experimental setup by combining flow cytometric analysis of γH2AX with PI. Here,
PI was used in a different staining protocol in which it can be used to assess the
cell cycle distribution by measuring DNA content (49, 50). All cells containing less
DNA than cells in the G1 phase of the cell cycle (the SubG1 peak) resemble (late)
apoptotic cells and were excluded from analysis (Suppl. Fig. 7, Suppl. Table 4). By
doing so, a better estimation of the direct DNA damage of both reagents could be
determined.
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A significant amount of γH2AX positive cells within the non/early
apoptotic population arose upon treatment of SKOV‐3 cells for 48 h with either 30
μM BLM (79 ± 9.0%) or 30 μM Fe(II)‐1 (55 ± 2.5%) versus the solvent control (0.92
± 0.27%). However, no significant difference in dsDNA damage between both 30
μM DNA cleaving treatments was observed (Fig. 5). Interestingly, for 30 μM BLM
treated cells, no change in the percentage of γH2AX positive cells was seen when
cells were co‐treated with zVAD‐FMK, which is in line with the minimal cell death
observed in BLM treated cells (Fig. 4). However, for 30 μM Fe(II)‐1, it is shown
that the amount of γH2AX positive cells was reduced by 51 ± 7.1% after adding
zVAD‐FMK to the cells (P < 0.05). This reduction of γH2AX positive cells equals the
reduction in apoptosis as seen in Fig. 4. From this, we can conclude that about
half of the observed dsDNA damage in the cells still‐viable after treatment with 30
μM Fe(II)‐1 is directly induced by apoptosis; the remaining is primarily the result
of direct N4Py‐induced dsDNA damage.
The above data show that after 48 h of treatment more toxic effects occur
for Fe(II)‐1 compared to BLM treatment (Fig. 4). Yet, lower levels of directly
induced dsDNA damage were seen in Fe(II)‐1 (28 ± 3.9%) versus BLM (74 ± 14%)
treated cells (P < 0.001) (Fig. 5). On the one hand, this reflects the fact that Fe(II)‐1
is a typical single strand DNA cleaving agent, which causes DSBs only after
extended single strand cleavage, as has been demonstrated before in cell free
conditions using plasmid DNA (22), whereas BLM is capable of direct double
strand DNA cleavage (4‐6, 22). Importantly, this also suggests that different
mechanisms play a role in the toxicity and generation of DSBs by Fe(II)‐1 versus
BLM. Most likely, Fe(II)‐1 is more efficient in inducing (sustained) low level of
ssDNA damage. When enough SSBs accumulate, these could act as signals to
induce apoptosis, analogous to the reported activity of deglycoBLM (10). As a
consequence of the apoptosis process, then, DSBs occur. In contrast, at low
numbers of DSBs the cytotoxicity of BLM is caused by cell cycle arrest followed by
mitotic catastrophe (10). Another explanation for the higher toxicity of Fe(II)‐1
versus BLM might be that Fe(II)‐1 not only damages molecules within the nucleus
but also in other compartments of the cell, which then also results in triggering of
apoptosis.
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Figure 5. dsDNA damage (γH2AX) in
non/early apoptotic cells. SKOV‐3 cells
were treated for 48 h with 30 μM BLM or
Fe(II)‐1 in the presence or absence of the
apoptosis‐inhibitor zVAD‐FMK (20 μM).
Flow cytometric analysis of γH2AX, a
marker for dsDNA damage, was used in
combination with propidium iodide, a
marker for DNA content, to exclude late
apoptotic cells (in the subG1 peak) from
analysis. The γH2AX positive population
was defined based on about 1% positivity
in the 0.1% DMSO treated cells. Each value
represents mean ± SEM from at least three
independent experiments. * P < 0.05; ** P
< 0.01; *** P < 0.001 compared to all other
conditions, according to one‐way ANOVA.

The proposed difference in mechanism of cell death is further illustrated
by comparing BLM and Fe(II)‐1 in a clonogenic assay (51). After a 1 h or 8 h
treatment with either 30 μM BLM, 30 μM Fe(II)‐1, or 0.1% DMSO, SKOV3 cells
were reseeded in fresh media at a density of 750 cells/6 well. After 20 days, the
colony forming potential was assessed by counting the number of colonies
formed (≥50 cells/colony). During treatment, neither BLM nor Fe(II)‐1 induced
significant cell death. Fig. 6A shows that BLM is already very potent in inhibiting
the colony forming potential after only 1 h treatment. In contrast, the inhibitory
effects of Fe(II)‐1 on the colony forming potential become visible only after an 8 h
treatment (Fig. 6B). This clearly indicates that the mechanism in which both
reagents damage the cell is different. Combined with the FACS data (Fig. 4‐5,
Suppl. Fig. 8), these results confirm that 30 μM BLM mainly affects the cell via the
induction of a G2/M‐phase cell cycle arrest through the induction of DSBs (Fig. 5).
As a consequence, either a lack of proliferation or cell death induced via mitotic
catastrophe results in virtually none of the cells capable of forming colonies
anymore already after 1 h treatment. On the other hand, Fe(II)‐1 does not affect
the cell cycle (Suppl. Fig. 8) but induces damage in the cell. Only after 8 h
treatment the accumulated damage is such that apoptosis is triggered, resulting in
cell death and thus the colony forming potential is significantly reduced compared
to 0.1% DMSO treatment.
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Figure 6. Colony forming potential upon treatment with 30 μM BLM and Fe(II)‐1. After 1
h (A) or 8 h (B) treatment with either 30 μM BLM, Fe(II)‐1, or 0.1% DMSO, SKOV‐3 cells
were reseeded in fresh media (750 cells/6 well). After 20 days, the colony forming
potential was determined relative to 0.1% DMSO treatment. Each value represents mean
± SEM from at least three independent experiments. ** P < 0.01; *** P < 0.001; ns = not
significant, compared to all other conditions, according to one‐way ANOVA.

Conclusion
The results presented here are the first demonstration of the nuclear DNA
cleavage activity of a synthetic BLM mimic. It was found that Fe(II)‐1, ligand 2, and
Fe(II)‐2 were cytotoxic for SKOV‐3 and MDA‐MB‐231 cancer cells at low
micromolar concentrations while displaying some degree of cancer cell line
selectivity; that is, at the same concentrations, the viability of noncancerous HK‐2
cells was not affected significantly. Treatment of SKOV‐3 and MDA‐MB‐231 cancer
cells with N4Py‐based mimics gave rise to DSBs at least as efficient as with BLM.
The DSBs induced by treatment with BLM were the result of a direct effect, that is,
BLM induced nuclear dsDNA cleavage, resulting in cell cycle arrest. In contrast, the
observed DSBs of Fe(II)‐1 are partially caused by the triggering of apoptosis,
tentatively ascribed to a combination of sustained ssDNA cleavage and indirect
effects such as oxidative damage of other cellular components. Nevertheless,
besides the apoptosis‐related DSBs, also significant direct oxidative DNA cleavage
by the N4Py‐based mimics occurs (summarized in Fig. 7).
In conclusion, our results convincingly show that it is possible to design
synthetic bioinorganic model complexes that are at least as active as the parent
natural product, even if they function through a different mechanism, thus
underlining the power of the bioinorganic modeling approach.
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Figure 7. Differential effect on living cells of 30 μM BLM vs 30 μM N4Py treatment.
SKOV‐3 cells treated for 48 h with either 30 μM BLM or 30 μM N4Py show a different
response to each treatment. 30 μM BLM directly induces a large amount of dsDNA breaks
compared to 30 μM N4Py. Nevertheless, more cells are dying upon treatment with 30 μM
N4Py compared to 30 μM BLM.

Materials and Methods
Materials
All reagents and solvents were used as purchased without further purification
unless noted otherwise. Bleomycin sulfate (A2 + B2, 95%), from Streptomyces
verticillus, was purchased from Calbiochem. Ligands 1 and 2 were synthesized
according to literature procedures and all characterization data are in agreement
with those reported (22). Iron(II) complex of ligand 1 was obtained as
[MeCN∙Fe(II)∙N4Py](ClO4)2∙2H2O by crystallization, as previously published (25).
(NH4)2FeII(SO4)2 (1 equiv.) was added to solutions of BLM and ligand 2 in 1:1
DMSO/H2O to generate the corresponding iron(II) complexes in situ. The broad
range
caspase‐inhibitor
carbobenzoxy‐valyl‐alanyl‐aspartyl‐[O‐methyl]‐
fluoromethyl‐ketone (zVAD‐FMK) was bought from Calbiochem.
Cell Culture
The human ovarian carcinoma cell line SKOV‐3 (HTB‐77), the human mammary
gland adenocarcinoma cell line MDA‐MB‐231 (HTB‐26), and the immortalized
proximal tubule epithelial cell line from normal adult human kidney HK‐2 (CRL‐
2190) were obtained from the ATCC (Manassas, VA). SKOV‐3 and MDA‐MB‐231
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, Verviers,
Belgium) supplemented with 10% FCS (Perbio Hyclone, Etten‐Leur, The
Netherlands), 50 μg/mL gentamycin sulfate (Invitrogen, Breda, The Netherlands),
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2 mM L‐glutamine (Lonza). HK‐2 was cultured in 1:1 mixture DMEM and Ham’s F‐
12 (Invitrogen) supplemented with 10% FCS, 1% penicillin/streptomycin
(Invitrogen), 0.01 mg/L EGF(Tebu‐Bio, Heerhugowaard, The Netherlands), 10 mg/L
insulin, 5.5 mg/L transferrin, 6.7 ug/L sodium selenite (ITS) (Invitrogen), 36 ug/L
hydrocortisone (Sigma‐Aldrich Chemie B.V., Zwijndrecht, The Netherlands), 2 mM
glutamax (Invitrogen). Cell cultures were incubated at 37 °C under humidified
conditions and 5% CO2.
In Vitro Cytotoxicity
The viability of cells in the presence and absence of reagents was determined by
using the MTS assay. SKOV‐3 and MDA‐MB‐231 cells were seeded at a density of 2
× 104/cm2 in 96‐well plates (Corning Inc., Corning, NY), HK‐2 cells were seeded at
1.5 × 104/cm2. At 70–80% confluence, the culture medium was replaced by fresh
medium containing reagents. All DNA cleaving reagents were dissolved in 1:1
DMSO/H2O to obtain final concentrations of 0, 1, 3, 10, 30, and 50 μM in 100 μL
culture medium. The final concentration of DMSO in culture medium was 2.4%
(v/v). Controls were treated with same concentrations (v/v) of 1:1 DMSO/H2O
only. After 48 h, 20 μL of fresh CellTiter 96 Aqueous One Solution (Promega,
Madison, WI) was added and incubated for 3 h. The absorbance at 490 nm was
measured using a Varioskan plate reader (Thermo Electron Corp., Breda, The
Netherlands) and subtracted with the absorbance of cell‐free medium containing
reagents. Experiments were conducted by using triplicate samples for each
treatment and each experiment was carried out at least three times unless noted
otherwise.
Cell Death Analysis
SKOV‐3 cells were seeded at a density of 2.85 × 104/cm2 in 12‐well plates (Corning
Inc.). The following day, culture medium was replaced with fresh medium
containing reagents. All DNA cleaving reagents were dissolved in 1:1 DMSO/H2O
to obtain a final concentration of 3 and 30 μM in the medium. Apoptosis was
inhibited by addition of zVAD‐FMK (20 μM final concentration) to the medium.
The final concentration of DMSO in culture medium was 0.1% (v/v). Controls were
treated with same concentrations (v/v) of 1:1 DMSO/H2O only. 48 h after
treatment, both floating and adherent cells were harvested and stained with 5
μg/mL PI (Sigma‐Aldrich Chemie B.V.)/PBS. After a 10 min incubation at 4 °C in the
dark, fluorescence was measured using the FL‐3 channel of a FACScalibur flow
cytometer (Beckton Dickenson Biosciences, San Jose, CA). Experiments were
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conducted in triplicate. Percentages PI positive cells were determined with Kaluza
1.2 (Beckman Coulter) software and graphs were made using Kaluza 1.2 (Beckman
Coulter) and Graphpad Prism 5 software (GraphPad Software Inc., La Jolla, CA).
dsDNA Breaks
The ability of the reagents under investigation to induce dsDNA damage was
tested using intracellular γH2AX staining with flow cytometry read‐out as
described in literature (52). In short, SKOV‐3 and MDA‐MB‐231 cells were seeded
at a density of 2.85 × 104/cm2 in 12‐well plates (Corning Inc.). At 70–80%
confluence, the culture medium was replaced with fresh medium containing
reagents. All DNA cleaving reagents were dissolved in 1:1 DMSO/H2O to obtain a
final concentration of 3 and 30 μM in the medium. Apoptosis was inhibited by
concurrently adding 20 μM zVAD‐FMK to the well. The final concentration of
DMSO in culture medium was 4.6% (v/v) for Fig. 2 and 0.1% for Fig. 5. Controls
were treated with same concentrations (v/v) of 1:1 DMSO/H2O only. Both floating
and adherent cells treated with different reagents were harvested after 48 h, and
fixed in 4% formaldehyde (Merck, Darmstadt, Germany)/PBS for 10 min at 37 °C
and permeabilized in 90% methanol/PBS for 30 min on ice. Cells were
resuspended in 100 μL PBS containing 50 μg phospho‐histone H2A.X (ser139)
(20E3) rabbit mAb (Alexa Fluor 488 conjugate) (Cell Signaling, Leiden, The
Netherlands), and 0.5% BSA. After a 30 min incubation in the dark at RT, cells
were washed with PBS and fluorescence was determined in the FL1 channel of a
FACScalibur flow cytometer.
The amount of dsDNA breaks in the healthy/early apoptotic population
was determined by adding PI, used as a DNA content marker, to the staining (49,
50). Fixed and permeabilized cells were resuspended in 100 μL PBS containing 50
μg of Phospho‐Histone H2A.X (ser139) (20E3) Rabbit mAb (Alexa Fluor 488
conjugate), 10 μg RNase A (Qiagen, Utrecht, The Netherlands), and 0.5% BSA.
After a 30 min incubation in the dark at RT, cells were washed in PBS. Cells were
resuspended in 5 μg/mL PI/PBS and after a 10 min incubation in the dark at 4 °C,
fluorescence was measured in the FL‐1 channel for γH2AX‐Alexa Fluor 488 and the
FL‐2 channel for PI using a FACScalibur flow cytometer. Cells in the subG1
population were excluded from analysis of dsDNA breaks in early/non‐apoptotic
cells. The cutoff for a γH2AX positive cell was set based on a level of ∼1%
positivity in the solvent control. Experiments were conducted by using duplicate
samples for each treatment, and each experiment was carried out at least three
times unless noted otherwise. MFI and PI low cells were determined with WinList
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and Kaluza 1.2 (Beckman Coulter) software. Graphs were made using WinMDI,
Kaluza 1.2 (Beckman Coulter) and Graphpad Prism 5 software.
Clonogenic Assay
The inhibitory effects of BLM and Fe(II)‐1 on the colony forming potential were
tested as described in literature (53). After 1 h or 8 h treatment with either 30 μM
BLM, 30 μM Fe(II)‐1 or 0.1% DMSO, SKOV‐3 cells were reseeded in 6‐well plates
(750 cells/well) containing fresh media. After 20 days, media was replaced by
Coomassie brilliant blue (Bio‐Rad). The colony forming potential was determined
by counting the number of colonies (≥50 cells) using phase‐contrast microscopy
Statistics Calculation
All FACS and MTS data are presented as the mean ± SEM. These data were
evaluated by one‐way ANOVA and considered statistically significant with a p
value <0.05.
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Supplementary Data
FACS analyses of nuclear DNA damage
Supplementary Figure 1. A representative
example of flow cytometric analysis of
γH2AX in SKOV‐3 cells treated with 4.6%
DMSO (v/v) (―), 3 μM BLM (―), 3 μM
Fe(II)‐1 (―), 3 μM ligand 2 (―) and 3 μM
Fe(II)‐2 (―) for 48 h. Area in shadow
represents the blank control. (Graphs were
made using WinMDI software, 25%
smoothing.)

Supplementary Figure 2. A representative
example of flow cytometric analysis of
γH2AX in MDA‐MB‐231 cells treated with
4.6% DMSO (v/v) (―), 3 μM BLM (―), 3 μM
Fe(II)‐1 (―), 3 μM ligand 2 (―) and 3 μM
Fe(II)‐2 (―) for 48 h. Area in shadow
represents the blank control. (Graphs were
made using WinMDI software, 25%
smoothing.)
Supplementary Figure 3. A representative
example of flow cytometric analysis of
γH2AX in SKOV‐3 cells treated with 4.6%
DMSO (v/v) (―), 30 μM BLM (―), 30 μM
Fe(II)‐BLM (―), 30 μM Fe(II)‐1 (―), 30 μM
ligand 2 (―) and 30 μM Fe(II)‐2 (―) for 48
h. Area in shadow represents the blank
control. (Graphs were made using WinMDI
software, 25% smoothing.)

Supplementary Figure 4. An representative
example of flow cytometric analysis of
γH2AX in MDA‐MB‐231 cells treated with
4.6% DMSO (―), 30 μM BLM (―), 30 μM
Fe(II)‐BLM (―), 30 μM Fe(II)‐1 (―), 30 μM
ligand 2 (―) and 30 μM Fe(II)‐2 (―) for 48
h. Area in shadow represents the blank
control. (Graphs were made using WinMDI
software, 25% smoothing.)
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Supplementary Table 1. Normalized γH2AX mean fluorescence intensity in cells treated
with reagents.a
Concentration
Cell line
No. Reagents
SKOV‐3
MDA‐MB‐231 HK‐2
(μM)
1
untreated
0
0.85 ± 0.14 1.1 ± 0.1
0.73 ± 0.14
2
Solvent control 4.6% DMSO (v/v) 1
1
1
3
3
Not determined
BLM
4
30
5.9 ± 0.9
3.7 ± 0.3
4.1 ± 2.0
5
3
5.2 ± 1.7
3.0 ± 0.9
2.7 ± 0.6
Fe(II)‐BLM
6
30
5.3 ± 0.3
4.2 ± 0.8
8.0 ± 3.1
7
3
1.3 ± 0.1
1.7 ± 0.3
Not determined
Fe(II)‐1
8
30
13.3 ± 5.0
20.8 ± 8.4
10.0 ± 3.9
9
3
1.5 ± 0.1
1.8 ± 0.2
Not determined
2
10
30
6.4 ± 1.3
8.4 ± 2.4
7.6 ± 3.7
11
3
1.2 ± 0.1
1.8 ± 0.1
Not determined
Fe(II)‐2
12
30
9.7 ± 2.0
18.3 ± 1.8
6.1 ± 3.9
a
Cells were incubated with reagents for 48 h. Data are presented as the mean ± SEM

Cell cytotoxicity
Supplementary Table 2. Metabolic activity of cells (%) treated with 10 μM reagents.a
No.

reagents

Cell line
SKOV‐3

MDA‐MB‐231

HK‐2

1

blank

153 ± 23

125 ± 20

189 ± 12

2

Solvent control
2.4% DMSO (v/v)

100 ± 5

100 ± 7

100 ± 10

3

BLM

66 ± 20b

121 ± 15b

86 ± 10b

4

Fe(II)‐BLM

41 ± 3

69 ± 15

70 ± 5

5

Fe(II)‐1

6±6

‐3 ± 3

123 ± 6b

6

Ligand 2

3±1

6±2

131 ± 40

7

Fe(II)‐2

4±6

23 ± 16

108 ±14

a

Cells were incubated with 10 μM reagents for 48 h. Solvent controls were taken as the
100% cell viability references. Data are presented as the mean ± SEM. bBased on duplicate
experiments.
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Supplementary Figure 5. Viability of
SKOV‐3, MDA‐MB‐231 and HK‐2 cells
without any treatment (■) and
treated with solvent only (■). Cells
were exposed to 2.4% DMSO (v/v)
for 48 h. Error bars represent
standard error of the mean from
triplicate experiments. Solvent alone
(2.4 % DMSO v/v) showed inhibition
effect on cell viability. To have a
better comparison of the cytotoxicity
of reagents, the viability of cells
treated with solvent was selected as
the reference of 100%.

Apoptotic effect

Supplementary Figure 6. Representative examples of flow cytometric analysis of the
percentage of PI‐positive cells in SKOV‐3 cells. In this example the FACS analysis of SKOV‐3
cells treated for 48h with 0.1% DMSO (left), 30 μM BLM (middle) or 30 μM Fe(II)‐1 (right)
are shown. The PI‐positive cells are defined as 100%‐healthy population. The healthy
population is set based on the population in the 0.1% DMSO treated cells that shows
(almost) no PI fluorescence. (Graphs were made using Kaluza 1.2 (Beckman Coulter)
software.)
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Supplementary Table 3. %PI‐positive SKOV‐3 cells treated with 30 μM reagents.
0.1%
0.1% DMSO 30 µM 30 µM BLM
30 µM
30 µM Fe(II)‐
Untreated
DMSO
+ zVAD
BLM
+ zVAD
Fe(II)‐1
1 + zVAD
4.4 ± 1.0

2.6 ± 0.6

2.9 ± 0.5

9.9 ±
2.0

9.1 ± 2.1

77 ± 4.2

37.1 ± 6.8

Data are presented as the mean ± SEM based on triplicate experiments.

Supplementary Table 4. %PI‐low SKOV‐3 cells treated with 30 μM reagents.
0.1%
0.1% DMSO 30 µM 30 µM BLM
30 µM
30 µM Fe(II)‐
Untreated
DMSO
+ zVAD
BLM
+ zVAD
Fe(II)‐1
1 + zVAD
1.7 ± 0.5

1.4 ± 0.2

1.7 ± 0.7

4.5 ±
1.7

3.1 ± 0.7

34 ± 8.8

19 ± 6.2

Data are presented as the mean ± SEM based on triplicate experiments.

Supplementary Figure S7. A representative example of flow cytometric analysis of γH2AX
in early/non‐apoptotic SKOV‐3cells treated with 30 μM Fe(II)‐BLM (―), 30 μM Fe(II)‐
BLM+20 μM Z‐VAD‐FMK(―), 30 μM Fe(II)‐1 (―) and 30 μM Fe(II)‐1+20 μM Z‐VAD‐FMK (―)
for 48 h. Area in shadow represents the blank control. (Graphs were made using Kaluza
1.2 (Beckman Coulter) software).
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Abstract
Bleomycin (BLM) is a chemotherapeutic drug used to treat various tumor types.
By binding to a reduced transition metal, in combination with oxygen and a one‐
electron reductant, BLM can oxidatively cleave DNA (via the production of
reactive oxygen species, ROS), which is thought to be its main anti‐tumor activity.
As the metal‐binding domain is essential for BLM its anti‐cancer function, we
developed a synthetic mimic of this metal‐binding domain, called N,N‐bis(2‐
pyridylmethyl)‐N‐bis(2‐pyridyl)‐methylamine (N4Py). N4Py can catalyze the
conversion of primary ROS (O2‐ and H2O2) into highly reactive secondary ROS (e.g.
OH‐, Fe(III)OOH), and as such, possesses intracellular anti‐cancer activity. For BLM
it is known that the intracellular activity does not correlate well with the activity in
cell‐free systems. Moreover, the metal coordinated to BLM is an interesting
variable that can be changed, as it can modulate the host toxicity without
affecting the intracellular anti‐tumor activity. Here, we investigated how the
coordination of different metals can influence the activity of the N4Py molecule,
both in cell‐free and in vitro systems. We observed a clear difference in activity
between both systems; on plasmid DNA, only the iron‐N4Py complexes were
active, whereas intracellularly, all N4Py metal complexes showed activity to some
degree. By combining the knowledge obtained in cell‐free DNA cleavage and
competition studies with intracellular activity assays (cell growth/death, double‐
strand DNA breaks), this study could reveal that the intracellular activity of metal‐
coordinating compounds such as N4Py likely is explained by a combination of
intracellular metal exchange and chelation.
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Introduction
Bleomycin (BLM), a natural antibiotic produced by Streptomyces verticillus (1), is a
chemotherapeutic drug used to treat, among others, testicular, head and neck
and cervical tumors (2). “Activated” BLM is generated by a combination of a
reduced transition metal (Fe(II) or Cu(I)), oxygen and a one‐electron reductant (3).
Intracellularly, this active form can have a variety of effects, including the
peroxidation of lipids (4, 5), the hydrolysis of amide bonds of proteins (6), and the
cleavage of RNA (7, 8) and DNA molecules (9). The oxidative cleavage of DNA (via
the production of reactive oxygen species, ROS) is thought to be responsible for
BLM its main anti‐cancer activity (3, 10‐12).
In cell‐free systems, the activity of the metallo‐BLMs depends on the
metal that is coordinated (10, 12, 13). In these conditions, Fe(II)‐BLM shows the
highest DNA cleavage activity, whereas addition of Cu(II), Zn(II) or Co(II)
completely abolishes the activity of BLM (13, 14). In contrast, in vitro studies show
comparable levels of anti‐tumor activity between the different metallo‐BLMs
(Zn(II), Cu(II), Fe(II)/(III)) (15, 16). Interestingly, it was found in mice that without
affecting the in vivo anti‐tumor activity, Fe(III)‐BLM had the least effect on the
host toxicity (15). The comparable anti‐tumor activity of the different metallo‐
BLMs may hint towards a common metallo‐BLM that is generated intracellularly
by metal exchange and that explains the growth inhibition effects of BLM, or that
another mechanism of action, independent of the type of metal that is bound,
explains the cytotoxicity of BLM. However, since Co‐BLM hardly possesses any
activity in either cell‐free systems or intracellularly, the first option seems the
most likely one (15, 17).
Since the metal‐binding domain is essential for BLM’s anti‐cancer
function, we developed a synthetic mimic of this metal‐binding domain, called
N,N‐bis(2‐pyridylmethyl)‐N‐bis(2‐pyridyl)‐methylamine (N4Py) (18‐20). N4Py acts
as a transition metal catalyst that can convert primary ROS (O2‐ and H2O2) into
highly reactive secondary ROS (e.g. OH‐, Fe(III)OOH) (21). Previously, we have
shown that Fe(II)‐N4Py can be used to preferentially induce cell death in cancer
cells via the induction of direct or indirect (via apoptosis) DNA damage (22). As
such, N4Py may be an interesting anti‐cancer agent. As discussed before, the
coordinated metal of BLM can affect the activity and host toxicity of the drug, and
thus, in line with this, the activity of the N4Py molecule may also depend on the
metal it is bound to. Therefore, in this study, we investigated how the
coordination of different metals can influence the activity of the N4Py molecule,
both in cell‐free systems and intracellularly.

51

3

Chapter 3
Results
Synthesis and characterization of the N4Py complexes
Metal complexes from N4Py herein studied were synthesized following reported
procedures (Supplementary info). The different complexes were isolated as
perchlorate salts, with the 5 nitrogen of the ligand binding the metal, and a
solvent molecule in the sixth position. In the case of Fe(III)‐N4Py complex, the
axial ligand is a methanoate group, while with the other metals an acetonitrile is
coordinated (Fig. 1). The binding of acetonitrile to Fe(III) would result in its
reduction to Fe(II), as previously described (23).

Figure 1. Structure of the ligand N4Py and its metal complexes.

DNA cleavage
DNA cleavage activities of the N4Py complexes were determined by using
supercoiled pUC18 plasmid DNA at 37 °C in the presence of DTT. Gel analysis after
30 min incubation showed almost complete disappearance of supercoiled DNA in
the presence of Fe(II)‐ and Fe(III)‐N4Py, while the other complexes did not show
any significant amount of cleavage (Fig. 2A). The average number of single‐strand
cuts per DNA molecule (n) were calculated from the amount of nicked and linear
DNA formed (Fig. 2B, for equations see Supplementary info). Clearly, the Fe(II)
and Fe(III) complexes caused the largest amounts of single‐strand cuts, with
almost all supercoiled DNA consumed within 30 min. This is not a surprising
finding, given the fact that Fe(II)‐N4Py has proven itself to be a potent structural
and functional model of Fe(II)‐BLM and Fe(III) is likely to become fully reduced to
Fe(II) under the experimental conditions used (18, 24). Strikingly, in the case of
Mn(II), Cu(II) and Zn(II), very little cleavage activity was observed. The amount of
single strand cuts produced after 30 min remained even lower than after just one
minute of cleavage by Fe(II)‐N4Py. This clearly indicates that in cell‐free systems,
the activity of the Mn(II), Cu(II) and Zn(II) is almost negligible.
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Figure 2. DNA cleavage by N4Py metal complexes. (a) Cleavage of supercoiled DNA (Form
I) to give nicked DNA (Form II) and linear DNA (III) in Tris‐HCl (pH 8.0) at 37 °C after 30 min.
Concentrations used: 1.0 μM complex, 0.1 μg μl‐1 pUC18 plasmid DNA (300 μM in base
pairs) and 1.0 mM DTT; lane 1, 3 after 1 min; lane 2, 3 after 5 min; lane 3, 3 after 30 min;
lane 4, 6; lane 5, 4; lane 6, 5; lane 7, 2; lane 8, N4Py (1). (b) Average number of single‐
strand cuts per DNA molecule (n). Error bars represent the uncertainty limits of the data,
based on a Monte Carlo simulation, taking into account a standard deviation σ of 0.03 of
the individual DNA fractions. A correction factor of 1.31 was used to compensate for the
reduced ethidium bromide uptake capacity of supercoiled DNA.

Fe(II) exchange by metals
The DNA cleavage experiments (Fig. 2) suggested that the Fe(II) complex is the
only complex that can efficiently induce DNA cleavage. In view of a cellular
environment, it is important to know if exchange of Fe(II) with other biologically
available metals could take place if the Fe(II)‐N4Py complex would be present in a
cell. The conversion of Fe(II)‐N4Py into another N4Py metal complex was
therefore measured as a function of the decreased metal to ligand charge transfer
(1MLCT) band signal at 457 nm (25). The kinetic curves show that in the presence
of Mn(II), Fe(III) or Zn(II), no metal exchange occurred, since the absorbance does
not change over time (Fig. 3). Therefore, this indicates that, once the Fe(II)‐N4Py
complex is formed, it is favored over the Mn(II), Fe(III) or Zn(II) complexes. At the
contrary, in the presence of Cu(II) a conversion of 70 % Fe(II)‐N4Py to Cu(II)‐N4Py
occurred, albeit slowly compared to Cu(II) binding to N4Py (t1/2 = 2.5 min, k =
0.0051, Table 1). This result suggests that Fe(II)‐N4Py is kinetically the favorable
product, whereas thermodynamically, Cu(II)‐N4Py is the favorable product.
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Figure 3. Evolution on time of the MLCT at 457 nm in the presence of different metals.
Table 1. Conversion of FeII‐N4Py complex into the corresponding metal complexes, half‐
time conversion and rate constants
Metal salt
Conversion to
t1/2
k (s‐1)
metal complex
MnII
0%
‐
FeIII
0%
‐
CuII
70 %
2.5 min 0.0051
0%
‐
ZnII

Metal exchange by Fe(II)
Although the formation of Fe(II)‐N4Py seems kinetically most favorable, other
metal complexes may also be formed upon incubation with N4Py. We thus
studied the ability of Fe(II) to exchange with the different metals coordinated to
N4Py (Fig. 4). The addition of Fe(II) to a solution of Fe(III)‐N4Py resulted in fast and
complete conversion to the Fe(II) complex, once more suggesting that the Fe(II)
complex is favored over its Fe(III) analogue. However, note that the conversion
might be ascribed to electron transfer, as opposed to actual physical exchange of
metal ions. In the case of Mn(II)–N4Py, a majority of Mn(II) is exchanged by Fe(II)
at a relatively high rate (t1/2 = 57 s, k = 0.12 s‐1, Table 2). A significant conversion of
the Cu(II)‐complex was also observed, albeit with much slower kinetics than for
Mn(II). Importantly, however, conversion of Cu(II)‐N4Py to Fe(II)‐N4Py was about
five times faster than the opposite scenario. This indicates that even though the
Fe(II) complex is kinetically favored, a thermodynamic mixture of both complexes
will most likely be present in cells. The Zn(II)‐complex seems quite stable under
the indicated conditions. Even though almost half of the complex becomes
converted to the Fe(II) complex, the kinetics are very slow (t1/2 = 10 min, k =
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0.00084 s‐1). This suggests that the Zn(II) complex is relatively stable under
physiological conditions.
In general, once N4Py coordinates to a bioavailable metal other than
Fe(II), it is able to exchange its coordinated metal with Fe(II) in the order: Fe(III) >
Mn(II) > Zn(II) > Cu(II). Summarized, this data together shows that various metals
can bind to N4Py under simulated physiological conditions, but only the iron N4Py
complexes were able to oxidatively cleave DNA in these conditions.

Figure 4. Evolution on time of the MLCT at 457 nm after addition of FeII to metal
complexes solutions.
Table 2. Conversion into FeII‐N4Py from different metal complexes, half‐time conversion
and rate constants
Metal exchange by Fe(ClO4)2 for different N4Py complexes:
Addition of metal Conversion to FeII‐N4Py: t1/2
k (s‐1)
salt:
(%)
MnII‐N4Py
57 %
57 s
0.12
FeIII‐N4Py
100 %
10 s
0.24
CuII‐N4Py
39 %
33 s
0.028
44 %
10 min 0.00084
ZnII‐N4Py

Modulation of cell viability by the N4Py metal complexes
Our next step, was to gain a first insight into the intracellular effects of the
different N4P‐metals. For this purpose, a (3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐
carboxymethoxyphenyl)‐2‐(4‐sulfophenyl)‐2H‐tetrazolium) (MTS) assay was
performed. MTS is a tetrazolium salt that is reduced to a purple formazan when
mitochondrial reductase enzymes are active (26, 27). This assay measures the
mitochondrial metabolic activity, and as such gives a crude measure of the cell
proliferation and cell viability.
The metabolic activity was determined in A2780 (human ovarian
adenocarcinoma), SKOV3 (human ovarian adenocarcinoma) and OSE‐C2

55

3

Chapter 3
(conditionally immortalized normal ovarian surface epithelium) cells treated for
24 h with different concentrations (1, 3, 10, 30, 50 μM) of N4Py and its metal
complexes (Mn(II), Fe(II), Fe(III), Cu(II), Zn(II)). As shown in Fig. 5, for all cell lines,
the IC50 values of N4Py, Mn(II)‐N4Py, Fe(II)‐N4Py and Fe(III)‐N4Py are in the range
of 5‐10 μM. Notably, an unexplained, sudden transition from good to almost no
cell viability was observed for these compounds within this concentration range.
These observations were in agreement with the cell viability as assessed under a
light microscope. The only exception is the N4Py ligand, for which the cell viability,
as observed under the light microscope, appears to be almost zero from 10 μM
onwards, whereas the formazan formation in the A2780 and SKOV3 cell lines
appears to stagnate around 40 %. Although not further studied, this might
indicate some direct interference with the reduction of the tetrazolium salt, i.e.
the readout of the MTS assay. The IC50 values for Cu(II)‐N4Py lie around the 50 μM
and therefore, on first sight, this metal complex appears to be less cytotoxic than
the manganese and iron compounds. Moreover, treatment with Zn(II)‐N4Py
resulted in hardly any cellular damage, with IC50 values far exceeding the 50 μM.
B
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Figure 5. Metabolic activity upon treatment with N4Py metal complexes (see previous
page). Cells were treated for 24h with 1, 3, 10, 30, 50 μM N4Py and N4Py metal
complexes. Metabolic activity of A2780 (A), SKOV3 (B) and non‐cancerous OSE‐C2 (C) cells
treated with N4Py ( ), Mn(II)‐N4Py ( ), Fe(II)‐N4Py ( ), Fe(III)‐N4Py ( ), Cu(II)‐N4Py ( ) and
Zn(II)‐N4Py ( ). Experiments were conducted three times. Within each treatment, each
treatment was measured three times. Data are presented as the mean ± SEM.
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Cytotoxicity induced by the N4Py metal complexes
The MTS assay does not always correlate well with the light microscopy
observations (e.g. N4Py – Fig. 5), and does not provide any insight in the reason
for the decline in metabolic activity (being either cell death, cell growth inhibition
or chemical interference with the tetrazolium salt reduction). Therefore, to gain
insight into the contribution of cell death caused by the N4Py metal complexes, a
propidium iodide (PI) FACS assay was performed. PI is a membrane impermeable
stain that nonspecifically intercalates into DNA. Cells will therefore only stain PI
positive once the cell membrane becomes permeable, i.e. when cells are late
apoptotic or necrotic. The PI assay was performed by treating cells for 24h with
10 μM of the metal complexes, as this was the lowest concentration were clear
differences between the different metal complexes became visible (Fig. 5).
In line with the MTS assay, both Cu(II)‐ and Zn(II)‐N4Py did not induce,
whereas Mn(II)‐, Fe(II)‐, Fe(III)‐N4Py did induce significant amounts of cell death
compared to solvent control in all three cell lines (Fig. 6). In contrast to the data
obtained in the MTS assay, the N4Py ligand was the most toxic compound in all
three cell lines with cell death levels varying from almost 80% in A2780 up to
more than 95% in OSE‐C2 cells. Furthermore, the manganese complex induced
more cell death than both iron complexes in A2780 cells, but not in SKOV3 or OSE‐
C2 cells.
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Figure 6. Cytotoxicity upon treatment with N4Py metal complexes (see previous page).
Cell death was determined in A2780, SKOV3 and OSE‐C2 cells treated for 24h with 10 μM
N4Py and its metal complexes (Mn(II), Fe(II), Fe(III), Cu(II), Zn(II)). Cells were stained by
propidium iodide and the percentage of late apoptotic/necrotic cells was analyzed by
FACS. Data are presented as the mean ± SEM from three independent experiments. *** P
< 0.001; ** P < 0.01; * P < 0.05.

Oxidative Damage induced by the N4Py metal complexes
Previously reported plasmid DNA cleavage activity of Fe(II)‐N4Py complexes have
been postulated to involve the formation of N4Py‐Fe(III)‐OOH by reaction with
reactive oxygen species (ROS) such as O2•‐ and H2O2 (22, 23, 28‐30). Additionally,
N4Py‐Cu‐OOH (31), N4Py‐Mn(III)‐O2 (31, 32) and N4Py‐Mn(IV)=O (33, 34) species
have been reported. Since the cleavage of plasmid DNA with Fe(II)‐N4Py occurs
via an oxidative cleavage pathway resulting in highly reactive oxygen species
(hROS) such as OH• and (N4Py)FeIV=O (28), it is plausible that intracellularly a
similar mechanism is active.
In order to detect hROS formation in A2780 cells treated with the N4Py
ligand and its metal complexes, the ROS probe APF was selected. APF is a 4‐
aminophenyl‐fluorescein reporter developed by Nagano and co‐workers, that
responds to OH•, ‐OCl, ONOO‐ and other hROS (35). As shown in Fig. 7, the N4Py
ligand and all metal complexes, except Zn(II), generate hROS. The hROS formation
is comparable for all complexes (varying from 1.9x to 2.3x more hROS formation
versus 0.1% DMSO), except for the manganese complex that produces about half
of the hROS produced by the other complexes (1.6x hROS formation versus 0.1%
DMSO). To verify that APF indeed detects the formation of ROS produced by the
N4Py metal complexes, cells were co‐treated with the antioxidant precursor N‐
acetylcysteine (NAC). NAC is an aminothiol and synthetic precursor of intracellular
cysteine and reduced glutathione (GSH). It is generally believed that NAC protects
cells both directly, as a scavenger of free radicals, as well as indirectly, as a
precursor for GSH (36‐38). Upon co‐treatment with NAC, the hROS production of
N4Py and all its metal complexes was abolished, except for Cu(II)‐N4Py.
Remarkably, the hROS formation was almost doubled from 1.9x to 3.3x versus
0.1% DMSO upon co‐treatment of Cu(II)‐N4Py with NAC.
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Figure 7. hROS formation upon treatment with N4Py metal complexes. A2780 cells were
treated for 24h with the N4Py ligand, its metal complexes, or solvent control. The dashed
columns represent the results obtained by co‐treating with 5 μM of the antioxidant
precursor N‐acetylcysteine (NAC). hROS formation was detected by the ROS probe APF.
Flow cytometric analysis of APF emission was used to obtain the mean fluorescent
intensity (MFI) for each condition. The MFI was normalized to solvent control (green).
Every experiment was carried out three times. Each bar shows the mean ± SEM. *** P <
0.001; ** P < 0.01; * P < 0.05; ns, not significant.

Fig. 7 clearly revealed the increase of hROS in A2780 cells treated with
N4Py and its metal complexes. In order to know whether the cytotoxicity as
observed in Fig. 6 can be contributed to the increase in intracellular hROS levels,
we repeated these experiments with the addition of two different (precursor)
antioxidants: 5 μM NAC or 173 μM L‐ascorbic acid 2‐phosphate (AA2P) (Fig. 8).
Since dehydro‐ascorbate is known to be very unstable and rapidly oxidizes to 2,3‐
diketo‐L‐gulonic acid under cellular conditions (39), AA2P was used instead. The
phosphate group is known to protect the molecule from intracellular breakdown,
hence providing a stable concentration of ascorbic acid in the system (40, 41).
The level of cell death induced in the different cell lines (A2780, SKOV3,
OSE‐C2) was quite similar for each (co‐)treatment. Interestingly, the presence of
NAC or AA2P does not seem to impact the amount of cell death when cells are
treated with N4Py or Mn(II)‐N4Py. Contrary, the co‐treatment with NAC
completely abolished the cell death induced by the iron N4Py complexes, whereas
AA2P reduced cell death by about half. Furthermore, in line with the hROS
production, the presence of NAC in the Cu(II)‐N4Py treated cells resulted in an
extreme increase in cell death (up to even 100% in A2780) in all tested cell lines.
However, this increase in cell death in the Cu(II)‐N4Py treated cells seems NAC‐
dependent, as no cell death was observed during AA2P co‐treatment. Lastly, as
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would be expected from the lack of hROS production (Fig. 7), Zn(II)‐N4Py treated
cells showed no significant response to the co‐treatment with either NAC or AA2P.
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Figure 8. The effect of (precursor) antioxidants on the N4Py metal complex‐induced
cytotoxicity. Cell death was determined in A2780, SKOV3 and OSE‐C2 cells treated for 24h
with 10 μM N4Py and its metal complexes (Mn(II), Fe(II), Fe(III), Cu(II), Zn(II)). Dashed and
squared columns show cells co‐treated with 5 μM N‐acetyl cysteine (NAC) or 16h pre‐
treated and co‐treated with 173 μM L‐ascorbic acid 2‐phosphate (AA2P), respectively.
Cells were stained by propidium iodide and the percentage of late apoptotic/necrotic cells
was analyzed by FACS. Data are presented as the mean ± SEM from three independent
experiments. *** P < 0.001; ** P < 0.01; * P < 0.05.
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Nuclear DNA damage induced by the N4Py metal complexes
In cell‐free systems (Fig. 2) and in vitro (22), the iron N4Py complexes are known
to mediate oxidative DNA cleavage. However, the N4Py ligand itself and its other
metal complexes (Mn(II), Cu(II) and Zn(II)) did not show any activity on plasmid
DNA (Fig. 2). To determine whether these complexes can generate oxidative DNA
damage in living cells, the extent of double strand DNA break (DSB) formation was
determined using flow cytometric detection of phosphorylated histone H2AX
(γH2AX) (42). The histone protein H2AX forms a key component in DNA repair,
since it becomes rapidly phosphorylated at serine 139 and accumulates at
emerging DSB sites (43, 44).
Upon a 24h treatment with 30 μM of N4Py or its metal complexes, the
percentage of γH2AX positive cells was determined in SKOV3 cells (Fig. 9).
Interestingly, all reagents show significantly higher γH2AX levels compared to the
solvent controls (P < 0.001), which indicates that at this concentration nuclear
DNA damage is induced by treatment with all complexes. The Fe(II) complex
appears to produce slightly more dsDNA damage compared to the five other
reagents (P < 0.001 against Mn(II)‐, Cu(II)‐, and Zn(II)‐N4Py; P < 0.01 against N4Py
and Fe(III)‐N4Py). Summarized, the induction of dsDNA breaks from high to low:
Fe(II)‐N4Py > N4Py ≈ Mn(II)‐N4Py ≈ Fe(III)‐N4Py > Cu(II)‐N4Py ≈ Zn(II)‐N4Py.
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Figure 9. Double strand DNA damage (γH2AX) in non/early apoptotic cells induced by
the N4Py metal complexes (see previous page). SKOV3 cells were treated for 24 h with 30
μM N4Py and its metal complexes. FACS analysis of γH2AX was used in combination with
propidium iodide (marker for DNA content), to exclude late apoptotic cells (subG1 peak)
from analysis. Co‐treatment with 20 μM of the pan‐caspase inhibitor zVAD‐FMK could
reveal the contribution of apoptosis to the total dsDNA break induction. The gate for
γH2AX positive cells in solvent control was set at 5 %. Each value represents mean ± SEM
from three independent experiments. ***P < 0.001; **P < 0.01; ns, not significant.

DSBs can be caused by various factors. Some reagents create DSBs
directly, such as BLM and doxorubicin (42, 44), while other factors such as ROS
formation, metabolic processes, deficient DNA repair mechanisms, telomere
erosion and programmed cell death, such as apoptosis, can also play a significant
role (45). In order to address the contribution of apoptosis in the induction of
DSBs by N4Py and the metal N4Py complexes, SKOV3 cells were treated with the
broad range caspase‐inhibitor carbobenzoxy‐valyl‐alanyl‐aspartyl‐[O‐methyl]‐
fluoromethyl‐ketone (zVAD‐FMK). Fluoromethylketones (FMKs) are irreversible
inhibitors of cysteine proteases such as those of the caspase family by means of
alkylation of the active‐site thiol (46). Upon addition of ZVAD‐FMK, a significant
reduction in γH2AX levels was observed for all reagents except Zn(II)‐N4Py (Fig. 9).
The relative reduction in γH2AX levels as a result of ZVAD‐FMK were all within the
range of 46% (for Mn(II)‐N4Py) to 57% (for Fe(II)‐N4Py). Hence, about half of the
observed dsDNA damage was the result of apoptosis, under the used conditions.
Nevertheless, even after inhibition of the caspase‐dependent apoptosis pathway,
the amount of observed dsDNA damage was still significant for all reagents (P <
0.05 for Cu(II)‐N4Py, P < 0.001 for N4Py, Mn(II)‐, Fe(II)‐, Fe(III)‐ and Zn(II)‐N4Py).
Cellular Uptake of N4Py and Fe(II)‐N4Py
To gain insight into the mode of transport of N4Py and Fe(II)‐N4Py, A2780 cells
were treated for 24h with 10 μM or 30 μM compound, or 0.1% DMSO control.
During treatment, cells were either incubated at 37°C and 4°C. At 4°C, active
transport cannot take place anymore. Therefore, at 4°C, any effect on cell
morphology compared to 0.1% DMSO, is indicative for the passive transport of
the compound. As shown in Fig. 10A, cells treated with N4Py or Fe(II)‐N4Py and
incubated at 37°C, clearly showed signs of cell death. N4Py seems to be either
taken up faster, or induce more cell death, as these N4Py treated cells
deteriorated at a faster pace compared to Fe(II)‐N4Py treated cells (compare 10
μM N4Py vs 10 μM Fe(II)‐N4Py). Similarly, compared to 0.1% DMSO treated cells,
the N4Py or Fe(II)‐N4Py treated cells showed increased cell swelling and rounding,
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indications of apoptosis, when cells are incubated at 4°C (Fig. 10B). From this it
can be concluded that both the ligand as well as the metal complex seem to be
able to passively diffuse through the cell membrane. However, higher
temperature does seem to accelerate the rate of cellular damage.

3

Figure 10. Influence of temperature (4°C vs 37°C) on the cellular uptake of N4Py and
Fe(II)‐N4Py. A2780 cells were incubated at 37°C (A) or 4°C (B) during a 24h treatment with
0.1 % DMSO solvent control (left), 10 μM Fe(II)‐N4Py (top, middle) or N4Py (bottom,
middle), or 30 μM Fe(II)‐N4Py (top, right) or N4Py (bottom, right). After 24h light
microscopy images were taken.
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Table 4. Summary of the inherent versus intracellular activity of the N4Py‐conjugates.
Metal
(1) No metal
(2) Mn(II)
(3) Fe(II)
(4) Fe(III)
(5) Cu(II)
(6) Zn(II)

DNA cleavage (cell
free)
‐
‐
+
+ ( reduction to
Fe(II))
‐
‐

Cytotoxicity
(MTS/PI)
+ (IC50: 5‐10 μM)
+ (IC50: 5‐10 μM)
+ (IC50: 5‐10 μM)
+ (IC50: 5‐10 μM)

hROS production
(APF FACS)
+
+‐
+
+

dsDNA breaks
(γH2AX FACS)
+
+
++
+

‐ (IC50: ~50 μM)
‐‐ (IC50: >> 50 μM)

+
‐

+
+

Activity of the iron complex of N4Py (Fe(II)‐N4Py) was set as (+). All other N4Py metal
complexes were compared to the activity of the iron complex.

Discussion
In this study, we described how different metals can affect the intracellular
properties of the synthetic BLM‐mimic N4Py (as summarized in Table 3). In cell‐
free systems, Fe(II)‐N4Py is the only complex that possesses oxidative DNA
cleavage activity. In contrast, in vitro, all N4Py metal complexes can generate
DSBs, albeit with different efficiencies; at one end of the scale we have Fe(II)‐N4Py
being the most efficient, and on the other end, we have Cu(II)‐N4Py and Zn(II)‐
N4Py being the least efficient. We show that at least part of these DSBs are
directly generated by the N4Py metal complex itself, whereas the remaining is
indirectly generated, i.e. via the induction of apoptosis. This is in line with our
previous in vitro observations for the Fe(II)‐N4Py complex (22).
Intracellular metal exchange contributes to the in vitro effect of the N4Py metal
complexes
These intriguing differences in activity in the cell‐free versus the in vitro setting,
might be partly explained by the complexity of a whole cell. Moreover, we
propose that the exchange of metals within the cellular environment may
contribute to these different outcomes. This may have resulted in the active
complex being different from the one that was initially added to the cell culture
medium. The combination of the coordination chemistry of N4Py, the performed
metal exchange experiments and oxidative DNA cleavage experiments of each
complex, could largely explain the observed intracellular activity of each complex.
The high kinetic stability of the Zn(II)‐N4Py complex seems to account for
its low cytotoxicity in the cell. Exchange with Fe(II) is possible, albeit very slowly.
In addition, Zn(II) is not redox active under biological conditions (47). In line with
this, no hROS formation was observed upon treatment with Zn(II)‐N4Py. The slight
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increase in DSBs may be accounted for by the slow exchange with Fe(II) in the
N4Py complex.
Cu(II)‐N4Py seems to be the thermodynamically preferred complex under
physiological conditions, even though presence of Fe(II) can result in relatively fast
formation of the Fe(II)‐N4Py complex as a significant, albeit minor, species. Its lack
of pUC18 plasmid DNA cleavage activity reveals the low oxidizing power of the
Cu(II) complex. Even though formation of an N4Py Cu–OOH species has been
reported (31), it was found to be a sluggish oxidant. Generally, the cell studies
with Cu(II)‐N4Py seem to result in little cytotoxicity to the cells at low
concentrations. However, at higher concentrations, formation of the Fe(II)
complex may become more evident. Conversion to the Fe(II) complex might be
facilitated by reports that iron concentrations in cultured cells are often higher
than copper concentrations (48, 49). A noteworthy abnormality is the very high
cytotoxicity and related high hROS value detected for Cu(II)‐N4Py in the presence
of NAC. This seems to be a direct result of Cu(II) interaction and complex
formation with GSH to form a Cu(I)‐(GSH)2, resulting in strongly elevated ROS
levels (50‐53).
Cell studies for Mn(II)‐N4Py indicated that the complex is very active
under cellular conditions, even though it is not able to cleave DNA. Many Mn‐oxo
complexes show much less reactivity in oxidation reactions than their Fe‐oxo
counterparts (54). Since coordination of Mn(II) to N4Py does not seem favorable
and Mn(II) can be readily exchanged for Fe(II), it is likely that mainly metal
exchange, forming the Fe(II)‐N4Py complex, is responsible for the observed
intracellular activity.
Both iron complexes are very active in cleavage of supercoiled pUC18
plasmid DNA. The similarity in cleavage activity is expected since the presence of a
large excess of DTT will force the ferric complex into a ferrous complex. Similarly,
the reducing conditions in the cell will convert the Fe(III) complex into Fe(II)
complex and, therefore, essentially give the same biologically active complex with
a clear oxidative mechanism of action (55, 56). It is proposed that the observed
oxidative damage can be in part ascribed to direct oxidation via Fe–oxo species of
the iron N4Py complexes, which seems to be the only oxo species of N4Py that is
strong enough for oxidation of cellular components, such as DNA. The cytotoxicity
of all N4Py metal complexes in living cells can therefore principally be ascribed to
the Fe(II)‐N4Py complex.
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Intracellular chelation may contribute to the intracellular effect of the N4Py
molecule
In addition to the effect of the N4Py metal complex itself, the intracellular
chelation of different metals may contribute to the cytotoxicity observed for
N4Py. From our competition experiments and the association/dissociation
constants for the different metals as found in literature, it can be deduced that
the N4Py ligand may act as a Zn(II) (57), Cu(II), and Fe(II) chelator (58). In the
human body, several metals are present in such an amount that they might
coordinate to N4Py. The relative abundance of the investigated transition metals
in the human body is iron > zinc > copper > manganese (59). Metals often act as a
co‐factor in enzymatic reactions, but can also be part of a protein complex (e.g.
heme proteins, iron‐sulfur proteins and zinc finger proteins) (59‐61). As such, they
can contribute to many different cellular functions, among which apoptosis,
metabolism and redox‐sensing (59). Therefore, by chelating metals, N4Py may
influence many different cellular processes. For example, Zuo et al. have shown
that Zn(II) chelation by N4Py is associated with the inhibition of the X‐linked
inhibitor of apoptosis (XIAP) protein (57). XIAP is a protein involved in the
inhibition of apoptosis and requires Zn(II) as a co‐factor for its activity (62). So, by
chelating Zn(II), N4Py may induce apoptosis (57). In another case, N4Py was
shown to successfully mobilize iron from ferritin (in 5h, 5% of the total iron from
ferritin is liberated) (58), the main intracellular iron storage protein (63). This is in
contrast to BLM, for which it was shown that it is unable to exchange metals with
the iron storage proteins transferrin and ferritin (64). These examples clearly
indicate that it is feasible for N4Py to chelate or exchange metals within the
human body, and as such may contribute to the intracellular activity of the
compound. Moreover, this can explain the observed intracellular differences
between N4Py and Fe(II)‐N4Py.
Modulation of intracellular metal pools by N4Py may interfere with
tumorigenesis
Interestingly, several transition metals, including iron and copper, are required for
the regulation of essential signaling pathways in cancer cells. As such, these
metals are involved in all processes of tumorigenesis, from tumor initiation (65,
66) and growth (67‐69) to modulation of the tumor microenvironment and
metastasis (70, 71). Moreover, for their survival, tumors seem to be more
dependent on these metals compared to normal cells, since depleting the
intracellular metal pool has been shown to preferentially kill cancer cells (72, 73).
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However, in our study, N4Py treatment did not induce more cell death in the
cancerous (SKOV3, A2780) versus the normal cells (OSE‐C2). Possibly,
immortalization and cell culture conditions may have already induced adaptations
in the OSE‐C2 cells that made them more dependent on these metals. In contrast,
previously, we did find that a N4Py ligand with a covalently attached 1,8‐
naphthalimide moiety, potentially contributing to DNA binding, did show
preferential induction of cell death in the cancer cell lines MDA‐MB231 and
SKOV3 versus the normal HK2 kidney cell line (22). However, no direct comparison
can be made, as the N4Py ligand without the naphthalimide moiety was not
investigated in that study. Currently, several molecules that reduce the
intracellular metal pool are under preclinical and clinical investigation as anti‐
cancer drugs (70, 74). Similarly, the chelation of metals by N4Py may provide an
interesting opportunity to interfere with tumorigenesis. Indeed, we could show
that the N4Py ligand possesses the greatest anti‐tumor activity, despite being not
the most effective inducer of DSBs. Possibly, the combination of metal chelation
and iron‐mediated DNA cleavage explains that the non‐metal bound N4Py ligand
is the most efficient anti‐cancer compound.
Host toxicity may be modulated by the different N4Py metal complexes
Besides the anti‐tumorigenic properties of the N4Py molecule, also host toxicity
may be modulated by the metal N4Py is coordinating with. For BLM it was shown
that without affecting the anti‐tumorigenic properties of BLM, the Fe(III)‐BLM
complex induced the least toxicity for the host (15). So without compromising on
anti‐cancer activity, changing metal complexation of the N4Py molecule may
provide a valuable tool to modulate host toxicity. Therefore, future studies should
map how the different N4Py complexes affect this.
Conclusion
In summary, our study clearly shows that it is important to realize that the
intracellularly active complex of a metal‐coordinating compound does not always
correspond to the one the cells are treated with. This highlights the importance of
in vitro studies, in addition to cell‐free studies, in the process of understanding the
mechanism of action of a drug. Regarding this discrepancy, all sorts of factors
have to be taken into account, including the intracellular exchange between
different metals and the metal chelation by the ligand itself. Most likely it is a
combination of such factors that explains the intracellular mechanism of action of
such compounds. Therefore, great care has to be taken into the interpretation of
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the data and the conclusion that can be drawn from such studies. So, in order to
gain full understanding of the intracellular mode of action of coordination
complexes, it is essential to combine the knowledge obtained from both
chemistry and biology.
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Supplementary info
Materials and methods
Materials and Instrumentation
Solvents and chemicals were of reagent grade or higher and were used without
any further purification. High purity water from a Millipore Milli Q purification
apparatus containing a 0.22 μm filter was used. High‐resolution mass
spectrometry was performed on a LTQ Orbitrap XL spectrometer. NMR spectra
were recorded on a Varian VXR‐300, Varian Mercury Plus 400 and Agilent 400‐MR
at 298K. Chemical shifts in 1H spectra were internally referenced to solvent signals
(1H NMR: CD3CN at δ = 1.94 ppm) Data are reported as follows: chemical shifts (δ),
multiplicity (s = singlet, d = doublet, td = triplet of doublets, m = multiplet),
integration, and coupling constants (J = (Hz)).
Synthesis
The ligand N4Py (19, 75), Fe(II)‐N4Py (19, 75) and Fe(III)‐N4Py (23) were
synthesized according to previously reported procedures. Complexation of N4Py
to Mn(II), Cu(II) and Zn(II) was performed following the procedure for Fe(II)‐N4Py:
N4Py was added to a solution of Fe(ClO4)2∙6H2O in methanol/acetonitrile 1/1.
After mixing overnight, crystals suitable for X‐ray crystallography were obtained
by slow vapor diffusion of ethyl acetate in the methanol/acetonitrile mixture (vide
infra). Crystals were filtered and dried on paper, and characterized by elemental
analysis, absorption spectroscopy, 1H‐NMR and electrospray ionization mass
spectrometry (ESI‐MS) (Supplementary Fig. 1, 2).
[(N4Py)Mn(CH3CN)](ClO4)2.2H2O (N4Py‐Mn(II)):
The complex was synthesized according to previously reported procedures (76)
(for complex with triflate counterion: (32, 77)). The complex was isolated as a
white crystal after recrystallization by slow vapor diffusion of ether in a
methanol/acetonitrile solution (19 %): Anal. calcd for C23H25Cl2MnN5O10: C 42.03,
H 3.83, N 10.65; found: C 42.29, H 3.45, N 10.64. UV‐Vis (MeOH): λmax 258 nm (ε =
13,000 M‐1cm‐1). HRMS: [N4PyMnClO4]+ calcd 521.066, found: 521.066;
[N4PyMnHCO2]+ calcd 467.116, found: 467.115; [N4PyMnH]+ calcd 423.125, found
423.125; N4Py fragments: 360.078, 328.052.
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[(N4Py)Cu(CH3CN)](ClO4)2.H2O (N4Py‐Cu(II)):
The complex was synthesized according to previously reported procedures (for
complex with triflate counterion: (31)). The complex was isolated as an azure blue
crystal after recrystallization by slow vapor diffusion of ether in a
methanol/acetonitrile solution (71 %): Anal. calcd for C25H26Cl2CuN6O9: C 43.58, H
3.80, N 12.20; found: C 43.54, H 3.56, N 12.07. UV‐Vis (MeOH). HRMS:
[N4PyCuClO4]+ calcd 529.058, found: 529.057; [N4PyCu]+ calcd 430.109, found:
430.108; N4Py fragments: 337.051, 262.022.
[(N4Py)Zn(CH3CN)](ClO4)2.2H2O (N4Py‐Zn(II)):
The complex was synthesized according to previously reported procedures (for
complex with axially coordinated MeOH: (78)). The complex was isolated as a pale
yellow crystal after recrystallization by slow vapor diffusion of ether in a
methanol/acetonitrile solution (64 %): 1H NMR (400 MHz, CD3CN) δ 4.19 (d, 2H, J =
18 Hz), 4.33 (d, 2H, J = 18 Hz), 6.02 (s, 1H), 7.18 (d, 2H, J = 8 Hz), 7.38‐7.44 (m, 4H),
7.72‐7.80 (m, 4H), 7.93 (td, 2H, J = 7.8 Hz, J = 1.7 Hz), 8.51 (d, 2H, J = 5.2 Hz), 8.70
(d, 2H, J = 5.2 Hz). Anal. calcd for C23H25Cl2ZnN5O10: C 41.37, H 3.77, N 10.49;
found: C 41.08, H 3.56, N 10.58. UV‐Vis (MeOH): λmax 263 nm (ε = 11,500 M‐1 cm‐1).
HRMS: [N4PyZnClO4]+ calcd 530.057, found: 530.056; [N4PyZn]+ calcd 432.116,
found: 432.116; N4Py fragments: 339.058, 273.113, 262.032.
Metal binding to N4Py in cell‐free conditions
The rate by which a metal was coordinated to N4Py was calculated using the
following equation:
L M → ML
vf k metal ligand
kL
(2nd order reaction, 1st order when 100 eq excess L or M)
+ k.t (k in M‐1 s‐1)
If the 2nd order reaction did not provide a linear curve, it was fit to the 1st order
reaction: A Ao e .
DNA cleavage experiments
Materials, instrumentation and plasmid isolation
pUC18 plasmid DNA, isolated from E. coli XL1 Blue, was purified using a QIAGEN
maxi kit. Ethidium bromide (10 mg/mL in water, bioreagent) was purchased from
Sigma‐Aldrich. Agarose for gel electrophoresis was obtained from Sigma‐Aldrich
(bioreagent grade). DNA gel loading dye (6x concentrated) was purchased from
74

N4Py metal complexes and their mode of action in the cell
Thermo Fisher Scientific. Agarose gel pictures were taken with a UVIdoc HD2
imaging system from UVITEC Cambridge. Quantification of the agarose gel bands
was
performed
using
GelQuant.NET
software
provided
by
biochemlabsolutions.com. Statistical calculations were performed using
Mathematica version 9.0.0.0.
DNA cleavage experiments
Stock solutions of N4Py metal complexes (10 mM) were made in pure DMSO
(BioReagent, Sigma‐Aldrich) and diluted with Milli Q water to a final working
concentration of 1 μM. The metal complexes were subsequently added to a
buffered solution (Tris‐HCl, 10 mM, pH 8.0) in the presence of dithiolthreitol (DTT)
and supercoiled pUC18 plasmid DNA in 1.5 mL Eppendorf tubes incubated at 37°C.
The final reaction mixture contained a final concentration of 1.0 μM N4Py metal
complex with 0.1 μg/μL DNA and 1.0 mM DTT in a total volume of 50 μL.
Samples (2 μL) were taken from the reaction solutions at t = 0 and 30 min,
which were directly quenched by addition to a 15 μL NaCN solution (1 mg/mL)
with 3 μL loading buffer (consisting of 0.03 % bromophenol blue, 0.03 % xylene
cyanol FF, 60 % glycerol, 60 mM EDTA, 6x concentrated), and immediately frozen
in liquid nitrogen. The samples were run on 1.2 % agarose gels in a 1x
concentrated TAE buffer for 90 minutes at 70 V. Gels were subsequently stained
in an ethidium bromide bath (1.0 μg/mL) for 45 min and washed with gel running
buffer. Images of the agarose gels were taken for quantification purposes and a
correction factor of 1.31 was used for reduced uptake efficiency of ethidium
bromide in supercoiled plasmid pUC18 DNA (20). Results were obtained from
experiments that were performed at least in triplicate.
The average number of single strand cuts per DNA molecule were
calculated using Eqn. 1 (when no linear DNA is observed) or Eqn. 2 (when linear
DNA is observed) (79, 80). Uncertainty values for n were calculated by a Monte‐
Carlo simulation as described previously (20, 81).
e
(1)
f
(2)
f
f
1 n 2h 1 /2L /
In vitro experiments
Cell culture
The human ovarian carcinoma cells A2780 and SKOV‐3 were obtained from the
ATCC (Manassas, VA). The temperature‐sensitive, conditionally immortalized
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human ovarian surface epithelial cells (OSE‐C2) were kindly provided by Dr.

Richard Edmondson (Newcastle University, UK) (82). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, Verviers, Belgium)
supplemented with 10% FCS (Perbio Hyclone, Etten‐Leur, The Netherlands), 50
μg/mL gentamycine sulfate (Invitrogen, Breda, The Netherlands), 2 mM L‐
glutamine (Lonza). A2780 and SKOV3 cells were incubated at 37 °C, and OSE‐C2
cells at 33 °C in a humidified 5% CO2 incubator.
In vitro cytotoxicity
Cell viability was measured using the MTS assay, as described previously (22). In
short, 6400 cells were seeded in 96‐well plates. The next day, cells were treated
with the different N4Py metal complexes, or 0.1% DMSO as a control. After 24 h,
20 μL of CellTiter 96 Aqueous One Solution (Promega, Madison, WI) was added
and incubated for 3 h. The absorbance at 490 nm was measured using a Varioskan
plate reader (Thermo Electron Corp., Breda, The Netherlands) and subtracted with
the absorbance of cell‐free medium containing reagents. Every experiment was
conducted three times, and for each experiment treatments were performed in
triplicate.
Cell death
Cells were treated for 24h with the different N4Py metal complexes with or
without the addition of 20 μM of the pan‐caspase inhibitor zVAD‐FMK. After
treatment, both floating and adherent cells were harvested and stained with 5
μg/mL PI (Sigma‐Aldrich)/PBS. After a 10 min incubation at 4 °C in the dark,
fluorescence was measured using the FL‐2 channel of a FACScalibur flow
cytometer (Beckton Dickenson Biosciences, San Jose, CA). Each experiment was
performed three times. The percentage PI positive cells was determined with
Kaluza 1.2 (Beckman Coulter) software.
dsDNA breaks
The percentage of γH2AX positive cells (dsDNA breaks) in the healthy/early
apoptotic population (subG1 population) was determined by flow cytometry as
described before (22). In short, cells were treated for 24h after and subsequently,
were fixed (4% formaldehyde for 10 min at 37 °C) and permeabilized (90%
methanol for 30 min on ice). Cells were stained for 30 minutes at RT with a 1:50
dilution of phospho‐histone H2A.X (γH2AX) (ser139) (20E3) antibody conjugated
to Alexa fluor 647 (Cell Signaling, Leiden, The Netherlands). After γH2AX staining,
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cells were washed with PBS and stained with 5 μg/mL PI. After a 10 min
incubation at 4 °C in the dark, PI fluorescence was determined in the FL2 channel,
and γH2AX fluorescence was determined in the FL4 channel of a FACScalibur flow
cytometer.
Cells in the subG1 population were excluded from analysis of dsDNA
breaks in early/non‐apoptotic cells (83, 84). The cutoff for a γH2AX positive cell
was set based on a level of ∼5% positivity in the solvent control. Each experiment
was carried out three times. Data was analyzed with Kaluza 1.2 (Beckman Coulter)
software.
ROS detection
After a 24h treatment with the different N4Py compounds, cells were treated with
5 µM APF (Molecular Probes) and 100 µM H2O2 for 30 min at 37⁰C. Cells were
washed with PBS and collected. APF fluorescence was detected in the FL1 channel
of a flow cytometer (BD FACSCalibur, BD Biosciences). Data was analyzed with
Kaluza 1.2 (Beckman Coulter) software.
Cellular uptake
24h after treatment, cells were visualized using a Leica DM IL microscope (Hi PLAN
I 20X/0.30 PH1 lens). Photos were taken using the LAS V4.5 software (Leica
Microsystems, Switzerland).
Statistics
Statistical analysis was performed using Graphpad Prism 5 software. Single group
and multiple group comparisons were performed with the student’s t‐test or one‐
way ANOVA followed by Dunnett’s post hoc test, respectively. A p‐value of 0.05 or
less was considered statistically significant.
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Supporting figures
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Supplementary Figure 1. HRMS (ESI+) of N4Py metal complexes.
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1

H‐NMR (CD3CN): N4Py‐Zn(II)

3

Supplementary Figure 2. 1H‐NMR (CD3CN) of N4Py‐Zn(II).
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Abstract
Labeling proteins or small molecules using fluorescent organic dyes is a commonly
used approach to determine the dynamics and localization of the molecule within
a cell. In this study, we labeled the bleomycin‐mimic N,N‐bis(2‐pyridylmethyl)‐N‐
bis(2‐pyridyl)‐methylamine (N4Py) with different fluorophores to follow the
intracellular localization of N4Py. It is often assumed that fluorophore‐conjugated
molecules remain their original localization. However, our findings clearly show
that depending on the fluorophore conjugated to N4Py, localization, mode of
transport and intracellular activity are changed, despite having only minor effects
on the inherent activity of N4Py. Upon conjugation with Fluorescein, N4Py was
unable to cross the cell membrane. On the other hand, N4Py conjugated with
Rhodamine B (N4Py‐RhoB) or Cyanine 5 (N4Py‐Cy5) could both enter the cell, but
via different transport mechanisms; whereas N4Py‐RhoB entered the cell actively
and remained trapped in the lysosomes, N4Py‐Cy5 entered the cell passively and
accumulated preferentially in the mitochondria. These factors contributed to their
explicit differences in biological activity in cancer cells. Therefore, this study
indicates the necessity for the use of proper controls when determining the
intracellular localization of a molecule using fluorophore conjugation.

82

Localization determines the cellular behavior of non‐heme complexes
Introduction
The discovery of small molecule drugs still continues at a searing pace. In 2015,
forty‐five new drugs were approved by the US Food and Drug Administration
(FDA), out of which 32 were small‐molecule entities (1, 2). Since pharmacokinetics
(3) and intracellular localization are important factors that affect intracellular
function of small molecules, revealing these aspects can help us understand their
cellular effects.
Current efforts to predict molecular localization based on specific
chemical and general physicochemical properties, such as lipophilicity and charge,
are still generally acknowledged to be imperfect (4, 5), and possibly will never be
able to accurately predict the localization. Indeed, for styryl isomers, it was shown
that even closely‐related molecules often exhibit different subcellular localization
patterns (5). Therefore, we are still dependent on other methods to determine
the intracellular localization of a molecule. For this purpose, fluorescence
microscopy is currently one of the most popular techniques in biology, chemical
biology and related fields (6, 7). Its high compatibility with live cells, high dynamic
range, high signal‐to‐noise ratios and acquirement of precise temporal and spatial
information (8, 9), make it one of the most powerful imaging technique to date.
Fluorophores can be divided in three main classes, each having their own
characteristics and advantages: 1. Organic dyes; 2. Genetically‐encoded
fluorescent proteins or labeling peptides; 3. Quantum dots (6, 7). Here, we will
focus on the first class of fluorophores containing dyes such as Fluorescein (10‐
12), Rhodamine (13), and Cyanine (14, 15). Their often excellent brightness,
photostability and small size make this class of fluorophores a good choice for
studying the intracellular localization, dynamics and function of small molecules.
This study explores the effect of fluorophore conjugation on the intracellular
behavior of a small molecule that holds great promise as anti‐cancer drug.
In our group, we have a long‐standing interest in N,N‐bis(2‐
pyridylmethyl)‐N‐bis(2‐pyridyl)‐methylamine (N4Py), a synthetic mimic of the
metal‐binding domain of bleomycin (BLM) (16‐18). As opposed to BLM, a natural
antibiotic produced by Streptomyces verticillus (19), N4Py can be synthetically
produced. This has as major advantages that it can be easily produced and that it
is easier to study the effect of modifications. In addition, the mode of action of
N4Py in cell free systems is well‐known (20) and by further adapting its chemical
structure it can be tailor‐made for various purposes e.g. tumor cell targeting (21,
22) or organelle targeting (23, 24). BLMs are clinically used in the treatment of
certain cancers (25). In line with this, we have previously shown that the iron
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complex of the BLM‐mimic N4Py can be used to preferentially induce nuclear DNA
cleavage in cancer cells (26). Revealing the intracellular behavior of N4Py will be
essential to understand the biology behind the intracellular effects of N4Py,
allowing further improvements towards synthetic alternatives to BLM. In this
study, we explored the intracellular localization of N4Py by coupling different
fluorophores to the molecule (Fluorescein, Rhodamine B, Cyanine 5). Here, we
demonstrate that fluorophore conjugation to N4Py can have tremendous effects
on intracellular localization, activity and mode of transport.
Results
Synthesis and Spectroscopic Properties
Our design strategy for conjugation of N4Py to fluorophores 1‐3 relies on
functionalization of one of its pyridine rings with an amino linker via amide bond
formation, to form N4Py‐propylamine (Suppl. Scheme 1). The selected
fluorophores, Fluorescein, Rhodamine B and Cyanine 5, were conjugated to N4Py‐
propylamine with typical carbodiimide amide bond formation chemistry (Scheme
1, Suppl. Scheme 2‐4). The products were analyzed by LC‐MS and 1H‐NMR, which
showed clear changes in chemical shifts for the signals of the methine singlet and
the two pairs of methylene singlets of the N4Py moiety after conjugation to the
fluorophores. The compounds were subsequently purified by preparative
reversed‐phase HPLC (Suppl. Fig. 1) and their identities were confirmed by High
Resolution Mass Spectrometry (HRMS) (Suppl. Fig. 2).
N4Py‐conjugates were evaluated under simulated physiological conditions
(PBS buffer, pH 7.4). UV/Vis absorption spectroscopy shows a marked
bathochromic shift of the absorption bands in the visible region for all N4Py‐
conjugates compared to their parent fluorophores (Suppl. Table 1, Suppl. Fig. 3).
In addition, all N4Py‐conjugates show a diminished molar absorptivity at λmax
(Suppl. Table 1), which is most substantial for N4Py‐Fluorescein (68.8∙103 ±0.4∙103
M‐1 cm‐1 to 38.6∙103 ±1.4∙103 M‐1 cm‐1). The general shapes of the charge transfer
bands remain the same for all compounds, except N4Py‐Methyl‐Fluorescein
(N4Py‐Me‐Fluorescein). This result is clearly a consequence of methylation of the
phenolic alcohol which effectively changes the total charge of the molecule from
an anionic to a neutral species, which changes the shape of the spectrum (27, 28).
This also explains the much lower molar absorptivity and hypsochromic peak
shifts compared to Fluorescein at pH 7.4.
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Scheme 1. Synthesis of N4Py‐fluorophore conjugatesa
Reagents and conditions: (a) N4Py‐Rhodamine B (N4Py‐RhoB) – pyridine, RT, O/N; (b)
N4Py‐Cyanine 5 (N4Py‐Cy5) DIC, OxymaPure, DIPEA, DMF, RT, 20h; (c) N4Py‐Fluorescein
(N4Py‐Fluor) and N4Py‐methyl‐Fluorescein (N4Py‐Me‐Fluor) – DIC, OxymaPure, DIPEA,
DMF, RT, 20h; N4Py‐Fluor: R = H, N4Py‐Me‐Fluor: R = Me.
a

Emission spectra of the N4Py‐conjugates showed similar emission bands
compared to the parent fluorophores (Suppl. Fig. 4). The conjugates did however
display smaller Stokes shifts compared to the parent dyes, with the exception of
N4Py‐Me‐Fluorescein (Suppl. Table 1). Although not further studied, the smaller
Stokes shift might be the result of an arguably higher rigidity of the chromophores
when attached to N4Py. Since cell studies require relatively long incubation times
(at least 24h), the N4Py‐conjugates were tested for their photostability over a
period of 3 days and the photofading was compared to the parent fluorophores
(Suppl. Fig. 5). Under typical physiological conditions (aerated PBS, pH 7.4,
ambient light) the conjugates showed a typical limited decrease in emission
intensities of roughly 5 %, which is similar to the stability of the parent dyes
(Suppl. Fig. 5). In order to test the photostability to irradiation, the conjugates
were irradiated for 1h at their excitation wavelengths and their decrease in
emission was followed in time (Suppl. Fig. 6). The N4Py‐conjugates were at least
as stable under the indicated conditions as the parent fluorophores. The limited
photofading of the N4Py‐conjugates over time and during irradiation therefore
makes them suitable for practical applications.
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DNA cleavage
The iron(II)‐complexes of the N4Py‐conjugates were generated in situ by
complexation to (NH4)2Fe(II)‐(SO4)2∙6H2O prior to use. The DNA cleavage activities
of these N4Py‐complexes were studied using supercoiled pUC18 plasmid at 37°C,
pH 8.0. The experiments were carried out in the presence of 1 mM dithiothreitol
(DTT) as a reductant to increase the rate of DNA cleavage. The final concentration
of the complexes corresponds to 1 μM, with a stoichiometry of 1:150 with regard
to DNA base pairs. DNA cleavage activities for the Fe(II)‐N4Py‐conjugates were
determined within a timeframe of 60 min (Suppl. Fig. 7). This data clearly shows
that, under these conditions, extensive DNA cleavage was observed for all N4Py‐
conjugates.
The number of single‐ and double‐strand cuts were determined for each
compound using statistical analysis and plotted as the number of double‐strand
breaks (m) against the number of single‐strand breaks (n) (Suppl. Fig. 8).
Evidently, all compounds followed the Freifelder‐Trumbo relationship quite well,
which describes a purely single‐strand cleavage pathway (29). Double‐strand
breaks are therefore not caused directly, but are instead the result of extensive
nicking of supercoiled DNA. This is in full agreement to the behavior of the parent
complex (Fe(II)‐N4Py) (16).
The average amount of single‐strand cuts per DNA molecule can be
calculated and plotted against time for all Fe(II)‐N4Py‐conjugates (Fig. 1A). The
pseudo‐first‐order rate constants (kobs) were obtained from the linear fit of these
plots. The apparent pseudo‐first‐order rate constants (k*), taking into account the
concentrations of DNA and iron complex, were subsequently used to describe the
DNA cleavage efficiency of the Fe(II) complexes and their turnover frequencies
(TOF) are presented in Fig. 1B. If anything, lower values were observed for N4Py‐
Fluorescein, N4Py‐Me‐Fluorescein and N4Py‐Cyanine 5 (N4Py‐Cy5) compared to
Fe(II)‐N4Py, whereas N4Py‐Rhodamine B (N4Py‐RhoB) showed a comparable TOF.
The combined results indicated that the intrinsic oxidation chemistry of
the N4Py moiety is still functioning properly in all conjugates, with DNA cleavage
rates that are within close range of Fe(II)‐N4Py and a cleavage mechanism that is
clearly that of a single strand cutting agent for all investigated compounds. The
differences in DNA cleavage efficiency are small and likely the result of differences
in noncovalent interactions of the Fe(II)‐N4Py‐conjugates with the DNA backbone.
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Figure 1. Quantification of single‐strand cuts per DNA molecule induced by N4Py‐
conjugates. (a) Number of single‐strand cuts per DNA molecule (n) as a function of time.
Conditions: Tris‐HCl buffer (pH 8.0) at 37°C, 1.0 μM complex, 0.1 μg/μL pUC18 plasmid
DNA (150 μM in base pairs), 1.0 mM DTT. Error bars represent the uncertainty limits of n
and m, based on Monte‐Carlo simulations, taking into account a standard deviation σ of
0.03 for each individual data point. (b) Turnover frequencies (TOF, turnover number per
second) of single strand cuts in presence of DTT for Fe(II)‐N4Py, Fe(II)‐N4Py‐RhoB, Fe(II)‐
N4Py‐Fluorescein, Fe(II)‐N4Py‐Me‐Fluorescein and Fe(II)‐N4Py‐Cy5.

Metabolic activity (vs 0.1% DMSO)

Cell viability
To address the influence of fluorophore conjugation in living cells, the cellular
response toward all N4Py‐conjugates was determined in SKOV3 ovarian cancer
cells using a MTS assay. The MTS assay measures the metabolic activity, and as
such provides a rough indication on putative cytotoxic or cytostatic effects. As
shown in Fig. 2, N4Py‐Cy5 shows comparable behavior as Fe(II)‐N4Py. In contrast,
N4Py‐RhoB shows only about one‐third of the activity of Fe(II)‐N4Py, whereas
conjugation with Fluorescein or methyl‐Fluorescein results in a complete loss of
activity in living cells.
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Figure 2. Metabolic activity upon treatment with N4Py‐conjugates (see previous page).
Metabolic activity of SKOV3 cells treated for 24 h with 1, 3, 10, 30, 50 μM of Fe(II)‐N4Py,
N4Py‐RhoB, N4Py‐Cy5, N4Py‐Fluorescein and N4Py‐Me‐Fluorescein. For each experiment,
every treatment was performed in triplicate and the experiment was carried out in triplo.
Data are presented as the mean ±SEM.

To determine whether the effect on metabolic activity can be explained
by a cytotoxic effect, SKOV3 cells were treated with 10 µM (only N4Py‐Cy5 and
Fe(II)‐N4Py) and 30 µM of the N4Py‐conjugates. Subsequently, the percentage of
late apoptotic/necrotic cells was determined using a propidium iodide (PI)/FACS
assay (Fig. 3) (26, 30‐32). In line with the MTS assay, N4Py‐Fluorescein and
methyl‐Fluorescein did not induce any cell death. Interestingly, N4Py‐RhoB did not
induce any cell death either. This points to a possible cytostatic effect of N4Py‐
RhoB. On the other hand, N4Py‐Cy5 induced similar (at 10 µM) or even increased
(at 30 µM) levels of cell death as Fe(II)‐N4Py.
To reveal whether the observed cell death was a result of apoptosis, cells
were co‐treated with the N4Py‐conjugates and the pan‐caspase inhibitor zVAD‐
FMK (33). Strikingly, in contrast to Fe(II)‐N4Py (20), the cell death induced by
N4Py‐Cy5 could not be inhibited by zVAD‐FMK (Fig. 4). This suggests that a
caspase‐independent mechanism of cell death is induced by N4Py‐Cy5.
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Figure 3. Percentage of necrotic/late apoptotic cells upon treatment with N4Py‐
conjugates (see previous page). FACS analysis of propidium iodide (PI) as a marker for
necrotic/late apoptotic cells was used to determine the level of cell death upon a 24h
treatment of SKOV3 cells with 10 μM and 30 μM of N4Py‐conjugates. To determine the
contribution of caspase‐dependent apoptosis to the total cell death, cells were treated in
the presence or absence of the apoptosis‐inhibitor zVAD‐FMK (20 μM). To prevent
fluorescent interference between the N4Py‐conjugates and PI signal, PI was either
measured in the FL2 (left graph) or FL3 (right graph) channel. PI non‐treated cells were
used as background control for each separate N4Py‐conjugate. As a positive control, Fe(II)‐
N4Py was measured in both channels. Data are presented as the mean ± SEM from three
independent experiments. *** P < 0.001; ** P < 0.01; * P < 0.05; ns, not significant.

ROS detection
Since the inherent DNA cleavage activity of Fe(II)‐N4Py compounds can be
explained by their ability to generate highly reactive oxygen species (hROS) (17,
34‐39), it was determined whether this ability remained active in living cells. hROS
production in cells treated with the N4Py‐conjugates was measured using the APF
ROS probe (40). N4Py‐Fluorescein treated cells could not be measured, due to
spectral overlap with APF fluorescence. As shown in Fig. 4, all measured N4Py‐
conjugates remained their ability to produce hROS. However, hROS production
was less efficient for N4Py‐RhoB compared to Fe(II)‐N4Py treated cells, even at a
three times higher concentration of N4Py‐RhoB compared to Fe(II)‐N4Py.
Detection of hROS via APF probe clearly shows an increase in MFI for Fe‐N4Py,
N4Py‐Cy5 and N4Py‐RhoB compared to DMSO control, suggesting that the
mechanism of action is oxidative for the N4Py‐conjugates and therefore
comparable to that of Fe(II)‐N4Py (20).
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Figure 4. hROS production upon
treatment with N4Py‐conjugates. The
normalized APF ROS probe mean
fluorescence intensity (MFI) was
measured upon treatment of SKOV3
cells with the N4Py‐conjugates. To
determine
possible
interference
between the fluorophores and APF
fluorescence, each of the N4Py‐
fluorophore treated cells were
measured without the addition of APF
(control conditions). Each bar shows
the mean ± SEM of three independent
experiments. *p < 0.05; **p < 0.01;
***p < 0.001; ns, not significant.
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Nuclear DNA damage
Since the N4Py‐conjugates clearly showed oxidative DNA cleavage activity on
‘naked’ DNA (Fig. 1, Suppl. Fig. 7), and they conserved their ability to induce hROS
in living cells (Fig. 4), it was investigated whether the ability to induce DNA
damage remained as well. As surrogate marker for dsDNA breaks,
phosphorylation of serine 139 of histone 2 AX (γH2AX) was used. To minimize the
contribution of apoptosis in dsDNA cleavage, flow cytometric analysis of γH2AX
was combined with PI (Fig. 5). In contrast to figure 3, we used PI here to
determine the total cellular DNA content, as this reflects the cell cycle phase of
the cells (30, 31); the cells that harbor less DNA than cells in the G1 phase of the
cell cycle (the subG1 peak), reflect the (late) apoptotic cell population. These cells
were removed from the analysis in order to gain a better estimation of the direct
DNA damage induced by the N4Py‐conjugates (20). The N4Py‐Fluoresceins were
excluded from this analysis, as neither metabolic activity nor cell death was
affected by these compounds.
As observed in Fig. 5, both N4Py‐RhoB and N4Py‐Cy5 increased the
number of dsDNA breaks compared to solvent control. However, a clear
difference in the number of γH2AX positive cells was observed: treatment with
N4Py‐RhoB showed only a small amount of γH2AX positive cells (12.6% ± 1.2)
compared to Fe(II)‐N4Py (32.0 % ± 3.3 Fl‐2; 27.4 % ± 4.1), whereas a much higher
value for N4Py‐Cy5 treated cells was found (51.1 % ± 3.0).
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Figure 5. dsDNA damage in non/early
apoptotic cells upon treatment with N4Py‐
conjugates. SKOV3 cells were treated for 24
h with 30 μM N4Py‐RhoB and N4Py‐Cy5.
dsDNA damage was assessed by γH2AX‐
Alexa 647 (for N4Py‐RhoB) or γH2AX‐Alexa
488 (for N4Py‐Cy5). To minimize the
contribution of apoptosis‐induced dsDNA
damage, apoptotic cells (in the subG1 peak),
stained by PI, were excluded from the
analysis. The gate for γH2AX positive cells in
solvent control was set at 5 %. Each value
represents mean ± SEM from three
independent experiments.
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Colocalization studies
All cell culture experiments performed so far, clearly indicate a different behavior
of the different N4Py‐fluorophores (Fig. 2‐5) that does not correlate with the
observations in our DNA cleavage experiments under cell‐free conditions (Fig. 1,
Suppl. Fig. 7, 8). To explain this discrepancy, the cellular localization of the N4Py‐
conjugates was determined using confocal microscopy. The absence of cellular
activity of N4Py‐Fluorescein could be explained by its inability to enter the cell
(Suppl. Fig. 9A). Importantly, the hampered influx properties of N4Py‐Fluorescein
could not be attributed to its negative charge, as methylation of the alcohol group
did not improve cellular influx (Suppl. Fig. 9B) (41).
Both N4Py‐RhoB and N4Py‐Cy5 could enter the cell (Suppl. Fig. 9C, 9D). To
reveal their cellular localization, cells treated with both N4Py‐fluorophores were
co‐stained with Mitotracker and Lysotracker, staining the mitochondria and
lysosomes, respectively. These studies showed that the cellular distribution
between N4Py‐RhoB and N4Py‐Cy5 was very different; 24h treatment with N4Py‐
RhoB showed a predominant lysosomal localization (Fig. 6B), whereas N4Py‐Cy5
preferentially localized to the mitochondria (Fig. 7A). Notably, over time, the
localization of N4Py‐Cy5 toward the lysosomes increased (Fig. 7B, 7D, 8). In case
of N4Py‐RhoB, the localization of the N4Py‐conjugate (Fig. 6A, 6B) differed from
the parental Rhodamine B fluorophore (Fig. 6C, 6D), whereas the parental Cy5
fluorophore behaved similarly as the N4Py conjugate.
Quantification of colocalization was performed using Pearson’s
Correlation Coefficient (PCC) (Fig. 8) (42). As a positive control for co‐localization,
cells were co‐stained with Mitotracker Green and Deep Red, whereas a 90 degree
rotation of the Mitotracker Green image was used as a negative control (Fig. 8).
1h treatment of cells with N4Py‐Cy5 showed very similar behavior compared to
the parent Cy5‐COOH fluorophore, with high localization in the mitochondria (PCC
= 0.86 vs 0.73) and low localization in the lysosomes (PCC = 0.14 vs 0.20). Longer
exposure of cells to N4Py‐Cy5 (1h vs 24h treatment) significantly increased
lysosomal localization (PCC = 0.14 vs 0.58) while slightly decreasing mitochondrial
presence (PCC = 0.86 vs 0.75). Contrary to N4Py‐Cy5, 1h treatment with N4Py‐
RhoB did not show any detectable uptake in the cells, suggesting slow uptake
(vide infra, Fig. 8). 24h treatment with N4Py‐RhoB revealed mainly lysosomal
localization with little presence in the mitochondria (PCC = 0.71 vs 0.23), a result
contrary to the parent Rhodamine B fluorophore (PCC = 0.46 vs 0.77).
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Figure 6. Localization of N4Py‐RhoB and Rhodamine B. Confocal microscopy images of
N4Py‐RhoB and Rhodamine B, with (from left to right): (A) N4Py‐RhoB, Mitotracker Deep
Red, channel overlay, 24h treatment; (B) N4Py‐RhoB, Lysotracker Deep Red, channel
overlay, 24h treatment; (C) Rhodamine B, Mitotracker Deep Red, channel overlay, 1h
treatment; (D) Rhodamine B, Lysotracker Deep Red, channel overlay, 1h treatment.
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Figure 7. Localization of N4Py‐Cy5 and Cy5‐COOH (see previous page). Confocal
microscopy images of N4Py‐Cy5 and Cy5‐COOH, with (from left to right): (A) N4Py‐Cy5,
Mitotracker Green, channel overlay, 24h treatment; (B) N4Py‐Cy5, Lysotracker Green,
channel overlay, 24h treatment; (C) N4Py‐Cy5, Mitotracker Green, channel overlay, 1h
treatment; (D) N4Py‐Cy5, Lysotracker Green, channel overlay, 1h treatment; (E) Cy5‐
COOH, Mitotracker Green, channel overlay, 1h treatment; (F) Cy5‐COOH, Lysotracker
Green, channel overlay, 1h treatment.
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Figure 8. Pearson correlation coefficients (PCC) for colocalization studies of N4Py‐
conjugates and parent fluorophores. SKOV3 cells were treated for the indicated times
with the N4Py‐conjugates or their parent fluorophores. For each treatment, the level of
colocalization with either the Mitotracker or Lysotracker dye was calculated using PCCs.
The positive control represents the colocalization of Mitotracker Green and Deep Red,
whereas the negative control represents a 90 degree rotation of the Mitotracker Green
image. Each bar shows the mean ± SEM.

Cellular influx
The differences in localization between the parental fluorophores and the N4Py‐
conjugates, and between both N4Py‐conjugates, may be explained by their mode
of transport into the cell. To determine whether the mode of transport is active or
passive, SKOV3 cells were treated for 24h with N4Py‐RhoB and N4Py‐Cy5 at
different temperatures. In contrast to passive transport, active transport
decreases tremendously with decreased temperature, and is completely shut
down at 4°C (43‐45). The effect of temperature on active versus passive transport
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is clearly shown in Fig. 9; the cellular influx of N4Py‐RhoB is completely shut down
at 4°C, and decreased at 25.8°C, whereas the cellular influx of N4Py‐Cy5 seems
hardly affected by temperature. This suggests an active mode of transport for
N4Py‐RhoB and a passive mode of transport for N4Py‐Cy5. The transport
mechanism of N4Py‐Cy5 therefore seems to be similar to that of the parent N4Py
ligand and Fe(II)‐N4Py complex (Suppl. Fig. 10).

4

Figure 9. The effect of temperature (T = 37°C, 25.8°C and 4°C) on the localization of
N4Py‐RhoB and N4Py‐Cy5.

Mitochondrial damage
Since N4Py‐Cy5 predominantly accumulates in the mitochondria (Fig. 7, 8) and
generates hROS (Fig. 4), it may damage the mitochondria and its DNA (46).
Indeed, qPCR revealed that 40 ± 7.7 % of the mitochondrial DNA (mtDNA) was
degraded in the cells treated with N4Py‐Cy5, but not with the other N4Py
conjugates or Cy5‐COOH (Fig. 10). As a result of all this, the damaged
mitochondria can become dysfunctional, and this could lead to electron leakage
from the electron transport chain and the generation of mitochondrial superoxide
(47). As shown in Fig. 11, mitochondrial superoxide production was increased
specifically in cells treated with N4Py‐Cy5 and not with the other N4Py‐
conjugates. However, this finding seems to be only partly dependent on N4Py,
since Cy5‐COOH itself already induced mitochondrial superoxide production,
albeit at slightly lower levels than N4Py‐Cy5. Nevertheless, when taken into
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account the reduced number of mitochondria, as reflected by the reduced mtDNA
copy number (Fig. 10), the mitochondrial superoxide production per
mitochondrion did increase at least two‐fold in the N4Py‐Cy5 treated compared to
the Cy5‐COOH treated cells.
1.5

Figure 10. Mitochondrial DNA copy
number upon treatment with N4Py‐
fluorophores.
The
normalized
mitochondrial DNA copy number was
determined upon treatment of SKOV3
cells with Fe(II)‐N4Py, N4Py‐RhoB,
N4Py‐Cy5 and Cy5‐COOH. Each bar
represents the mean ± SEM of at three
independent experiments. *p < 0.05.
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Figure 11. Mitochondrial superoxide production upon treatment with N4Py‐conjugates.
The normalized MitoSox Red mean fluorescent intensity (MFI) was determined upon
treatment of SKOV3 cells with Fe(II)‐N4Py, N4Py‐RhoB, N4Py‐Cy5 and Cy5‐COOH. To
determine possible interference between the fluorophores and MitoSox Red fluorescence,
N4Py‐fluorophore treated cells were measured without the addition of MitoSox Red.
Clearly, N4Py‐RhoB interferes with the MitoSox Red fluorescence, and therefore, the no
MitoSox control should be used to assess the effect of N4Py‐RhoB on mitochondrial
superoxide production. Data values are mean ± SEM of three independent experiments.
*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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Mitochondrial dysfunction is detrimental for cells and is linked to a wide
variety of diseases and aging (48). Therefore, proper lysosomal removal of
dysfunctional mitochondria is essential for cell survival. Cells can do this by non‐
selective autophagy (“self‐eating”) and by mitophagy, a mitochondria‐specific
type of autophagy (49). In the process of mitophagy, specifically the mitochondria
are targeted to the lysosomes for degradation. Such a survival mechanism has
been described for cells exposed to various stressors, including oxidative stress
(50). To address lysosomal removal co‐localization was studied in 0.1% DMSO
control versus N4Py‐Cy5 treated cells using Mitotracker Green and Lysobrite Red
stainings (51). No increase in co‐localization between the mitochondria
(Mitotracker Green) and the lysosomes (Lysobrite Red) was revealed upon
treatment with N4Py‐Cy5 (Fig. 12), excluding mitophagy upon treatment with
N4Py‐Cy5.

Figure 12. Co‐localization studies with N4Py‐Cy5, Mitotracker Green and Lysobrite Red.
Confocal images of SKOV3 cells treated for 24h with 0.1% DMSO (A, B) or 10 µM N4Py‐Cy5
(C, D, E): (A) Lysobrite Red with Lysotracker Deep Red (positive control); (B) Mitotracker
Green with Lysobrite Red (negative control); (C) N4Py‐Cy5 with Mitotracker Green; (D)
N4Py‐Cy5 with Lysobrite Red; (E) Mitotracker Green with Lysobrite Red; (F) Pearson
correlation coefficient (PCC) for all co‐localization experiments (A‐E).

Discussion
In this study, we have described the effect of fluorescent‐labeling on the mode of
transport, localization and function of the BLM‐mimic N4Py (as summarized in
Table 1). Even though, if anything, conjugation of fluorophores had only a slight
effect on the intrinsic activity of N4Py, the intracellular behavior was greatly
affected. This was the result of a change in mode of transport and localization of
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the N4Py molecule upon conjugation with different fluorophores. N4Py‐
Fluorescein was unable to pass through the cell membrane, resulting in a lack of
cellular activity. In contrast, N4Py‐RhoB and N4Py‐Cy5 could both enter the cell,
but localized to different compartments. Whereas N4Py‐Cy5 passively entered the
cell and predominantly localized in the mitochondria, N4Py‐RhoB was actively
transported into the cell but remained trapped in the lysosomes. As a result of
that, N4Py‐RhoB remained largely inactive in the cell. On the other hand, the
mitochondrial localization of N4Py‐Cy5 seemed to even improve the cytotoxicity
of the molecule. Interestingly, the mitochondrial localization also changed the
mode of cell death compared to the parental molecule. In line with previous
observations, Fe(II)‐N4Py induced caspase‐dependent apoptosis (26), whereas the
cell death induced by N4Py‐Cy5 was caspase‐independent.
Table 1. Summary of the inherent versus intracellular activity of the N4Py‐conjugates.
N4Py
Inherent activity
In vitro activity (MTS)
Mode of transport
Localization

+
+
Passive
Unknown

γH2AX positivity
Mode of cell death
(PI/zVAD/γH2AX/qpcr
mtdna)

+
Caspase‐
dependent
apoptosis

N4Py‐
Fluorescein
+/‐
‐
Does not enter
Extracellular
ND
NA

N4Py‐RhoB

N4Py‐Cy5

+
+/‐
Active
Predominantly
lysosomes
+/‐
NA

+/‐
+
Passive
Predominantly
mitochondria
++
Caspase‐
independent
pathway, no
mitophagy

Activity of the parental molecule (N4Py) was set as (+). All fluorophore‐conjugates were
compared to the activity of the parent molecule. NA, not applicable; ND, not determined.

Mechanistic differences in cell death between N4Py‐Cy5 and Fe(II)‐N4Py
An interesting observation made in this study is the difference in mode of cell
death between N4Py‐Cy5 and Fe(II)‐N4Py itself. Based on this observation, it
seems that targeting N4Py to the mitochondria (by conjugating it to Cy5), as
opposed to the unknown localization of the parental molecule, results in the
induction of caspase‐independent compared to caspase‐dependent cell death,
respectively. Since N4Py‐Cy5 did not localize to the nucleus, we could exclude the
direct induction of dsDNA breaks (γH2AX positive cells) by N4Py‐Cy5 itself.
Alternatively, dsDNA breaks can be induced indirectly via programmed cell death.
As caspase‐dependent programmed cell death (apoptosis) did not take place, it
was the caspase‐independent cell death that indirectly induced the increase in
γH2AX. In addition to apoptosis (caspase‐dependent, γH2AX positive) and necrosis
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(caspase‐independent, γH2AX negative), many other “intermediate” forms of cell
death exist that may explain the N4Py‐Cy5 induced cell death (caspase‐
independent, γH2AX positive) (52).
One such mode of cell death that may explain the N4Py‐Cy5 induced cell
death is programmed necrosis, more specifically parthanatos (53). This form of
cell death induces the sequential activation of poly ADP ribose polymerase‐1,
calpains, Bax, and eventually the translocation of apoptosis‐inducing factor from
the mitochondria to the nucleus (54). This event will, via the phosphorylation of
γH2AX, contribute to chromatinolysis and cell death (55). This type of cell death
can be induced by a variety of stressors, including DNA alkylating agents (55) and
ROS‐induced mitochondrial dysfunction (56). Since treatment with N4Py‐Cy5
induced mitochondrial dysfunction (increased mtROS production, decreased
mtDNA copy number), parthanatos might very well be the mode of cell death
induced by N4Py‐Cy5.
Many tumors are or will become resistant to apoptosis during therapy, for
example, by overexpressing anti‐apoptotic or suppressing pro‐apoptotic proteins
(57). Therefore, induction of cell death via an alternative route, as was shown for
N4Py‐Cy5, may be a promising strategy to induce cell death in apoptosis‐resistant
tumors. SKOV3 cells have been shown to exhibit some resistance to apoptosis
(58), and therefore, N4Py‐Cy5 may further improve the cytotoxicity of the
parental molecule. Indeed, our data shows increased induction of cell death and
dsDNA breaks upon treatment with N4Py‐Cy5 compared to the parental molecule.
Characteristics of the conjugated fluorophores
The high polarity of Fluorescein is known to often result in low cell permeability,
which is especially attributed to the dianionic charge state at physiological pH (10,
12, 28). As such, the inability of N4Py‐Fluorescein to enter the cell was not
completely unexpected. The absence of cellular influx explains the fact that
metabolic activity was unaltered upon treatment with this compound. However,
the hROS produced outside the cell could have damaged the cell membrane, but
the unaltered metabolic activity strongly suggests that lipid/membrane oxidation
by N4Py is not a major contributor to its cellular cytotoxicity.
Improved cell permeability can be obtained by protection of Fluorescein
as its diester (59). However, this chemical modification requires intracellular
esterases to unmask the fluorophore and, most importantly, the acetyl ester
moieties are reportedly unstable (60). For that reason, N4Py‐Fluorescein‐Me was
synthesized as an alternative, which contains a stable methoxy group instead of
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an unstable acetate functionality. Methylated Fluorescein is reported to be eight
times more stable than Fluorescein with much less variable emission due to pH
changes and is expected to be less polar compared to Fluorescein (41).
Conjugation to N4Py, however, did not result in better cellular influx compared to
N4Py‐Fluorescein, meaning that the total polarity did not significantly alter and
that the anionic charge of the Fluorescein alcohol is not the sole factor
determining cellular influx. It does, however, provide further evidence that N4Py
has to enter the cell in order to cause cellular damage.
Lipophilic fluorescent molecules with a delocalized positive charge, such
as Rhodamine B, allow for passive diffusion across a lipid bilayer due to a
combination of their lipophilic character and the negative membrane potential of
the cell membrane (61, 62). Moreover, the same mechanism renders Rhodamine
B to accumulate in the mitochondria (ΔΨm generally around ‐120 to ‐180 mV).
Conjugation of Rhodamine B to N4Py shows mainly localization in the lysosomes
without any significant accumulation in the mitochondria, which seems to be
explained by the cellular influx. Whereas Rhodamine B enters the cell passively,
we here demonstrated that N4Py‐RhoB enters the cell via active transport, thus
making an endocytic membrane trafficking pathway with subsequent delivery of
N4Py‐RhoB to the lysosomes very likely (63, 64). The difference in the mode of
transport might, at least in part, be explained by the change in lipophilicity due to
conjugation of Rhodamine B to N4Py. It has been shown that when the
lipophilicity of the cationic molecule is greater than two orders of magnitude of
that of Rhodamine 123, lipophilic partitioning can compete significantly with the
transmembrane potential‐driven mechanisms of localization (65). In other words,
high lipophilicity may cause the molecule to localize predominantly in cellular
compartments such as lysosomes (lipophilic partitioning driven) and marginally in
the mitochondria (membrane‐potential driven).
Analogously, Cy5‐COOH was shown to selectively target the mitochondria,
suggesting that its structural properties closely resemble that of Rhodamine B.
Contrary to N4Py‐RhoB, conjugation of Cy5 to N4Py initially shows significant
localization in the mitochondria, with an increased localization in the lysosomes
over time. This indicates that, initially, the intrinsic properties of Cy5 seem to
control the behavior of the entire conjugate with the localization of N4Py‐Cy5
likely being membrane‐potential driven. However, over time, other factors seem
to successfully compete with this membrane‐potential driven behavior, as
lysosomal localization increased during prolonged incubation times.
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Inherent effect of fluorophore on cellular function
In addition to changing the behavior of the parent molecule itself, fluorophores
themselves can already affect cellular function (66). In our study, we could indeed
observe an increase in mitochondrial superoxide production for Cy5‐COOH,
presumably caused by photooxidation of Cy5‐COOH itself, as has been reported
previously (67‐70). Therefore, this observation indicates the necessity for the use
of proper controls when determining the cellular function of fluorophore‐
conjugated molecules. Moreover, the effect of the fluorophore itself should be
included as a selection criterium for choosing the appropriate fluorophore for a
given experiment.
Impact on other biological experiments with small molecules
Conjugation of a fluorescent group to a small molecule can generally be beneficial
for tracking the fluorescent analog during biological assays. However, one should
always take into account that the structural differences between the conjugate
and the parent compound can result in changes in influx, mechanism of transport
and cellular localization of the compounds, which in turn can all contribute to a
change in the biological activity of the compound. Assuming that the biological
activity of the fluorophore conjugate is largely in line with that of the parent (non‐
fluorescent) molecule can be inaccurate and therefore, result in false conclusions
regarding the parent compound. Even though some studies have shown that the
fluorophore conjugate can behave quite similar to the parent compound in terms
of catalytic efficiency (71), chemical activity (72, 73) or localization (74), these
examples seem to provide the exceptions rather than the rule. Various studies
reported reduced binding affinities (75, 76), reduced chemical activities (77, 78) or
increased aspecificity (79) by introduction of a fluorophore.
The data described in this study, together with the aforementioned
examples, show that the changes in cellular activity with regard to localization and
cellular influx go beyond the study of N4Py. Our data illustrate a convincing
example of the general statement that conjugation of a fluorophore to a molecule
of study does not necessarily inform on the localization and mechanism of action
of the actual molecule of study. Even when the biological activity seems
unaltered, the localization can still be distinct or vice versa. We therefore suggest
that, in addition to fluorescent labeling, other techniques should be used that vary
depending on the material studied, in order to confirm results.
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Supplementary data
Experimental section
Materials and Instrumentation
Reagents for synthesis were used as purchased without further purification unless
noted otherwise. Cyanine 5 carboxylic acid and Cyanine 5 NHS ester were
purchased from Lumiprobe. All solvents were reagent grade and dry solvents
were taken from an MBraun solvent purification system (SPS‐800) when
necessary. Moisture sensitive reactions were performed under a nitrogen
atmosphere using oven dried glassware and using standard Schlenk techniques.
High purity water from a Millipore Milli Q purification apparatus containing a 0.22
μm filter was used when necessary for synthetic purposes. Reaction temperatures
refer to the temperature of the oil bath. Column chromatography was performed
on silica gel (Silica‐P flash silica gel from Silicycle, size 40‐63 μm (230‐400 mesh)).
TLC was performed on silica gel 60/Kieselguhr F254 purchased from Merck.
Compounds were visible by the naked eye or were visualized with a UV lamp (254
nm). Melting points were recorded on a Büchi B‐545 melting point apparatus.
NMR spectra were recorded on a Varian VXR‐300, Varian Mercury Plus 400 and
Agilent 400‐MR at 298K. Chemical shifts in 1H and 13C NMR spectra were internally
referenced to solvent signals (1H NMR: CDCl3 at δ = 7.26 ppm, (CD3)2SO at δ = 2.50
ppm, CD3OD at δ = 3.31 ppm, CD3CN at δ = 1.94 ppm, (CD3)2CO at δ = 2.05 ppm;
13
C NMR: CDCl3 at δ = 77.16 ppm, (CD3)2SO at δ = 39.52 ppm, CD3OD at δ = 49.00
ppm, CD3CN at δ = 1.32 ppm, (CD3)2CO at δ = 29.84 ppm) Data are reported as
follows: chemical shifts (δ), multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, dd = double doublet, m = multiplet, broad = broad band, app. =
apparent), coupling constants (J (Hz), and integration. High‐resolution mass
spectrometry was performed on a LTQ Orbitrap XL spectrometer (ESI+, ESI‐ and
APCI). LC‐MS analysis were performed on an Acquity H‐Class UPLC with Xevo G2
TOF mass detector for HRMS (ESI+) and Acquity UPLC with TQD mass detector for
LRMS (ESI+), both manufactured by Waters. All analysis were performed at 35°C
using a reversed‐phase UPLC column (Waters Acquity UPLC BEH C8, 130 Å, 1.7
μm, 2.1 mm x 50 mm). UPLC grade water and acetonitrile were used as eluents
with addition of 0.1% FA to both. The following inlet method was used:
(water/ACN) 95:5 for 5 min, to 40:60 at 12 min, 40:60 for 3 min, to 95:5 in 1 min,
at 95:1 for 5 min. Total run time: 21 min. UV absorbance was monitored at 254
nm in combination with the total ion current (TIC). Reversed phase HPLC analysis
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were performed on a Shimadzu HPLC system equipped with two LC‐20AD solvent
delivery systems, a DGU‐20A3 degasser, a SIL‐20A auto injector, a SPD‐M20A
diode array detector, a CTO‐20A column oven, a CBM‐20A system controller and
FRC‐10A fraction collector. Analysis were performed with a Waters Xterra MS C18
column (3.0 x 150 mm, particle size 3.5 μm) using a gradient of HPLC grade MeOH
and double distilled water with addition of 0.1 % TFA to both; gradient A:
(MeOH/water) 10:90 for 10 min, to 70:30 at 40 min, 70:30 for 25 min, to 10:90 at
70 min, 10:90 for 10 min (total run time: 80 min); gradient B: (MeOH/water) 10:90
for 10 min, to 70:30 at 25 min, 70:30 for 20 min, to 10:90 at 55 min, 10:90 for 5
min (total run time: 60 min). Flow: 0.5 mL/min at 40°C. Preparative HPLC was
performed with a Waters Xterra MS C18 column (7.8 x 150 mm, particle size 10
μm); gradient A or B. Flow: 1 mL/min at 40°C. UV‐Vis absorption spectra were
recorded at 37°C using a 1 cm path‐length quartz cell on a Jasco V‐660
spectrophotometer. Absorption maxima are ±2 nm. Molar absorptivities were
determined by determination of Amax for at least 6 different concentrations in
triplicate. Corrected fluorescence emission spectra were recorded at 37°C using a
1 cm path‐length quartz cell with a 100 μL (10 x 2 mm) or 1400 μL chamber
volume on a Jasco FP‐6200, containing a 150W Xenon lamp contained within a
sealed housing. Emission maxima are ±3 nm.
Synthesis of N4Py‐fluorophore conjugates and intermediate compounds
N4Py (17, 38) and N4Py‐propylamine (16) were synthesized according to
established procedures. Rhodamine (80) and Fluorescein (41) derivatives were
synthesized according to literature procedures and all data are in agreement with
those reported.
For the synthesis of N4Py‐RhoB, a procedure from the literature (80) was
adapted as follows: to an oven dried 5 mL round bottom flask under a N2
atmosphere was added N,N’‐disuccinimidyl carbonate (DSC) (64 mg, 0.25 mmol),
RhoB‐Alcohol (57 mg, 0.10 mmol) and 0.75 mL of dry pyridine. After stirring at
room temperature for 4h, additional DSC (38 mg, 0.15 mmol) was added to the
flask. After another 3h, excess DSC was quenched by addition of water (14.8 mg,
0.82 mmol). To this solution, N4Py‐propylamine (75 mg, 0.16 mmol) in 0.75 mL
dry pyridine was added. The resulting dark purple solution was stirred at room
temperature overnight. The solution was subsequently partitioned between 4:1
CH2Cl2/iPrOH and water. After isolation of the organic layer, the aqueous layer
was extracted 3 more times with 4:1 CH2Cl2/iPrOH. The combined organic layers
were dried over Na2SO4, filtered and concentrated under reduced pressure to
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yield N4Py‐RhoB as a dark purple solid (0.9 mg, 83 %): LC‐MS TQD: M+ calcd
1062.57, found 1062.70 ret. time t = 8.95 min. A high purity sample suitable for
cell studies was obtained by preparative HPLC using gradient B. Ret. time: 31.99
min HRMS: M+ calcd 1062.571, found: 1062.567.
F‐N4Py: To an oven dried 10 mL round bottom flask under a N2
atmosphere was added F‐Acid (10 mg, 0.023 mmol), N,N′‐Diisopropylcarbodiimide
(DIC) (7.0 μL, 0.045 mmol), Ethyl(hydroxyimino)cyanoacetate (OxymaPure) (6.4
mg, 0.045 mmol) and 4 mL of dry N,N‐Dimethylformamide (DMF). After stirring at
room temperature for 20 min, N4Py‐propylamine (11.6 mg, 0.025 mmol) was
added to the flask and the deep orange solution was stirred for another 20h at
room temperature. The solution was subsequently diluted by addition of DCM (±
25 mL) and washed with sat. NaHCO3 (6 x 25 mL). The organic layer was dried over
Na2SO4, filtered and concentrated under reduced pressure to yield crude F‐N4Py
as an orange solid: LC‐MS TQD: M+ calcd 893.38, found 893.43 ret. time t = 8.83
min; [M+Na+K]+ calcd 954.32, found 954.37 ret. time t = 8.61 min. A high purity
sample suitable for cell studies was obtained by preparative HPLC using gradient
B. Ret. time: 31.56 min HRMS: M+ calcd 893.377, found: 893.377.
F‐Me‐N4Py: To an oven dried 10 mL round bottom flask under a N2
atmosphere was added F‐Me‐Acid (10 mg, 0.022 mmol), N,N′‐
Diisopropylcarbodiimide
(DIC)
(6.8
μL,
0.044
mmol),
Ethyl(hydroxyimino)cyanoacetate (OxymaPure) (6.2 mg, 0.044 mmol), N,N‐
Diisopropylethylamine (DIPEA) (7.6 μL, 0.044 mmol) and 5 mL of dry N,N‐
Dimethylformamide (DMF). After stirring at room temperature for 20 min, N4Py‐
propylamine (13.3 mg, 0.028 mmol) was added to the flask and the deep orange
solution was stirred for another 20h at room temperature. The solution was
subsequently diluted by addition of DCM (± 25 mL) and washed with sat. NaHCO3
(6 x 25 mL). The organic layer was dried over Na2SO4, filtered and concentrated
under reduced pressure to yield crude F‐Me‐N4Py as an orange solid: LC‐MS TQD:
[M+H]+ calcd 907.39, found 907.38 ret. time t = 9.17 min. A high purity sample
suitable for cell studies was obtained by preparative HPLC using gradient B. Ret.
time: 24.71 min HRMS: M+ calcd 907.393, found: 907.392.
Cy5‐N4Py: To an oven dried 10 mL round bottom flask under a N2
atmosphere was added Cy5‐NHS (10 mg, 0.016 mmol), N,N′‐
Diisopropylcarbodiimide
(DIC)
(10.1
μL,
0.065
mmol),
Ethyl(hydroxyimino)cyanoacetate (OxymaPure) (9.3 mg, 0.065 mmol), N,N‐
Diisopropylethylamine (DIPEA) (11.3 μL, 0.065 mmol) and 3 mL of dry N,N‐
Dimethylformamide (DMF). After stirring at room temperature for 5 min, N4Py‐
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propylamine (9.1 mg, 0.019 mmol) was added to the flask and the deep blue
solution was stirred for another 20h at room temperature. The solution was
subsequently diluted by addition of DCM (± 25 mL) and washed with sat. NaHCO3
(4 x 25 mL) and sat Na2CO3 (2 x 25mL). The organic layer was dried over Na2SO4,
filtered and concentrated under reduced pressure to yield crude Cy5‐N4Py as a
dark blue solid: LC‐MS TQD: M+ calcd 932.53, found 932.58 ret. time t = 10.09 min.
A high purity sample suitable for cell studies was obtained by preparative HPLC
using gradient B. Ret. time: 28.07 min HRMS: M+ calcd 932.534, found: 932.534.
Stability studies of N4Py‐fluorophore conjugates
Photostability studies were performed with concentrations of the fluorophores
for which the absorbance did not exceed Amax = 0.15 (generally 1‐10 μM) in PBS
buffer at pH 7.4 (in order to mimic physiological conditions). Compounds were
continuously irradiated in the spectrofluorimeter at the indicated excitation
wavelength for the typical fluorophore and spectra were recorded at t = 0, 1, 2, 3,
4, 10, 15, 30, 45, 60 min. The indicated decay (%) is taken over the total of 60 min.
The stability of the fluorophores over a period of 3 days was tested by recording a
spectrum at t = 0 days and t = 3 days, during which the samples were left in
brought daylight on a lab bench at room temperature in PSB buffer pH 7.4 (in
order to mimic physiological conditions). The indicated decay is taken over the
total period of 3 days (%).
DNA cleavage experiments
Materials, instrumentation and plasmid isolation
pUC18 plasmid DNA was isolated from Escherichia coli XL1 Blue and purified using
a QIAGEN maxi kit. Concentrations were determined by UV‐Vis spectrometry at
260 nm using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific).
DNA ladder (SmartLadder 200‐10000 bp) was purchased from Eurogentec.
Agarose for gel electrophoresis was purchased from Sigma‐Aldrich (bioreagent
grade). Ethidium bromide (10 mg/mL in water, bioreagent) was purchased from
Sigma‐Aldrich. DNA gel loading dye (6x concentrated) was purchased from
Thermo Fisher Scientific. Pictures from the agarose gels were taken with a UVIdoc
HD2 camera system from UVITEC Cambridge. Quantification of the agarose gel
bands was performed using GelQuant.NET software provided by
biochemlabsolutions.com. Statistical calculations were performed using
Mathematica version 9.0.0.0.
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DNA cleavage experiments
Stock solutions (10 mM) of N4Py and N4Py conjugates were made in pure DMSO
(BioReagent, Sigma‐Aldrich) and diluted with Milli Q water to a final working
concentration of 1 μM. 1 equiv. of (NH4)2Fe(II)‐(SO4)2∙6H2O was added to the N4Py
ligands in water to form the Fe(II)‐complexes in situ. The respective solutions of
Fe(II)‐complexes were added to a buffered solution (Tris‐HCl, 10 mM, pH 8.0) in
the presence of supercoiled pUC18 plasmid DNA and dithiolthreitol (DTT) in 1.5
mL Eppendorf tubes incubated at 37°C. The final reaction volume of 50 μL
contained a final concentration of 1.0 μM Fe(II)‐complex, 0.1 μg/μL DNA and 1.0
mM DTT.
Samples (2 μL) were taken from the reaction solutions at t = 0, 1, 2.5, 5,
7.5, 10, 15, 20, 30, 40, 50, 60 min and were directly quenched in a 18 μL
quenching solution, containing 15 μL NaCN solution (1 mg/mL) and 3 μL loading
buffer (consisting of 0.03 % bromophenol blue, 0.03 % xylene cyanol FF, 60 %
glycerol, 60 mM EDTA, 6x concentrated), after which each sample was directly
frozen in liquid nitrogen. The samples were run on 1.2 % agarose gels in TAE
buffer for 90 minutes at 70 V. Gels were post stained in an ethidium bromide bath
(1.0 μg/mL) for 45 min and washed with TAE buffer. Pictures of the agarose gels
were taken for quantification purposes and a correction factor of 1.31 was used
for reduced uptake efficiency of ethidium bromide in supercoiled plasmid pUC18
DNA (18). Results were obtained from experiments that were performed at least
in triplicate.
Calculation of amounts of single strand cuts (ssc) and double strand cuts (dsc)
The average number of single‐ (n) and double‐strand cuts (m) of a DNA molecule
were calculated with Eqn. (1) and (2), in which fIII and fI are the fractions of linear
DNA and supercoiled DNA, respectively (81). Eqn. (3) describes the Freifelder‐
Trumbo relationship (29), in which h is the maximum distance in base pairs
between nicks of opposite strands to generate a double strand cut (i.e. 16), L is
the total number of base pairs of the DNA molecule used (2686 bp for pUC18
plasmid DNA). Uncertainty values for m and n were calculated by a Monte‐Carlo
simulation as described previously (18, 82).
m e
(1)
f
(2)
f
e
(3)
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Calculation of cleavage rates
The average number of single strand cuts per DNA molecule for a single strand
DNA cutting agent can be calculated using Eqn. 4 (when no linear DNA is
observed) or Eqn. 5 (when linear DNA is observed) (83, 84). Uncertainty values for
n were calculated by a Monte‐Carlo simulation. The rate constant (kobs) of single‐
strand DNA cleavage can be determined from the linear fit of the calculated
values of n as a function of time. In order to take into account the [DNA] (0.1
μg/μL) and [Fe(II)‐complexes] (1.0 μM), kobs is corrected into k* by Eqn. 6.
e
(4)
f
(5)
f
f
1 n 2h 1 /2L /
(6)

k∗

k

Cell experiments
Cell culture
SKOV3 cells (human ovarian carcinoma) were obtained from the ATCC (Manassas,
VA). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Lonza,
Verviers, Belgium) supplemented with 10% FCS (Perbio Hyclone, Etten‐Leur, The
Netherlands), 50 μg/mL gentamycine sulfate (Invitrogen, Breda, The Netherlands),
2 mM L‐glutamine (Lonza) and incubated at 37°C in a humidified 5% CO2
incubator.
In Vitro cytotoxicity
The viability of cells in the presence and absence of reagents was determined by
the MTS assay, as described previously (26). In short, 6400 cells were seeded in
96‐well plates. The following day cells were treated with the fluorophore
conjugated N4Py molecules, or 0.1% DMSO as a control. After 24 h, 20 μL of
CellTiter 96 Aqueous One Solution (Promega, Madison, WI) was added and
incubated for 3 h. The absorbance at 490 nm was measured using a Varioskan
plate reader (Thermo Electron Corp., Breda, the Netherlands) and subtracted with
the absorbance of cell‐free medium containing reagents. For each experiment,
every treatment was performed three times, and the experiment was carried out
in triplo.
Cell death analysis
Cells were treated with the fluorophore conjugated N4Py ligands with or without
20 μM of the pan‐caspase inhibitor zVAD‐FMK. 24h after treatment, both floating
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and adherent cells were harvested and stained with 5 μg/mL PI (Sigma‐
Aldrich)/PBS. After a 10 min incubation at 4°C in the dark, fluorescence was
measured using the FL‐2 (Cy5) or FL‐3 (Fluorescein, Rhodamine B) channel of a
FACScalibur flow cytometer (Beckton Dickenson Biosciences, San Jose, CA).
Background fluorescence was determined by measuring the N4Py‐fluorophores
alone. Experiments were conducted in triplicate. The percentage PI positive cells
was determined with Kaluza 1.2 (Beckman Coulter) software.
dsDNA breaks in living cells
The induction of dsDNA damage in the healthy/early apoptotic population (subG1
population) was determined using FACS analysis of intracellular γH2AX as
described before (26). After 24h treatment with N4Py‐fluorophores, cells were
fixed in 4% formaldehyde for 10 min at 37°C and permeabilized in 90% methanol
for 30 min on ice. Cells were stained for 30 minutes at RT with a 1:50 dilution of
phospho‐histone H2A.X (γH2AX) (ser139) (20E3) antibody conjugated to Alexa
fluor 488 or 647 (Cell Signaling, Leiden, The Netherlands), for the N4Py‐Cy5 or
N4Py‐Rhodamine B conjugate respectively. After γH2AX staining, cells were
washed with PBS and stained with 5 μg/mL PI to measure the DNA content per
cell. After a 10 min incubation at 4°C in the dark, PI fluorescence was determined
in the FL2 channel, and γH2AX fluorescence was determined in the FL1 (Alexa 488
conjugate) or FL4 channel (Alexa 647 conjugate) of a FACScalibur flow cytometer.
Cells in the subG1 population (apoptotic cells) were excluded from analysis of
dsDNA breaks in early/non‐apoptotic cells. The cutoff for a γH2AX positive cell
was set based on a level of ∼5% positivity in the solvent control. Each experiment
was carried out three times. MFI and PI low cells were determined with Kaluza 1.2
(Beckman Coulter) software.
ROS detection
After 24h treatment with the different N4Py variants, cells were treated with
either 5 µM APF (Molecular Probes) and 100 µM H2O2 or 5 µM MitoSOX Red
(Molecular Probes) for 30 min at 37⁰C. After loading the cells with the ROS probe,
cells were washed with PBS and collected. For the detection of secondary ROS,
APF signal was detected in the FL1 channel of a flow cytometer (BD FACSCalibur,
BD Biosciences). For the detection of mitochondrial O2•‐, Mitosox Red signal was
detected by flow cytometry (BD LSR‐II, BD Biosciences) using a 355 nm UV‐laser in
combination with a 575/26 nm filter (85).
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Confocal microscopy
Temperature‐dependent cellular influx of the N4Py conjugates, N4Py and Fe(II)‐
N4Py was determined during a 24h treatment at different temperatures (4°C,
25.8°C, 37°C). Necrotic/late apoptotic cells were stained using PI (10 min.
incubation, 5 μg/mL PI). Localization and cytotoxicity were visualized using
confocal fluorescent microscopy (Leica SP8, HC PL APO CS 10x/0.30 lens, HC PL
APO CS2 40x/1,3).
Colocalization of the N4Py conjugates with lysosomes or mitochondria
was visualized using confocal fluorescent microscopy (Leica SP8, HC PL APO CS2
63x/1.4 lens). Lysosomes were stained by treating cells with 1x Lysobrite Red
solution (AAT Bioquest), 50 nM Lysotracker Green (Molecular Probes) or 100 nM
Lysotracker Deep Red (Molecular Probes) for 1h at 37 ⁰C. Mitochondria were
stained by treating cells with 200 nM Mitotracker Green (Molecular Probes) or
100 nM Mitotracker Deep Red FM (Molecular Probes) for 30 min at 37⁰C.
Lysotracker Green, Mitotracker Green and N4Py‐Fluorescein were excited using a
488 nm laser light, Lysobrite Red and N4Py‐Rhodamine were excited using a 552
nm laser light and Mitotracker Deep Red, Lysotracker Deep Red and N4Py‐Cy5
were excited using a 633 nm laser light.
Colocalization studies were performed according to the guidelines of K.
W. Dunn et al. (86). Images were first analyzed with Leica Application Suite AF Lite
software v. 3.2.0.9652 from Leica microsystems and subsequently loaded into
ImageJ v. 1.50f as 8‐bit black & white images with a 2048x2048 resolution.
Whenever possible, signal saturation was avoided and saturated pixels were
omitted from quantification. Colocalization Finder plugin for ImageJ v.1.2 (C.
Laummonerie, J. Mutterer, Institute de Biologie Moleculaire des Plantes,
Strasbourg, France) was used to obtain a composite and mask image and
cytofluorogram scatterplot. Colocalization was quantified using Pearson’s
Correlation Coefficient (PCC) (42) for at least 12 independent Regions Of Interest
(ROI) using Coloc 2 plugin (D. J. White, T. Kazimiers, J. Schindelin) from Fiji ImageJ
plugin package (87). Statistical significance of colocalization was analyzed for
entire pictures with JACoP plugin v.2.1.1 for ImageJ (88) using Costes’s
randomization method (89) with xy blocksize of 20 pixels and 1000 randomization
rounds. Statistical significance with ROIs was analyzed similarly in Coloc 2.
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DNA isolation
Cell were lysed O/N at 55⁰C in TNE lysis buffer (10 mM Tris/HCl, pH 7.5; 150 mM
NaCl; 10 mM EDTA; 1% SDS) supplemented with 100 µg proteinase K. Total
cellular DNA (genomic and mitochondrial DNA) was extracted using
chloroform/isoamyl alcohol (24 : 1), including a 1h RNase A (Thermo Scientific)
treatment at 37⁰C, and precipitated using isopropanol.
Mitochondrial DNA (mtDNA) copy number
10 ng of total cellular DNA was used as input of the qPCR. Primers amplifying a
single‐copy nDNA region (β‐actin) and an mtDNA region (D‐loop) were used (Table
2). mtDNA copy number was calculated with the formula: 2(Ct nDNA * primer efficiency – Ct
mtDNA * primer efficiency)
.
Table 2. Primer sequences.
Target
Fw primer sequence (5’‐3’)
mtDNA
D‐loop TCACCCTATTAACCACTCACGG
ratio
nDNA β‐actin ratio TGAGTGGCCCGCTACCTCTT

Rv primer sequence (5’‐3’)
ATACTGCGACATAGGGTGCTC
CGGCAGAAGAGAGAACCAGTGA

Statistics
All data are presented as the mean ± SEM and were evaluated by a one‐way
ANOVA followed by Dunnett’s post‐hoc test. Data was considered statistically
significant with a p value < 0.05.
Supporting Figures
Synthesis of N4Py‐Fluorophore conjugates and intermediate compounds

Supplementary Scheme 1. Synthesis of N4Py‐propylamine from di‐2‐pyridyl ketoxime
and methyl 6‐methylpyridine‐3‐carboxylate.
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Supplementary Scheme 2. Synthesis of N4Py‐Rhodamine B from Rhodamine B base.

Supplementary Scheme 3. Synthesis of N4Py‐Fluorescein and N4Py‐Me‐Fluorescein from
Fluorescein sodium salt.
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Supplementary Scheme 4. Synthesis of N4Py‐Cy5 from commercially obtained Cyanine 5
NHS ester.

Supplementary Table 1. Comparison of absorbance λmax, εmax, emission λmax and Stokes
shifts between N4Py‐conjugates and their parent fluorophores as obtained by UV‐Vis
absorbance and emission spectra.
Cy5‐COOH
N4Py‐Cy5
Fluorescein
N4Py‐
Fluorescein
λmax
639 nm
643 nm
491 nm
502 nm
12.9∙104 (0.30∙104)
68.8∙103
38.6∙103
εmax
11.9∙104
‐1
‐1
4
3
(0.43∙10 )
(0.4∙10 )
(M cm )
(1.4∙103)
λemission, max 659 nm
661 nm
515 nm
521 nm
475
424
949
726
Stokes
(cm‐1)
N4Py‐Me‐Fluorescein
Rhodamine B
N4Py‐
RhodamineB
λmax
460 nm (483 nm)
554 nm
568 nm
17.0∙103 (0.07∙103)
68.0∙103
61.5∙103
εmax
‐1
‐1
3
3
3
(1.0∙103)
(M cm )
ε483 = 15.3∙10 (0.08∙10 ) (0.3∙10 )
λemission, max 522 nm (549 nm)
587 nm
592 nm
1547
1015
713
Stokes
(cm‐1)

118

Localization determines the cellular behavior of non‐heme complexes

4

Supplementary Figure 1. HPLC traces of N4Py‐fluorophores.
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N4Py‐Me‐Fluorescein
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N4Py‐RhoB
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Supplementary Figure 2. HRMS (ESI+) of N4Py‐fluorophores.
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Absorbance

Normalized Absorbance Spectra
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Supplementary Figure 3. Normalized UV‐Vis absorbance spectra of N4Py‐conjugates and
parent fluorophores in PBS buffer (pH 7.4, 37°C).
Normalized Emission Spectra
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Supplementary Figure 4. Normalized emission spectra of N4Py‐fluorophores and parent
fluorophores in PBS buffer (pH 7.4, 37°C).
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Supplementary Figure 5. Relative fluorescence intensities for N4Py‐conjugates after 3
days at ambient conditions in PBS buffer, pH 7.4.
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Supplementary Figure 6. Relative fluorescence intensities for N4Py‐conjugates during a 1
h irradiation at excitation wavelength in PBS buffer, pH 7.4 at 37°C.

Supplementary Figure 7. DNA cleavage by N4Py‐conjugates. Cleavage of supercoiled DNA
(form I, ) to give nicked (form II, ) and linear DNA (form III, ). Time profile for
cleavage with: (top, from left to right) Fe(II)‐N4Py, Fe(II)‐N4Py‐RhoB, (bottom, from left to
right) Fe(II)‐N4Py‐Fluorescein, Fe(II)‐N4Py‐Fluorescein‐Me, Fe(II)‐N4Py‐Cy5. Conditions:
Tris‐HCl buffer (pH 8.0) at 37°C, 1.0 μM complex, 0.1 μg/μL pUC18 plasmid DNA (150 μM
in base pairs), 1.0 mM DTT. Error bars represent the root mean square based on at least
three runs. A correction factor was used to compensate for the reduced ethidium bromide
uptake capacity of supercoiled DNA.
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Supplementary Figure 8. Quantification of the number of double‐strand cuts (m) as a
function of single‐strand cuts (n) per DNA molecule for each of the N4Py‐conjugates.
Error bars represent the uncertainty limits of n and m, based on Monte‐Carlo simulations,
taking into account a standard deviation σ of 0.03 for each individual data point. The solid
black line describes a pure single strand cleavage pathway, as described by the Freifelder‐
Trumbo relationship.

Supplementary Figure 9. Localization of N4Py‐conjugates. SKOV3 cells were treated for
24h with 10 μM (A) N4Py‐Fluorescein, (B, C) N4Py‐Me‐Fluorescein, (D) N4Py‐RhoB or (E)
N4Py‐Cy5. Confocal images were taken before (A, B) or after (C, D, E) washing the cells
with PBS. After washing the cells with PBS, all emission was lost for the N4Py‐Fluorescein
conjugates (only N4Py‐Me‐Fluorescein data shown in C).
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Supplementary Figure 10. The effect of temperature (T = 37°C and 4°C) on the parental
N4Py molecule. SKOV3 cells were treated for 24h at 37°C (a‐c) or 4°C (d‐f) with 0.1 %
DMSO (a, d), 30 μM Fe(II)‐N4Py (b, e) or 30 μM N4Py ligand (c, f). Necrotic/late apoptotic
cells were stained with propidium iodide (green fluorescence).
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Abstract
Ovarian cancer is the most lethal gynecological tumor type in the world due to
late stage detection, and resistance to chemotherapy. Therefore, alternative
additional therapies are required. The etiology of ovarian cancer remains largely
unknown, but risk factors point toward an important role for oxidative stress.
Both healthy and tumor cells can cope with oxidative stress by activating the
transcription factor Nrf2 (also known as Nfe2l2), the master regulator of
antioxidant and cytoprotective genes. Indeed, for most ovarian cancers, aberrant
activation of Nrf2 is observed, which is often associated with a copy number loss
within the Nrf2‐inhibitory complex KEAP1‐CUL3‐RBX1. A key role for Nrf2 in
ovarian carcinogenesis has been validated by siRNA studies. However, to exploit
the Nrf2 pathway for therapeutic interventions, potential side‐effects should be
minimized. In this review, we explore ovarian cancer specific factors with links to
aberrant activity of Nrf2, to be exploited in future combination strategies,
synergistic with direct Nrf2 inhibitory drugs. Particularly, we propose to stratify
patients based on common ovarian cancer mutations (KRAS, BRAF, ERBB2, BRCA1
and its link with estradiol, TP53) for future NRF2 targeting strategies.
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1. Oxidative stress
1.1.
Introduction
Oxidative stress occurs when there is an imbalance between the production of
reactive oxygen species (ROS) and their detoxification by antioxidants. During
lifetime, cells are challenged by various levels of oxidative stress, depending on
the cell type and cellular location. Two important sources of endogenous ROS
production are within the mitochondria and by cells, mainly neutrophils and
macrophages, of the immune system. In the mitochondria, during oxidative
phosphorylation some electrons will leak out of the electron transport chain and
can react with oxygen molecules to generate the superoxide anion (O2‐) (1). O2‐
can further react to hydrogen peroxide (H2O2), and if not neutralized by
antioxidants, both these free radicals together can, via the iron‐catalyzed Haber‐
Weiss reaction, be transformed to the most reactive radical among all ROS: the
hydroxyl radical (OH•) (2). This implies that in metabolically active cells, such as
cancer cells, mitochondria generate a substantial amount of ROS. ROS are not
only a harmful side‐product of energy production; ROS can also be beneficial, for
example as intracellular signaling molecules or in ROS‐mediated host defense for
the elimination of pathogens (3). Therefore, presence of immune cells at the site
of chronic inflammation can, by the presence of chronic oxidative stress,
contribute to the pathophysiology of many different diseases (4). In addition to
endogenously produced ROS, also several exogenous sources, including UV‐light
and cigarette smoke, can contribute to the total ROS production within cells. All
these sources together will lead to accumulation of ROS which results in oxidative
stress. Too much ROS can disturb redox signaling and damage the proteins, lipids
and DNA, of which 8‐OHdG is an important oxidative DNA modification, within the
cell. As such, disturbed redox signaling and ROS‐induced damage contributes to
aging and is involved in a wide variety of diseases, including Alzheimer’s disease,
atherosclerosis and cancer. Reviewed in (5, 6).
As the consequences of long‐term oxidative stress can be detrimental,
cells have important defense mechanisms against oxidative and xenobiotic stress
at their disposal, including the transcription factor Nrf2 (nuclear factor, erythroid
2‐like 2; Nfe2l2) (7). Nrf2 is the master regulator of many antioxidant and
cytoprotective genes. Under physiological conditions, Nrf2 is present in the
cytoplasm where it is bound by Keap1. Keap1 requires the actin cytoskeleton in
order to efficiently bind Nrf2 in the cytoplasm (8). Keap1 forms a complex with
Cul3 and Rbx1, and this E3 ubiquitin ligase complex is able to bind and
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ubiquitinate Nrf2, resulting in Nrf2 being targeted to the proteasomes for
degradation. When oxidative stress is present within the cell, the cysteine
residues of Keap1 become oxidized, resulting in a conformational change of the
Keap1‐Nrf2 complex which prevents Keap1 to ubiquitinate Nrf2 (9, 10). At the
same time, ROS signaling activates unknown tyrosine kinases that export negative
regulators of Nrf2, including Src kinases and Bach1, out of the nucleus (11). As a
result, newly formed Nrf2 is then able to translocate to the nucleus and bind,
together with small Maf proteins (12), to antioxidant response elements (AREs)
resulting in the transcription of its downstream target genes (13). When
downstream target genes, like antioxidants, have restored the redox balance, Src
kinases will export Nrf2 out of the nucleus again where Nrf2 will be degraded (14)
(Fig. 1). Besides the above described Keap1‐dependent, redox‐sensitive
mechanisms of Nrf2 inhibition, also several Keap1‐independent mechanisms have
been demonstrated. For example, the redox‐sensitive transcription factor Bach1
has been shown to compete with Nrf2 for the activation of HMOX1 (a Nrf2
downstream gene) (15, 16), by binding to enhancer ARE sites in the HMOX1 gene.
As Bach1 lacks a transcription modulation domain, it will not directly
activate/repress the downstream gene, but as its binding prevents binding of
Nrf2, Nrf2‐induced activation will be prevented by Bach1 binding. However, a
similar mechanism could not be clearly defined for other ARE containing Nrf2
downstream genes (15, 16). In contrast to Bach1, a redox‐insensitive, Keap1‐
independent mechanism of Nrf2 inhibition has been discovered (17) and the exact
mechanism has recently been unraveled (18). Chowdhry et al. discovered that
Nrf2 contains two conserved binding motifs for beta‐transducin repeat‐containing
protein (β‐TrCP), which acts as a substrate receptor for the Skp1‐Cul1‐Rbx1
ubiquitin ligase complex (i.e. SCFβ‐TrCP). By GSK3‐mediated phosphorylation of one
of these binding motifs (DSGIS), binding of β‐TrCP to Nrf2 becomes tighter, and as
such SCFβ‐TrCP‐mediated ubiquitination and degradation of Nrf2 increases. These
Keap1‐independent mechanisms add an extra layer to the transcriptional
regulation of Nrf2.
In the following sections we will discuss the role of oxidative stress in
carcinogenesis, specifically focusing on ovarian cancer. As Nrf2 is the master
regulator in the protection against oxidative stress, modulation of Nrf2 activity
can have therapeutic potential. In this review, we will look into the role of
aberrant Nrf2 activation during ovarian carcinogenesis, with a special focus on
oncogene and tumor suppressor genes herein. The acquired knowledge will be
used to strengthen the evidence for an essential role of Nrf2 in ovarian cancer and
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to provide therapeutic strategies for the implementation of Nrf2 inhibitors in the
treatment of ovarian cancer.
Figure 1. Regulation of Nrf2 by
oxidative stress. Nrf2 is the
master regulator of many
antioxidant and cytoprotective
genes.
Under
normal
conditions, Keap1 binds Nrf2 in
the
cytoplasm.
Keap1
mediates ubiquitination of
Nrf2, resulting in proteasomal
degradation of Nrf2. When
oxidative stress is present in
the cell, cysteine residues in
become
oxidized,
Keap1
resulting in a conformational
change of the Keap1‐Nrf2
complex that prevents Keap1
from ubiquitinating Nrf2. As a
consequence, newly formed
Nrf2 can translocate to the nucleus where it binds together with small Maf proteins to
activate transcription from antioxidant response elements (ARE). Downstream Nrf2 target
genes are mainly involved in the protection against oxidative stress and xenobiotics.

1.2.
The role of Nrf2 in oxidative stress‐induced carcinogenesis
Oxidative stress is well recognized for its role during the initiation and progression
of cancer (19). The level and duration of the oxidative stress exposure are the
main factors that determine the cellular outcome of oxidative stress. On the one
hand, a moderate increase in oxidative stress stimulates cell proliferation and may
induce a few DNA mutations, while on the other hand, a large increase in
oxidative stress results in accumulation of excessive genome‐wide DNA damage
and this induces either senescence or cell death (20). So, some oxidative stress
can be beneficial for cancer cells, but too high levels are cytotoxic. Therefore, a
reduction in the level of oxidative stress is essential for the survival of tumor cells.
For this purpose, tumor cells can exploit the transcription factor Nrf2 (21, 22). Via
continuous activation of Nrf2 and subsequent expression of antioxidant genes,
cancer cells aim to maintain a favorable redox balance. This adaptation has indeed
been found in a wide variety of cancers, including those of the head and neck (23),
lung (24), endometrium (25) and gallbladder (26). Unexpectedly, also constitutive
downregulation of Nrf2 has been described to occur in some prostate tumors
(27), which in a mouse prostate cancer model (TRAMP mice) could be explained
by Nrf2 promoter hypermethylation (28), whereas in human prostate tumors a
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similar mechanism causing downregulation of Nrf2 has not been described so far.
Downregulation of Nrf2 has also been detected in some tumors of the breast,
probably via dysregulated KEAP1‐ and NRF2‐interacting miRNAs (29‐31). The
constitutive Nrf2 activity generally observed in tumors can partly be explained by
(epi)genetic mutations or copy number loss (CNL) in any of the components of the
E3 ubiquitin ligase complex (KEAP1‐CUL3‐RBX1) that degrades Nrf2 or by
mutations in NRF2 itself (32‐37). Mutations in KEAP1 are spread across the whole
gene and only very recently, the functional impact of some of these has been
unraveled and clustered in three classes (38): (1) Passenger mutations, which
neither affect Nrf2 activity nor Nrf2‐Keap1 interactions; (2) Null or near‐null
mutations, which diminish Nrf2‐Keap1 binding and are unable to (or very weakly)
repress Nrf2 activity; (3) Hypomorphic mutations, which result in either reduced
or increased (“superbinders”) Nrf2‐Keap1 binding without affecting Nrf2 activity.
In contrast to KEAP1, All somatic mutations detected in NRF2 are found in specific
“hot‐spot” regions: within or near the “ETGE” and “DLG” motifs, which are the
Keap1 binding domains of NRF2 (39‐41). These mutations highlight the
importance of Keap1‐dependent Nrf2 regulation by degradation of Nrf2. Most of
these mutations do not affect Nrf2 protein levels but protein function, as often
these mutated proteins cannot form the Keap1‐Nrf2 binding anymore and
thereby Nrf2 is not being degraded (38). Also non (epi)genetic mechanisms that
modulate Nrf2 activity, such as post‐transcriptional modifications of Keap1 or Nrf2
and accumulation of proteins that disturb Nrf2‐Keap1 binding, have been
discussed before in (42, 43). For example, phosphorylation of Nrf2 (43) or
succination of Keap1 are known post‐transcriptional modifications that can
modulate the activity or Nrf2‐Keap1 (44). In a large proportion of the tumors (45),
the exact mechanism that causes the observed aberrant activity of Nrf2 remains
undiscovered, although for ovarian cancer RBX1 seems to be a key player, as
described below.
Ovarian cancer is the most lethal gynecological malignancy in woman
worldwide (46). The most common variant (> 90%) is epithelial ovarian cancer
(EOC) that is believed to arise from epithelial cells lining the surface of the ovary
or the distal fallopian tube (47‐49). This variant can be further subdivided into the
serous (60‐80%), mucinous (3‐5%), endometrioid (10‐25%) and clear cell type (5‐
10%) (50, 51). Most tumors, including ovarian tumors, are exposed to high levels
of oxidative stress. According to the “incessant menstruation” hypothesis,
especially serous, endometrioid and clear cell ovarian cancers are thought to be
exposed to large amounts of iron‐induced oxidative stress derived from
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retrograde menstruation, which is a backward movement of menstrual fluids
through the Fallopian tubes to the peritoneal cavity (52, 53). Senthil et al. found
increased plasma levels of lipid peroxidation and decreased antioxidant levels in
ovarian cancer patients versus healthy controls (54). Furthermore, the amount of
8‐OHdG expression in ovarian tissue is positively correlated to malignancy, cancer
stage and poor survival (55, 56). Interestingly, oxidative stress levels are also
related to chemotherapy resistance, as higher levels of the antioxidant
glutathione (GSH) have been found in resistant versus sensitive cells (57, 58). GSH
has been described as an important antioxidant that facilitates detoxification and
excretion of many chemotherapeutics (59, 60). Despite these high levels of
oxidative stress, ovarian cancer cells are obviously able to survive. Also ovarian
cancer cells frequently exploit constitutive activation of Nrf2 in order to survive
exposure to high ROS levels; nuclear immunostaining for Nrf2 is observed in all
types of EOCs (varying between 27‐83%), but variation in the amount of
constitutive Nrf2 activation is quite large in the studies performed so far (61, 62)
(Table 1). The observed constitutive Nrf2 activation was associated with increased
expression of several Nrf2 downstream genes (GPX3, SOD2) (62). In one of these
publications, they also investigated the frequency of KEAP1/NRF2 mutations in
ovarian cancer. They described that 29% of the clear‐cell and 8% of the non‐clear
cell ovarian tumors contain a KEAP1 mutation, and none contain a NRF2 mutation
(62) (Table 1). Recently, the low frequency of mutations in either KEAP1 or NRF2
was confirmed for a large set of serous EOC samples of the Cancer Genome Atlas
(TCGA) (32) (Table 1). Interestingly, this analysis revealed that the majority of
aberrant Nrf2 activity in serous EOCs may be caused by inactivating DNA
alterations (inactivating mutations, copy number loss (CNL), hypermethylation) in
any of the components of the E3 ubiquitin ligase complex KEAP1‐CUL3‐RBX1.
Indeed, for 90% of these cases the inactivating DNA alteration was associated
with increased expression of Nrf2 downstream genes. Most remarkably,
heterozygous deletion of RBX1 was the most prominent mechanism that
contributed to Nrf2 activation in these serous ovarian cancers (32) (Table 1).
Concluding from this, aberrant activation of Nrf2 is a major event during
ovarian carcinogenesis and the majority can be contributed to CNL in the E3
ubiquitin ligase RBX1 (Table 1). As RBX1 is an important E3 ubiquitin ligase in
many different complexes, and thereby regulates many important genes besides
Nrf2, including NF‐κB (63) and hypoxia inducible factor (HIF) (64), it is unlikely that
RBX1 will be a tumor specific therapeutic target. Although direct inhibition of Nrf2
seems an option as a therapeutic target, current drugs are not specific for Nrf2
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and, in addition, will also affect normal cells. Therefore, in order to minimize the
effect of direct Nrf2 inhibition on normal cells, we will explore in this review
additional tumor‐specific targets that are involved in the aberrant activation of
Nrf2. We hypothesize that these tumor‐specific targets combined with direct Nrf2
inhibition have the potential to become a new therapeutic strategy to combat
ovarian cancer. We will review the evidence that frequently dysregulated
oncogenes or tumor suppressor genes (KRAS, BRAF, ERBB2, BRCA1 and TP53) in
serous EOC contribute to the observed constitutive activation of Nrf2 and thus
provide interesting indirect (tumor‐specific) targets. We will focus on serous EOC,
as it comprises the largest (sub)type of ovarian cancer and is expected to be
exposed to the highest level of oxidative stress (highest 8‐OHdG tissue expression
(56)).
Table 1. Contribution of gene alterations ((epi)genetic mutations, mRNA expression
changes) in the negative regulator complex (Keap1‐Cul3‐Rbx1) of Nrf2 that negatively
affect Nrf2 expression or protein function in ovarian (serous) carcinomas in relation to
Nrf2 protein expression.
Gene

Gene alterations
NFE2L2
KEAP1
RBX1
CUL3
Total contribution
Nrf2 protein
Nrf2 positive

Martinez et al., 2014
(mutations/CNL/
hypermethylation,
N = 316/569/582)
Mutations, CNL,
hypermethylation
8.5% (only amplifications)
(0.3% mutations, 32.7% CNL,
0.9% hypermethylation)
(0% mutations, 81.6% CNL,
7% hypermethylation)
(0.3% mutations, 26% CNL,
5.2% hypermethylation)
90%

~81% – increased expression
Nrf2 downstream genes

Konstantinopoulos
et al., 2011 (N =
30)

Liao et al., 2014
(N = 64)

Mutations

NA

0%
8‐29% (serous: 9%)

NA
NA

NA

NA

NA

NA

9%

NA

33‐79% (serous:
36%) – nuclear
immunostaining

27‐83% (serous:
71%) – nuclear
immunostaining

CNL, copy number loss; NA, not available.

2. The contribution of dysregulated oncogenes and tumor suppressor genes in
the continuous activation of Nrf2 in ovarian serous carcinomas
2.1.
Pathophysiology of low‐grade versus high‐grade ovarian serous carcinoma
Serous EOC can be subdivided into low‐grade (Type I pathway, 10% of all serous
EOC cases) and high‐grade (Type II pathway, 90% of all serous EOC cases) tumors
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(65, 66). Both types are thought to have a distinct etiology and are characterized
by distinct features. Low‐grade tumors progress in a slow, step‐wise manner and
are characterized by mutually exclusive mutations in either KRAS, BRAF or ERBB2
(together covering two‐thirds of all low‐grade tumors) (67, 68). Only a very small
percentage of these tumors harbor a mutation in p53 (<8%) (69, 70). On the other
hand, the high‐grade tumors are thought to develop very rapidly, and the vast
majority of patients diagnosed with these tumors present with late‐stage disease.
These tumors are characterized by a high level of chromosomal instability and
generally harbor a mutation in TP53 (up to 96%) (71). A large proportion of the
BRCA1/2 mutant ovarian cancers are of the high‐grade serous subtype (72), and
these often co‐occur with mutations in TP53 (73). Mutations in either KRAS, BRAF
or ERBB2 occur very infrequently in this ovarian cancer subtype (65, 67).
In this section, we will elucidate a role for KRAS, BRAF and ERBB2
mutations (low‐grade EOC – §2.2) or TP53 and BRCA1 mutations (high‐grade EOC
– §2.3) in the continuous activation of Nrf2 associated with ovarian serous
carcinomas. Based on those insights, we can indicate subpopulations of ovarian
cancer patients that might benefit from Nrf2 targeted treatments.
2.2.

Relation between aberrant Nrf2 activity and common mutations in low‐
grade ovarian serous carcinoma

2.2.1. Oncogenic KRAS, BRAF and aberrant Nrf2 activation
The majority of low‐grade serous EOCs show mutations in either KRAS or BRAF, of
which respectively KRASG12D and BRAFV600E are the most common variants (68, 74).
Both mutations result in the constitutive activation of downstream signaling
independently of upstream cues. The major downstream signaling pathway
activated by both mutations is the Mitogen‐Activated Protein Kinase/Extracellular
signal‐Regulated Kinase (MAPK/ERK) pathway (75). Upon activation of the
MAPK/ERK pathway, serial phosphorylation cascades become active and
eventually, via phosphorylation, the activity of various downstream proteins,
among which transcription factors, can be modulated (76). Constitutive ERK
signaling is important during carcinogenesis, as it modulates many different
processes, including proliferation, differentiation, survival, migration,
angiogenesis and chromatin remodeling (75).
There are indications that oncogenic K‐ras or B‐raf can constitutively
activate Nrf2, although, some seemingly contradicting results have been found for
oncogenic RAS proteins; In fibroblasts and keratinocytes, introduction of
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overexpressed oncogenic RAS results in increased cellular ROS levels, albeit
transient (77‐79). However, this is in contrast to the study of DeNicola et al., who
found that in a murine model of mutant KRASG12D or BRAFV619E (corresponding to
human BRAFV600E) driven lung and pancreatic cancer, ROS levels were decreased.
Further experiments confirmed that this was the direct result of an increase in
basal Nrf2 expression up to 60% (80). As shown in this paper, the differential
outcome can be explained by the fact that the papers describing increased ROS
levels used models in which KRASG12D was overexpressed, whereas DeNicola et al.
used a model in which KRASG12D was expressed at near‐physiological levels.
DeNicola et al. demonstrated that in both situations total glutathione levels
increased, but only near‐physiological levels of KRASG12D could increase the
GSH/GSSG ratio and thereby create a more reduced intracellular environment.
These differing results could be explained by the fact that only overexpression of
KRASG12D stimulated NADPH‐oxidase mRNA and activity, and by that ROS
production, whereas near‐physiological levels of KRASG12D did not (81).
As described above, in vivo experiments in mice show that near‐
physiological levels of oncogenic K‐ras and B‐raf are able to induce NRF2
expression. Interestingly, also treatment with ARE/Nrf2 inducers in liver cancer
cells point toward a role for the MAPK/ERK pathway in the activation of Nrf2 (82,
83). ARE/Nrf2 inducers, such as tert‐butylhydroquinone (tBHQ) and sulforaphane,
are electrophilic molecules that are able to activate Nrf2 and its downstream
genes, often via a mechanism that affects the Keap1‐Nrf2 complex formation and
thereby Keap1‐mediated ubiquitination of Nrf2 (84‐87). Each class of ARE/Nrf2
inducers activates a broadly overlapping group of genes, but also shows distinct
off‐target effects (87). Several mechanisms could explain the role of the
MAPK/ERK pathway in the activation of Nrf2. For example, as this pathway can
directly modulate downstream proteins via phosphorylation, the direct
phosphorylation and thereby stabilization/activation of Nrf2 could be a plausible
mechanism. In cell culture experiments (in breast cancer, kidney cells and
fibroblasts), upon prevention of Nrf2 phosphorylation via alanine to lysine
substitution, only a small reduction in Nrf2 transcriptional activity was seen (88).
This indicates that direct phosphorylation of Nrf2 by MAPKs does not play a major
role in regulating Nrf2. Therefore, it is more likely that MAPKs indirectly regulate
the Nrf2 signaling pathway. Although no specific link with Nrf2 has been
described, the MAPK/ERK pathway might for example act via the stimulation of
Nrf2 protein synthesis, as this pathway activates several proteins involved in
translational assembly, e.g. eIF4E, eIF4B‐BPI and eEF2 kinases (89). In MEFs
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expressing near‐physiological levels of oncogenic K‐ras or B‐raf, more direct
evidence was found for a role of the c‐Jun and c‐Myc transcription factors
downstream of ERK signaling in KRASG12D and BRAFV600E induced Nrf2 expression. It
was shown that c‐Jun and c‐Myc are directly activated by oncogenic K‐ras or B‐raf,
resulting in elevated c‐Jun and c‐Myc protein levels, and induction of Nrf2
transcription (80). Immunoprecipitation assays indicate that this is a result of
direct binding of both c‐Jun and c‐Myc to the NRF2 promoter (90). In addition,
siRNA knockdown of several downstream MAPK/ERK pathway transcription
factors showed that only c‐Jun, Fra1 and c‐Myc, but not JunD or Elk1 knockdown
resulted in decreased expression of Nrf2 in KRASG12D mutant cells, with greatest
effects for c‐Jun knockdown. Furthermore, near‐physiological levels of oncogenic
c‐Myc have been shown to directly induce Nrf2 expression (80).
Concluding from this, strong evidence points to an important role for
oncogenic KRAS or BRAF mutations in permanent activation of Nrf2 expression via
the continuous activation of c‐Jun and c‐Myc transcription factors downstream of
ERK signaling (Fig. 2, Table 2).
2.2.2. Overexpressed ERBB2 and aberrant Nrf2 activation
A smaller subset (20‐30%) of low‐grade serous ovarian cancers shows
amplification and/or overexpression of the ERBB2 gene (91‐94), which results in
increased cell proliferation, altered cell cycle checkpoint and DNA repair
mechanisms and is associated with poor prognosis (95‐98). Two major
downstream pathways of ErbB2 are the MAPK and phosphatidylinositol 3‐kinase
(PI3K) pathways (99, 100).
As described before for oncogenic K‐ras and B‐raf, ErbB2 also activates c‐
Jun and c‐Myc via the MAPK pathway, and thereby activate Nrf2 expression (101,
102) (Fig. 2). Moreover, phosphorylation of PI3K via ErbB2 can initiate the
PI3K/Akt pathway phosphorylation cascade and this has also been linked to an
increased Nrf2 activity. The involvement of the PI3K pathway in Nrf2 activation
has mainly been studied with ARE/Nrf2 inducers (103‐105).
Interestingly, one study in urothelial carcinoma showed that there is a link
between ErbB2 activity and activation of Nrf2 via the PI3K/Akt pathway; chemical
inhibition of either ErbB2 or Akt resulted in decreased Nrf2 activation (106).
Moreover, Chowdhry et al. observed in A549 lung cancer cells with KEAP1 loss‐of‐
function mediated activation of Nrf2, a markedly reduced expression of Nrf2 and
its downstream genes upon inhibition of PI3K or Akt (18). The activity of PI3K is
negatively regulated by the phosphatase PTEN, and as such, inhibition of PTEN
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Figure 2. Oncogenic KRAS
and BRAF can aberrantly
activate Nrf2 via the
MAPK/ERK
signaling
pathway. Oncogenic KRAS
and
BRAF
(KRASG12D)
continuously
(BRAFV600E)
signal
through
the
MAPK/ERK
signaling
pathway independently of
upstream cues. Eventually,
this results in activation of
c‐Jun
and
c‐Myc
transcription factors. These
can directly bind to the
NRF2 promoter region,
thereby
resulting
in
increased levels of Nrf2
protein. Keap1 is not able to
degrade this “overdose” of
Nrf2 protein, which causes
hyperactivation of Nrf2
downstream genes.

activity should counteract the PI3K‐mediated activation of Nrf2. Indeed, several
studies have shown this is the case (107, 108). For example, Pitha‐Rowe et al
showed that treatment with synthetic triterpenoids could activate Nrf2 signaling
via inhibition of PTEN activity, which stimulated Akt phosphorylation (107).
Several mechanisms of action have been proposed to explain the link between
PI3K activity and Nrf2 activation. The first explanation is that activated Akt1
stimulates the stability of Nrf2 via phosphorylation (104). However, unlike for the
MAPKs, no consensus phosphorylation sequences have been found for Akt in
either Nrf2 or Keap1. This makes indirect regulation of Nrf2 protein stability by
activated Akt more likely. For example, activated Akt is able to inactivate GSK3β
by phosphorylation (109). GSK3β is responsible for the activation and nuclear
translocation of the Src‐A subfamily kinases Src, Fyn, Yes and Fgr, which in their
turn are important for nuclear export of Nrf2 (14, 110). So by inactivation of
GSK3β, Akt can stimulate nuclear accumulation of Nrf2, thereby preventing the
cytoplasmic degradation of Nrf2 by Keap1. In addition, inactivation of GSK3 can
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prevent phosphorylation of the DSGIS motif of Nrf2, thereby preventing the
binding of β‐TrCP to Nrf2 and β‐TrCP‐mediated degradation of Nrf2 (18, 108).
Alternatively, Kang et al. suggest that also a different mechanism can be involved
in PI3K stimulated Nrf2 activity (111). Previously, they observed activation of the
PI3K pathway upon treating cells with the ARE/Nrf2 inducer tBHQ (103). The
subsequent activation of Nrf2 appeared to be the result of increased nuclear actin
levels. Normally, Keap1 binds the actin cytoskeleton to efficiently sequester Nrf2
in the cytoplasm (8). Upon tBHQ treatment, activation of the PI3K pathway
resulted in depolymerization of actin microfilaments, after which Nrf2 formed a
complex with the depolymerized actin which translocated into the nucleus (111).
Taken together, ERBB2 overexpression results in the activation of at least two
major downstream signaling pathways that can activate Nrf2: the MAPK and the
PI3K/Akt pathway (Fig. 3, Table 2). The first seems to regulate Nrf2 activity on the
transcriptional level, whereas the second seems to act on the protein level. As
most of these data are collected in other cancer and normal cell types, further
studies need to be performed showing that this link between ErbB2 and persistent
Nrf2 activity also holds true in ovarian cancer. Furthermore, future research
should determine the relative importance of the MAPK and PI3K/Akt pathway on
the continuous activation of Nrf2 in ERBB2 mutant cells.
2.3.

Relation between aberrant Nrf2 activity and common mutations in high‐
grade ovarian serous carcinoma

2.3.1. BRCA1 mutations and aberrant Nrf2 activation
Mutations in BRCA1, a ubiquitously expressed DNA repair enzyme, are almost
exclusively found in high‐ and not low‐grade ovarian serous carcinomas. Up to
about 50% of the high‐grade ovarian serous carcinomas contain a BRCA1
(epi)genetic mutation. Of all mutations in this subtype of ovarian cancer,
approximately 10% can be attributed to germline BRCA1 mutations, about 6% to
sporadic BRCA1 mutations, and 13‐31% to hypermethylation of the BRCA1
promoter (112‐114). Remarkably, germline mutations in BRCA1, predispose only
to breast and ovarian tumors, and not others (115). This seems to imply that
hormones are important players during BRCA1 mutant tumorigenesis. In this
section, we will discuss the effects the female sex hormone estradiol and its
receptor (ER, estrogen receptor) have on Nrf2 activity, and how these effects
might play a role in BRCA1 mutant carcinogenesis.

141

5

Chapter 5

Figure 3. Overexpressed ErbB2 can aberrantly activate Nrf2 via the PI3K/Akt pathway
(and the MAPK/ERK signaling pathway, as shown in Fig. 2). Overexpressed ErbB2
preferentially forms heterodimers with its family members ErbB1/3/4. Upon ligand
binding, the ErbB2 heterodimer becomes active and can activate PI3K. PI3K in its turn,
converts PIP2 to PIP3, which then activates Akt. Akt is able to modulate the nuclear
accumulation of Nrf2 by three different mechanisms: (1) via inhibition of GSK3β, thereby
preventing the nuclear accumulation of Src‐subfamily kinases and as such prevent their
binding to and their nuclear export of Nrf2; (2) via inhibition of GSK3, thereby inhibiting
phosphorylation of the DSGIS motif of Nrf2 and as such prevents binding of β‐TrCP and β‐
TrCP‐mediated degradation of Nrf2; (3) via depolymerization of actin, which results in the
formation and nuclear translocation of Nrf2‐actin complexes.
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Table 2. Mechanisms by which common oncogene and tumor suppressor gene mutations
in ovarian serous carcinomas can constitutively activate Nrf2.

Low‐grade
ovarian
serous
carcinoma

Oncogene/tumor
suppressor gene
(epi)genetic
mutation
KRAS and BRAF:
Gain‐of‐function

ERBB2:
Amplification,
overexpression

High‐grade
ovarian
serous
carcinoma

BRCA1: Loss‐of‐
function

% of total
subpopulation
(low‐/high‐
grade)
Both ~30%

20‐30%

26‐47%

(Putative) mechanism
of constitutive Nrf2
activation

Level of
regulation

c‐Myc and c‐Jun
transcription factors
Direct phosphorylation
by ERK

Transcription

Increased Nrf2 protein
synthesis (via activation
of eIF4E, eIF4B‐BPI and
eEF2 kinases)
c‐Myc and c‐Jun
transcription factors
Direct phosphorylation
by Akt
Decrease nuclear
export (via Src‐A
subfamily kinases)
Decreased Nrf2
degradation via β‐TrCP
mediated
ubiquitination
Increased nuclear
import (via complex
formation Nrf2 and
depolymerized actin)
Estrogen‐induced ROS
production in
combination with
Absence of ER‐induced
repression of Nrf2 and
its downstream genes

TP53: Loss‐of‐
function, 80% total
TP53 mutations
Oncomorphic
transformation,
20% total TP53
mutations

>80%

No evidence found

c‐Myc transcription
factor

Post‐
translational
modification
Translation

Transcription
Post‐
translational
modification
Protein‐
protein
interactions
Protein‐
protein
interactions
Protein‐
protein
interactions
Post‐
translational
modification
(Keap1)
Transcription
and protein‐
protein
interactions
N/A

Transcription

β‐TrCP, beta‐transducin repeat‐containing protein; ER, Estrogen receptor; ROS, Reactive
oxygen species.
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As there is a close regulation between BRCA1 and Nrf2, BRCA1 mutations
are expected to result in changes in Nrf2 activity. BRCA1 has been shown to
directly bind Nrf2, thereby interfering with Keap1 binding, and enhancing stability
and activation of Nrf2 (116). As a consequence, loss‐of‐function mutations in
BRCA1 are expected to result in decreased Nrf2 activity and thus, increased
sensitivity towards ROS‐induced damage. Gorrini et al. could confirm this in
BRCA1‐null premalignant mammary epithelial cells. These cells accumulated high
levels of ROS and exhibited enhanced sensitivity toward oxidative stress, which
resulted in the accumulation of DNA damage and senescence (116). This could be
overcome by constitutive activation of Nrf2 via the use of KEAP1 shRNA. This
shows that Nrf2 activation is essential for the survival of BRCA1 mutant cells
during (prolonged) exposure to oxidative stress.
BRCA1‐induced Nrf2 activation is thus abolished in BRCA1 mutant cells.
Therefore, in order to survive prolonged exposure to oxidative stress, other
factors should take over this function of BRCA1. Recent studies indicate that
estradiol can activate Nrf2 in a wide range of cell types, including the prostate
cancer cell line PC3, the breast cancer cell line MCF7, and wild‐type mouse
primary B cells (116, 117). Estradiol treatment increased only Nrf2 protein and not
mRNA levels, suggesting that estradiol stabilizes the Nrf2 protein. Based on
current literature, the most likely mechanism in which estradiol (or its
metabolites) can stabilize the Nrf2 protein, is via the generation of oxidative
stress. Two studies in ovarian cancer have indeed shown the link between
estradiol treatment and increased ROS (61, 118). Both studies examined the effect
of estradiol after a 24h treatment either on ROS production in the estrogen
receptor negative (ER –) ovarian cancer cell line Hey or on oxidative DNA damage
(8‐OHdG) in mouse ovarian surface epithelial cells. Estradiol treatment indeed
increased ROS production, oxidative DNA damage and Nrf2 protein levels.
However, in several studies using breast cancer cell lines, this relation could not
be reproduced (116, 119). In these studies, ROS production was either
determined earlier after the addition of estradiol (4h), or they used cellular
protein lysates treated with estradiol instead of intact cells. This apparent
discrepancy might be explained by the fact that the breast cancer studies looked
at the direct effect of estradiol itself, while the ovarian cancer studies likely
observed an indirect effect of estradiol’s metabolites; indeed, in contrast to
estradiol itself, these metabolites were shown to generate ROS production in
breast cancer cells (119). Estrogen is known to be metabolized to catechols, and
upon further oxidation, to DNA‐reactive quinones and semiquiones, which have
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been shown to be highly mutagenic (120). The catechol metabolites, but not their
parent estrogens (estrone, estradiol and estriol), were shown to be highly redox
active and to generate ROS. Strikingly, this ROS‐production was independent of
ERα expression and was both seen in normal and tumorigenic breast cell lines
(119). Very recently, by using a PI3K inhibitor, it was shown for mouse mammary
epithelial cells that the estradiol‐induced oxidative stress and Nrf2 accumulation
were dependent on activation of the PI3K/Akt pathway (117). Interestingly,
further experiments elucidated that mammalian target of rapamycin (mTOR), one
of the downstream targets of the PI3K/Akt pathway, turned out to be involved in
the estradiol‐induced Nrf2 accumulation (117). Further studies should determine
whether this finding can be translated to ovarian cells.
Interestingly, estradiol seems to play a dual role in modulating Nrf2
activity. On the one hand its metabolites activate Nrf2 via the generation of ROS
(independent of ER), but on the other hand estradiol itself can inhibit the Nrf2
downstream genes via binding to ERα (dependent of ER). Ansell et al. found that
ERα, but not ERβ can undergo an estradiol‐dependent interaction with Nrf2, and
thereby represses Nrf2‐mediated transcription (121). Others revealed by
chromatin immunoprecipitation in MCF‐7 breast cancer cells that, in the presence
of estradiol, both ERα and the NAD+ dependent deacetylase Sirt1, directly bind to
the ARE within the promoter region of NQO1 (downstream gene of Nrf2). As a
result, Nrf2 binding to the ARE of NQO1 was reduced and this resulted in reduced
expression of NQO1 (122). So for estradiol to result in activation of Nrf2, either
the repression of Nrf2 activity by ERα needs to be minimized or ERα should be
absent (ERα–). In breast tumors, the last option seems to occur most often, as
breast tumors with a BRCA1 mutation are so‐called triple negative (ER–/PR–
/HER2–) (negative for estrogen receptor progesterone receptor /human
epidermal growth factor receptor 2) in 80‐90% of the cases (123‐125). The
minority of BRCA1 mutant breast tumors that are ERα+ have a clear distinct
etiology (126). In contrast to breast cancer, in a small ovarian cancer patient study
(N = 22), only 23% of the BRCA1 mutant tumors was ER– and this frequency was
similar in the non‐BRCA1 mutant tumors. Interestingly, in BRCA1 mutant ovarian
tumors ERα expression was inversely correlated with ERβ expression compared to
a positive correlation in non‐BRCA1 mutant tumors (127). This study indicates
that, in contrast to most breast tumors, absence of ERα does not occur in most
ovarian tumors, and therefore other unknown mechanisms might be responsible
for minimizing ERα‐mediated repression of Nrf2 activity (128, 129). In addition to
ERα‐mediated Nrf2 repression, a recent study by Singh et al. discovered that in
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primary breast epithelial cells and in an estrogen‐induced breast carcinogenesis
rat model, E2 can activate miR‐93, resulting in hypermethylation of Nrf2 (130). By
treating these rats with reservatrol, E2‐mediated methylation changes of Nrf2
could be reversed. This resulted in decreased tumor incidence and proliferation,
and increased latency of E2‐induced breast tumors. So, in contrast to previous
studies (116, 117), this model describes a negative effect of E2 on Nrf2 expression.
However, even if hypermethylation of Nrf2 would be induced by E2, it is unlikely
that BRCA1 mutant cells would survive, as they already possess higher levels of
ROS and would go into senescence or apoptosis before E2‐induced carcinogenesis
would occur (116). Furthermore, these interesting results could not be confirmed
with data of the TCGA, as Nrf2 hypermethylation does virtually not occur in either
breast or ovarian cancer (http://cancergenome.nih.gov/). To determine whether
during BRCA1 mutant ovarian compared to breast carcinogenesis similar
mechanisms regulate Nrf2 activity, more research is required.
In conclusion, recent studies suggest that estradiol and/or its metabolites,
via the generation of oxidative stress and the activation of the PI3K/Akt pathway,
stimulate the accumulation of Nrf2. This might be contributing to the tissue‐
specificity of BRCA1 mutant tumors. However, to fully activate Nrf2, the ERα‐
mediated repression of Nrf2 activity should be minimized in these cells as well.
When both requirements are fulfilled, the increased Nrf2 activity can alleviate the
higher levels of oxidative stress in BRCA1 mutant cells just enough to keep the
cells below the threshold for inducing cell death while still accumulating DNA
damage over time, as their ability to repair damaged DNA is partly affected. In this
manner, the BRCA1 mutant cells can acquire additional mutations, which
eventually could result in the full transformation into a cancer cell (Fig. 4, Table
2).
2.3.2. TP53 mutations and aberrant Nrf2 activation
The vast majority of high‐grade serous ovarian tumors contain a mutation in TP53
(96%) (71, 131), but it is very uncommon in low‐grade serous ovarian tumors
(<8%) (69). Mutations in TP53 result either in a complete or partial loss of wt
function (occurring in 80% of all TP53 mutated ovarian tumors) or a gain‐of‐
function/oncomorphic transformation of p53 (132). Oncomorphic mutations
require the loss of the second WT allele and result in the production of p53
proteins with prolonged half‐life and oncogenic functions, without remaining wt
p53 function. What are the indications that alterations in the function of p53 also
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Figure 4. BRCA1 mutant cells are more sensitive toward (estradiol‐induced) oxidative
stress. BRCA1 is a dsDNA repair enzyme. BRCA1 binds Nrf2, thereby preventing Keap1
binding and degradation of Nrf2. Both functions of BRCA1 are important for protection
against oxidative stress. When cells are exposed to estradiol, its metabolites can cause
DNA damage either directly or indirectly via ROS. Upon exposure to ROS, Nrf2 translocates
to the nucleus and can bind AREs to activate antioxidants and detoxifying enzymes like
NQO1, which converts DNA‐reactive quinones back to catechols. However, estradiol‐
bound ERα can inhibit transcription of Nrf2 downstream genes either via direct inhibition
of Nrf2 activity or via attraction of the histone deacetylase SIRT1 to the promoter region
of NQO1. Therefore, in BRCA1 mutant, ERα+ cells, a high, continuous exposure to estradiol
results in lethal amounts of ROS and DNA damage. To prevent this lethal damage, BRCA1
mutant cells should overcome or minimize the ERα‐mediated repression of Nrf2 activity,
resulting in sufficient activation of Nrf2 to overcome lethal DNA damage. Due to impaired
dsDNA repair, some DNA mutations will accumulate in these BRCA1 mutant cells and this
could result in carcinogenesis.
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modulate Nrf2 activity? As each oncomorphic p53 mutation can have other
transcriptional targets and can undergo interactions with different proteins (132),
it is difficult to predict their exact role in the modulation of Nrf2 activity.
Nevertheless, it is known that several of these p53 oncomorphs can activate c‐
myc (132), which has been shown to directly bind to the NRF2 promoter to
activate transcription (90). In the next paragraph, we will shortly discuss the
normal function of p53 in relation to oxidative stress and then, we will focus on
the effects of loss‐of‐function TP53 mutations on Nrf2 activity, as this type of
mutations are more frequent compared to the oncomorphic p53 mutations.
As a transcription factor, p53 plays a role in many different processes,
from apoptosis and autophagy to cell cycle arrest and senescence (133). Under
unstressed/low stress conditions, p53 protein levels are kept low, as p53 is
continuously being degraded via mdm2‐mediated proteasomal degradation. On
the other hand, when cells are under severe stress, including oxidative stress
(induced damage), phosphorylation of both mdm2 and p53 prevents their
interaction, and thus prevents the degradation of p53 (134).
There is a close interaction between the redox‐active transcription factors
p53 and Nrf2 in the regulation of oxidative stress and the cellular response toward
it (Fig. 5). In a low oxidative stress environment, p53 activates several target
genes involved in the protection against ROS that partly overlap with downstream
genes of Nrf2, including SESN1, SESN2, HMOX1 and GPX1 (135‐137). This
maintains the reduced environment, in which Nrf2 remains inactive. In contrast,
during oxidative stress, Nrf2 will be activated and induce an antioxidant response.
When ROS‐induced DNA damage accumulates within the cell, p53 becomes active
and either induces cell cycle arrest which provides extra time to repair the
damaged DNA, or induces apoptosis. In the case cell cycle arrest is induced by
p53, p53 activates its downstream target p21, a cell cycle inhibitor. At the same
time, p21 also inhibits apoptosis (138). In order to prevent apoptosis, p21 has to
prevent an apoptosis‐inducing pro‐oxidative environment. Toward this end, p21
binds Nrf2 and thereby prevents Keap1 binding, Keap1‐mediated ubiquitination
and thus proteasomal degradation of Nrf2 (139). So by activating Nrf2, p21 can
indirectly prevent a pro‐oxidative environment, and as such inhibits apoptosis. In
the case where p53 induces apoptosis, the cell requires a pro‐oxidative
environment. In this case, p21 will not become active as now the Nrf2‐induced
anti‐oxidative response needs to be suppressed and oxidative stress needs to be
generated (140). Under these circumstances, the Nrf2‐induced anti‐oxidative
response can be suppressed via direct binding of p53 to AREs in several of Nrf2
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downstream genes, including x‐CT, MnSOD, NQO1 and GST‐α1, thereby
preventing their activation (141). Polyack et al. discovered by using serial analysis
of gene expression (SAGE), a method that measures absolute levels of RNA
abundance, that only 0.19% (14 out of 7,202 identified transcripts) of all p53
induced transcripts are more than 10 fold increased versus control cells before
apoptosis commences (142). Remarkably, most of these genes were predicted to
play a role in the generation of, or the response to, oxidative stress. These studies
suggest that p53 induces apoptosis via the transcriptional induction of pro‐
oxidative genes and the prevention of activation of anti‐oxidative genes, resulting
in accumulation of ROS which damage the mitochondria. Leakage of calcium from
these damaged mitochondria results in activation of caspases, and thereby the
induction of apoptosis.
In conclusion, in a physiological situation, p53 plays a dual role in the
regulation of oxidative stress and the Nrf2 response: at low stress levels, p53
seems to have anti‐oxidative properties, while at high stress levels, p53 seems to
have pro‐oxidative properties (Fig. 5). Whether it is one or the other response is
probably dependent on several factors, including qualitative and/or quantitative
changes to p53, and the co‐expression of other genes (133, 143). Intriguingly, the
other way around, Nrf2 also seems to play a dual role in the regulation of p53.
Several downstream genes of Nrf2 can modulate p53 activity, including but not
limited to NQO1 and MDM2. NQO1 has been shown to activate p53, as its
interaction with p53 can prevent the mdm2‐mediated p53 degradation (144).
Mdm2 on the other hand, inhibits p53 activity directly as it ubiquitinates p53 and
thereby targets p53 to the proteasomes for degradation (145). Whether Nrf2
inhibits or activates p53 activity is probably cell‐ and context‐dependent.Several
consequences of p53 loss‐of‐function/null mutations on Nrf2 activity can be
deduced from the literature as describe above. To start with, the tightly controlled
regulation between both p53 and Nrf2 is lost without functional p53. This will
affect the normal cytoprotective responses toward oxidative stress. In the case of
ovarian cancer, for example increased metabolic activity or estradiol metabolites
could result in accumulation of ROS, after which Nrf2 becomes active. However,
without functional p53, neither cell cycle inhibition via induction of p21, nor
suppression of the anti‐oxidative response via p53 binding toward AREs can take
place anymore. This might result in the survival of cells that under normal
physiological conditions would go into senescence or apoptosis. So, in contrast to
certain p53 oncomorphs which can directly activate Nrf2 via active c‐myc, loss‐of‐
function p53 mutations do not directly activate Nrf2, but rather contribute to the
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survival of cells that are exposed to prolonged oxidative stress (Table 2). This
continuous exposure to oxidative stress could then permanently activate Nrf2.

Figure 5. Crosstalk between p53 and Nrf2 during (oxidative stress‐induced) DNA damage
accumulation. Under conditions with low DNA damage, p53 levels are kept low by mdm2‐
mediated ubiquitination and degradation of p53. At these low levels, p53 can activate
several antioxidants (partly overlapping with downstream genes of Nrf2). When cells are
exposed to increasing levels of DNA damage, p53 levels increase, as the phosphorylation
of both mdm2 and p53 prevents their interaction. Depending on cell type and biological
context, p53 can either decide to (1) induce cell cycle arrest and thereby increase the time
necessary to repair damaged DNA or to (2) induce apoptosis. In order to induce apoptosis,
a pro‐oxidative environment is necessary. As such, p53 blocks the Nrf2‐mediated
antioxidant response by direct binding to antioxidant response elements (AREs) of
downstream Nrf2 genes. The other way around, when cell cycle arrest is induced via p21,
an apoptosis response should be prevented. P21 can do so by direct binding to Nrf2,
thereby preventing keap1‐mediated degradation of Nrf2.

2.4.
Potential translation of cell line and animal studies into patients
As described in section 2.2., several potential mechanisms link KRAS, BRAF and
ERBB2 mutations to persistent Nrf2 activity in low‐grade ovarian serous
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carcinomas. However, as mentioned in section 2.3., in high‐grade ovarian serous
carcinomas no direct involvement of BRCA1 and TP53 (loss‐of‐function) mutations
by themselves was found that could explain aberrant activation of Nrf2
(summarized in Table 2). Interestingly, BRCA1 mutations by themselves can even
reduce Nrf2 activity, because, as a consequence of a loss‐of‐function mutation,
BRCA1 cannot stabilize Nrf2 anymore (116, 146). As discussed in section 2.3.1.,
there are indications, although not completely proven yet, that in the context of
BRCA1 mutant tumors, a combination of high estradiol levels and minimal ERα‐
mediated repression of Nrf2 activity are important factors that result in
continuous Nrf2 activity in BRCA1 mutant tumors.
The potential mechanisms by which common oncogene and tumor
suppressor gene mutations in ovarian serous carcinomas can constitutively
activate Nrf2 are mainly based on studies using cancer cell lines. To our
knowledge, so far, no studies have been performed in ovarian cancer patient‐
derived material to determine whether mutations in any of these genes are linked
to Nrf2 expression. Nevertheless, in various other tumors the mutational status of
KRAS, BRAF and ERBB2 has been indirectly related to Nrf2 expression (via KEAP1
mutations/activity). Gallbladder tumors (n=13) showed KEAP1 alterations
exclusively co‐occurring with p53 overexpression and not with KRAS mutations
(34). In another study, it was found that in lung tumors (n=76) KEAP1 mutations
do not co‐occur with other (common) mutations such as EGFR, KRAS, ERBB2 and
NRF2. These studies give us an indication that either KEAP1 mutated tumors give
rise to a completely different subset of cancers, or that both KEAP1 mutations and
KRAS, BRAF or ERBB2 mutations have in common that Nrf2 becomes aberrantly
active, and therefore, there will not be a positive selection for additional
mutations that result in aberrant activity of Nrf2. Either way, both explanations do
not exclude a role in vivo for KRAS, BRAF or ERBB2 mutations in the continuous
activation of Nrf2. In addition, no relationship was found between expression of
cytoplasmic Keap1 and the KRAS mutation status (147). This is in line, with the
literature described in section 2.2.1., stating that KRAS mutations can induce NRF2
on the transcriptional level rather than the protein level/via modulation of Nrf2
stability regulated by Keap1. As the link between estradiol, the PI3K/Akt pathway
and Nrf2 activity has been discovered only very recently (117), no patient studies
have been performed yet to confirm this. Future research should confirm that this
link also exists in patients. In addition, no patient studies have been done to
confirm the mechanisms, found in cell and animal studies, linking KRAS, BRAF and
ERBB2 mutations to constitutive Nrf2 activation. However, these mechanisms
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have been studied in detail in both cell culture and animal models, and therefore
they are likely to occur as well in ovarian cancer patients. These studies provide
promising indications to pursue further studies in ovarian cancer patients that
investigate Nrf2 inhibition as potential target in ovarian cancer treatment.
3. Nrf2 inhibition as promising target in ovarian cancer treatment
Our poor understanding of the underlying biology, together with the late stage
detection and the commonly acquired chemotherapy resistance, make ovarian
cancer a difficult disease to treat. Currently, chemotherapeutics and surgery are
still the most common first‐line treatment option for ovarian cancer, but
especially in advanced stage patients, these treatments are often inadequate
(148). Therefore, there is a pressing need for better therapies against ovarian
cancer. Currently, the development of new anti‐cancer drugs has put a major
focus on neutralizing the direct effects of mutations in oncogenes or tumor
suppressor genes, for example by modulating the activity of the oncogene or
tumor suppressor gene directly or by modulating downstream pathways (149).
Instead of focusing on new drugs that modulate activity of oncogenes or tumor
suppressor genes, we propose that targeting the underlying stress adaptations
can be a potent direction in the development of new anti‐cancer drugs. As
discussed in section 1.2., one of these underlying stress adaptations ovarian
cancer cells can acquire is the protection against high levels of ROS via
constitutive activation of Nrf2. Therefore, as Nrf2 determines whether ovarian
cancer cells will survive or not, this might be the ignored Achilles’ heel of ovarian
cancer. An important advantage of Nrf2 inhibition, is the expected therapeutic
window. Both normal and cancer cells require Nrf2 activity to maintain redox
balance. However, as baseline ROS levels are much higher in cancer cells, they
require higher Nrf2 activity and are more dependent on this activity for their
survival. As such, Nrf2 inhibition is expected to increase ROS levels both in cancer
and normal cells, but because baseline ROS levels in cancer cells are much higher,
the ROS levels will only in cancer cells increase beyond a threshold that triggers
cell death. This might create a therapeutic window in which cancer cells will die
while normal cells stay largely unaffected. Despite this, normal tissues that are
commonly exposed to oxidative stress or xenobiotics, such as the liver and the
kidney, require a relatively high Nrf2 activity in order to protect them from a wide
variety of toxic insults (150). In addition, Nrf2 is also important in regulating
processes that are independent of its cytoprotective functions; Nrf2 can stimulate
angiogenesis (151), limit inflammation responses (152, 153) and modulate
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metabolism (e.g. inhibition lipid synthesis, support β‐oxidation of fatty‐acids,
stimulate carbohydrate metabolism and NADPH generation) (154, 155).
Furthermore, Nrf2 is important in hematopoietic stem cells for balancing between
quiescence and proliferation, self‐renewal and differentiation, and homing and
retention of cells in the bone marrow niche (156). Therefore, any toxicity in
normal tissues against inhibition of Nrf2 is expected to arise first in tissues
requiring high Nrf2 activity. By combining direct Nrf2 inhibitors with drugs that
inhibit the tumor‐specific cause of aberrant Nrf2 activation, dosage of each drug
can be reduced without compromising treatment efficacy. Furthermore, the
potential toxicity in normal cells is reduced, because normal cells are less
dependent on both pathways for their survival. Taken all this together, inhibition
of Nrf2 seems an interesting therapeutic target that has the potential to bring us
one step closer toward making ovarian cancer a curable disease.
3.1.
Effects of Nrf2 inhibition in anti‐cancer treatment
So far, the potential of (specific) Nrf2 inhibition in anti‐cancer treatment has been
explored using siRNAs/shRNAs targeting Nrf2 or by overexpressing KEAP1.
Knockdown of Nrf2 decreased cell proliferation in several cancer cell lines,
including those of the lung(157), pancreas(158) and cervix(159). In addition, Nrf2
inhibition resulted in reduced anchorage‐independent growth in several lung
cancer cell lines (160). Translated to the in vivo situation, intratumoral injection of
Nrf2 siRNA/shRNA has shown potency in reducing tumor growth in mouse
xenograft models (159, 160) and reduced tumor angiogenesis in the chicken
embryo chorioallantoic membrane (161). Interestingly, in combination with other
anti‐cancer treatments, NRF2 knockdown turns out to be an even more effective
anti‐cancer treatment: resistance to a wide range of chemotherapeutic drugs,
including doxorubicin, etoposide, gemcitabine, 5‐FU, bleomycin and cisplatin, can
be reduced by inhibition of Nrf2 activity (157, 158, 160, 162, 163). Recently, it was
discovered that ROS production was increased in 5‐FU resistant colon cancer cells,
and this resulted in increased TET1 expression, associated with hypomethylation
of NRF2. When these cells were transfected with NRF2 or HO1 shRNA and
subcutaneously implanted in the back of nude mice, tumor volume, size and
weight were significantly reduced compared to control shRNA transfected cells
(164). Furthermore, in pancreatic cancer cell lines, sensitivity to gamma‐radiation
was further increased upon inhibition of Nrf2 (158). In summary, these studies
clearly show the potential of Nrf2 as therapeutic target, as its inhibition results in
decreased tumor growth and enhanced sensitivity to many commonly used
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chemotherapeutics, including cisplatin which is often used in the treatment of
EOCs, and gamma‐radiation. However, as the level of Nrf2 expression is negatively
correlated with chemotherapy‐induced myelosuppression, it is expected that
inhibition of Nrf2 further exarcabates this serious side‐effect (165). This severe
limitation again underlines the need for a combination strategy in which ovarian
cancer specific factors with links to aberrant Nrf2 activity are combined with
direct Nrf2 inhibitory drugs.
3.2.
Therapeutic options to inhibit Nrf2 activity in patients
To achieve inhibition of Nrf2 as promising therapeutic option in ovarian cancer
treatment, selective Nrf2 inhibitors are required. Currently only two (non‐specific)
Nrf2 inhibitors have been described: brusatol from Brucea javanica and
procyanidins from Cinnamomi Cortex extract (166, 167). Both natural compounds
have been shown in cancer cells to inhibit Nrf2 activity and increase sensitivity to
commonly used anti‐cancer drugs, such as cisplatin and doxorubicin. However,
both substances have broader (unknown) activities (168), brusatol for example
can also inhibit DNA, RNA and protein synthesis (169) and activates NF‐κB (170).
In our lab, we are exploiting the artificial transcription factor (ATF)‐technology in
order to realize the “druggable genome” concept by specifically modulating the
expression of any given gene (171). In order to permanently repress Nrf2
expression, we propose a different therapeutic intervention, called “Epigenetic
Editing” (172). “Epigenetic Editing” is the removal or addition of epigenetic marks
in a gene‐specific manner. Epigenetic marks are heritable, yet reversible
modifications of the DNA or histones that affect gene expression without
changing the DNA‐sequence (173). We and others used engineered epigenetic
editors (EEEs), consisting of engineered DNA binding domains fused to the
catalytic domain of epigenetic enzymes, to silence (174‐178) or activate (179‐181)
(depending on the epigenetic enzyme) any gene of interest (182). In the case of
serous EOCs, permanent silencing of NRF2 is an interesting therapeutic option.
Opposed to currently known (non‐specific) Nrf2 inhibitors and siRNA, tumor‐
targeted delivery (183‐185) of EEEs is expected to give less off‐target effects in the
cancer cell and repeated treatments will be additive to result in permanent
changes in the epigenetic regulation of Nrf2, and thereby silence its expression. By
treating the cancer cells with an EEE that inhibits Nrf2, not only the cancer cells
that are directly hit by the treatment are affected, but also their daughter cells.
Therefore, EEEs that inhibit Nrf2 provide a revolutionizing, new therapeutic
approach that has great potential in the treatment of serous EOCs.
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3.3.

Possible opportunities for the implementation of Nrf2 inhibitors in the
treatment of ovarian serous carcinoma
As discussed in this review, mutations in BRAF, KRAS and ERBB2, and high levels of
estradiol in combination with mutations in BRCA1, are directly linked to the
aberrant activation of Nrf2 in serous EOCs. Therefore, patients harboring any of
these mutations might specifically benefit from a strategy that combines the
inhibition of Nrf2 by itself with inhibiting the tumor‐specific cause of the aberrant
Nrf2 activity in these patients.
For example, in low‐grade serous EOCs harboring a mutation in BRAF or
KRAS, we could think of combining a MEK inhibitor, a downstream kinase in the
MAPK/ERK pathway, with a Nrf2 inhibitors. Low‐grade serous EOCs that have a
mutation in ERBB2 can use both the PI3K/Akt and MAPK/ERK pathway to
aberrantly active Nrf2. In these cancers, the relative importance of both pathways
in the aberrant activation of Nrf2 should be determined in order to design a
rational therapeutic strategy containing inhibitors of the PI3K/Akt or MAPK/ERK
pathway alone or together in combination with Nrf2 inhibitors.
In high‐grade serous EOCs harboring a BRCA1 mutation a completely
different drug combination might be required. In this group of cancers, not the
BRCA1 mutation by itself, but the combination of a BRCA1 mutation, high
estradiol levels and minimal ERα‐mediated Nrf2 repression are important in the
aberrant activation of Nrf2. Therefore, a new therapeutic strategy should take
into account that Nrf2 activity is regulated at many different levels, and that
changing one level of regulation might affect the others. As the estradiol‐induced
Nrf2 accumulation is dependent on PI3K/Akt signaling, a straight‐forward
approach would be to combine Nrf2 and PI3K inhibitors. Another option in BRCA1
mutant EOCs would be to increase the repressive capacity of ERα on Nrf2 activity.
By combining drugs that increase ERα expression and inhibit Nrf2 expression at
the same time, double effectiveness is expected. As mentioned in section 3.2., the
ATF‐technology could be very suitable for specifically upregulating ERα and
downregulating Nrf2 expression in BRCA1 mutant ER‐ ovarian cancer cells. A
completely different approach is to hit the BRCA1 mutant cells at their weakest
spot by combining Nrf2 inhibitors with drugs that increase sensitivity for ROS‐
induced DNA damage specifically in the tumor. As an example, we could think of
combining poly ADP ribose polymerase (PARP) and Nrf2 inhibitors in BRCA1
mutant ovarian cancers (186). In response to single strand DNA (ssDNA) breaks,
PARP enzymes are essential in base (BER) and nucleotide excision repair (NER).
Upon PARP inhibition, ssDNA breaks accumulate and, if left unrepaired until DNA

155

5

Chapter 5
is replicated, the replication itself can convert these ssDNA into double strand
DNA (dsDNA) breaks (187). In order to repair these dsDNA breaks, a functional
homologous recombination (HR) pathway, of which BRCA1 is an essential
component, is required. Upon PARP inhibition, healthy cells can exploit HR as a
back‐up DNA repair systems, but in contrast to healthy cells, BRCA1 mutant cells
do not have functional HR and therefore become extra sensitive to DNA damage
(188, 189). Interestingly, ROS mainly generate ssDNA breaks that are repaired by
BER and NER (190). Therefore, inhibition of Nrf2, resulting in the accumulation of
ROS, has the potential to synergize with PARP inhibitors. As a result, this
combination is able to specifically kill the cancer cell and act synergistically, which
enables the use of a lower dosage and thereby reduce potential side‐effects,
while remaining similar efficacy as monotherapy. In ER+ BRCA1 mutant cells, it is
unknown whether constitutive Nrf2 activation is present and if so, which
mechanisms are involved. Therefore, more research is required to determine
whether there is a potential for Nrf2 inhibitors as well in this small subcategory of
BRCA1 mutant ovarian cancers.
As described above, many different therapeutic strategies can be thought
of that combine the inhibition of Nrf2 by itself with inhibiting the tumor‐specific
cause of the aberrant Nrf2 activity. Also, in cancers which harbor mutations that
are not linked to the aberrant activation of Nrf2, such as the TP53 mutant serous
EOCs, Nrf2 inhibition can be effective as well. For example, in ovarian cancer,
TP53 mutations are often linked to platinum‐based chemotherapy resistance
(191, 192). In this context, inhibition of Nrf2 might sensitize platinum‐resistant
ovarian cancer cells, as Nrf2 inhibition is expected to both increase the amount of
DNA damage and create a more pro‐oxidative environment, important for the
induction of apoptosis (193).
4. Concluding remarks
Cancer cells are exposed to high levels of ROS and therefore protection against
oxidative stress is essential for their survival. Constitutive activation of the
transcription factor Nrf2 is an important mechanism for many different tumors,
among which ovarian tumors, to adapt to this pro‐oxidative environment.
Furthermore, besides regulating the oxidative stress levels, Nrf2 can regulate
many more essential processes within the tumor, including DNA repair (194, 195),
anabolism (196), angiogenesis (197), and acquiring chemoresistance (62, 163,
198). In this review, we have discussed the role of dysregulated tumor suppressor
genes (BRCA1, TP53), oncogenes (KRAS, BRAF, ERBB2) and estrogen levels as
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underlying causes of the continuous activation of Nrf2 in serous EOC. Continuous
Nrf2 activity is important during carcinogenesis of many serous EOCs. It turns out
that in serous EOC, dysregulation of estrogen levels and the oncogenes KRAS,
BRAF and ERBB2 can contribute to the continuous activation of Nrf2, but no
evidence for a direct link between BRCA1 and TP53 mutations by themselves
could be found. Therefore, inhibition of Nrf2 can be a potent therapeutic option in
ovarian cancer treatment, but so far, only a few (non‐specific) Nrf2 inhibitors,
brusatol and procyanidins from Cinnamomi Cortex extract, have been described
(166, 167). We propose that “Epigenetic Editing” (engineered DNA binding
domains fused to the catalytic domain of epigenetic enzymes) (172) could be
interesting as a therapeutic modality in order to gain specific and permanent Nrf2
inhibition. Obviously, to move toward implementation of Nrf2 inhibition in
current ovarian cancer treatment, more insights into the beneficial effects of Nrf2
inhibition in combination with other therapies are required. With the acquired
knowledge, we are one step further toward a fully patient‐tailored combination
therapy including Nrf2 inhibition, which has the potential to become a successful
therapeutic option for ovarian cancer patients, both in first‐line treatment and
after development of resistance. This would help us to make big steps forwards in
ovarian cancer treatment, thereby improving survival rates tremendously and
making ovarian cancer a more curable disease.
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Abstract
Risk factors indicate the importance of oxidative stress during ovarian
carcinogenesis. To tolerate oxidative stress, cells activate the transcription factor
Nrf2 (Nfe2l2), the master regulator of antioxidant and cytoprotective genes.
Indeed, for most cancers, hyperactivity of Nrf2 is observed, and siRNA studies
assigned Nrf2 as therapeutic target. However, the cancer‐protective role of Nrf2
in healthy cells highlights the requirement for an adequate therapeutic window.
We engineered artificial transcription factors to assess the role of Nrf2 in healthy
(OSE‐C2) and malignant ovarian cells (A2780). Successful NRF2 up‐ and
downregulation correlated with decreased, respectively increased, sensitivity
toward oxidative stress. Inhibition of NRF2 reduced the colony forming potential
to the same extent in wild‐type and BRCA1 knockdown A2780 cells. Only in BRCA1
knockdown A2780 cells, the effect of Nrf2 inhibition could be enhanced when
combined with PARP inhibitors. Therefore, we propose that this combination
therapy of PARP inhibitors and Nrf2 inhibition can further improve treatment
efficacy specifically in BRCA1 mutant cancer cells without acquiring the side‐
effects associated with previously studied Nrf2 inhibition combinations with
either chemotherapy or radiation. Our findings stress the dual role of Nrf2 in
carcinogenesis, while offering approaches to exploit Nrf2 as a potent therapeutic
target in ovarian cancer.
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Introduction
Oxidative stress is a well‐established risk factor for cancer (1). It reflects an
imbalance between production and detoxification of reactive oxygen species
(ROS) and causes oxidative damage to biomolecules, including DNA. The cell has
several defense mechanisms to protect itself against oxidative stress, including
antioxidants, DNA‐repair enzymes and the endoplasmatic reticulum unfolded
protein response (ER UPR). The latter response is activated when cells accumulate
an overload of (ROS‐induced) unfolded or misfolded proteins, causing ER stress
(2). Activation of the ER UPR results either in an adaptive response, in which
protein synthesis is inhibited and protein folding capacity is increased, or, when
not sufficient to overcome the ER stress, a pro‐apoptotic response (2, 3).
Oxidative stress and the ER UPR can activate cytoprotective responses mediated
by the master regulator Nrf2 (NFE2L2, nuclear factor erythroid 2‐like 2) (4, 5).
Normally, Nrf2 is present in the cytoplasm where it is bound by Kelch like‐
ECH‐associated protein 1 (Keap1). There, Keap1 mediates the ubiquitination of
Nrf2, whereupon Nrf2 is targeted to the proteasomes for degradation. When cells
are exposed to oxidative stress, the cysteine residues of Keap1 become oxidized,
resulting in disruption of the binding between Keap1 and Nrf2 (6). Nrf2 then
translocates to the nucleus and binds to antioxidant response elements (AREs).
Binding of Nrf2 to AREs results in the transcription of its target genes (7).
Not only healthy cells, but also various tumor cells, including ovarian
tumors (8‐10), can acquire protection against oxidative stress by constitutively
activating Nrf2 (11‐14). Thus the role of Nrf2 in carcinogenesis is bivalent as Nrf2
has been assigned a protective, but also a cancer promoting role (15). Therefore,
activation of Nrf2 can be exploited for cancer prevention (16, 17), whereas
inhibition of Nrf2 can be of therapeutic value (18‐21). However, the cancer‐
protective role of Nrf2 in healthy cells highlights the requirement for an adequate
therapeutic window. Therefore, insights into differential effects of Nrf2
modulation in normal and malignant cells are essential to allow optimal
exploitation of Nrf2 as therapeutic target.
Combination therapies provide an opportunity to enhance the therapeutic
window of Nrf2 inhibition in cancer. Previously, the cytotoxic effects of Nrf2
inhibition could be further enhanced by chemotherapeutics (19, 22, 23), including
cisplatin, or gamma‐radiation (19). However, inhibition of Nrf2 has also been
shown to exacerbate chemotherapy‐induced myelosuppression (24). This side‐
effect severely limits the use of such combination therapies. The combination
with PARP inhibitors may be an alternative strategy to enhance the efficacy of
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Nrf2 inhibition preferentially in cancer cells without increasing adverse effects in
healthy cells. PARP inhibitors are small molecule inhibitors particularly effective in
tumors harboring a defect in double strand DNA (dsDNA) break repair as they act
by blocking single strand DNA (ssDNA) repair by base excision repair (BER) (25,
26). Interestingly, clinical trials have already shown efficacy of PARP inhibitors as
single agent in BRCA1 mutant ovarian tumors (27, 28). Furthermore, the DNA
damaging effect of PARP inhibitors can be potentiated when combined with
chemotherapy (as reviewed in (29, 30)). In line with this, we expect that Nrf2
inhibition combined with PARP inhibitor treatment can enhance the DNA
damaging effect of PARP inhibitors while diminishing the serious side‐effects of
chemotherapeutics.
A unique approach to validate and obtain better insights into the
therapeutic potential of Nrf2 is the bivalent modulation of NRF2 by artificial
transcription factors (ATFs) targeted to the NRF2 promoter region. ATFs contain a
DNA‐binding domain, for example an engineered zinc finger protein (ZFP), a
transcription activator‐like effector (TALE) protein or a Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) associated 9 (Cas9) protein (31,
32), fused to a transcriptional activation or repression domain such as VP64 (four
copies of the viral protein VP16) or super KRAB domain (SKD), respectively. ATFs
have been successfully used to modulate gene expression and study gene function
in many disease models both in vitro and in vivo (as reviewed in (31‐33)).
In the present study, we engineered ZFP‐ATFs to modulate NRF2
expression allowing investigation into the cancer‐preventive and therapeutic
potential of Nrf2 in healthy (Nrf2 activation) and malignant ovarian epithelial cells
(Nrf2 inhibition), respectively. We combined Nrf2 inhibition with PARP inhibitor
treatment to further improve on the therapeutic window of Nrf2 inhibition in
cancer without acquiring the side‐effects associated with other previously studied
combinations such as chemotherapy and radiation.
Results
NRF2 expression can be modulated by NRF2‐targeting ATFs in both healthy and
malignant ovarian epithelial cells
To modulate NRF2 expression, six different ZFP‐SKD constructs (OX1‐OX6),
targeting the NRF2 promoter region (Fig. 1A), were engineered and virally
delivered in three ovarian cell lines: SKOV3, A2780 and OSE‐C2. Successful
delivery was confirmed by GFP FACS (Suppl. Fig. 1A). OX2‐SKD and OX5‐SKD
modulated NRF2 expression about 1.5‐fold and up to twofold, respectively, in two
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out of three ovarian cell lines tested (A2780 and OSE‐C2) (Fig. 1B). Unexpectedly,
expression of OX5 fused to the gene repressor SKD, resulted in a twofold
upregulation of NRF2 expression, in both A2780 and OSE‐C2 cells. To find a
possible explanation for this unexpected finding that OX5 when fused to a
transcriptional repressor (SKD) mediates activation, we performed a search for
transcription factor binding sites in MatInspector (Genomatix). This search
uncovered that binding of the transcription factor YY2 partly overlaps (33%) with
the OX5 ZFP binding site. This opens up the possibility that YY2 binding or function
can be affected by an OX5‐containing ATF.

6

Figure 1. Modulation of NRF2 gene expression in normal and malignant ovarian
epithelial cells by NRF2‐targeting ATFs. (A) Schematic overview of the NRF2 promoter
region (transcript variant 1) containing the TSS (transcription start site, +1) and the target
regions for the 6 engineered zinc finger proteins (ZFP OX1‐OX6). Histone modifications
associated with ATF OX2 and OX5 were determined in ChIP region OX2‐ChIP6 and OX5‐
ChIP5, respectively. CpGs are shown as vertical lines. (B) Relative NRF2 expression
compared to empty vector control upon retroviral delivery of NRF2‐targeting ZFPs (OX1‐
OX6) fused to the transcriptional repressor SKD in SKOV3, A2780 and OSE‐C2 cells.
Relative NRF2 expression of the NRF2 cDNA control has only been determined in OSE‐C2
cells. Data is presented as mean ± SEM of at least three independent experiments.
*p < 0.05.
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To unravel the effects of OX2‐SKD and OX5‐SKD, validation experiments
were performed in OSE‐C2 cells. ZFP binding to its predicted target region was
first confirmed by HA‐tag ChIP (Fig. 2A). Binding competition with other gene
regulatory proteins was assessed by analyzing the effects of ZFPs only (NoED) and
the ZFPs fused to the transcriptional activator VP64. Successful viral delivery of all
these constructs was confirmed by GFP FACS (Suppl. Fig. 1B). ZFPs without
effector domain did not affect NRF2 expression (Fig. 2B). OX2‐VP64 showed a
twofold upregulation, whereas OX5‐VP64 showed a 1.5‐fold downregulation of
NRF2 expression (Fig. 2B). So, VP64 ATFs showed the same level of modulation as
their SKD counterparts, but this time, in the opposite direction. The opposite
effects of OX2 and OX5 were confirmed for the SKD fusions by NRF2 promoter
luciferase reporter construct experiments (Fig. 2C).
To gain more insights into the native chromatin state as well as in the ATF‐
induced changes of the OX2 and OX5 targeted region, a ChIP for the active histone
mark H3K4me3 and repressive histone mark H3K9me3 was performed (Fig. 2D).
These experiments indicated that the NRF2 downregulating ATF OX2‐SKD induced
the repressive histone mark H3K9me3, whereas the NRF2 upregulating ATF OX5‐
SKD did not. Moreover, OX5‐SKD associated upregulation of NRF2 did not result in
an increase of the active histone mark H3K4me3.
Gene‐targeted modulation of NRF2 by ATFs results in the modulation of
downstream Nrf2 target genes
Before continuing to use the NRF2‐ATFs as tool to study the role of Nrf2 in ovarian
carcinogenesis, they were further validated in healthy (OSE‐C2) and malignant
(A2780) ovarian cell lines. Despite having about equal levels of GFP positive cells,
the average infection efficiency per cell was at least 10 fold lower in A2780
compared to OSE‐C2 cells (data not shown). Therefore, in all subsequent
experiments, average infection efficiency in A2780 cells was further improved by
using lentivirally‐superinfected, GFP sorted cells. Modulation of NRF2 mRNA does
not necessarily translate to functional changes, as many post‐transcriptional
factors regulate Nrf2 (6), e.g. the cytoplasmic fraction of Nrf2 can be bound by
Keap1, and subsequently degraded. Only when Nrf2 translocates to the nucleus, it
can bind to downstream target genes, but also here, the outcome is determined
by the balance between repressive (e.g. Bach1, Src kinases) and activating factors
(Nrf2) (6). Moreover, some Nrf2 target genes are known to be expressed only in
certain tissues (42). A quick screen on the expression of known Nrf2 target genes
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Figure 2. Validation of NRF2‐targeting ATFs in normal ovarian epithelial cells. OSE‐C2
cells were transduced to express OX2‐and OX5‐ZFP fusions and both ATFs were validated
(A) for ZFP binding; (B) for effector domain‐specific effects; (C) for having a direct effect on
the NRF2 promoter; (D) for epigenetic effects on their target region. (A) ZFP binding (HA‐
tag) in the OX2‐ChIP6 region (left panel) and OX5‐ChIP5 region (right panel) was validated
by quantitative ChIP, IgG was used as negative control. (B) Relative NRF2 expression
compared to empty vector control upon retroviral delivery of NRF2‐targeting ZFPs (OX1‐
OX6) fused to no effector domain (NoED), the transcriptional repressor SKD or the
transcriptional activator VP64. (C) Relative NRF2 promoter activity as measured by the
luciferase activity of pCpG‐NRF2 promoter‐luciferase of cells transduced to express OX2‐
SKD and OX5‐SKD compared to cells expressing empty vector control. (D) Quantitative
ChIP for an active histone modification (H3K4me3), a repressive histone modification
(H3K9me3) and IgG control of the OX2‐ChIP6 region (left panel) and OX5‐ChIP5 region
(right panel). Each bar represents the mean ± SEM of at least three independent
experiments. *p < 0.05, ***p < 0.001.

in OSE‐C2 cells transduced to express NRF2 cDNA (Suppl. Fig. 2A) or treated with
the ARE‐inducer tBHQ (Suppl. Fig. 2B), indicated that GCLC, an enzyme involved in
glutathione synthesis, and the vitagene HMOX1, an enzyme involved in heme
catabolism, but not the phase 2 detoxification enzyme NQO1, were potent
downstream targets of Nrf2 in these cells. Subsequently, it was confirmed in OSE‐
C2 cells, that the OX5‐SKD mediated upregulation of NRF2 mRNA (Fig. 1B)
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resulted in activation of three well‐known Nrf2 target genes (GCLC, HMOX1,
OGG1) (7, 43). Indeed an increased expression of these downstream genes was
observed in OX5‐SKD expressing cells compared to empty vector: GCLC was
upregulated by 1.7‐fold, HMOX1 by 2.7‐fold and OGG1 by 1.6‐fold (Fig. 3A). Vice‐
versa, in A2780 cells the OX2‐SKD mediated downregulation of NRF2 mRNA (Fig.
1B) resulted in decreased nuclear Nrf2 protein levels (detected at 110 kDa, see
Suppl. Fig. 3, as described before in (44, 45)) up to about 80% (Fig. 3B). This
translated to repression of Nrf2 target genes: GCLC was inhibited by 1.9 fold and
HMOX1 by 1.7 fold (Fig. 3C). Remarkably, despite the lack of robust NRF2 mRNA
inhibition in A2780 cells by OX2‐SKD (Fig. 1B), the mRNA inhibition was efficient
enough to profoundly affect nuclear Nrf2 protein levels (Fig. 3B) and downstream
genes (Fig. 3C). In addition to the NRF2 mRNA, many other factors can modulate
the nuclear Nrf2 protein fraction (6, 46, 47). These factors might explain the
seemingly discrepancy between NRF2 mRNA and Nrf2 protein inhibition by OX2‐
SKD.

Figure 3. NRF2‐targeting ATFs modulate the expression of known downstream Nrf2
target genes. The effect of NRF2‐targeting ATFs on known downstream Nrf2 target genes
was assessed in healthy (OSE‐C2) and malignant (A2780) ovarian cells. (A) Relative NRF2
expression of known Nrf2 target genes (GCLC, HMOX1, OGG1) compared to empty vector
control upon expression of the NRF2‐targeting ATFs or NRF2 cDNA in OSE‐C2 cells. (B)
Relative quantification of nuclear Nrf2 protein levels in NRF2‐inhibiting ATF OX2‐SKD
expressing A2780 cells compared to empty vector control. Insert: western blot against
nuclear Nrf2 and Lamin B1 (nuclear loading control) containing nuclear protein lysates of
A2780 empty vector and OX2‐SKD expressing cells. (C) Relative expression compared to
empty vector of known Nrf2 target genes (GCLC, HMOX1) upon expression of the NRF2‐
inhibiting ATF OX2‐SKD in A2780 cells. Data values are mean ± SEM of at least three
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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Although NRF2 mRNA was inhibited to the same extent by OX2‐SKD in
A2780 and OSE‐C2 cells, this did not result in significant repression of Nrf2
downstream genes in OSE‐C2 cells (Fig. 3A‐B), with the exception of the 1.7‐fold
reduction in OGG1 mRNA levels (Fig. 3A). This gives us a first hint that healthy
ovarian cells (OSE‐C2) might be less sensitive toward the effects of NRF2 inhibition
compared to malignant ovarian cells (A2780), which would agree with current
literature that cancer cells in general are often more dependent on a high (Nrf2‐
induced) antioxidant capacity for their survival (48).
Cytoprotective effect of NRF2 might be partly exerted by induction of ER UPR
genes
Nrf2 is the master regulator of antioxidant and cytoprotective genes, and as such
protects cells towards ROS. It is able to do so by activating downstream genes
involved in the stimulation of antioxidant production (GCLC, HMOX1) and
cytoprotection via the stimulation of the oxidative damage DNA repair enzyme
OGG1 (Fig. 3A). We wondered whether Nrf2 could also exert its cytoprotective
function by inducing an ER UPR. To this end, four genes involved in this
cytoprotective response were measured in OSE‐C2 cells: ERp72, HERP, Bip/GRP78,
p58IPK. The expression of all these ER UPR genes was increased in OX5‐SKD
expressing cells compared to empty vector: ERp72 was upregulated by 1.7‐fold,
HERP by 1.9‐fold, Bip/GRP78 by 1.9‐fold and p58IPK by 1.8‐fold (Fig. 4A‐D). For all
four genes a similar trend was visible for NRF2 cDNA. On the other hand, NRF2
inhibition by OX2‐SKD resulted in a trend towards reduction of gene expression.
The increased expression of ER UPR genes in OX5‐SKD expressing cells did not
affect cell growth (Suppl. Fig. 4A).
Gene‐targeted modulation of NRF2 by ATFs affects the sensitivity toward ROS‐
induced damage
As shown above, gene‐targeted modulation of NRF2 enabled us to modulate
downstream target genes involved in the protection against ROS‐induced damage.
Therefore, this is expected to influence endogenous ROS levels and as such
protect (Nrf2 upregulation) or sensitize (Nrf2 downregulation) cells toward ROS‐
induced cell death. To determine the influence of ATF‐mediated NRF2 modulation
on ROS production in OSE‐C2 and A2780 cells, ROS levels were determined upon
exposure to a lethal dose of ROS (30 μM N4Py). In OSE‐C2 cells harboring
upregulated NRF2 expression either induced by OX5‐SKD or NRF2 cDNA, ROS
levels were reduced by about 20% compared to empty vector (Fig. 5A). On the
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other hand, OX2‐SKD mediated downregulation of NRF2 expression did not affect
ROS production in these cells (Fig. 5A). Similarly, in A2780 cells, no increase in ROS
production was detected in NRF2 knockdown A2780 cells, as measured by the Cell
Rox Deep Red ROS probe (Fig. 5B). The absence of increased ROS production in
NRF2 knockdown compared to empty A2780 cells, even in the presence of 30 μM
N4Py, might be explained by the method of ROS induction. In order to test
whether less acute ROS induction would make any difference, A2780 cells were
depleted of glutathione by BSO. Glutathione depletion was confirmed in all tested
BSO concentrations (0.5 – 10 mM BSO) (Suppl. Fig. 5A). Two days after BSO‐
induced glutathione depletion, cell death (Suppl. Fig. 5B) and ROS production
(Suppl. Fig. 5C) were measured by FACS. Neither cell death, nor ROS production
was affected by BSO treatment. Despite the absence of increased ROS production
in both OSE‐C2 (Fig. 5A) and A2780 cells (Fig. 5B) upon ATF‐mediated NRF2
knockdown combined with exposure to lethal ROS levels, a 1.5‐fold higher level of
ROS‐production in these A2780 compared to OSE‐C2 cells was observed (Fig. 5C).
Further experiments were conducted to reveal whether the observed
effects on endogenous ROS levels also affect the sensitivity of OSE‐C2 and A2780
cells toward ROS‐induced damage. To start with, the effect of sublethal ROS
levels, either induced by H2O2 or N4Py, was determined in OSE‐C2 cells that were
transduced to express the NRF2‐ATFs. In cells expressing basal (empty vector) or
lowered (OX2‐SKD) levels of NRF2, exposure to sublethal ROS levels resulted in
lower metabolic activity: 35% decrease upon H2O2 and 26% decrease upon N4Py
treatment compared to untreated cells (Fig. 4D). Cells with increased expression
Figure 4. NRF2‐targeting ATFs modulate
the expression of genes involved in the
endoplasmatic
reticulum
unfolded
protein response (ER UPR). Normal
ovarian epithelial cells (OSE‐C2) were
transduced to express NRF2‐targeting
ATFs or NRF2 cDNA. (A–D) Relative
expression of genes involved in the ER
UPR (ERp72, HERP, Bip/GRP78, p58IPK)
was determined. Data values are
mean ± SEM of at least three independent
experiments. *p < 0.05, **p < 0.01, ***p <
0.001.
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of NRF2 were not significantly affected by the sublethal ROS levels; upon
treatment with H2O2, metabolic activity was only slightly, but not significantly
lowered in OX5‐SKD expressing cells (8%) compared to untreated cells, whereas
metabolic activity was unchanged in cells expressing NRF2 cDNA (0%). Treatment
with N4Py equally, but not significantly, affected OX5‐SKD and NRF2 cDNA
expressing cells by reducing metabolic activity with 14% compared to untreated

6

Figure 5. Modulation of NRF2 by ATFs affects the sensitivity of normal and malignant
ovarian epithelial cells against non‐cytotoxic and cytotoxic levels of ROS. OSE‐C2 and
A2780 cells were transduced to express NRF2‐ATFs and were exposed to either non‐
cytotoxic (≤10 μM N4Py, 200 μM H2O2) or cytotoxic (30 μM N4Py) levels of ROS. The effect
on ROS production compared to 0.1% DMSO control treatment was determined after a
24 h exposure to 30 μM N4Py in OSE‐C2 (A) and 10 μM or 30 μM N4Py in A2780 (B) cells.
(C) For a direct comparison between both cell lines, the absolute ROS production in OSE‐
C2 and A2780 cells was determined after a 24h treatment with 30 μM N4Py. (D) OSE‐C2
cells were exposed to either a bolus of 200 μM H2O2, 5 μM N4Py or no treatment. After 2
days, metabolic activity was measured by MTS and compared to no treatment of the same
cell line. (E) OSE‐C2 and A2780 cells were treated for 24h with 30 μM N4Py and the
percentage of late apoptotic/necrotic cells (PI positivity) was determined by FACS analysis.
Each value shows the mean ± SEM of at least three independent experiments. *p < 0.05,
***p < 0.001.
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cells (Fig. 5D). Similarly, when these cells were exposed to lethal levels of ROS
(induced by 30 µM N4Py), cell death could be equally reduced by OX5‐SKD and
NRF2 cDNA (Fig. 5E). Compared to empty vector, cells harboring upregulated
NRF2 expression showed a reduction of about 60% in cell death. So, the level of
NRF2 upregulation (1.8‐fold for OX5‐SKD vs 25‐fold for NRF2 cDNA, Fig. 1B) did
not significantly affect the protective effect of high NRF2 expression against
(sub)lethal ROS levels in OSE‐C2 cells (Fig. 5D‐E). In these cells, OX2‐SKD‐mediated
downregulation of NRF2 expression did not result in increased sensitivity toward
ROS‐induced cell death. On the contrary, when A2780 cells were exposed to lethal
ROS levels (induced by 30 µM N4Py), OX2‐SKD‐mediated downregulation of NRF2
expression increased the sensitivity toward ROS‐induced cell death almost twice;
the percentage PI positive cells was increased from 20% in empty vector control
cells to 37% in ATF‐induced NRF2 knockdown cells (Fig. 5E). These results indicate
that upon ATF‐mediated NRF2 inhibition the sensitivity toward ROS‐induced
damage can be further increased specifically in malignant ovarian cells (A2780),
whereas the effects on healthy ovarian cells (OSE‐C2) seem to be unchanged.
Despite this, baseline sensitivity toward ROS‐induced cell death was lower in
empty vector control A2780 compared to OSE‐C2 cells: 20% versus 65% PI positive
cells, respectively. Therefore, ATF‐mediated NRF2 knockdown could not
significantly alter overall sensitivity toward ROS‐induced cell death between both
cell lines: 37% PI positive cells in A2780 versus 55% in OSE‐C2 cells (Fig. 5C). This
finding highlights the importance of a combination therapy to further improve on
the cancer‐selectivity of NRF2 inhibition.
Gene‐targeted downregulation of NRF2 by ATFs improves the cytotoxic effect of
PARP inhibitors in BRCA1 knockdown A2780 ovarian cancer cells
Extensive validation of the NRF2‐targeting ATFs was performed by (1) confirming
binding to the target region (Fig. 2A); (2) confirming effective modulation at the
mRNA level (Fig 1B) (3) and protein level (Fig. 3B); (4) confirming functional
downstream effects (Fig. 3A, 3C, 5A‐E). This proved that NRF2‐ATFs can be potent
tools to study the role of Nrf2 in ovarian carcinogenesis. Therefore, this tool was
used to unravel the potency of Nrf2 inhibition as therapeutic target in ovarian
cancer treatment. Moreover, it was determined whether combining knockdown
of NRF2 with PARP inhibitors could further improve the effect of NRF2 inhibition
on cancer cell growth of BRCA1 knockdown ovarian cancer cells. As shown in
Suppl. Fig. 6, BRCA1 protein was almost completely knocked down 3 and 4 days
after transfection with BRCA1 siRNA compared to control RLUC siRNA. In this time
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frame, PARP inhibitors could only slightly affect metabolic activity (up to 17%
reduction compared to untreated cells) when combined with NRF2 inhibition in
BRCA1 knockdown A2780 cells (Fig. 6A). To study the long term effects of PARP
inhibitors in combination with NRF2 inhibition, first a dose‐response curve was
obtained to determine the lowest effective concentration of PARP inhibitor in
A2780 cells with NRF2 and BRCA1 knockdown: 1 μM olaparib was chosen for
subsequent colony forming assays (CFA) (Fig. 6B). Next, it was confirmed that
olaparib treatment, independent of Nrf2 expression, specifically affected the
colony forming potential of BRCA1 knockdown and not of wild‐type cells (Fig. 6B);
PARP inhibitor treatment reduced the colony forming potential of BRCA1
knockdown A2780 cells by 62% compared to untreated, while no effect was
observed for BRCA1 wildtype A2780 cells. BRCA1 can directly bind Nrf2, thereby
interfere with Keap1 binding, and enhance the stability and activation of Nrf2
(49). Therefore, BRCA1 inhibition might further inhibit the activity of Nrf2, and this
could translate to a greater reduction in colony forming potential. Despite this,
inhibition of NRF2 alone reduced the colony forming potential to the same extent
in wild‐type (79%) and BRCA1 knockdown (76%) A2780 cells. In contrast, in
healthy ovarian cells (OSE‐C2 cells) no effect on cell growth was observed upon
inhibition of NRF2 (Suppl. Fig. 4B), which reveals the potential therapeutic
window for NRF2 inhibition treatment. Interestingly, in BRCA1 knockdown A2780
cells, the combination of 1 μM olaparib and ATF‐induced NRF2 inhibition almost
completely diminished the colony forming potential (90% versus 62% without
NRF2 inhibition). This data opens up the possibility to further increase the
therapeutic window for NRF2 inhibition treatment by using a combination therapy
with PARP inhibitors.
In order to gain a better understanding of the mechanism by which the
PARP‐1 inhibitor/NRF2 inhibition combination therapy in BRCA1 knockdown
ovarian cancer cells acts, the effect of BRCA1 knockdown and 1 µM olaparib on
ROS production was determined. Neither 1 µM olaparib, nor BRCA1 knockdown
(or the combination of both) influenced ROS levels (Suppl. Fig. 7). Inhibition of
NRF2 is expected to sensitize cells toward ROS‐induced DNA damage, which is
mainly repaired by BER (50). As PARP inhibitors block BER, ROS‐induced DNA
damage is expected to accumulate (25, 26). Upon cell division, these ssDNA
breaks become dsDNA breaks. As BRCA1 impaired cells are unable to repair this
damage, colony forming potential is expected to be reduced the most in these
cells. Indeed, treatment of BRCA1 knockdown A2780 cells with 1 μM olaparib
resulted in a 2.2‐fold increase in dsDNA breaks compared to wild‐type (Fig. 6C).
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The amount of dsDNA breaks even further increased up to 3.3‐fold compared to
wild‐type when NRF2 was inhibited in these cells. Without knockdown of BRCA1,
inhibition of NRF2 did not increase the formation of dsDNA breaks, highlighting
the selectivity of this combination treatment (Fig. 6C, 7).

Figure 6. Downregulation of NRF2 improves the cytotoxic effect of PARP inhibitors in
BRCA1 knockdown A2780 ovarian cancer cells. (A) A2780 cells with (OX2‐SKD) or without
(empty) ATF‐mediated NRF2 downregulation, were transfected with BRCA1 siRNA or RLUC
control siRNA. After 3 days, 1 μM or 5 μM olaparib (PARP inhibitor) or 0.1% DMSO
treatment was started. 24 h later, metabolic activity was measured by the MTS assay. (B)
After 24 treatment with either 1 μM olaparib or 0.1% DMSO, cells were seeded for the
colony forming assay and colony formation was determined 6–7 days later. (C) After 24 h
treatment, the percentage of cells with increased dsDNA breaks (γH2AX positive) was
determined. *p < 0.05; **p < 0.01; ***p < 0.001.

Discussion
In this study, NRF2 targeting ZFP‐ATFs that are uniquely suited to study the dual
role of Nrf2 in ovarian carcinogenesis, were constructed and validated. By the use
of these NRF2 targeting ATFs, a chemopreventive role of Nrf2 in healthy cells was
confirmed, whereas inhibition of Nrf2 had anti‐carcinogenic effects in malignant
cells. With respect to the chemopreventive function of Nrf2, ATF‐induced
upregulation of NRF2 was shown to increase the expression of genes involved in
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the protection against ROS‐induced damage, among which potentially new Nrf2
downstream genes involved in an adaptive ER UPR. This translated to increased
protection against ROS‐induced cell death in healthy ovarian epithelial cells. With
respect to the anti‐carcinogenic effects of Nrf2 inhibition, it was revealed that
ATF‐induced downregulation of NRF2 resulted in an almost 80% reduction of
colony forming potential in malignant ovarian epithelial cells. Interestingly,
specifically in BRCA1 knockdown ovarian cancer cells, the effect of NRF2 inhibition
on colony forming potential could be even further improved by co‐treating with
PARP inhibitors: the colony forming potential was almost complete halted.

6

Figure 7. Hypothesis enhanced cytotoxic effect of combination therapy (PARP inhibitors
and NRF2 inhibition) in BRCA1 mutant cancers. ATF‐mediated (OX2‐SKD) repression of
NRF2 results in downregulation of downstream target genes involved in the protection
against ROS. This results in enhanced sensitivity toward ROS‐induced DNA and protein
damage. BER (base excision repair) is mainly involved in the repair of ROS‐induced DNA
damage. When PARP inhibitors inhibit this DNA repair pathway, the ROS‐induced ssDNA
breaks will turn into dsDNA breaks upon cell division. In normal, non‐BRCA1 defective
cells, dsDNA breaks will be repaired by the error‐free HR (homologous recombination)
DNA repair pathway. In contrast, in malignant, BRCA1 defective cells, dsDNA breaks
cannot be repaired by HR, and therefore, the more error‐prone NHEJ (non‐homologous
end joining) DNA repair pathway will take over. The end‐result is genomic instability and
this will induce cell death.

The rationale behind ROS‐targeted therapies, like inhibition of Nrf2, is
based on the existence of a therapeutic window as healthy cells have a lower
baseline level of ROS compared to cancer cells (48). Here, it was confirmed that
malignant (A2780) versus healthy (OSE‐C2) ovarian cells exhibit higher levels of
ROS production. Therefore, to maintain redox balance, cancer cells are more
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dependent on ROS protective and neutralizing signaling, including Nrf2 signaling.
Translated to our study, this would imply that exposure to ROS in combination
with ATF‐mediated NRF2 inhibition, would result in a stronger increase in cell
death in the malignant (A2780) compared to healthy (OSE‐C2) ovarian cells, which
indeed was observed. However, despite specifically increasing sensitivity toward
ROS‐induced cell death in malignant A2780 cells upon NRF2 downregulation, the
reached level of cell death was comparable to that of healthy OSE‐C2 cells. This
highlights the importance of a combination therapy that preferentially hits the
tumor cells for further improvement in efficacy of Nrf2 inhibition in cancer.
We hypothesized that PARP inhibitor treatment could improve the
therapeutic window of Nrf2 inhibition (51) specifically in BRCA1 mutant cancers,
without acquiring the serious side‐effects of chemotherapy or radiation (24, 52).
In line with literature (25, 27, 53), the PARP inhibitor olaparib could only affect the
colony forming potential of BRCA1 knockdown and not BRCA1 wt cells
(independent of their Nrf2 status). Therefore, based on literature and our own
data, healthy cells, which are BRCA1 wt, are not expected to be affected by PARP
inhibition. BRCA1 siRNA enabled us to study the effect of BRCA1 expression in the
same background. Here, it was shown that specifically in BRCA1 knockdown and
not BRCA1 wt cells, the combination of PARP inhibitors and NRF2 inhibition
resulted in an increase in dsDNA breaks, and this translated to an almost
complete inability of the cells to form colonies. However, likely, also other
unknown interactions have contributed to this effect, for example, via PARP‐1 its
potential to affect transcription and chromatin modifications (54, 55). This
successful combination of Nrf2 inhibition with PARP inhibitors opens up
opportunities for a therapy in which efficacy of Nrf2 inhibition can be increased
without increasing the adverse effects of previous combinations with
chemotherapy or radiation (24, 52). Interestingly, recently, it was discovered that
inhibition of the transcriptional, but not the enzymatic activity of PARP‐1, can
inhibit the activity of PARP‐1 in serving as a transcriptional coactivator of Nrf2. As
a transcriptional coactivator, PARP‐1 can stimulate the transcriptional activity of
Nrf2 by enhancing the interaction among Nrf2, MafG, and the ARE (56). As such, it
can be hypothesized that in addition to inhibiting the enzymatic activity of PARP‐1
by PARP inhibitors, inhibition of PARP‐1 expression would have beneficial effects
when combined with Nrf2 inhibition. However, inhibiting all functions of PARP‐1
will probably also increase the adverse effects.
Exposure to oxidative stress can damage all kinds of biomolecules, such as
proteins. Accumulation of damaged proteins can activate the ER UPR (2). One of
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the main activators of the ER UPR, PERK, has been shown to activate Nrf2 via site‐
specific phosphorylation (5). However, the other way around, it is currently
unknown whether Nrf2 can activate the ER UPR. Here, we gained the first insights
into the capability of Nrf2 to (in)directly activate genes involved in the ER UPR;
Upon ATF‐induced NRF2‐expression in OSE‐C2 cells, a similar expression pattern
of ER UPR genes was observed as has been seen before in low ER stress adapted
cells (3). In these low ER stress adapted cells, an attenuation of the activation of
the three main activators (IRE1, PERK and ATF6) was observed, whereas proteins
such as Bip/GRP78 and p58IPK were kept stably activated at a low level. This
resulted in an adaptive rather than a pro‐apoptotic ER stress response: cells did
not undergo apoptosis, remained their proliferative capacity despite ER UPR
activation and became desensitized by ROS‐induced stress. As our ATF‐induced
NRF2‐expression OSE‐C2 cells showed a similar response and became desensitized
to ROS‐induced stress, we assumed these cells had activated an adaptive rather
than a pro‐apoptotic ER stress response. As protein homeostasis is strongly
influenced by vitagenes, of which several are activated by Nrf2 (57), and is closely
linked with health and life span of the organism (57), activation of the adaptive ER
UPR response either directly by Nrf2 or indirectly via induction of vitagenes would
be a new mechanism in which Nrf2 could stimulate longevity and cancer
protection. Despite the inability of OX2‐SKD to downregulate (known) Nrf2
downstream genes, a trend towards inhibition of these downstream genes was
seen. Therefore, it was unlikely that these findings could be contributed to the
viral transduction, the expression of a zinc finger protein or off‐target effects of
OX5‐SKD.
Remarkably, NRF2 cDNA did not activate ER UPR to a higher extent than
the ATF OX5‐SKD, despite being able to upregulate NRF2 mRNA more than 10 fold
higher compared to OX5‐SKD. Although unexpected, Nrf2 might be involved in an
adaptive rather than a pro‐apoptotic ER stress response: To prevent
overactivation of the ER stress response, and as such prevent a pro‐apoptotic ER
stress response, the activation of ER UPR genes by Nrf2 should only occur to a
certain extent. It can be envisioned that simultaneously with Nrf2‐induced ER UPR
activation other proteins are counteracting this process, and as such prevent
overactivation of the ER UPR genes. This would explain that independent of the
level of Nrf2 activation, ER UPR genes are activated to about the same extent.
The KRAB domain in SKD is a transcriptional repressor which has been
frequently fused to a ZFPs to downregulate endogenous gene expression (33, 39,
58). Surprisingly, in our study, ATF OX5‐SKD resulted in increased expression of
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NRF2. KRAB (co‐factor)‐mediated transcriptional activation has been seen before
in specific cases for naturally occurring KRAB‐containing ZFPs (59‐61). Genome‐
wide ChIP‐seq analysis combined with RNA‐seq expression analysis revealed
relations between binding events and expressional changes for an engineered ZF‐
SKD fusion protein (62). The ATF binding translated to expression changes in only
a minority (~3%) of the bound regions, of which about one‐third was upregulated.
Previously, another engineered ZFP fused to SKD had been described to induce
upregulation of its target gene OCT4 (63). Interestingly, in this study no effect on
OCT4 expression was observed with the ZFP fused to the transcriptional activator
VP64, which is in contrast to our data obtained with the OX5 ZFP. The opposite
effects of OX2 and OX5 ZFP when fused to VP64 compared to SKD were confirmed
by a NRF2‐promoter luciferase reporter, suggesting a direct effect on the NRF2
promoter. Interestingly, the binding of transcription factor YY2, a close‐relative of
YY1 with both activation and repression domains (64), partly overlaps with the
OX5 ZFP binding region in the NRF2 promoter. As the function of YY2 might be
(in)directly affected by OX5‐SKD, this could provide an explanation for our
findings. Direct binding competition of the ZFP OX5 with YY2 could be excluded, as
OX5‐NoED did not have any effect on NRF2 expression. The effector domain,
however, could attract other proteins that affect the function of YY2 as shown
before for its close‐relative YY1 (65).
In light of current literature, our results underline Nrf2 as a promising
chemopreventive or therapeutic target in (ovarian) carcinogenesis. However,
caution should be taken as the function of Nrf2 is context dependent (66). To
exploit Nrf2 inhibition as anti‐cancer treatment, it is essential to prevent a pro‐
carcinogenic outcome in normal cells. Therefore, the therapeutic window of Nrf2
inhibition should be further broadened by combining Nrf2 inhibition with other
treatments, such as was studied here with PARP inhibitor treatment. The main
advantage of a combination with PARP inhibitor treatment over the combination
with radiation or chemotherapy, is the fact that severe side‐effects are not
expected (67). We speculate that this combination therapy of PARP inhibitors with
Nrf2 inhibition is not only effective in BRCA1 defective cells (as shown in this
study), but can also be translated to all “BRCAness” tumors. In conclusion, as
hyperactivation of Nrf2 is a common phenomenon in cancer (11‐14), Nrf2 can be a
potent target to combat not only ovarian, but also other cancer types.
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Materials and Methods
Reagents
Ligand 1 of the iron(II) complex of the pentadentate ligand N,N‐bis(2‐
pyridylmethyl)‐N‐bis(2‐pyridyl)‐methylamine (Fe(II)‐1‐N4Py), from now on
abbreviated as N4Py, was synthesized according to literature procedures and all
characterization data are in agreement with those reported (34). N4Py is a
synthetic mimic of the metal‐binding domain of bleomycin. It acts as a catalyst
that converts less‐reactive primary ROS in highly reactive secondary ROS. The
main advantage of using N4Py over directly adding ROS, such as H2O2, to the
culture medium, is the more constant and stable production of ROS (34, 35). L‐
Buthionine sulphoximine (BSO), L‐glutathione reduced (GSH), GSH reductase,
5,5’dithiobis‐(2‐nitrobenzoic acid) (DTNB) and NADPH were bought from Sigma‐
Aldrich.
Cell culture
The human ovarian carcinoma cell lines A2780 and SKOV3, and the human
embryonic kidney cell line HEK293T were obtained from the ATCC. The
temperature‐sensitive, conditionally immortalized human ovarian surface
epithelial (OSE‐C2) cells were kindly provided by Dr. Richard Edmondson
(Newcastle University, UK) (36). All cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Lonza) supplemented with 10% FCS (Perbio Hyclone), 50
μg/mL gentamycin sulfate (Invitrogen), 2 mM L‐glutamine (BioWhittaker). A2780,
SKOV3 and HEK293T cells were cultured at 37 °C, whereas OSE‐C2 cells were
cultured at 33 °C, both under humidified conditions and 5% CO2.
Engineering and delivery of artificial transcription factors (ATFs)
The promoter region of NRF2 transcript variant 1 (NCBI‐id: NM_006164_4)
surrounding its transcription start site (TSS) was screened with the online tool
www.zincfingertools.org for potential target sites for engineering zinc finger
proteins (ZFPs) consisting of six fingers fused together to target an 18 bp DNA
region (37). Six ZFPs, named OX1‐OX6 (Table 1), were selected based on predicted
high affinity for its designed target region and uniqueness in the human genome,
as confirmed by a NCBI BLAST search. ZFPs were synthesized at Bio Basic Canada
and were flanked by SfiI restriction sites. Each ZFP was subcloned with SfiI
restriction enzymes into the pMX‐IRES‐GFP retroviral vector (38), which contains
an HA‐tag, nuclear localization signal (NLS) and either the transcriptional
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repressor (SKD), the transcriptional activator (VP64) or no effector domain
(NoED). NRF2 transcript variant 1 cDNA was subcloned into pMX‐IRES‐GFP with
BamHI and NotI digestion enzymes. The pMX‐IRES‐GFP (empty vector) and NRF2
cDNA constructs functioned as controls. The OX2‐SKD ATF, including its HA‐tag
and NLS, was further subcloned into the lentiviral vector pCDH‐CMV‐MCS‐EF1‐
copGFP (System Biosciences) using BamHI and NotI digestion.
Table 1: Zinc finger protein (ZFP) target sequences
ZFP
OX1
OX2
OX3
OX4
OX5
OX6

DNA strand
Sense
Antisense
Antisense
Antisense
Sense
Sense

Target region (5’–3’)
TGA GTA CGT GAA AAA GAA
GCA AAC GGA GAA GCC CCT
GTG GGC CCT GCC TAG GGG
GCC GGG GTG GGG GGG GCT
GCG GTA AAG TGA GAT AAA
GCA ACT CCA AAT CAG GGA

In order to produce retroviral or lentiviral particles containing the ATFs,
HEK293T packaging cells were co‐transfected using the calcium phosphate
method with plasmids containing the ATF, and viral packaging plasmids containing
gag/pol and the vesicular stomatitis virus G protein in a 3:2:1 ratio, as described
before (39). Viral supernatant was collected 48 h and 72 h post transfection and
was used in combination with 6 µg/ml polybrene (Sigma‐Aldrich) to infect ovarian
host cells. Three days post transduction, efficient viral delivery was evaluated in
host cells by the percentage of GFP‐positive cells using flow cytometry
(FACSCalibur, BD Biosciences) or by fluorescent microscopy (Leica DC300). Only
transductions resulting in ≥90% GFP positive cells were included for analysis
(Suppl. Fig. 1A). In order to further improve the delivery of lentiviral particles in
A2780, cells were superinfected and the top 25% GFP positive cells was sorted
with the MoFlo XDP (Beckman Coulter). By minimizing the variation in GFP
positivity, variation in the multiplicity of infection (MOI) was reduced and any
toxicity associated with GFP expression would be equal in all conditions analyzed.
Quantitative real‐time PCR (qRT‐PCR)
Total RNA was extracted using the GeneJET RNA purification kit (Thermo
Scientific) according to the manufacturer’s protocol, including a 15 min DNaseI
(Roche) treatment to avoid gDNA contamination. 1 μg of total RNA was reverse
transcribed to cDNA using the RevertAid First Strand cDNA synthesis kit (Thermo
Scientific). qRT‐PCR reactions were performed in triplicate, containing 10 ng of
cDNA, ABsolute qPCR SYBR Green ROX Mix (Thermo Scientific) and gene‐specific
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primers (Table 2). qRT‐PCR reactions were conducted on the ViiA7 Real time PCR
(Applied Biosystems) for 15 min at 95 °C, followed by 40 cycles of 15 sec at 95 °C,
30 sec at 60 °C and 30 sec at 72 °C. GAPDH was used as housekeeping gene. Data
was analyzed using ViiA7 RUO software and relative expression compared to
controls was calculated using the ∆∆Ct method (40).
Table 2: qRT‐PCR Primer sequences
Gene
NRF2
NRF2 cDNA
NQO1
GCLC
HMOX1
OGG1
BRCA1
GRP78
HERP
p58IPK
ERp72
GAPDH

Forward primer (5’–3’)
ACACACGGTCCACAGCTCAT
GGTTGCCCACATTCCCAAATC
GTGGAGTCGGACCTCTATGC
GCTGTTGCAGGAAGGCATTG
GGGTGATAGAAGAGGCCAAGA
CCGAGCCATCCTGGAAGAAC
TGCTCTTCGCGTTGAAGAAGT
GTTCTTGCCGTTCAAGGTGG
CCAAAGCAGGAAAAACGGCAT
CGTTTGCGTTCACAAGCACT
ACCGCAAGGTGTCAAACGAT
CCACATCGCTCAGACACCAT

Reverse primer (5’–3’)
CCGTCGCTGACTGAAGTCAAAT
TGACTGAAACGTAGCCGAAGA
AATATCACAAGGTCTGCGGCT
AACAGTGTCAGTGGGTCTCT
AGCTCCTGCAACTCCTCAAA
GTCTAGGGCCATCAGGCAGA
TGGTCACACTTTGTGGAGACA
TGGTACAGTAACAACTGCATG
TGTCCCCGATTAGAACCAGC
CCCGTAGTTCTGCATCCCAA
CTCTAGGACTTTGCTCCGCC
GCGCCCAATACGACCAAAT

OX2‐ChIP6
OX5‐ChIP5

GGAGACACGTGGGAGTTCAG
AGGGCAAGGTTCTGCAACTC

TGCCTAGGGGAGATGTGGAC
TGGAGTTCGGACGCTTTGAA

6

Chromatin immunoprecipitation (ChIP)
Three days after transduction, binding of the ZFP to its designed target region and
histone modifications associated with ZFP binding in this region were determined
by ChIP. Cells were fixed with 1% formaldehyde for 8 min at RT. After two PBS
washes, cells were lysed and subsequently sonicated for 8 min using a Bioruptor
(Diagenode; 4 cycles of 30’’ on, 30’’ off). Sheared chromatin was collected by
centrifugation for 10 min at 13.000 rpm at 4 °C. 40 µl magnetic beads (Life
technologies) were coated for 10 min at RT with 4 µg antibody (Rabbit IgG,
Ab46540; HA‐tag, Ab9110; H3K9me3, Ab8899 (Abcam); H3K4me3, 07‐473
(Millipore)). After washing the beads with 0.02% PBS‐Tween, sheared chromatin
of 25 x 104 cells was added to the precoated magnetic beads and incubated O/N
at 4 °C. The following day, unbound chromatin was collected from the IgG control
IP. All beads were washed 3 times with PBS and DNA was eluted with elution
buffer (1% SDS, 100 mM NaHCO3). Eluted DNA was RNase (Roche) treated under
high salt conditions O/N at 62 °C. The next day, after a 1 h incubation at 62 °C with
proteinase K (Thermo Scientific), DNA was purified with the Qiagen Qiaguick PCR
Purification kit (Qiagen). qRT‐PCR was performed using primers specific for the
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OX2 and OX5 ZFP target region (Table 2) to determine relative enrichment of the
HA‐tag and histone marks in these regions with the formula: percentage input =
2(Ctinput – CtChIP) * dilution factor * 100.
Western Blotting
Total protein extracts were collected in RIPA buffer (Thermo Scientific). Nuclear
(NER) protein extracts were obtained with NE‐PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo Scientific). Protein quantification was performed
with the DC BioRad Protein Assay (BioRad). 70 µg protein was loaded on a 7%
SDS‐PAGE gel for the detection of BRCA1, whereas 20 µg of NER protein was
loaded on a 10% SDS‐PAGE gel for the detection of Nrf2. Blots were blocked for 1
h with 5% skimmed milk in TBS‐Tween. For detection, the following antibodies
were used: 1:200 rabbit anti‐BRCA1 (C‐20: sc‐642, Santa Cruz Biotechnology)
1:1000 rabbit anti‐Nrf2 (Ab31163, Abcam), 1:1000 mouse anti‐lamin B1 (clone L5,
Invitrogen), 1:5000 mouse anti‐Actin (clone C4 MAB15O1, Millipore), and 1:2500
horseradish peroxidase‐conjugated rabbit anti‐mouse (P0260, Dako) and swine
anti‐rabbit (P0217, Dako). Western blot signal was generated with Pierce ECL Plus
Western blot substrate (Thermo Scientific) and detected with the Biorad
ChemiDoc MP imaging system (Biorad). Western blots were analyzed with the
Image Lab 5.0 software (Biorad).
Luciferase reporter assay
The promoter region of NRF2 transcript variant 1 (–288 to +555 bp), containing
both OX2 and OX5 target sites, was cloned into pCpG‐luc basic (promoterless)
with BglII and HindIII restriction sites. Two days after viral delivery of ATFs, host
cells were transiently transfected with lipofectamine LTX Plus (Life Technologies)
in a 1:1:2 ratio of DNA (pCpG‐luc NRF2 promoter) : plus reagent : lipofectamine
LTX according to company’s instructions. Luciferase activity relative to empty
vector was determined 48 h post transfection with the Luciferase assay system
(Promega) on a Luminoskan ascent (Thermo Scientific). For each condition, the
total luciferase signal of 75,000 cells was measured. Each experiment was
performed in triplicate.
siRNA transfection
A2780 cells were reverse transfected with either BRCA1 esiRNA (EHU096311,
Sigma‐Aldrich) or RLUC esiRNA (EHURLUC, Sigma‐Aldrich) using Lipofectamine
RNAiMAX reagent (Life Technologies) in a 10:3 ratio of DNA : Lipofectamine
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RNAiMAX according to the manufacturer’s protocol. For every experiment, BRCA1
knockdown was confirmed by qRT‐PCR. FACS analyses (ROS production, cell death
analysis, dsDNA breaks) were performed 4 days after transfection. Cells that were
used for the MTS assay and colony forming assay (CFA), were reverse transfected
a second time 2 days after the first transfection. The MTS assay was performed 2
days after the second transfection, the CFA was seeded 1 day after the second
transfection.
Metabolic activity
0.35 x 104 OSE‐C2 cells (empty, OX2‐SKD, OX5‐SKD, NRF2 cDNA) were seeded and
2 x 104 A2780 cells were (for the second time) siRNA reverse transfected (empty
RLUC/BRCA1 siRNA, OX2‐SKD RLUC/BRCA1 siRNA) in 96‐well plates. The following
day, OSE‐C2 cells were treated for 48 h with 200 µM H2O2 (Sigma‐Aldrich), 5 µM
N4Py or 0.1% DMSO as a control. A2780 cells were treated for 24 h with 1 µM or 5
µM of the PARP inhibitor olaparib (AZD‐2281, KU‐0059436, Cayman Chemical) or
0.1% DMSO. After treatment, metabolic activity was measured by incubating the
cells with CellTiter 96 Aqueous One Solution (Promega) for 3 h at 33 °C (OSE‐C2)
or 37 °C (A2780). The absorbance at 490 nm was measured using a Biorad iMark
microplate reader (Biorad) and subtracted with the absorbance of cell‐free
medium. For every experiment, triplicates were measured of each condition.
Total glutathione assay
A2780 cells were treated with 0, 0.5, 1, 2 and 10 mM BSO for 48h. After
treatment, cells were lysed in 5% trichloroacetic acid. After a 5 min. centrifugation
at 10,000 g, the supernatant was collected and diluted 1:15 in GSH buffer (0.125
M phosphate buffer, 5 mM EDTA, pH 7.5). Total glutathione levels were
determined in the resulting supernatant by the Tietze enzymatic recycling assay
(41). Standards of known GSH content were serial‐diluted in order to make a
standard curve. The GSH content of all samples was determined by reference to
this standard curve. Each reaction mixture contained 150 µl sample, 1.5 mM DTNB
and 0.25 U GSH reductase. Just before reading, 0.6 mM NADPH was added to start
the reaction. The formation of reduced DTNB was followed at 405 nm for 10 min
using a VersaMax ELISA microplate reader (Molecular Devices). All standards and
samples were measured in duplicate.
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ROS production and cell death analysis
OSE‐C2 cells (empty, OX2‐SKD, OX5‐SKD, NRF2 cDNA) or A2780 cells (empty, OX2‐
SKD) were seeded in 12‐wells plates. The next day, when cells were about 80%
confluent, treatment was started. 24 h after starting treatment, floating cells were
collected and remaining cells were incubated with 5 µM CellROX Deep Red
Reagent (Life Technologies) for 30 min. at 33 °C (OSE‐C2) or 37 °C (A2780) in
complete medium. After 3 PBS washes, cells were harvested and combined with
the floating cells. Altogether, the cells were stained with 5 μg/mL PI (Sigma‐
Aldrich) in PBS. After a 10 min incubation at 4 °C in the dark, PI fluorescence was
measured using the FL‐3 channel and CellROX Deep Red fluorescence was
measured in the FL‐4 channel of a FACScalibur flow cytometer (Beckton Dickenson
Biosciences). MFI of CellROX Deep Red and percentage PI positive cells was
determined with Kaluza 1.3 software (Beckman Coulter).
dsDNA breaks
The amount of dsDNA damage induced by PARP (co‐)treatment was analyzed
using intracellular γH2AX staining with FACS read‐out as described before (34). In
short, 12.5 x 104 A2780 cells (empty RLUC/BRCA1 siRNA, OX2‐SKD RLUC/BRCA1
siRNA) were seeded in 24‐wells plates. The next day, 1 µM olaparib or 0.1% DMSO
treatment was started. 24 h later, cells were harvested, fixed with 4%
formaldehyde for 10 min at 37 °C and permeabilized in 90% methanol for 30 min
on ice. Cells were stained for 30 min at RT in the dark with 1:50 rabbit anti‐
phospho‐histone H2A.X (ser139) conjugated Alexa Fluor 647 (20E3, Cell Signaling)
and 100 µg/ml RNase A (Qiagen) in 0.5% BSA/PBS. After washing the cells with
PBS, cells were stained with 5 μg/mL PI in PBS for 10 min at 4 °C in the dark. PI
fluorescence was measured using the FL‐3 channel and γH2AX fluorescence was
measured in the FL‐4 channel of a FACScalibur flow cytometer (Beckton Dickenson
Biosciences). Cells in the subG1 population were excluded from analysis of dsDNA
breaks in early/non‐apoptotic cells. Percentage γH2AX positive cells in the
early/non‐apoptotic cell population was determined with Kaluza 1.3 software
(Beckman Coulter). The cutoff for a γH2AX positive cell was set based on a
background level of ~3% positivity in the empty vector, RLUC siRNA, 0.1% DMSO
treated control.
Colony Forming Assay
A2780 cells (empty RLUC/BRCA1 siRNA, OX2‐SKD RLUC/BRCA1 siRNA) were
treated for 24 h with 1 µM olaparib or 0.1% DMSO. After treatment, for every
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condition 1000 cells were seeded in 6‐wells plates containing fresh media. After 6‐
7 days, media was replaced by Coomassie brilliant blue (Bio‐Rad). The colony
forming potential was determined by counting the number of colonies (≥50 cells)
using phase‐contrast microscopy. Data was generated in two independent
experiments, performed in duplicate.
Statistical analysis
Statistical tests were performed with Graphpad Prism 5 software (GraphPad
Software). All experiments were performed at least three times, unless stated
otherwise. Data was evaluated by one‐way, two‐way analysis of variance and
Student’s t‐test. Multiple comparisons of ANOVA were followed with post‐hoc
Bonferroni. A p‐value of <0.05 was considered statistically significant. All data are
presented as the mean ± SEM.
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Supplementary Data

Supplementary Figure 1. GFP infection efficiency of ZFP‐ATF transduced ovarian
epithelial cells. 72 h after starting viral transduction, infection efficiency was determined
by measuring the percentage of GFP positive cells using FACS analysis. (A) GFP infection
efficiency in malignant (SKOV3, A2780) and healthy ovarian epithelial cells (OSE‐C2 cells)
that were retrovirally transduced to express ZFPs targeting the NRF2 promoter region
(OX1‐OX6) fused to the transcriptional repressor domain SKD. (B) GFP infection efficiency
in OSE‐C2 cells expressing OX2‐ and OX5‐ZFPs fused to no effector domain (NoED), the
transcriptional repressor domain SKD, or the transcriptional activator domain VP64.

Supplementary Figure 2. Effect of NRF2 cDNA and tBHQ treatment on a panel of Nrf2
downstream target genes. (A) 72 h after viral delivery of NRF2 cDNA, or (B) 24 h after
starting tBHQ treatment, expression of three Nrf2 downstream genes was measured in
OSE‐C2 cells. In (A) all values are shown as the mean ± SEM of at least three independent
experiments, whereas the experiment in (B) was only performed once.

198

Targeting Nrf2 in healthy and malignant ovarian epithelial cells

Supplementary Figure 3. Western blots of the nuclear fraction of Nrf2. Nuclear extracts
were collected of A2780 cells transduced to express NRF2 cDNA or ATF OX2‐SKD. The
nuclear extract of NRF2 cDNA A2780 cells was used to confirm the size of the Nrf2 protein
in western blotting (~110 kDa). A decrease of the nuclear Nrf2 protein fraction was
detected in A2780 cells transduced to express ATF OX2‐SKD.

Supplementary Figure 4. Cell growth in OSE‐C2 cells upon modulation of NRF2. OSE‐C2
cells were transduced to express (A) ATF OX5‐SKD and NRF2 cDNA for NRF2 upregulation,
(B) ATF OX2‐SKD for NRF2 downregulation, or empty vector as a control. Cell proliferation
was determined with a MTS assay. Each data point shows the mean ± SEM of at least
three independent experiments.

199

6

Chapter 6

Supplementary Figure 5. Effect of BSO‐induced glutathione depletion on the cell death
and ROS production of A2780 cells. A2780 cells were treated for 48h with 0‐10 mM BSO
in order to deplete glutathione. (A) A2780 cells were completely depleted of glutathione
in all BSO concentrations tested. The effect of glutathione depletion on cell death (B) and
ROS production (C) was determined in A2780 cells transduced to express ATF OX2‐SKD or
empty vector as a control. Each data point shows the mean ± SEM of two independent
experiments.
Supplementary Figure 6. Western
blot showing the effect of BRCA1
knockdown in A2780 cells. A2780
cells were transfected with BRCA1
siRNA or RLUC control siRNA and
protein lysates were collected 0‐4
days
after
transfection.
A
representative example is shown of
the relative quantification of BRCA1
protein levels in BRCA1 or RLUC
control siRNA transfected A2780 cells
compared to day 0 after transfection.
Insert: western blot against BRCA1
and actin containing protein lysates
of BRCA1 and RLUC control siRNA
transfected A2780 cells, 0‐4 days
after transfection.
Supplementary Figure 7. Effect of olaparib and BRCA1
knockdown on ROS production of A2780 cells. A2780
cells were transfected with BRCA1 siRNA or RLUC control
siRNA. After 3 days, 1 μM olaparib (PARP inhibitor) or
0.1% DMSO treatment was started. 24 h later, ROS
production was determined by FACS using the Cell Rox
Deep Red ROS probe. Each data point shows the mean ±
SEM of two independent experiments.
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Abstract
Insights on active DNA demethylation disproved the original assumption that DNA
methylation is a stable epigenetic modification. Interestingly, mammalian DNA
methyltransferases 3A and 3B (DNMT‐3A and ‐3B) have also been reported to
induce active DNA demethylation, in addition to their well‐known function in
catalyzing methylation. In situations of extremely low levels of S‐adenosyl
methionine (SAM), DNMT‐3A and ‐3B might demethylate C‐5 methyl cytosine
(5mC) via deamination to thymine, which is subsequently replaced by an
unmodified cytosine through the base excision repair (BER) pathway.
Alternatively, 5mC when converted to 5‐hydroxymethylcytosine (5hmC) by TET
enzymes, might be further modified to an unmodified cytosine by DNMT‐3A and ‐
3B under oxidized redox conditions, although exact pathways are yet to be
elucidated. Interestingly, even direct conversion of 5mC to cytosine might be
catalyzed by DNMTs. Here, we summarize the evidence on the DNA
dehydroxymethylase and demethylase activity of DNMT‐3A and ‐3B. Although
physiological relevance needs to be demonstrated, the current indications on the
5mC‐ and 5hmC‐modifying activities of de novo DNA C‐5 methyltransferases shed
a new light on these enzymes. Despite the extreme circumstances required for
such unexpected reactions to occur, we here put forward that the chromatin
microenvironment can be locally exposed to extreme conditions, and hypothesize
that such waves of extremes allow enzymes to act in differential ways.
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Introduction
DNA methylation is the first and best studied epigenetic modification and, as no
mammalian enzymes were known to actively remove this mark, DNA methylation
was classically considered to be a stable mark. Mammalian DNA methylation is
regulated by three DNA (cytosine‐5)‐methyltransferases: DNMT1, ‐3A and ‐3B and
underlies a wide variety of processes in the body including cognition. In general,
DNA methylation takes place at CpG sites and, especially when around
transcription start sites, is mostly associated with gene repression. Despite this
generally accepted association, many studies have documented that increased
DNMT levels correlate with increased gene expression.
Ageing‐associated cognitive deficits, for example, were associated with a
decreased expression of DNMT3A2 in the hippocampus in mice, and the deficits
could be rescued by transfection of DNMT3A2 (1). Remarkably, the induced
expression of DNMT3A2 in rescued mice was associated with an increased
expression of early activity genes arc and bdnf (1). Another example of increased
DNMT3 expression and increased expression of certain genes is “first‐time‐event”
fear, e.g. a student appearing for his first viva voce exam. Subsequent exposures
to similar events reduce the sensation of fear due to habitual conditioning (2). The
molecular mechanisms of such fear conditioning have been investigated and
differential DNA methylation is among the changes observed for hippocampal
neurons: Increased expression of the de novo DNA methyltransferases
DNMT3A/3B was observed, while the DNA methylation status of the Reelin
promoter was lowered (3).
To explain such seemingly contradictory observations, recent reports have
suggested a direct DNA demethylase and hydroxymethylase activity of DNMT3A
and ‐3B in vitro (4, 5). We here examine cellular context requirements which
would allow these enzymes to function in the process of active DNA
demethylation.
Known players in DNA demethylation
Active DNA demethylation refers to the enzymatic removal or modification of the
methyl group from 5mC, eventually resulting in an unmodified cytosine (C) (6). In
this respect, ten‐eleven translocation (TET) methylcytosine dioxygenases,
activation‐induced cytidine deaminase (AID), growth arrest and DNA‐damage‐
inducible protein 45 alpha (Gadd45a) and thymine DNA glycosylase (TDG) are
some of the factors described to play a role in this process of active DNA
demethylation (7‐15).
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The enzymatic action of TET enzymes results in 5‐hydroxymethylcytosine
(5hmC) (13, 16), a modification that is observed in many tissues (17) and which
can be further oxidized by TET to 5‐formylcytosine (5fC) and 5‐carboxylcytosine
(5caC) (18, 19). 5caC can be further decarboxylated (20) or excised by TDG (19, 21,
22), which can also remove 5fC. In addition, 5hmC, 5fC and 5caC are also
considered DNA demethylation intermediates as these can undergo replication‐
mediated dilution leading to passive DNA demethylation (23, 24). Alternatively,
5hmC can be deaminated to 5hmU by AID, followed by excision by TDG and
replacement by an unmodified cytosine by the base excision and repair (BER)
mechanism (25).
A role for DNMT3A and ‐3B in the active DNA demethylation process?
In addition to the above described mechanisms of DNA demethylation, three
possible alternative pathways of active DNA demethylation, involving DNMT3A
and ‐3B, have been proposed (4, 5, 26), although their physiological relevance is
under debate. Interestingly, two of these pathways concern BER‐independent
conversion of 5mC or 5hmC to unmodified cytosine (DNA demethylase and DNA
dehydroxylase activity, respectively). BER‐independent conversion of methylated
cytosines would provide a safer alternative to BER‐mediated replacement as the
TDG/BER pathway acts via DNA cleavage: its localized action on multiple
methylated cytosines in a given region likely causes instability of the particular
locus (4, 5). In addition to DNMT3s, also DNMT1 was found to contain strong DNA
demethylating activity (5), although its DNA dehydroxymethylase activity did not
exceed background levels (4).
Role in deamination‐induced DNA demethylation
Representative bacterial DNA methyltransferases, like M.HpaII and M.SssI, can
convert C to uracil (U) in double stranded DNA in the absence of SAM (27, 28).
During the process of methylation of C to 5mC in the presence of SAM,
methyltransferases initiate a flipping of C out of the DNA helix, followed by the
formation of a covalent bond between a cysteine in the methyltransferase and
the C6 carbon of the flipped C (29). This covalent interaction with the C6 carbon
forms the activated cytosine which is then converted into an intermediate,
namely 5,6‐dihydrocytidine (28‐30). Dependent on the context, the cytosine
intermediate can follow one of two possible routes: a) in the presence of SAM, it
will accept the methyl group to form 5mC, and b) in the absence of SAM, the
cytosine intermediate would be deaminated into U (28). In line with bacterial
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methyltransferases, also mammalian DNMT3A and ‐3B could deaminate C to U
and importantly, 5mC to thymine (T) (26). The resulting T:G mismatch recruits
TDG and other BER proteins which induce completion of the demethylation
process. These observations tempted researchers to speculate on dual roles of
DNMT3A and ‐3B in living cells: as a demethylator at the beginning of the
transcription cycle to induce expression of pS2, and as a methylator at the end of
the cycle to stop the expression (26, 31). Indeed, the cyclical methylation of pS2 is
abolished upon inhibition of DNMT3A and ‐3B. In the above studies, however, it is
possible that the, at that time unidentified, TET enzymes may have functioned as
the active DNA demethylases as suggested by other studies (32, 33).
Role in redox‐dependent DNA demethylation
In the absence of SAM, M.HpaII and M.SssI, as well as murine DNMT1 (albeit
weakly), are able to catalyze the addition of formaldehyde to C forming 5hmC
(34). Interestingly, the authors also demonstrated that formaldehyde can be
released from 5hmC which is then reconverted to an unmodified C in a reverse
reaction catalyzed by these bacterial DNA methyltransferases (34). DNA
dehydroxylase activity was also shown for purified mammalian DNMT3A and ‐3B
in the absence of SAM, although the exact mechanism has not been uncovered
(4). Importantly, the DNMT3A/3B‐mediated dehydroxylase activity depended on
the redox state: an oxidizing agent (H2O2) enhanced dehydroxylase activity, while
suppressing the DNA methylation activity; reducing agents (DTT, ß‐
mercaptoethanol) inhibited the dehydroxylase activity while slightly enhancing
DNA methylation (4). When the cysteine residue in the methylation‐active center
of DNMT3A or ‐3B was replaced by a serine residue, both enzymes exhibited
reduced 5hmC dehydroxymethylase activity. Interestingly, oxidative post‐
translational modifications of particular cysteine residues have the potential to
modulate protein activity (35). Possibly, a similar mechanism might be in place for
DNMT3A and ‐3B. Despite such observations, another study, although confirming
a direct 5hmC dehydroxylase activity for human DNMT3A (when in combination
with the catalytically inactive DNMT3L), did not observe an effect of H2O2 (36).
In the absence of SAM, DNMT3s could also directly convert 5mC to C in a
non‐reducing environment (5). However, supraphysiological concentrations of
Ca2+ are required for this reaction to occur (1 mM Ca2+ is optimal for
demethylation; the minimum concentration is 10 µM). Apart from a direct action
on 5mC and 5hmC, again in the absence of SAM, DNMT3A and ‐3B can also
directly convert 5caC, but not 5fC, into unmodified C (36). These results indicate
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the intriguing possibility that active DNA demethylation can proceed via the
reduction of oxidized products of 5mC without the need for BER, although these
processes may serve as complementary pathways to BER.
The above evidence can be summarized in the following scheme depicting
how and when DNMT3A and ‐3B could contribute to active DNA demethylation
(Fig. 1). In the presence of SAM, DNMT3A and ‐3B transfer a methyl group to the
C5 of the activated cytosine to form 5mC (1). Whereas in the absence of SAM,
DNMT1 (DNMT3s have not been analyzed) can couple a formaldehyde to the
activated C to form 5hmC directly (2). When 5mC is formed, DNMT‐mediated
active DNA demethylation can, depending on the environment, proceed via three
different pathways: Independently of the DNMTs, TET enzymes can directly
convert 5mC to 5hmC (3). When SAM levels are low or completely depleted,
DNMT3A and ‐3B can contribute to the active DNA demethylation process. In the
case of low SAM levels, DNMT3A and ‐3B catalyze the deamination of 5mC to T
(4). T is in turn replaced by an unmodified C via the BER pathway (5). In the case of
absence of SAM combined with high levels of Ca2+ and an oxidized redox
environment, DNMT3A and ‐3B can convert 5mC to an unmodified C (6). Also the
conversion of 5hmC to an unmethylated C might be catalyzed by DNMT3A and ‐
3B. This reaction can take place when SAM depletion is combined with an
oxidizing redox environment (7).
DNMT3A and ‐3B as demethylating enzymes: Implications
Aberrant DNA hypomethylation is associated with various clinical phenotypes and
can be explained by low SAM substrate availability or increased active DNA
demethylation. Increased active DNA demethylation can be caused by
deregulated activity of enzymes known to be involved in the demethylation
pathway, including TET family members. As an alternative mechanism, we are
here concerned with the processes of active DNA demethylation that involve
DNMTs. However, specific circumstances are required for these activities to occur.
In this respect, the calcium‐dependent character of DNMT‐induced 5mC
demethylation requires extremely high levels of Ca2+ (> 10 μM), which prevented
this mechanism from reaching broad acceptance for physiological relevance (5,
37). Also the oxidizing conditions, potentially required for both the DNA
demethylase as well as the DNA dehydroxylase activity of DNMT3, are unlikely to
occur on a cellular level: 1 mM H2O2 is extremely toxic to cells. Below, we
advocate that it is conceivable that substrate availability and redox conditions are
not steady throughout the nucleus (38); Extreme microenvironmental chromatin
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conditions might enable the cell to locally generate conditions that are required
for DNMTs to act in the process of active DNA demethylation without the high
cytotoxicity that is associated with total cell exposure. Here, we point out
mechanisms that enable the cell to generate such local chromatin
microenvironments, enabling the DNMTs to act differently on the local level.

7
Figure 1. Involvement of DNMTs in the active DNA demethylation process. In the
presence of SAM, DNMT3A and ‐3B transfer a methyl group to the C5 of the activated
cytosine to form 5mC (1). Whereas in the absence of SAM, DNMT1 (DNMT3s have not
been analyzed) can couple a formaldehyde to the activated C to form 5hmC directly (2).
When 5mC is formed, DNMT‐mediated active DNA demethylation can, depending on the
environment, proceed via three different pathways: Independently of the DNMTs, TET
enzymes can directly convert 5mC to 5hmC (3). When SAM levels are low or completely
depleted, DNMT3A and ‐3B can contribute to the active DNA demethylation process. In
the case of low SAM levels, DNMT3A and ‐3B catalyze the deamination of 5mC to T (4). T is
in turn replaced by an unmodified C via the BER pathway (5). In the case of absence of
SAM combined with high levels of Ca2+ and an oxidized redox environment, DNMT3A and ‐
3B can convert 5mC to an unmodified C (6). Also the conversion of 5hmC to an
unmethylated C might be catalyzed by DNMT3A and ‐3B. This reaction can take place
when SAM depletion is combined with an oxidizing redox environment (7).

The epigenetic landscape is continuously maintained/adjusted by re‐inforcing
epigenetic enzymes acting on histones and on the DNA molecule. The enzymatic
reactions are associated with transient local changes in the microenvironment, as
described for e.g. histone demethylases. Currently, there are two known classes
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of histone demethylases: the Flavin‐dependent histone demethylases and the
Jumonji‐containing histone demethylases. The first class, containing lysine‐specific
histone demethylase 1 and 2 (LSD1, 2), is involved in modulating gene expression
through demethylation of either mono‐ or di‐methyllysine residues of H3K4 (38‐
41) or H3K9 (42‐44) resulting in gene repression or gene activation, respectively
(45). During this histone demethylation process, H2O2 is produced (46), which has
been proposed to be involved in signaling processes (47). In the case of H3K9
demethylase activity, and thus gene activation, the H2O2 produced by LSDs might
modulate the microenvironmental chromatin conditions in such a way that
DNMT3s can re‐inforce re‐expression by acting in the process of active DNA
demethylation.
The mechanism as proposed above might be especially relevant to rapidly
“ultradian” oscillitating genes, in which gene expression is regulated in a rhytmic
pattern of cyclical demethylation‐remethylation events, with time periods of the
order of hours (48). It is plausible that the cell uses the ability of DNMT3s to act
both in the process of DNA methylation and DNA demethylation, in order to
enable a quick switch from demethylation to remethylation that is required to
regulate the fast oscillitation of these genes. Promoters that follow such a fast
oscillitating behavior are for example, the estrogen‐sensitive pS2 promoter (26,
31) and promoters containing a retinoic acid response element (RARE) (49). The
latter study by Zuchegna et al. revealed that the dual action of the histone
demethylases LSD1 and JMJD2A resulted in histone demethylation, local DNA
oxidation, attraction of base (BER) and nucleotide excision repair (NER) enzymes
and chromatin looping, and all this together was essential for and directly
contributed to RA‐induced transcription (49). Moreover, this study clearly showed
that the observed effects were strictly localized to the chromatin
microenvironment of the RA‐dependent genes, as the chromatin of neighboring
RA‐independent genes was unaffected. Similarly, LSD1 is also involved in the
demethylation‐remethylation cycles of the pS2 promoter (50) and therefore, the
above described mechanism could be a more general feature of “ultradian”
oscillitating genes.
If such described local changes in redox state would also occur for Ca2+
and/or SAM levels, such fluctuations might thus alter the function of DNMT3A and
‐3B. To identify such situations in physiological situations, the targeting of DNMTs
to pre‐determined genomic loci by epigenetic editing, as described by us and
others previously (51‐55) provides an interesting tool to test and to eventually
exploit DNA demethylation activities of DNMTs in vivo.
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Apart from such extreme microenvironmental chromatin conditions, clinical
situations exist where substrate conditions might allow DNMTs to act as
demethylators: excess of formaldehyde is associated with ageing, and has been
put forward to explain memory deficits (56). Moreover, in certain congenital
diseases like Down’s syndrome, SAM levels are found to be decreased while
oxidation status is increased (57). Methionine adenosyl transferases (MATs), the
enzymes that catalyze the conversion of methionine into SAM, are decreased in
cirrhosis which is associated with genomic instability and an increased
susceptibility of hepatocytes to oxidative stress‐induced carcinogenesis
(presumably due to impaired glutathione metabolism) (58). Preneoplastic changes
seen in the liver of rats fed on a folate‐deficient diet, resulting in decreased levels
of SAM, are associated with global hypomethylation despite an increase in
DNMT1 and DNMT3A (59). These conditions exemplify situations where DNMT3A
could be actually functioning as a DNA demethylase in the context of SAM
deficiency.
Conclusion
In vitro studies have suggested that DNMT3A and ‐3B, known to methylate DNA
de novo, can function as players in the active DNA demethylation pathway in
certain situations. In conditions of low SAM concentrations, DNMT3A and ‐3B can
catalyze the deamination of 5mC to T, which could then be replaced by an
unmodified C by the BER pathway. In an oxidizing redox chromatin
microenvironment and in the absence of SAM, DNMT3A and ‐3B can even
catalyze the direct conversion of 5mC or 5hmC to an unmodified C, although the
exact pathways are yet to be defined. Further cellular studies are now required to
investigate the physiological relevance of DNMT3A and ‐3B as players in active
DNA demethylation. Epigenetic editing tools (50‐54) offer exciting possibilities to
address differential effects of epigenetic enzymes in various chromatin contexts in
living cells (60).
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Abstract
Mitochondria generate reactive oxygen species (ROS) as a byproduct of the
oxidative phosphorylation. Short term increases in mitochondrial ROS (mtROS)
production boost the intracellular ROS protection mechanisms, even for a long
time after this initial mtROS exposure. This enables the cell to be better protected
while being exposed to another increase in ROS later on in life. This response may
delay or even prevent diseases, and thus, can contribute to longevity. We
hypothesized that mtROS molecules can signal to the nucleus and can change the
epigenetic landscape in such a way that this ROS protective response is being
stored for the long term. Possibly, the effect of mtROS is dependent on the
specific location in the mitochondria where it is produced. Therefore, to study the
role of mtROS on nuclear epigenetics, we generated three differentially‐targeted
(mitochondrial DNA, matrix and intermembrane space) SuperNova fluorescent
proteins. These SuperNova fusion‐proteins can generate ROS upon light exposure
of a certain wavelength, and as such, can be used to determine the effect of
mtROS on genome‐wide and locus‐specific epigenetic changes in the nucleus.
Such research is needed to better understand how mitochondria communicate
with the nucleus, and as such provide new insights into the role of mitochondria
in health and disease.
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Introduction
Mitochondria originate from bacteria that entered a eukaryotic cell and formed a
symbiotic relationship (1). During many years of evolution most (>99%) of the
mitochondrial proteins are transferred from the mitochondrial to the nuclear
DNA. As a result, mitochondrial function is highly dependent on
transcription/translation of mitochondrial proteins encoded in the nuclear DNA.
Therefore, a good communication between both organelles is essential for the
regulation of mitochondrial biogenesis. Moreover, this communication is essential
for the mitochondria to adequately respond to stress, e.g. oxidative stress.
A variety of different signaling molecules can facilitate this mitochondria‐
to‐nucleus signaling (also called mitochondrial retrograde signaling) (as reviewed
in (2)). One example of the messenger molecules important for this
communication are the reactive oxygen species (ROS), more specifically the
superoxide anion (O2•−) and hydrogen peroxide (H2O2). Mitochondria are one of
the main producers of these ROS molecules (3); during the oxidative
phosphorylation (OXPHOS), electrons are pumped over the mitochondrial
membranes in order to produce ATP, the main fuel of the cell. A small percentage
of these electrons leak out of the electron transport chain and can react with
oxygen to form O2•−. O2•− can be converted to H2O2 either spontaneously or
catalytically by superoxide dismutase (SOD). O2•− is generated either in the
mitochondrial matrix or intermembrane space. While O2•− can cross the outer
mitochondrial membrane only via voltage‐dependent anion‐selective channels
(VDACs), H2O2 can freely diffuse across the mitochondrial membranes (4) (Figure
1). This, in combination with its relative low reactivity and long half‐life, makes
H2O2 an excellent second messenger (5); the half‐life of H2O2 in lymphocytes is 1
ms while that of O2•− is 1 μs (6).
Depending on the level, ROS can be either detrimental or beneficial; high
levels of mitochondrial ROS (mtROS) can induce damage and accelerate aging,
whereas low levels can improve long‐term stress resistance by inducing an
adaptive response, which has been termed mitohormesis (7). This coordinated
transcriptional response in the nucleus that is triggered by low‐dose mtROS,
promotes health by preventing or delaying a number of chronic diseases, and
ultimately extends lifespan (8‐10).
In worms it was found that, in contrast to mitochondrial O2•−, cytoplasmic
O2•−does not increase, but even decrease, the lifespan (11). This indicates that the
ROS affect an unknown factor specifically in the mitochondria that transfers the
“mitohormetic/longevity” message to the nucleus. Many factors and signaling
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pathways can induce such a low‐dose mtROS mediated communication to the
nucleus, among which calorie restriction, hypoxia, temperature stress, physical
activity, and downstream signaling of insulin/IGF‐1 receptors, AMP‐dependent
kinase (AMPK), target‐of‐rapamycin (TOR), and sirtuins (12).
Not only studies in lower organisms or animal models have provided
evidence for the existence of a mitohormetic response (7); in humans, it has been
shown that antioxidant usage during physical exercise blocks the beneficial effects
of exercise, including the induction of insulin sensitivity and the induction of
antioxidant defense genes (13). This suggests that the ROS produced during
physical activity are the origin of, and are required for, some of the long‐term
health‐promoting effects associated with exercise.
O2‐
H2O2
H2O + O2
Catalase
SOD1
VDAC
Outer mitochondrial
membrane

H2O2

O2‐
SOD1

Cyt c

Intermembrane
space

CoQ
Inner mitochondrial
membrane

O2‐

H2O2
SOD2

GPX

H2O + O2

Mitochondrial
matrix

Figure 1. ROS production by the complexes of the mitochondrial oxidative
phosphorylation. During the oxidative phosphorylation (OXPHOS), mitochondria pump
electrons over the inner mitochondrial membrane, resulting in the production of ATP. In
eukaryotic cells, five protein complexes are involved in this process: complex I‐V. Three of
these complexes (I‐III) are producing the ROS molecule O2•− as a side‐product. O2•− can be
produced both in the mitochondrial matrix (complex I‐III) and the intermembrane space
(complex III). The antioxidant superoxide dismutase (SOD) can convert O2•− to H2O2 (SOD1
in the intermembrane space, and SOD2 in the matrix), and this ROS can be neutralized to
H2O and O2 by enzymes such as glutathione peroxidase (GPX). Despite this, not all ROS are
neutralized. Some ROS may diffuse out of the mitochondria and contribute to
mitochondria‐to‐nucleus signaling. H2O2 can both freely diffuse across the mitochondrial
membranes, and can be transported across the inner mitochondrial membrane via
aquaporin‐8 (AQP8). In contrast, O2•− cannot freely diffuse across the mitochondrial
membranes. However, when produced in the intermembrane space, O2•− can cross the
outer mitochondrial membrane via a voltage‐dependent anion‐selective channel (VDAC).
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As cells “memorize” previous oxidative insults in the mitochondria (as
discussed above), we hypothesize there is an epigenetic basis for this
mitohormetic reponse. mtROS might be the component that defines this
epigenetic basis by influencing nuclear epigenetics; ROS might directly modify the
DNA/epigenetic enzymes (14) or an indirect action of ROS, acting via the induction
of mitochondrial dysfunction, might change epigenetic enzyme activity via a
change in metabolism, and as such epigenetic enzyme co‐factor availability (15,
16) (Figure 2).
Figure 2. Krebs/citric
acid cycle. The citric acid
cycle occurs in the matrix
of the mitochondria.
Many
metabolites
(encircled in red) that are
used in this metabolic
pathway also function as
co‐factor for the activity
of epigenetic enzymes.

8
It is unclear which ROS molecules may contribute to the mitohormetic
response and how they might affect nuclear epigenetics. As mentioned before,
H2O2 seems to have the most favorable characteristics (4‐6) to act as signaling
molecule in the mitohormetic response. Nevertheless, some evidence in budding
yeast cells (Saccharomyces cerevisae) also points toward an important role of O2•−
in this response; when yeast cells are exposed to H2O2, they will protect
themselves against this stressor by inducing mitochondrial O2•− production
produced by complex III (17). This response is independent of the conversion of
O2•− to H2O2, as mutant yeast unable to produce mitochondrial O2•− are vulnerable
toward H2O2. As O2•− cannot diffuse across the inner mitochondrial membrane,
the location of mitochondrial O2•− production (mitochondrial matrix versus
intermembrane space) may also have a major influence on its role in the
mitohormetic response. Matrix produced O2•− has to be converted to H2O2 before
it may signal to the nucleus. Moreover, depending on the location, the cytotoxic

219

Chapter 8
threshold of ROS may be different, as the antioxidant capacity might be different,
or ROS‐induced damage to specific mitochondrial components (e.g. mitochondrial
DNA is localized in the matrix) may be more cytotoxic than others.
As it is unclear whether and how the location of mtROS production may
affect its effect on nuclear epigenetics, three differentially‐targeted
(mitochondrial DNA, matrix and intermembrane space) SuperNova proteins were
generated. Upon exposure to light of a specific wavelength, the photosensitizing
fluorescent protein SuperNova will generate O2•− and O21. Using this system, we
will study the effect of sub‐cytotoxic ROS levels in these different compartments
of the mitochondria towards nuclear DNA methylation and histone modifications.
Results
Mitochondrial localization of differentially‐targeted SuperNova proteins
To investigate the effect of location of mtROS production on nuclear epigenetics,
three differentially‐targeted (mitochondrial DNA, matrix and intermembrane
space) SuperNova proteins were cloned. Initial testing of proper localization of the
constructs was performed by transiently transfecting HEK293T cells with these
constructs. The first construct that was generated, pCDH‐mtZFP‐SuperNova
contained one mitochondrial localization (MLS), a zinc finger protein (ZFP), and
one nuclear export signal (NES). The ZFP is a DNA binding protein that was
designed in such a way that it binds to a specific 9bp region in the mtDNA. The
NES was included to overcome the nuclear localization signal that is inherent in
the ZFP. To determine mitochondrial localization of this construct, mitochondria
of transfected HEK293T cells were stained with Mitotracker (Fig. 3). As seen in Fig.
3, confocal microscopy images of pCDH‐mtZFP‐SuperNova (1x MLS, 1x NES) show
nuclear localization of this construct.
To overcome the nuclear localization, an additional MLS and NES were
cloned into pCDH‐mtZFP‐SuperNova. This construct was also transfected in
HEK293T cells and mitochondria were stained by Mitotracker. The additional MLS
and NES resulted in predominant (~90%) mitochondrial localization (Fig. 4). Based
on this finding, it was decided to include two MLSs and NESs in each of the
differentially‐targeted SuperNova and mCherry constructs. mCherry constructs
were used as a negative control, as this fluorescent protein has similar fluorescent
properties as SuperNova but does not produce ROS upon excitation (18).
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mtZFP‐SuperNova

Mitotracker Deep Red

Overlay

DIC

Figure 3. mtZFP‐SuperNova (1x MLS, 1x NES) localizes to the nucleus. HEK293T cells were
transfected with pCDH‐mtZFP‐SuperNova. 72h post transfection, mitochondria were
stained for 30 min with 100 nM Mitotracker Deep Red.
mtZFP‐SuperNova

Mitotracker Deep Red

Overlay

DIC

Figure 4. mtZFP‐SuperNova (2x MLS, 2x NES) localizes predominantly to the
mitochondria. HEK293T cells were transfected with pCDH‐mtZFP‐SuperNova. 72h post
transfection, mitochondria were stained for 30 min with 100 nM Mitotracker Deep Red.

Subsequently, HeLa cells were lentivirally transduced with pCDH‐mtZFP‐
SuperNova or pCDH‐mtZFP‐mCherry (2x MLS, 2x NES). After puromycin selection,
localization of the construct was determined by confocal microscopy. Stable
expression of both constructs resulted in mitochondrial localization (Fig. 5).
Binding of mtZFP to its target region in the mitochondrial DNA
To determine whether mtZFP binds to its target region in the mitochondrial DNA,
a chromatin immunoprecipitation (ChIP) was performed. As shown in Fig. 6,
binding of mtZFP to its target region was significantly enriched (HAtag: 13.2 ±
1.2% of input) compared to the same construct without mtZFP (HAtag: 2.35 ±
0.23% of input).
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A mtZFP‐SuperNova Mitotracker Deep Red

B mtZFP‐mCherry

Overlay

DIC

DIC

Figure 5. mtZFP‐SuperNova (A) and mtZFP‐mCherry (B) (2x MLS, 2x NES) localize to the
mitochondria. HeLa cells were stably transduced with pCDH‐mtZFP‐SuperNova (A) or
pCDH‐mtZFP‐mCherry (B). Mitochondria were stained for 30 min with 100 nM Mitotracker
Deep Red.

Figure 6. mtZFP binds to its designed target region. mtZFP
binding (HA‐tag) to its designed target region was validated
by quantitative ChIP, IgG was used as negative control. Each
bar represents the mean ± SEM. Two‐tailed t‐test, *p < 0.05.

Mitochondrial ROS production
After determining correct localization (Fig. 5‐6) of pCDH‐mtZFP‐SuperNova and
pCDH‐mtZFP‐mCherry in HeLa cells, mitochondrial O2•− production was
determined using the MitoSOX ROS probe. To activate SuperNova ROS
production, HeLa cells stably expressing mtZFP‐SuperNova were exposed to light
irradiation by different light sources (#1‐#3) for different amount of times. HeLa
cells stably expressing mtZFP‐mCherry were used as a negative control, and to
account for aspecific ROS production by these light sources, e.g. heat‐induced
ROS. As shown in Fig. 7, mitochondrial O2•− production did not significantly
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increase after light irradiation using three different light sources in HeLa cells
stably expressing mtZFP‐SuperNova compared to mtZFP‐mCherry. This result
could not be explained by the experimental setup to detect the mitochondrial
O2•−, as the MitoSOX Red ROS probe functioned as expected using a positive (100
µM menadione for 1h) and negative control (100 µM menadione for 1h with
pretreatment using 0.82 mg/ml N‐acetyl cysteine (NAC)). Moreover, when
exposed to the same amount of light irradiation, no difference in cytotoxicity was
observed between the mtZFP‐SuperNova compared to the mtZFP‐mCherry
expressing cells (data not shown). Concluding from this, either the light irradiation
was not sufficient or, more likely, the SuperNova protein in the fusion context
could not produce ROS anymore.

A

C

B

Figure 7. Mitochondrial ROS production is
not increased upon light irradiation of
mtZFP‐SuperNova.
HeLa
cells
stably
expressing mtZFP‐SuperNova, or mtZFP‐
mCherry as negative control, were exposed to
light from source #1 (A), #2 (B), or #3 (C).
After a certain amount of light exposure,
O2•−
production
was
mitochondrial
determined with the MitoSOX Red ROS probe.
To confirm successful detection of
mitochondrial O2•−, HeLa cells were exposed
to 100 µM menadione for 1h with (‐ control)
or without (+ control) an O/N pretreatment
with 0.82 mg/ml NAC.
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ROS can change nuclear epigenetics
Although we succeeded in targeting SuperNova to the mitochondria, we could not
test the effect of mtROS on nuclear epigenetics in our system. However, as a
previous study by Niu et al. suggested that a 3h H2O2 treatment in BEAS‐2B cells
can induce H3K4me3 by 1.5 fold (19), we performed a western blot to confirm
their data. Indeed, also in our hands H2O2 treatment for 3h increased H3K4me3 by
1.5 fold (Fig. 8).
Figure. 8: H2O2 treatment induces H3K4me3. Western blot
against H3K4me3 and H3 core (loading control) containing protein
lysates of untreated (UT) or 3h 250 µM H2O2 treated BEAS‐2B cells.
Below the figure H3K4me3 is quantified compared to the H3 core
loading control and normalized to UT cells.

Discussion
To reveal the effect of mtROS on nuclear epigenetics, innovative systems need to
be created in which mitochondrial O2•‐ can be produced in a time‐ and space‐
controlled fashion. Such systems would allow to give us a greater insight at the
molecular level in the health‐promoting effects of factors such as physical exercise
and dietary restriction. These insights are urgently needed to come up with new
strategies to prevent diseases associated with our Western life style (sedentary
life style, with an abundance of food).
Unfortunately, the mitochondria‐targeted SuperNova proteins did not
generate mtROS in our experiments. Else we would have looked into the mtROS
induced genome‐wide epigenetic changes of histone modifications by Western
blotting and DNA methylation by LUminometric Methylation Assay (LUMA) (20)
and pyrosequencing of long interspersed nuclear elements (LINE)‐1 (21). LUMA is
a technique based on a pair of methylation‐sensitive/insensitive restriction
enzymes. LINE‐1 are retrotransposons that compromise about 17% of the human
genome (22), and as such these can be used as a surrogate marker for global
changes in nuclear DNA methylation levels.
There are some indications from literature, that nuclear epigenetic
changes induced by hormetic (mt)ROS levels can be detected at the global level.
For example, both global and local hydroxymethylcytosine (hmC) levels were
changed in human neuroblastoma cells treated with buthionine sulfoximine (BSO,
causing glutathione depletion (major antioxidant), and therefore ROS induction),
and in mice depleted for the major antioxidant enzymes glutathione peroxidase 1
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and 2. Interestingly, the hmC level was particularly affected in genes important for
protective responses to oxidative stress (23).
Another study has shown that H2O2 can modulate the nuclear epigenetic
landscape by reducing activity of the Fe(II) and alpha‐ketoglutarate (αKG)‐
dependent dioxygenases including the ten‐eleven translocation (TET) and histone
demethylase enzymes (19). In this study, Niu et al. could show that oxidative
stress reduces the portion of active enzyme by preventing the reduction of Fe(III)
back to Fe(II). This ROS‐mediated reduction of the Fe(II) pool might partly explain
the differential hmC levels found by Delatte et al. (23). As a result of reduction of
the Fe(II) pool, histone methylation and DNA demethylation were reduced; After
short term exposure (3h, 250 µM) to H2O2, H3K9Ac and H4K8Ac levels were
decreased, whereas H3K4me3 was increased. On the other hand, long term
treatment (3 weeks, 25 µM) did not affect histone acetylation, but did increase
histone methylation (H3K4me3 > H3K9me3 > H3K27me3). However, these
changes in histone modifications, induced by a 3 week H2O2 exposure, were not
sustained after a 3 or 6 day washout period.
Interestingly, after 3 weeks of H2O2 treatment, the carbonylated protein
content (representing the level of protein oxidation, being a biomarker of
oxidative stress), was not significantly increased, in contrast to the 3h treatment.
Based on this, long‐term oxidative stress may lead to cellular adaptations that
help the cell to cope with this stressor. As these long‐term oxidative stress
induced global changes in histone modifications were not sustained, it could be
that only the histone modifications in specific genes (i.e. genes important in the
mitohormetic response) are being sustained, and therefore, global histone
modification levels are not detectably altered.
As some of the nuclear epigenetic changes caused by hormetic mtROS
levels may not be visible at the genome‐wide level, it is interesting to interrogate
specific genes or specific loci as well. Our initial focus would have been on nuclear
genes that are known to be important for the communication between
mitochondria and nucleus, such as TFAM, PGC1α, NRF1, OGG1, FOXO1, p53 and
genes involved in AMPK and mTOR signaling (24). Moreover, based on a study in
budding yeast, subtelomeric regions might also be specifically altered by hormetic
mtROS; in these cells, it was observed that hormetic menadione treatment
(inducing mtROS, but not DNA damage) could extend yeast chronological lifespan
(25). This mtROS signal was sensed by Tel1p and Rad53p, homologs of the
mammalian DNA damage response kinases ATM and Chk2. Subsequently,
phosphorylation of the H3K36me3 histone demethylase Rph1p, related to
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mammalian Jumonji‐domain histone demethylases, resulted in increased
H3K36me3 levels specifically at subtelomeric regions. As a consequence, binding
of the silencing Sir2 (NAD+ dependent histone deacetylase) binding protein Sir3p
was enhanced, resulting in repressed transcription from these regions. Whether
similar signaling pathways also take place in human cells, still needs to be
resolved. Nevertheless, first indications point to conserved pathways between
yeast and human; in line with yeast Tel1p, ATM has been found to be a redox
sensor in human cells, independent of DNA damage (26).
Based on the literature discussed above, hormetic mtROS signaling likely
affects nuclear epigenetics in human cells. However, the exact mechanisms
remain largely elusive. Both redox‐sensitive second messengers as mtROS itself
may signal to the nucleus (27). An interesting observation in rat pulmonary
endothelial artery cells, might give us a first clue how sufficient mtROS can reach
the nucleus to affect transcriptional regulation; in these cells, hypoxia‐induced
generation of mtROS has been shown to result in perinuclear mitochondrial
clustering. This was necessary to accumulate ROS in the nucleus, and induce
hypoxia‐induced transcriptional regulation (28). It would be interesting to
determine whether the hormetic mtROS signaling is also associated with this
perinuclear mitochondrial clustering.
In conclusion, hormetic mtROS signaling may affect both co‐factor
availability and direct function of epigenetic enzymes. However, future efforts are
required to gain insight into the exact mechanisms. The experimental tools
described in this study, may, when further optimized, help us to gain this insight.
Materials and methods
Cell culture
BEAS‐2B (human bronchial epithelium) HeLa (human cervical cancer) and
HEK293T (human embryonic kidney) cells were obtained from the ATCC. BEAS‐2B
cells were cultured in collagen‐coated flasks. Cells were cultured in RPMI 1640
medium (Lonza) (BEAS2‐B) or DMEM (HeLa, HEK293T) supplemented with 10%
FCS (Perbio Hyclone), 50 μg/mL gentamycin sulfate (Invitrogen), 2 mM L‐
glutamine (BioWhittaker). All cells were kept at a humidified incubator with 5%
CO2 at 37 °C.
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Design and cloning of the differentially‐targeted (mitochondrial DNA, matrix and
intermembrane space) SuperNova constructs
Master synthetic construct
The differentially‐targeted SuperNova proteins were all cloned using one master
synthetic construct. This construct was synthesized at Bio Basic Canada and
contains (from 5’‐ to 3’‐end): 1. Kozak sequence; 2. N‐terminal 49‐aa
mitochondrial localization signal (MLS) of the F1β subunit of mitochondrial ATP
synthase (29); 3. engineered three‐finger zinc finger protein (ZFP) (see below for
more details); 4. HA‐tag; 5. 17‐aa flexible linker – (SGGGG)3SS (29); 6. SuperNova
nucleotide sequence (GenBank AB522905, (18)); 7. C‐terminal 18‐aa nuclear
export signal (NES) of the nonstructural protein 2 of minute virus of mice (30); 8.
stopcodon. The addition of restriction enzymes between the individual
components enabled flexibility in cloning of the differentially‐targeted SuperNova
proteins: BamHI – Kozak – MLS – NruI…AvrII – ZFP – BsIWI…NruI – HAtag – flexible
linker – EcoRV…AscI – SuperNova – PacI… EcoRV – NES – stopcodon – NotI. This
master construct was subcloned into pCDH‐CMV‐MCS‐EF1‐copGFP (CD511B‐1)
using BamHI and NotI restriction sites (System Biosciences). In this plasmid EF1‐
copGFP was swopped with SV40‐puromycin resistance using NotI and XhoI
restriction enzymes. As described below, modifications of this construct (pCDH‐
CMV‐master synthetic construct‐SV40‐puro) enabled targeting of the SuperNova
protein to: 1. a specific location in the mtDNA; 2. mitochondrial matrix; 3.
mitochondrial intermembrane space.
As a negative control, SuperNova was replaced by mCherry using AscI and
PacI cloning sites. Like SuperNova, mCherry is a monomeric fluorescent protein
with comparable fluorescent spectra. However, in contrast to SuperNova,
mCherry is unable to produce ROS upon light irradiation.
Mitochondrial DNA targeting SuperNova protein (pCDH‐mtZFP‐SuperNova):
The online tool www.zincfingertools.org was used to search for a suitable target
region for an engineered ZFP consisting of three fingers fused together to target a
unique 9 bp mitochondrial DNA region (H‐strand: GAG GAG GTA) near the HSP1
and HSP2 promoters (31). An additional MLS (AvrII restriction sites) and NES
(EcorV restriction sites) were inserted into the master synthetic construct, which
generated pCDH‐mtZFP‐SuperNova (Fig. 9) and enabled successful targeting of
the ZFP‐SuperNova fusion protein to the mitochondrial DNA.
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Figure 9: Design of pCDH‐mtZFP‐SuperNova.

Mitochondrial matrix targeting SuperNova protein (pCDH‐MLS‐SuperNova):
In order to target the SuperNova protein to the mitochondrial matrix, but not to a
specific region of the mtDNA, the ZFP was removed from pCDH‐mtZFP‐SuperNova
using NruI digestion. This resulted in pCDH‐MLS‐SuperNova (Fig. 10).

Figure 10: Design of pCDH‐MLS‐SuperNova.

Mitochondrial intermembrane space targeting SuperNova protein (pCDH‐IMS‐
SuperNova):
In order to target the SuperNova protein to the mitochondrial intermembrane
space, the MLS was removed from pCDH‐MLS‐SuperNova and replaced by the first
61 amino acids of yeast cytochrome C1 containing an IMS (32) using BamHI and
BtrI digestion. This resulted in pCDH‐IMS‐SuperNova (Fig. 11).
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Figure 11: Design of pCDH‐IMS‐SuperNova.

Transfection and transduction
The calcium phosphate method was used to produce lentiviral particles containing
one of the differentially‐targeted SuperNova proteins. The same method was used
to transfect HEK293T cells (without resulting in viral particle production), but for
this, the viral packaging plasmids were excluded from the transfection mix. For
lentiviral particle production, HEK293T packaging cells were co‐transfected with
plasmids containing the differentially‐targeted SuperNova construct, and viral
packaging plasmids containing gag/pol and the vesicular stomatitis virus G protein
in a 3:2:1 ratio, as described before (33). Viral supernatant was collected 48h and
72h post transfection and was used in combination with 6 µg/ml polybrene
(Sigma‐Aldrich) to infect HeLa host cells. Two days post transduction, HeLa cells
stably expressing the SuperNova containing plasmid were selected for 5‐7 days by
2 µg/ml puromycin.
Confocal microscopy
Correct localization of the cells expressing the differentially‐targeted SuperNova
or mCherry proteins was determined using confocal fluorescent microscopy (Leica
SP2, HCX PL APO 63x/1.4 lens). Mitochondria were stained by treating cells with
100 nM Mitotracker Deep Red FM (Molecular Probes) for 30 min at 37⁰C.
SuperNova and mCherry were excited using a 543 nm and Mitotracker Deep Red
was excited using a 633 nm HeNe laser light.

229

8

Chapter 8
Chromatin immunoprecipitation (ChIP)
Binding of the ZFP to its designed target region was determined by ChIP. Cells
were fixed with 1% formaldehyde for 8 min at RT. After two PBS washes, cells
were lysed and subsequently sonicated for 8 min using a Bioruptor (Diagenode; 4
cycles of 30’’ on, 30’’ off). Sheared chromatin was collected by centrifugation for
10 min at 13.000 rpm at 4 °C. 40 µl magnetic beads (Life technologies) were
coated for 10 min at RT with 4 µg antibody (Rabbit IgG, Ab46540; HA‐tag,
Ab9110). After washing the beads with 0.02% PBS‐Tween, sheared chromatin of
25 x 104 cells was added to the precoated magnetic beads and incubated O/N at 4
°C. The following day, unbound chromatin was collected from the IgG control IP.
All beads were washed 3 times with PBS and DNA was eluted with elution buffer
(1% SDS, 100 mM NaHCO3). Eluted DNA was RNase (Roche) treated under high
salt conditions O/N at 62 °C. The next day, after a 1 h incubation at 62 °C with
proteinase K (Thermo Scientific), DNA was purified with the Qiagen Qiaguick PCR
Purification kit (Qiagen). qPCR was performed using primers specific for the ZFP
target
region
(FW:
5’‐TTACCTCCTCAAAGCAATACACTG‐3’,
RV:
5’‐
TGATTTAGAGGGTGAACTCACTGGA‐3’) to determine relative enrichment of the
HA‐tag in this region with the formula: percentage input = 2(Ctinput – CtChIP) *
dilution factor * 100.
Light irradiation
Three different light sources were used to irradiate HeLa cells expressing
SuperNova or mCherry protein:
#1. 100 x 100 mm, 520±25 nm, LED backlight (Advanced Illumination)
#2. Osram Dulux F 36W/830 (Osram).
#3. Ultrabright lime (567 nm) Rebel 7‐LED light system (Luxeon Star LEDs) focused
in one small beam with the 12° 39 mm Circular Beam Optic (Polymer Optics).
Light irradiation was performed either inside (#1) or outside (#2 and #3) the
incubator. When the set‐up did not allow light irradiation inside the incubator,
cells were kept warm on a 37⁰C heat plate (#2). To minimize the thermal damage
induced by the heat produced by light source #3, a T75 flask filled with water was
placed in between the light source and the cells. Additional cooling was provided
by putting the cells on ice during the irradiation. The medium of cells irradiated
outside the incubator was replaced every 2h and contained an additional buffer
(20 mM MOPS, pH7).
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ROS production
Cells were treated with 5 µM MitoSOX Red ROS probe (Molecular Probes) for 30
min at 37⁰C. After washing with PBS, the cells were collected and mitochondrial
O2•‐ was detected by flow cytometry (BD LSR‐II, BD Biosciences) using a 355 nm
UV‐laser in combination with a 575/26 nm filter (34). As a negative or positive
control respectively, cells were treated with 100 µM menadione for 1h at 37⁰C
either with or without an O/N pretreatment with 0.82 mg/ml N‐acetyl cysteine
(NAC).
Western blotting
BEAS‐2B cells were left untreated or treated for 3h with 250 µM H2O2. After
treatment, total protein extracts were collected in RIPA buffer (Thermo Scientific).
Protein quantification was performed with the DC BioRad Protein Assay (BioRad).
30 µg protein was loaded on a 15% SDS‐PAGE gel. Blots were blocked for 1h with
5% skimmed milk/TBS (for H3 core) or 5% bovine serum albumin (BSA)/TBS (for
H3K4me3). For detection, the following antibodies were used in previously
mentioned blocking solution with the addition of 0.1% Tween 20: 1:5000 rabbit
anti‐H3K4me3 (#07‐473, Millipore), 1:4000 rabbit anti‐H3 core (Ab1791, Abcam),
and 1:3000 horseradish peroxidase‐conjugated swine anti‐rabbit (P0217, Dako).
Western blot signal was generated with Pierce ECL Plus Western blot substrate
(Thermo Scientific) and detected with the Biorad ChemiDoc MP imaging system
(Biorad). Western blots were analyzed with the Image Lab 5.0 software (Biorad).
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Abstract
Despite decades of research, mitochondrial epigenetics remains a controversial
notion. Recent findings, however, indicate that dysfunctional mitochondrial DNA
(mtDNA) methylation could underlie aging and disease. Unraveling such a level of
regulation will be essential in the understanding of and in interfering with the role
of mitochondria in many physiological and pathophysiological processes.
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Mitochondrial epigenetics
Human mitochondrial DNA (mtDNA) is a 16,569 bp circular DNA, containing a
heavy (H) and light (L) strand. It encodes 37 genes: 13 protein‐coding genes, all
involved in oxidative phosphorylation, 2 ribosomal RNAs (rRNAs), and 22 transfer
RNAs (tRNAs). In contrast to nuclear DNA, mtDNA is intronless, maternally
inherited, and lacks histones (1). Despite these differences, emerging evidence
suggests mtDNA may also be regulated at the epigenetic level in the form of
mtDNA methylation.
Although the presence of mtDNA methylation has been the subject of
controversy for many decades (1), accumulating evidence now firmly suggests this
is a real phenomenon (2‐7). Here, we highlight these findings and discuss how
mtDNA methylation may function. Moreover, we present currently used (Box 1)
and new experimental approaches that could provide more insight into the
functional relevance of this phenomenon.
DNA methyltransferases and hydroxylases localize to the mitochondria
In 2011, the field of mitochondrial epigenetics was revitalized by the discovery of
a mitochondrial targeted DNMT1 transcript variant (mtDNMT1), which uses an
upstream alternative translational start site, leading to inclusion of a
mitochondrial targeting sequence (6). This variant comprises about 1‐2% of total
DNMT1 transcripts and is upregulated by the hypoxia‐responsive transcription
factors PGC1α and NRF1, and via the release of p53 from the DNMT1 promoter (J.
Balinang, PhD thesis, Virginia Commonwealth University, 2012) (6). This finding
suggests mtDNMT1 plays a regulatory role during oxidative stress, confirming the
link between oxidative stress and mitochondrial function. Similar capacities for
mtDNMT1 and its nuclear counterpart were indicated by the finding that
mtDNMT1 shows clear CpG‐dependent mtDNA interactions proportional to the
amount of CpGs in the target amplicons (6).
Apart from mtDNMT1, no other specific mitochondria‐targeted isoforms
of enzymes involved in DNA methylation or hydroxymethylation are known.
Nevertheless, several such enzymes have been detected in the mitochondrial
protein fraction; DNMT3B (albeit at very low levels), TET1, and TET2 were found in
mouse fibroblast and HeLa cells (2), and TET1 and TET2 were detected in primary
neuronal cultures of 5‐day old mice (3). Neither study detected DNMT3A or TET3
in the mitochondria (2, 3). Interestingly, the presence of DNMT1, DNMT3A, and
DNMT3B in the mitochondria is tissue‐type dependent; DNMT3A localizes
predominantly inside the mitochondria of “excitable tissues” (heart, skeletal
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muscle, and adult neurological tissues). In these tissues, DNMT1 was only bound
to the outer mitochondrial membrane and DNMT3B was undetectable (7).
Artifacts from subcellular contamination were excluded by confirming the purity
of the mitochondrial fraction using western blotting and/or electron microscopy
(2, 3, 7).
Indications for involvement of mtDNA methylation in mitochondrial gene
expression regulation
The three main players of mitochondrial transcription are mitochondrial RNA
polymerase (POLRMT), mitochondrial transcription factor B2 (TFB2M), and
mitochondrial transcription factor A (TFAM) (8). These factors regulate
transcription from the L‐ (LSP) and H‐strand promoters (HSP1, HSP2).
Transcription from LSP produces a near genome‐length polycistronic transcript
and the RNA primers required for initiation of mtDNA replication of the H‐strand.
Transcription from HSP1 generates a short transcript containing both
mitochondrial rRNAs, whereas HSP2 generates a near genome‐length
polycistronic transcript (8).
Despite this increasing body of knowledge, the possibility that mtDNA
methylation contributes to mitochondrial transcriptional regulation remains
largely unexplored. Dysfunctional mtDNA methylation might help to understand
mitochondrial diseases, as only a minority (~15%) can be explained by alterations
in the mtDNA sequence (9).
Several findings point to the functionality of mtDNA methylation. First, the
patterns of mtDNA methylation and hydroxymethylation are non‐random (2, 6)
and show a peculiar arrangement in the D‐loop region (non‐coding mtDNA control
region): methylation is only observed on the L‐strand, mainly in the promoter
regions (LSP, HSP1) and in conserved sequence blocks (2). Second, upregulation of
mtDNTM1 results in gene‐specific effects on mitochondrial transcription: of the
four genes determined, ND6, the only protein‐coding gene on the L‐strand, was
repressed, whereas on the H‐strand, the ND1 gene (but neither ATP6 nor COX1)
was significantly activated (6). Last, several factors, including cell type (2‐4, 7),
differentiation state (2), age (3) and disease state (5, 7), have been correlated
with the pattern or level of mtDNA methylation and/or hydroxymethylation. For
example, in Down’s Syndrome patients, the average mtDNA methylation level was
found to be almost halved compared to healthy controls (13% vs 25% 5mC
methylation), a significant enough difference to justify further exploration of the
involvement of mtDNA methylation in the mitochondrial dysfunction observed in
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these patients (5). It is unclear, however, whether the reduced mtDNA
methylation is the result or a consequence of this mitochondrial dysfunction.
mtDNA methylation: an overlooked layer of regulation?
As in the nucleus, DNA methyltransferases and DNA hydroxylases seem to be
important in the regulation of mtDNA methylation (2, 3, 6, 7). DNMT1/3A/3B
triple knockout embryonic stem cells show a decrease in CpG, and to a lesser
extent non‐CpG, methylation of the mtDNA, suggesting additional enzymes are
involved in mtDNA methylation (2). Moreover, in the nucleus DNMT3L binds
unmethylated histone 3 lysine 4, guiding DNMT3A/3B to the DNA (10). However,
this process is not expected to take place in the mitochondria for several reasons:
mitochondria lack histones and mtDNA methylation levels remained unchanged in
DNMT3L‐/‐ knockout mouse oocytes (11). Interestingly, upon knockdown of
DNMT3L, the main nuclear target of DNMT3A and DNMT3B shifts from CpG to
non‐CpGs, resulting in non‐CpG hypermethylation (12). In contrast to the low level
of non‐CpG methylation in the nucleus of wildtype cells, bisulfite sequencing of
the mitochondrial D‐loop revealed high levels of non‐CpG versus CpG methylation
in human blood samples, tumor, and primary cell cultures (2). This difference
might be explained by the lack of DNMT3L in the mitochondria, which could result
in DNMT3A/3B targeting non‐CpG sites in the mitochondria, similar to the
situation in the nucleus in the DNMT3L knockout.
To date, only associations back up the functional relevance of mtDNA
methylation (2‐4, 7), and no mechanistic studies have been reported to confirm
causality. Here, we propose mechanisms that might explain how mtDNA
methylation can affect regulation of mitochondrial transcription.
Depending on the ratio between TFAM and POLRMT/TFB2M, transcription
preferentially takes place from either the LSP (intermediate ratio), HSP1 (high
ratio), or HSP2 (low ratio) promoter (8). However, this information has been
obtained in artificial systems, and therefore may reflect the in vivo situation only
for unmethylated mtDNA. Methylation of mtDNA might affect the binding of
TFAM to the DNA either directly or indirectly (see below), impacting the relative
activity of the LSP, HSP1, and HSP2 promoters. Modulation of the TFAM to
POLRMT/TFB2M ratio enables the cell to focus more on mitochondrial biogenesis
(LSP, HSP1) or maintenance of the electron transport chain (HSP2).
Interestingly, TFAM is a member of the high‐mobility group (HMG)
proteins, a class of proteins that can be post‐transcriptionally modified, similar to
histones (13). In line with the effect of DNA methylation in the nucleus, mtDNA

239

9

Chapter 9
methylation may attract proteins that post‐translationally modify TFAM (14), as
observed for histones in the nucleus. As a result, these post‐transcriptional
modifications might modulate the DNA affinity of TFAM and its role in mtDNA
compaction and bending (15). As a consequence, the mtDNA might become more
compact and less accessible for proteins such as POLRMT and TFB2M. Therefore,
regional promoter methylation of the mtDNA might affect the outcome of the
“general rules” established from studies using artificial systems (8).
Although interaction with TFAM offers a possible mechanism by which
methylation could influence transcription, by definition, epigenetic regulation
involves heritable changes that affect genomic function. In the nucleus the
function of DNMT1 is coupled to DNA replication, and as such is mitotically stable,
whereas in the mitochondria mitotic inheritance is unclear. In the mitochondria,
L‐strand‐specific methylation was found in the mitochondrial D‐loop (2),
indicating that the methylation pattern might not be mitotically stable by similar
mechanisms as in the nucleus. However, this could also point to DNA replication‐
coupled gene regulation mediated by methylation, whereby the hemi‐methylated
DNA (during DNA replication) relieves the repression mediated by fully
methylated DNA, as has been observed for certain promoters in bacteria. In line
with this, TFAM might bind to the promoter regions within the D‐loop and as such
prevents their fast remethylation, enabling transcription. Further work will be
necessary to determine if these mechanisms are at work in mitochondria.
The impact of mtDNA methylation
Based on the above, it is tempting to view mtDNA methylation as an unexplored
mitochondrial response mechanism for a cell to cope with changing
environments. Moreover, the reversible nature of epigenetic modifications opens
up new avenues to modulate the mitochondrial response in health and disease.
To truly understand the impact of mtDNA methylation, it will be essential
to identify all the players involved and disentangle cause from consequence for
this modification, a debate that is still on‐going for methylation of the nuclear
genome. Innovative technologies such as epigenetic editing provide tools to
induce locus‐directed mtDNA methylation and hydroxymethylation, and such
efforts will greatly aid in our understanding of mitochondrial epigenetics and its
role in many physiological and pathophysiological processes, ranging from ageing
to metabolism, and from cancer to neurological diseases (5, 7, 9).
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Text box 1. Current methods used to detect mitochondrial DNA methylation.
Several methods have been exploited to detect mtDNA methylation (Table I).
Currently, many of these methods are combined with genome‐wide sequencing
approaches [4]. Some methods require the purification of mitochondria, e.g. LC‐
ESI‐MS/MS and 5(h)mC ELISA, whereas others do not, e.g. bisulfite sequencing
and pyrosequencing. In the former, incomplete mitochondrial purification can be
a problem, whereas in the latter, nuclear integrations of mtDNA sequences
(NUMTs) can blur the outcome. Therefore, artifacts from subcellular
contamination should be excluded by confirming the purity of the mitochondrial
fraction using western blotting and/or electron microscopy [2, 3, 7]. To determine
the contribution of NUMTs, cells depleted of mtDNA (ρ0 cells) [2] or unique
regions in the mtDNA can be selected for analysis [4]. Each method by itself also
has its own advantages and drawbacks (Table I) [1] that should be taken into
account. In order to distinguish C from 5mC and/or 5hmC, several approaches can
be followed, including bisulfite treatment, antibody‐based affinity enrichment,
and methylation‐/glucosyl‐sensitive digestions. Bisulfite treatment, which
converts all Cs to Ts unless methylated or hydroxymethylated, distinguishes C
from 5mC/5hmC [2, 4, 7]. To further distinguish between 5mC and 5hmC other
approaches are required, such as DNA glucosylation, whereby a glucosylgroup is
only transferred to 5hmC, combined with glucosyl‐sensitive cleavage [3, 6].
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Table I: Current methods used to detect mitochondrial DNA methylation
Detection
method

Resolution

Distinguish

Bisulfite
sequencing

Single‐base‐
pair, site
specific
(target
amplicon),
DNA‐strand
specific,
single DNA
molecule

C vs
5mC/5hmC

Pyro‐
sequencing

Average all
DNA
molecules

5mC/5hmC
DIPc

Average of
target
amplicon,
site specific
(target
amplicon),
average all
DNA
molecules

C vs 5mC vs
5hmC

Affinity
enrichment

Total DNA
pool (when
combined
with
mitochondrial
specific
amplification,
e.g. qPCR) or
mitochondrial
purification

Nuclear DNA
contamination

LC‐ESI‐
MS/MSd

Average
whole
mtDNA,
average all
DNA
molecules

C vs 5mC vs
5hmC

Mass‐to‐
charge ratio

Mitochondrial
purificiation

Nuclear DNA
contamination,
incomplete DNA
hydrolysis

5mC/5hmC
ELISAe

Average
whole
mtDNA,
average all
DNA
molecules

C vs 5mC vs
5hmC

Affinity
enrichment

Mitochondrial
purificiation

Nuclear DNA
contamination
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Mechanism to
distinguish
C/5mC/
5hmC
Sodium
bisulfite
treatment

Total DNA
pool vs
mitochondrial
purification
Total DNA
pool

Pitfalls

Solutions/
minimize
drawbacks

Ref.

Nuclear DNA
contamination,
incomplete
bisulfite
conversion, DNA
degradation,
PCR jackpot
effecta, cloning
preferences,
underrepresenta
tion of 5hmC
regionsb

Multiple
independent
experiments,
distinguish
random vs
non‐random
events, select
unique
mtDNA
regions or
determine
contribution
of NUMTs (ρ0
cells)

(2, 4)

(7)

Select unique
mtDNA
regions or
determine
contribution
of NUMTs (ρ0
cells),
determine
antibody
background
on
unmethylated
DNA
Confirm purity
mitochondria,
add
abundance of
endonuclease
s for a
sufficient time
Confirm purity
mitochondria,
determine
background
signal on
unmethylated
DNA

(2, 4, 6)

(5)

(3)

Mitochondrial epigenetics: an overlooked layer of regulation?
Methylatio
n‐sensitive/
dependent
restriction

Glucosyl‐
sensitive/
dependent
restriction

Single‐base‐
pair,
(restriction)
site specific,
average all
DNA
molecules,
(potentially)
DNA‐strand
specific

C vs 5mC

Differential
endonuclease
digestion

C and 5mC
vs 5hmC

DNA
glucosylation
followed by
differential
endonuclease
digestion

Total DNA
pool (when
combined
with
mitochondrial
specific
amplification,
e.g. qPCR) or
mitochondrial
purification

Nuclear DNA
contamination,
incomplete
digestion

+ Incomplete in
vitro
methylationf
(when combined
with
methylation‐
dependent
digestion)

Add
abundance of
endonuclease
s for a
sufficient
time,
determine
background
signal on
unmethylated
DNA

Pioneer
ing
studies
(review
ed in
(1)), (6)

(3, 6)

a

Errors that arise during the early stages of PCR are amplified exponentially, and as such
can have a big contribution in the end‐analysis.
b
The product of bisulfite converted 5hmC halts DNA polymerase, resulting in less
amplification of 5hmC regions.
c
DIP, DNA immunoprecipitation.
d
LC‐ESI‐MS/MS, liquid chromatography–electrospray ionization tandem mass
spectrometry.
e
ELISA, enzyme‐linked immunosorbent assay.
f
Methylation‐dependent restriction endonucleases specifically digest methylated
sequences and can be used to distinguish between C and 5(h)mC. To further distinguish
between 5mC and 5hmC, all DNA can be in vitro‐methylated and glucosylated. Subsequent
digestion with methylation‐dependent restriction endonucleases results in only 5hmC
sites being undigested.
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Abstract
Reports on mitochondrial‐localized epigenetic enzymes and the demonstration of
CpG and non‐CpG methylation, and hydroxymethylation, sparked the interest in
mitochondrial epigenetics. Importantly, differential mitochondrial DNA (mtDNA)
methylation has been linked to aging and diseases, among which cancer and
diabetes. However, so far, functionality of mtDNA methylation has not been
proven. Therefore, to reveal its functional contribution, we successfully targeted
DNA methylating enzymes (modifying CpG and/or non‐CpG sites) to the mtDNA.
Unexpectedly, mtDNA gene expression was not changed upon induction of CpG
mtDNA methylation. MtDNA copy number was reduced in one out of two cell
lines tested, but cellular function remained unaffected (cell growth, mitochondrial
reactive oxygen species production, cell death sensitivity). On the other hand,
induction of C‐methylation in the GpC context (non‐CpG and CpG sites) decreased
mtDNA gene expression. Interestingly, in each cell line, genes regulated by
different promoters were downregulated. Despite this, again cellular function
seemed undisturbed. This is the first study providing direct evidence data on the
functionality of mtDNA methylation. Unraveling the impact of epigenetic
regulation of the mtDNA will be essential in the understanding of and in
interfering with the role of mitochondria in many physiological and
pathophysiological processes.
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Introduction
Emerging evidence suggests that mitochondrial gene expression, just like nuclear
gene expression, may be regulated in the form of mitochondrial DNA (mtDNA)
methylation. In recent years, several findings highlighted the presence and
potential functionality of mtDNA methylation (1), including the discovery of a
mitochondrial targeted DNMT1 transcript variant (mtDNMT1) (2), the presence of
both CpG and non‐CpG methylation (2‐6) and correlations with diseases such as
cancer (7), Down syndrome (8) and diabetes (9). Several of these papers show a
link between the level of mtDNA methylation and mitochondrial gene expression
(2, 7, 9‐11). However, it is unclear whether this is a direct causal link. The
observed changes in mtDNA gene expression could have been the result of a
global (both nuclear and mitochondrial) increase in DNMT1 expression levels (2,
9), that resulted in nDNA methylation of genes involved in mitochondrial
biogenesis, such as PGC1α and NRF1. Changes in mtDNA copy number have
indeed been directly correlated to changes in mtDNA gene expression (12, 13). As
a result, nDNA methylation, as opposed to mtDNA methylation, may underlie
mtDNA gene expression changes.
Moreover, as transcription from the mtDNA differs from its nuclear
counterpart (14), the effect of mtDNA methylation may have a different outcome.
The mtDNA contains one non‐coding region called the D‐loop control region. It is
within or near this region that all three promoters are located: one for the light
(L)‐strand (LSP), and two for the heavy (H)‐strand (HSP1 and HSP2). The LSP and
HSP2 give rise to one polycistronic transcript from the L‐ or H‐strand, respectively.
The HSP1 gives rise to a short transcript containing rRNA genes (12S and 16S
rRNA). In total, the16,569 bp circular double‐stranded mtDNA molecule encodes
for 37 genes: 13 protein‐coding genes, 2 ribosomal RNAs (rRNAs) and 22 transfer
RNAs (tRNAs) (Fig. 1) (15). The rRNAs and tRNAs are involved in translation of
these 13 protein‐coding genes. Combined with over 60 nuclear encoded proteins,
these 13 protein‐coding genes encode for proteins that form the five enzyme
complexes required for oxidative phosphorylation (15).
Alternatively, others have suggested that mtDNA methylation may play a
direct role in mtDNA replication (3, 6) and thereby affect gene expression (12, 13).
Several models have been proposed on how the mtDNA is being replicated (as
reviewed in (16)). Two of these models, the strand‐displacement model (17) and
the RITOLS model (18), assume the presence of one origin of the H‐strand (OH)
and one origin of L‐strand (OL) replication. Interestingly, one of the papers
focusing on D‐loop methylation, describes that in this region the highest
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methylation frequency was observed in the H‐strand complementary to the OH
(6). Moreover, this was also the region where the asymmetry between both
strands was greatest, not only at non‐CpG, but also CpG positions. These findings
point to a possible effect of mtDNA methylation on D‐loop formation.
Figure 1. Mitochondrial DNA
(mtDNA). The human mtDNA is
a 16,569 bp circular DNA,
containing a heavy (H, outer
ring) and light (L, inner ring)
strand. The genes encoded from
the L‐strand are written inside
the circular DNA, whereas genes
encoded from the H‐strand are
written on the outside. The
protein‐coding genes encode for
the complexes required for
oxidative
phosphorylation
(Complex I: orange, complex III:
purple, complex IV: pink,
complex V: yellow). The D‐loop
region contains the promoters
for the L‐ and H‐strand (LSP,
HSP1, HSP2) and the origin of
replication of the H‐strand (OH).

MtDNA replication begins with the transcription of a small (~100 bp) RNA
strand (7S RNA) from the LSP. This 7S RNA molecule is terminated in the
conserved sequence boxes 1‐3 (CSB1‐3) and remains bound to the L‐strand from
which it is synthesized (18). This event may initiate the transcription of small
stretches of the complementary H‐strand around the OH by the mitochondrial
DNA polymerase (POLG), resulting in the formation of a short DNA fragment (7S
DNA). This 7S DNA fragment can be up to about 650 bp long and end at the
termination associated sequence (TAS). The region spanned by the 7S DNA is
called the Displacement‐loop (D‐loop), and forms together with the mtDNA a
stable D‐loop structure (19, 20). The exact function of this triplex structure
remains largely unknown, but the 7S DNA fragment may act as a primer for H‐
strand replication (18). Moreover, the D‐loop provides an open DNA structure (21,
22), which may increase the binding of proteins involved in mtDNA replication or
transcription, and as such these processes may indirectly be regulated by the
accessibility of the D‐loop.
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Despite recent progress in the field of mitochondrial epigenetics, clear‐cut
evidence for its functionality is still lacking. Moreover, if functional, DNA
methylation in the mitochondria may play a different role compared to that in the
nucleus. Several factors that contribute to the effect of nDNA methylation are
actually different in the mitochondria; not only transcription is differently
regulated in both DNA compartments (14), but also the absence of histone
proteins and CpG islands in the mtDNA (1) likely affect the role and appearance of
mtDNA methylation. Instead of histone proteins, the mtDNA is clustered in
protein‐DNA complexes that are called nucleoids. The main component of
nucleoids is the mitochondrial transcription factor A (TFAM) (19). TFAM is
believed to have a histone‐like function, as it is involved in the packaging and
organization of the protein‐mtDNA complex (20, 21). In addition, it participates in
the transcription of mtDNA. Interestingly, similarly as histone proteins, post‐
translational modifications of TFAM have been reported and can affect its
functions (22, 23). So, all this may hint to a different role for DNA methylation in
the mitochondria compared to the nucleus.
Here, we provide the first insights into the function of both CpG and non‐
CpG mtDNA methylation using a mitochondria‐targeted bacterial CpG
methyltransferase M.SssI (MLS‐M.SssI) (24) and Chlorella virus NYs‐1 GpC
methyltransferase M.CviPI (MLS‐M.CviPI) which methylates CpG and non‐CpG
positions (25). As p53 knockdown has been shown to preferentially upregulate
the mtDNMT1 (2), all experiments were performed in a p53 mutant (C33A) and
p53 wild‐type (HCT116) cell line stably expressing the CpG or GpC
methyltransferase.
Results
Detection of mitochondrial DNA methylation
First, the presence and level of mtDNA methylation were determined in two
regions that were previously described to be methylated (2, 3). For this purpose,
bisulfite sequencing was performed of a region in the D‐loop (Fig. 2A) and
mtCOX2 gene (Fig. 2B) in three to four different cancer cell lines (HeLa, HCT116,
SKOV3 and C33A). As shown in Figure 2, no mtDNA methylation was detected for
the majority of analyzed CpGs. Nevertheless, 2 out of 4 CpGs in the D‐loop region,
and 2 out of 17 CpGs in the mtCOX2 gene did show DNA methylation, albeit at low
levels. In the D‐loop region, CpG #2 and/or CpG #4 were found to be methylated
in C33A and SKOV3, respectively, up to about 3% (1/29 clones) and 17% (5/29
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clones) (Fig. 2A). A comparable methylation pattern (4% (1/28 clones)
methylation at CpG #2, 11% (3/28 clones) methylation at CpG #4) was found in
skin fibroblasts isolated from a patient with a mitochondrial disease (Fig. 2A). In
the mtCOX2 gene, methylation was detected up to 20% (1/5 clones) for CpG #13
and 8% (1/12 clones) for CpG #14 (Fig. 2B). Since several studies show the
presence of non‐CpG methylation in the mtDNA (3, 4, 6), also the level of non‐CpG
methylation was analyzed for our cell lines in both regions. This analysis revealed
an average level of non‐CpG methylation below 1% (Suppl. Table 1).

Figure 2. Bisulfite sequencing of mtDNA. Bisulfite sequencing of a region in the D‐loop (H‐
strand) (A) and mtCOX2 gene (L‐strand) (B) for SKOV3, skin fibroblasts of a mtDNA disease
patient (only in A) HeLa, HCT116 and C33A cells (A and B). Each circle represents a single
CpG position, the percentage of black of each circle represents the percentage of
methylation.

Mitochondrial‐targeted DNA methyltransferases efficiently methylate the
mtDNA
Next, we addressed the function of mtDNA methylation by inducing it via two
different approaches. The first approach was to reproduce a published disease
model (diabetic retinopathy) in which glucose‐induced mtDNA methylation was
observed (9). The second approach was to enforce mtDNA methylation by
targeting the epigenetic enzymes to the mitochondria.
For the first approach, we aimed to reproduce the study of Mishra et al.,
in which a 4 day high (20 mM) versus low (5 mM) glucose treatment in bovine
retinal endothelial cells was sufficient to induce DNMT1‐mediated mtDNA
methylation in the D‐loop (3 fold) and mtCYTB region (1.8 fold), but not in the
mtCOX2 region (9). For this purpose, we exposed a variety of healthy (CiGenCs,
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IHH, OSE‐C2) and cancerous (C33A, HCT116) cell lines to high (25 mM) versus low
(5 mM) glucose medium for 4 days. Subsequently, methylation of the mtDNA in
the D‐loop, mtCOX2 and mtCYTB region was determined by MeDIP. None of the
analyzed regions showed a differential methylation level upon high versus low
glucose treatment (Suppl. Fig. 1A). Therefore, we continued with our second
approach.
For that reason, we stably expressed mitochondria‐targeted DNA
methyltransferases, modifying either CpG (MLS‐M.SssI: bacterial CpG
methyltransferase (24), MLS‐DNMT1: human CpG methyltransferase) and/or non‐
CpG positions (MLS‐M.CviPI: NYs‐1 chorella virus GpCme methyltransferase (25),
MLS‐hM.CviPII: humanized NYs‐1 chorella virus CmeCD methyltransferase (26)), in
C33A and HCT116 cells. As a negative control, wild‐type cells or cells stably
expressing the targeting plasmid without effector domain were generated (MLS‐
NoED). These cell lines were chosen because of their differential p53 status (C33A
– p53 mutant, HCT116 – p53 wild‐type), as p53 knockdown is known to
preferentially activate mtDNMT1 (2).
To confirm efficient methylation of the mtDNA, two regions (D‐loop,
mtCOX2) in the mtDNA were selected for bisulfite sequencing. We could not
detect induction of mtDNA methylation using the mitochondria‐targeted DNMT1
or hM.CviPII (data not shown). On the other hand, M.SssI and M.CviPI could both
successfully induce mtDNA methylation (Fig. 3). In the D‐loop region, M.SssI
induced CpG methylation ranging between 60‐100% and 33‐67% for C33A and
HCT116 cells, respectively (Fig. 3A). In the mtCOX2 region, induction of CpG
methylation levels varied between 91‐100% and 75‐100% for C33A and HCT116
cells, respectively (Fig. 3B). These data were independently confirmed in the
HCT116 cells for three mtDNA regions (D‐loop, mtCOX2, mtCYTB) using a
methylated DNA immunoprecipitation (MeDIP) approach. In line with the bisulfite
sequencing data, the MeDIP showed more efficient methylation of the mtCOX2
gene (~79x induction over IgG) compared to the D‐loop (~26x induction over IgG)
(Suppl. Fig. 1B). Moreover, a catalytically inactive double mutant of M.SssI (MLS‐
M.SssI ∆∆) was unable to methylate the D‐loop (Fig. 3A) or mtCOX2 region (Fig.
3B) of HCT116 cells. This clearly shows that the observed methylation was
dependent on the DNA methyltransferase activity of M.SssI. M.CviPI also
successfully methylated the mtDNA in both the D‐loop (Fig. 3C) and mtCOX2
region (Fig. 3D), albeit with lower efficiency than M.SssI. In the D‐loop, M.CviPI
induced GpC methylation varying between 0‐36% and 0‐40% for C33A and
HCT116 cells, respectively (Fig. 3C). In the mtCOX2 region, induction of GpC
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methylation levels ranged between 0‐13% and 0‐33% for C33A and HCT116 cells,
respectively (Fig. 3D).
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Figure 3. Bisulfite sequencing of mtDNA in cells expressing mitochondria‐targeted M.SssI
or M.CviPI. Bisulfite sequencing of a region in the D‐loop (H‐strand) (A, C) and mtCOX2
gene (L‐strand) (B, D) for C33A and HCT116 cells expressing a mitochondria‐targeted CpG
methyltransferase M.SssI (MLS‐M.SssI), the catalytically inactive double mutant of M.SssI
(MLS‐M.SssI ∆∆, only for HCT116 cells) or empty vector control (MLS‐NoED) (A, B), or a
mitochondria‐targeted GpC methyltransferase M.CviPI or wild‐type cells (wt) (C, D). Each
circle represents a CpG (A, B) or GpC (C, D) position. The percentage of methylation on
each position is represented in black.
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Exclusive mitochondrial localization of our mitochondria‐targeted plasmid
was confirmed by confocal microscopy (HCT116 MLS‐mCherry‐M.SssI) (Fig. 4A)
and western blotting (C33A MLS‐M.SssI, ‐M.CviPI and HCT116 MLS‐M.SssI, ‐M.SssI
∆∆, ‐M.CviPI) (Fig. 4B). Moreover, no increase in methylation was observed in a
hypomethylated nDNA region (GAPDH) (Suppl. Fig. 1C). Important to mention is
that the mitochondrial expression of M.SssI or M.CviPI was not associated with
any toxicity, which is in contrast to the nuclear expression of e.g. M.SssI (27) in
mammalian cells.

Figure 4. Mitochondrial localization of mitochondria‐targeted DNA methyltransferases.
(A) Confocal microscopy of HCT116 cells expressing MLS‐mCherry‐M.SssI. In order to stain
the mitochondria, cells were incubated at 37⁰C for 30 min. with 100 nM Mitotracker Deep
Red. (B) Western blot of mitochondria‐targeted M.CviPI, M.SssI or the catalytically inactive
M.SssI ∆∆. Mitochondrial (MER) and nuclear (NER) protein extracts were isolated from
C33A cells expressing mitochondria‐targeted M.CviPI (lane 1) or M.SssI (lane 5) and
HCT116 cells expressing mitochondria‐targeted M.CviPI (lane 2), M.SssI (lane 3) or M.SssI
∆∆ (lane 4). A HAtag antibody was used to recognize the mitochondria‐targeted constructs
in the MER (49 kDa for M.CviPI, 52 kDa for M.SssI) or NER. Inside the mitochondria the
mitochondrial‐localization signal is cleaved off, reducing the size of the protein with 5 kDa.
VDAC1/Porin (32 kDa) and Lamin B1 (68 kDa) were used as mitochondria and nuclear
loading controls, respectively.

Effect of mtDNA methylation on mtDNA gene expression and copy number
In the nucleus DNA methylation is often associated with gene repression. To
determine whether this holds true for mtDNA methylation, a qRT‐PCR was
performed on five to six mitochondrial genes: mtND1, mtND6, mtCOX1, mtCYTB,
12S rRNA and 16S rRNA. These genes were chosen in such a way that at least one
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gene of each mitochondrial promoter was interrogated, i.e. LSP (mtND6), HSP1
(12S and 16S rRNA) and HSP2 (12S and 16S rRNA, mtND1, mtCOX1, mtCYTB).
Unexpectedly, M.SssI‐induced CpG methylation of the mtDNA did not significantly
alter the expression of any of the genes tested in either C33A (Fig. 5A) or HCT116
cells (Fig. 5B). In contrast, M.CviPI‐induced GpC methylation of the mtDNA did
significantly repress a number of mitochondrial genes. Interestingly, dependent
on the cell line, either the “HSP1‐regulated genes” (C33A, Fig. 5C) or the “HSP2‐
regulated genes” (HCT116, Fig. 5D) were repressed. The effect of M.CviPI was not
the result of overexpression of a mitochondrial targeting construct (Suppl. Fig. 2).

Figure 5. Normalized mitochondrial gene expression in cells expressing mitochondria‐
targeted M.SssI or M.CviPI. Expression of five (A, B) or six (C, D) mitochondrial genes
(mtND1, mtND6, mtCOX1, mtCYTB, 12S rRNA and 16S rRNA) was determined in stable cell
lines of C33A (A) or HCT116 (B) cells expressing mitochondria‐targeted M.SssI (MLS‐
M.SssI) or empty vector control (MLS‐NoED), and C33A (C) or HCT116 (D) cells expressing
mitochondria‐targeted M.CviPI (MLS‐M.CviPI) or wild‐type cells (wt). Each bar shows the
mean ± SEM of three independent experiments.

As mitochondrial gene expression can be regulated by the number of
mtDNA molecules (12) (Suppl. Fig. 3A, 3B), we determined whether any effect on
gene expression was the result of a change in mtDNA copy number (Fig. 6).
MtDNA copy number was unchanged in the C33A cells expressing MLS‐M.SssI (Fig.
6A) or MLS‐M.CviPI (Fig. 6C) and in the HCT116 cells expressing MLS‐M.CviPI (Fig.
6D). Therefore, the effect on gene expression induced by M.CviPI (Fig. 5C, 5D)
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seems to be the direct result of mtDNA methylation. The only condition that did
result in a reduction of mtDNA copy number was in the HCT116 cells expressing
MLS‐M.SssI. In this condition, the relative copy number decreased to 0.70 ± 0.06
(Fig. 6B). These results could be confirmed using an independent mitochondrial
primer pair of the mtCOX1 region (Suppl. Fig. 3C). The effect on mtDNA copy
number was dependent on the DNA methyltransferase activity of M.SssI, as the
catalytically inactive double mutant of M.SssI did not affect the mtDNA copy
number (Fig. 6B).

Figure 6. Normalized mitochondrial DNA copy number of cells expressing mitochondria‐
targeted M.SssI, the catalytically inactive double mutant of M.SssI, or M.CviPI. The effect
of mitochondria‐targeted M.SssI (MLS‐M.SssI) or the catalytically inactive double mutant
of M.SssI (MLS‐M.SssI ∆∆, only for HCT116 cells) on mitochondrial DNA copy number
normalized to empty vector control (MLS‐NoED) was determined in stable cell lines of
C33A (A) or HCT116 (B). Similarly, the effect of mitochondria‐targeted M.CviPI (MLS‐
M.CvPI) on mitochondrial DNA copy number normalized to wild‐type control (wt) was
determined in stable cell lines of C33A (C) or HCT116 (D). Each data point represents the
mean ± SEM of at least three independent experiments.

To gain insight into the mechanism by which mtDNA methylation may
affect mtDNA copy number, we determined the expression of three nuclear‐
encoded genes (PGC1α, NRF1, TFAM) involved in the mtDNA biogenesis (Fig. 7). In
neither the C33A (Fig. 7A) nor the HCT116 (Fig. 7B) cells expressing MLS‐M.SssI,
gene expression of these genes was changed. Therefore, mtDNA methylation is
not indirectly regulating the mtDNA copy number via the regulation of nuclear‐
encoded mitochondrial biogenesis genes.
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Figure 7. Expression of nuclear‐encoded mitochondrial genes involved in mitochondrial
biogenesis in cells expressing mitochondria‐targeted M.SssI. Expression of four
mitochondrial genes (mtND1, mtND6, mtCOX1 and mtCYTB) was determined in stable cell
lines of C33A (A) or HCT116 (B) cells expressing mitochondria‐targeted M.SssI (MLS‐
M.SssI) or empty vector control (MLS‐NoED). Each bar shows the mean ± SEM of three
independent experiments.

MtDNA methylation has been suggested to play a role in D‐loop formation
and mtDNA replication (3, 6), possibly via the regulation of 7S DNA primer
formation (6). To address this, we studied the effect of CpG (Fig. 8A, 8B) or GpC
(Fig. 8C, 8D) methylation on 7S DNA primer formation in C33A (Fig. 8A, 8C) and
HCT116 (Fig. 8B, 8D) cells. However, as shown in Figure 8, 7S DNA primer
formation was not affected by CpG or GpC methylation.

Figure 8. 7S DNA quantification in mitochondria‐targeted M.SssI or M.CviPI. The effect of
mitochondria‐targeted M.SssI (MLS‐M.SssI) on 7S DNA primer formation normalized to
empty vector control (MLS‐NoED) was determined in stable cell lines of C33A (A) or
HCT116 (B). Similarly, the effect of mitochondria‐targeted M.CviPI (MLS‐M.CvPI) on 7S
DNA primer formation normalized to wild‐type control (wt) was determined in stable cell
lines of C33A (C) or HCT116 (D). Each data point represents the mean ± SEM of three
independent experiments.
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From the above, it seems that depending on the cell type (C33A vs
HCT116, Suppl. Table 2) and type of methylation (CpG vs both CpG and non‐CpG),
mtDNA methylation either reduces mtDNA gene expression (Fig. 5C, 5D) or
mtDNA copy number (Fig. 6B). We wondered whether this affected any
mitochondrial or cellular functions in general. First, we tested the effect of CpG
(Fig. 9A) and GpC (Fig. 9B) methylation on mitochondrial metabolic activity (1 day
after plating) and cell proliferation (4 days after plating) using the MTS assay. As
becomes clear from those figures, in both cell lines, mitochondrial metabolic
activity and cell proliferation were unaffected by CpG (Fig. 9A) or GpC (Fig. 9B)
methylation. As mitochondrial dysfunction is often associated with a change in
mitochondrial superoxide production (28), the production of mitochondrial
superoxide was assessed by the mitoSox Red ROS probe. Mitochondrial
superoxide production did not change upon induction of CpG (Fig. 9C, 9D) or GpC
(Fig. 9E, 9F) methylation in C33A (Fig. 9C, 9E) or HCT116 cells (Fig. 9D, 9F). Finally,
we looked into the effect of CpG methylation on the sensitivity toward ROS‐
induced cell death in C33A (Fig. 9G) or HCT116 cells (Fig. 9H). Again, this function
remained unchanged upon induction of CpG methylation.
Discussion
By targeting the CpG methyltransferase M.SssI or the GpC methyltransferase
M.CviPI to the mitochondria, we could show for the first time that mtDNA
methylation has a direct, context‐dependent function: in HCT116, but not C33A
cells, induction of CpG methylation in the mtDNA resulted in a decrease in mtDNA
copy number. On the other hand, induction of GpC methylation in the mtDNA, in
either C33A or HCT116 cells, resulted in repression of HSP1‐ or HSP2‐regulated
genes, respectively. Interestingly, we could not detect any change in
mitochondrial (e.g. metabolic activity, mtROS production) or cellular functions in
general (e.g. cell proliferation, sensitivity to apoptosis). So, the exact
consequences of these functions remain to be discovered.
Associative studies eluted two possible functions for mtDNA methylation:
the regulation of gene expression (2, 7, 9, 10) and mtDNA replication (3, 6). From
our methylation‐induction studies, it can be deducted that the effect of mtDNA
methylation is context dependent and that the level (high for M.SssI, intermediate
for M.CviPI) and the type of methylation (CpG vs non‐CpG), as well as yet
unknown (cell‐type specific) factors, contribute to the effect of mtDNA
methylation.
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Figure 9. Mitochondrial and cellular functions in general in cells expressing
mitochondria‐targeted M.SssI or M.CviPI. In C33A (A, B, C, E, G) and HCT116 (A, B, D, F, H)
cells stably expressing mitochondria‐targeted M.SssI (MLS‐M.SssI) or mitochondria‐
targeted M.CviPI (MLS‐M.CviPI) the effect was determined of mtDNA methylation on: (A,
B) mitochondrial metabolic activity (day 1) and cell proliferation (day 4), as measured by
MTS; (C‐F) mitochondrial superoxide (O2•‐) production, as measured with the MitoSox Red
ROS probe; (G, H) sensitivity toward ROS‐induced cell death, as measured with PI. H2O2
was used as a general ROS inducer, whereas menadione was used to specifically induce
mitochondrial O2•‐. Each data point corresponds to the mean ± SEM of at least three
independent experiments.

Induction of high levels of CpG methylation by M.SssI decreased the
mtDNA copy number in HCT116 cells, but not in C33A cells. However, we could
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not clarify any cellular consequences of this reduction in mtDNA copy number for
HCT116 cells. In our case, the reduction in mtDNA copy number did not result in a
reduction in gene expression, as has been proposed to be one of the mechanisms
regulating mitochondrial gene expression (12, 13). Since the study was performed
in stable cell lines, mtDNA methylation levels were continuously high. As such, the
observed reduction in mtDNA copy number may have been either the result of, or
an adaptation to survive, the high level of methylation. However, if this would
have been an adaptive mechanism, we excluded the possibility that this was
transcriptionally regulated by the master regulator (PGC1α) or other important
players (NRF1, TFAM) of mitochondrial biogenesis. Alternatively, it was shown
that the mtDNA copy number can modulate the methylation level of certain
nuclear genes (29). Interestingly, some of these genes, such as BACH2 and
PRKC1B, are involved in the regulation of apoptosis in response to oxidative
stress. As such, by altering the mtDNA copy number, mtDNA methylation may be
a way for the mitochondria to communicate to the nucleus in case of e.g.
environmental stress (30, 31).
Induction of intermediate levels of CpG and non‐CpG methylation by
M.CviPI decreased the expression of certain mitochondrial genes. Remarkably,
both cell lines repressed genes regulated by a different mitochondrial promoter.
This may point to cell‐type specific factors that can affect the outcome of mtDNA
methylation. For example, HCT116 cells are p53 wild‐type, whereas C33A cells are
p53 mutant. Since p53 is known to repress mtDNMT1 (2), this may, via unknown
mechanisms, have contributed to the final outcome of mtDNA methylation.
Moreover, the mtDNA is more actively transcribed (i.e. higher level of mtDNA
gene expression per mtDNA molecule) and contains a higher level of TFAM in
HCT116 cells compared to C33A cells (Suppl. Table 2). As a result, mtDNA
methylation may have a different outcome depending on these parameters.
Future studies should determine if and how these factors may contribute to the
outcome of mtDNA methylation.
Since the discovery of a mitochondrial localized DNMT1 variant in 2011
(2), a handful of papers have shown the presence of mtDNA methylation and its
association with diseases (1). In this study, we confirmed the presence of low
levels of mtDNA methylation. In line with this, early reports reported average
mtDNA methylation levels of about 2‐5% (32, 33). Also recent studies suggest that
mtDNA methylation levels are on average very low, but regional differences
across the mitochondrial genome seem to exist (5, 34). Moreover, there appear to
be great inter‐individual differences (34).
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Several studies that looked into mtDNA methylation have been focusing
on the D‐loop region, as this region is important for both mtDNA transcription and
replication (14, 35). Interestingly, a peculiar pattern of methylation has been
observed within this region; Bellizzi et al. observed the presence of L‐strand
specific, asymmetric methylation (3). Next to bisulfite sequencing (5
clones/sample), this L‐strand specific methylation pattern was validated using an
independent method (dot‐blot hybridization of L‐strand versus H‐strand) and was
observed in samples from both human and mice. Since we used the same
technique (bisulfite sequencing), primers, cell line (HeLa cells) and analyzed a
sufficient number of sequences to observe the abundant L‐strand specific CpG
methylation (on average ~50% methylation was reported by Belizzi for our studied
region), we should have been able to observe this L‐strand specific methylation
pattern. Despite this, L‐strand CpG methylation was not detected in the D‐loop of
either C33A (N=19) or HeLa (N=6) cells.
Interestingly, we did observe methylation of the H‐strand in the D‐loop of
SKOV3, C33A and human fibroblast cells from a mtDNA disease patient, but not in
HeLa or HCT116 cells. In a previous study, Liu et al. found only 2 CpGs (out of the
83 analyzed) to be methylated more than 5% (36). Remarkably, these 2 CpGs were
both located in the D‐loop region, and the one investigated in our study, CpG 454
bp, turned out to be the most prominently methylated CpG (varying between 11‐
17%) of our study as well. In line with our findings, Hong et al. were unable to
detect methylation in the HCT116 cell line (37). If any methylation at all, the
number of sequences analyzed in our study might have been insufficient to
enable the detection of D‐loop methylation in the HCT116 and HeLa cells. Two
other studies have looked into the D‐loop methylation pattern of both strands,
and both these studies detected methylation in both strands (up to about 10% by
(4) and up to about 80% by (6)). However, remarkably, by applying again the same
technique and primers as Bellizzi et al., Bianchessi et al. described an on average
higher level of H‐strand versus L‐strand methylation in the D‐loop of endothelial
cells (6). Moreover, in the mtCOX1 region, the methylation pattern was exactly
the opposite, with higher levels of methylation on the L‐strand. Another recent
study that looked into methylation outside the D‐loop region using next‐
generation pyrosequencing, could also detect H‐strand methylation (sequence
depth: >500,000 reads over three mtDNA regions) (4). So, likely, methylation
occurs at both strands and in all regions of the mtDNA, but great differences seem
to occur between different cell types or other unknown factors.
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Another striking observation in literature, is the abundance of non‐CpG
methylation that has been detected in the mtDNA, especially in the D‐loop region
(3, 6). Furthermore, from these studies, there seems to be a preference for non‐
CpG methylation at specific dinucleotides. However, regarding this, conflicting
data has been described; according to one study, it mainly occurs at CpC positions
(3), whereas another study found mainly the CpA positions to be methylated (and
CpC positions the least) (6). Importantly, by using the appropriate controls, such
as replicates, alternative bisulfite procedures, unmethylated control samples and
samples lacking mtDNA (ρ0 cells), the chance that this high level of non‐CpG
methylation could be contributed to incomplete bisulfite conversion or the
amplification of nuclear copies of mtDNA (NUMTs), was minimized. In contrast to
these two studies, we observed very low (<1% methylation) levels of non‐CpG
methylation in all cell lines tested (HCT116, C33A, SKOV3 and HeLa) and in both
interrogated regions (D‐loop, mtCOX2). Such low levels of non‐CpG methylation
cannot be distinguished from incomplete bisulfite conversion (36, 37). In line with
our observations, Blanch et al. also detected very low levels of non‐CpG
methylation (4). Summarized, non‐CpG methylation may occur, but the level and
pattern seem to vary by unknown factors.
In conclusion, we are the first to experimentally address the direct effects
of mtDNA methylation. Given the important role of the mitochondria in health
and disease (38) and the differential mtDNA methylation profiles in diseases,
mtDNA methylation may influence many processes and may indeed contribute to
normal aging and (mitochondrial) diseases, including cancer and diabetes. Besides
mtDNA methylation, also mtDNA hydroxymethylation and post‐translational
modifications of TFAM have been described (1). Such epigenetic‐like
modifications are reversible and reprogrammable (Cano Rodriguez et al., Nature
Communications, in press), and hence, this could provide us with new therapeutic
targets for many of those diseases. Therefore, it is essential that future efforts
should give us a greater insight in this previously unappreciated level of
regulation.
Materials and methods
Cell culture
C33A (human cervical cancer), HCT116 (human colon cancer) and HEK293T
(human embryonic kidney) cells were obtained from the ATCC. OSE‐C2
(immortalized human ovarian epithelial cells (39)), CiGenCs (conditionally
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immortalized human glomerular endothelial cells (40)), IHH (immortalized human
hepatocytes (41)) and BEAS‐2B ρ0 cells (human bronchial epithelium lacking
mtDNA) were kindly provided by Dr. Richard Edmondson, Dr. Simon Satchell, Dr.
Han Moshage and Dr. Roland Hoffmann, respectively.
CiGenCs and IHH were cultured onto gelatin‐coated flasks, whereas BEAS‐
2B ρ0 cells were cultured onto collagen‐coated flasks. All cell lines, except IHH and
BEAS‐2B ρ0 cells, were cultured in high glucose (25 mM glucose) DMEM medium
(Lonza) supplemented with 10% FCS (Perbio Hyclone), 2 mM L‐glutamine
(BioWhittaker) and 50 μg/mL gentamycin sulfate (Invitrogen). Additionally, the
IHH medium contained 20 mU/ml insulin (Novo Nordisk) and 50 nmol/L
dexamethasone (Sigma). The BEAS‐2B ρ0 cells were cultured in high glucose
DMEM medium supplemented with 25% FCS, 2 mM L‐glutamine, 1% P/S, 2.5
μg/ml amphotericin B (Sigma), 1x MEM amino acids solution (Sigma), 1x MEM
non‐essential amino acid solution (Sigma), vitamins (Sigma), 50 μg/ml uridine
(Sigma). All cells were kept at a humidified incubator with 5% CO2 at 37 °C.
For high versus low glucose treatment, cells were washed twice with PBS
and were cultured for 4 days on either low (5 mM) or high (25 mM) glucose
DMEM.
Cloning
The mitochondria‐targeted proteins were all cloned using one master synthetic
construct. This construct was synthesized at Bio Basic Canada and contains (from
5’‐ to 3’‐end): 1. Kozak sequence; 2. N‐terminal 49‐aa mitochondrial localization
signal (MLS) of the F1β subunit of mitochondrial ATP synthase (42); 3. open
position 1; 4. HA‐tag; 5. 17‐aa flexible linker – (SGGGG)3SS (42); 6. open position 2
for epigenetic enzyme; 7. C‐terminal 18‐aa nuclear export signal (NES) of the
nonstructural protein 2 of minute virus of mice (43); 8. stopcodon. The addition of
restriction enzymes between the individual components enabled flexibility in
cloning of the mitochondria‐targeted proteins: BamHI – Kozak – MLS – NruI…AvrII
– Open position 1 – BsIWI…NruI – HAtag – flexible linker – EcoRV…AscI – Open
position 2 – PacI… EcoRV – NES – stopcodon – NotI. This master construct was
subcloned into pCDH‐CMV‐MCS‐EF1‐copGFP (CD511B‐1) using BamHI and NotI
restriction sites (System Biosciences). In this plasmid EF1‐copGFP was swopped
with SV40‐puromycin resistance using NotI and XhoI restriction enzymes. An
additional NES was cloned into the final construct. Moreover, the “open position
1” was removed using NruI digestion. For visualization of the plasmid, the same
restriction enzymes were used to subclone mCherry into “open position 1”. All
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constructs as described below were cloned into this plasmid. As a negative
control, a no effector domain (NoED) construct containing no protein in the “open
position 2”, was generated using EcoRV digestion.
DNMT1:
The coding sequence of the human DNA methyltransferase 1 (DNMT1) gene
(cDNA clone MGC:161505 IMAGE:8991943) was obtained using primers as
described in Table 1. The PCR product was cloned into pCDH‐CMV‐master
synthetic construct‐SV40‐puro using AscI and PacI restriction sites. This resulted in
MLS1x‐HAtag‐flexible linker‐DNMT1‐2xNES.
M.SssI, M.CviPI, hM.CviPII and the E.coli conII promoter:
The plasmid containing M.SssI (44) and its catalytically inactive double mutant
(E186A, R230A), M.SssI ∆∆ (24), were previously obtained from Dr. Antal Kiss.
Plasmids containing M.CviPI, hM.CviPII and the E.coli conII promoter were kindly
provided by Dr. Michael Kladde. Before the non‐human DNA methyltransferases
were cloned into pCDH‐CMV‐master synthetic construct‐SV40‐puro, the E.coli
conII promoter was included in the reverse orientation immediately behind the
NES. This was done by annealing of a complementary pair of oligonucleotides
containing conII and digested NotI fragments (Table 1). The convergent
transcription of conII relative to the DNA methyltransferase gene reduces toxicity
due to leaky expression even in E.coli strains lacking methylation‐dependent
restriction (45). Subcloning of M.SssI using AscI and PacI restriction enzymes, or
the PCR product of M.CviPI and hM.CviPII containing AscI and PacI restriction sites
enabled the generation of the pCDH‐CMV‐master synthetic construct‐conII‐SV40‐
puro containing MLS1x‐HAtag‐flexible linker‐(M.SssI / M.CviPI / hM.CviPII)‐2x NES.
All constructs were confirmed by colony PCR and sequencing (Baseclear).
Transformation of plasmids containing non‐human DNMTs was performed in
E.coli ER1821 cells, all others were performed in E.coli Top10 cells.
Validation primers
All primers used to amplify mtDNA were confirmed on agarose gel to specifically
amplify the mtDNA, and not so‐called NUMTs, nuclear copies of mtDNA. For this,
the DNA of BEAS‐2B ρ0 cells, containing no mtDNA, was used as negative control.
For each q(RT)‐PCR primer pair a standard curve was generated to calculate the
efficiency of the primer pair.
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Table 1: Primer sequences
Cloning
Restriction sites are underlined.
Target

Forward sequence (5’ – 3’)

Reverse sequence (5’ – 3’)

AscI‐DNMT1‐PacI

ataGGCGCGCCATGCCGGCGCGT
ACCG
aatGGCGCGCCACCTTGAAAGCG
CTCG
taaGGCGCGCCATGAGAACCAAG
TATCGGATC
GGCCGCAGATCCATTATACGAGC
CGATGATTAATTGTCAACAGC

cagTTAATTAAGTCCTTAGCAGCT
TCCTCCTCCTT
ggcTTAATTAATATTCTAACAAATT
TCCTAAATATTCTTTG
tggTTAATTAAGTAGTGCATCAGG
TCCC
GGCCGCTGTTGACAATTAATCAT
CGGCTCGTATAATGGATCTGC

AscI‐M.CviPI‐PacI
AscI‐hM.CviPII‐PacI
NotI‐conII promoter‐
NotI

q(RT‐)PCR
Target

Forward sequence (5’ – 3’)

Reverse sequence (5’ – 3’)

mtND1 (RTprimerDB)

ATACCCCCGATTCCGCTACGAC

mtND6 (46)
mtCOX1 (RTprimerDB)
mtCYTB (RTprimerDB)
12S rRNA (47)
16S rRNA (47)
PGC1α
NRF1 (12)
TFAM (12)
β‐actin
mtDNA ratio D‐loop
nDNA ratio β‐actin

GGGTGGTGGTTGTGGTAAAC
CGATGCATACACCACATGAA
AATTCTCCGATCCGTCCCTA
CTGCTCGCCAGAACACTACG
GTATGAATGGCTCCACGAGG
TGAGAGGGCCAAGCAAAG
GGGAGCTACAGTCACTATGG
CCGAGGTGGTTTTCATCTGT
CCAACCGCGAGAAGATGA
TCACCCTATTAACCACTCACGG
TGAGTGGCCCGCTACCTCTT

7S DNA primer A+B1 (6)
A+B2 (6)

GTGGCTTTGGAGTTGCAGTT
“
“

GTTTGAGGGGGAATGCTGGAG
A
CCCCGAGCAATCTCAATTAC
AGCGAAGGCTTCTCAAATCA
GGAGGATGGGGATTATTGCT
TGAGCAAGAGGTGGTGAGGT
GGTCTTCTCGTCTTGCTGTG
ATAAATCACACGGCGCTCTT
TCCAGTAAGTGCTCCGAC
TCCGCCCTATAAGCATCTTG
CCAGAGGCGTACAGGGATAG
ATACTGCGACATAGGGTGCTC
CGGCAGAAGAGAGAACCAGT
GA
CAGCCACCATGAATATTGTAC
GAAGCAGATTTGGGTACCAC

MeDIP
Target

Forward sequence (5’ – 3’)

Reverse sequence (5’ – 3’)

D‐loop_qMeDIP (9)

ACATAGGGTGCTCCGGCTCCA

mtCYTB_qMeDIP (9)
mtCOX2_qMeDIP (9)
GAPDH_qMeDIP (48)

TCACCAGACGCCTCAACCGC
CCGTCTGAACTATCCTGCCC
CTCTCTCCCATCCCTTCTCC

TCCGACATCTGGTTCCTACTTCAG
G
GCCTCGCCCGATGTGTAGGA
GAGGGATCGTTGACCTCGTC
CAAGTTGCCTGTCCTTCCTA
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Bisulfite sequencing
The 10‐bp tags added to primers are indicated in bold.
Target

Forward sequence (5’ – 3’)

Reverse sequence (5’ – 3’)

BS6_D‐loop (H) (3)
BS6_D‐loop (L) (3)

CACATCTCTACCAAACCCC
AGAGAGTATATTTTTGTTAAATTT
T
ATTGGTTATTAATGGTATTGAATT
TA

TGGGGTGATGTGAGTTTGTT
AGGAAGAGAGACCCATCTAAAC
ATTTTCAA
CTCCACAAATTTCAAAACATTAAC

mtCOX2 (L) (37)

Quantitative real‐time PCR (qRT‐PCR)
Total RNA was isolated using the GeneJET RNA purification kit (ThermoFischer
Scientific), including an additional 15 minute DNaseI (Roche) treatment to remove
DNA contamination. RNA was quantified using a Nanodrop 1000
spectrophotometer (Thermo Scientific). 1 µg of RNA was reverse transcribed into
cDNA using random hexamer primers with the QuantiTect Reverse Transcription
Kit (Qiagen), according to manufacturer’s protocol. Each qRT‐PCR reaction
contained 500 nM of each primer pair, 10 ng of cDNA and 1xABsolute qPCR SYBR
Green, Rox Mix (Thermo Scientific). Primers were newly designed, extracted from
the Real Time PCR primer Data Bank (RTPrimerDB, http://medgen.urgent.be/
rtprimerdb/) or obtained from literature (12, 46, 47) (Table 1). qRT‐PCR reactions
were conducted on the ViiA7 Real time PCR (Applied Biosystems) for 15 min at 95
°C, followed by 40 cycles of 15 sec at 95 °C, 30 sec at 60 °C and 30 sec at 72 °C. β‐
actin was used as housekeeping gene. Data and melting curves were analyzed
using ViiA7 RUO software and relative expression compared to controls was
calculated using the ∆∆Ct method (49).
DNA isolation
Cell lysis was performed O/N at 55⁰C in TNE lysis buffer (10 mM Tris/HCl, pH 7.5;
150 mM NaCl; 10 mM EDTA; 1% SDS) and 100 µg proteinase K. Total cellular DNA
(genomic and mitochondrial DNA) was extracted using chloroform/isoamyl
alcohol (24 : 1), RNAse A (Thermo Scientific) treated for 1h at 37⁰C, and
precipitated using isopropanol. DNA of skin fibroblasts from a patient with a
mitochondrial disease was obtained from Dr. Klary Niezen‐Koning. DNA was
quantified using a Nanodrop 1000 spectrophotometer (Thermo Scientific).
Mitochondrial DNA (mtDNA) copy number and 7S DNA primer formation
10 ng of total cellular DNA was used as input for the qPCR. Primers amplifying a
nDNA region (β‐actin) and a mtDNA region (D‐loop) were used (Table 1). For
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validation, an independent mtDNA primer pair of the mtCOX1 region was used.
qPCR reactions were conducted on the ViiA7 Real time PCR (Applied Biosystems)
for 15 min at 95 °C, followed by 40 cycles of 15 sec at 95 °C, 30 sec at 60 °C and 30
sec at 72 °C. Data and melting curves were analyzed using ViiA7 RUO software.
The mtDNA copy number was determined with the formula: 2(CtnDNA * primer
efficiency
– CtmtDNA * primer efficiency). To determine the 7S DNA primer formation,
primers amplifying both the mtDNA and 7S DNA (7S DNA A + B1), or only the
mtDNA (7S DNA A + B2) were used (Table 1), as described previously (6). The level
of 7S DNA was calculated with the formula: 2(Ct7S DNA A+B2 * primer efficiency – Ct7S
DNA A+B1 * primer efficiency).
Bisulfite sequencing
400 ng DNA was bisulfite converted using the EZ DNA methylation Gold kit (Zymo
Research) according to manufacturer’s instructions. Bisulfite PCR of the D‐loop (3)
and mtCOX2 (37) was performed using bisulfite‐specific primers (Table 1). PCR
products were cloned into pCR4‐TOPO vector (Thermo Scientific) and individual
clones were send for sequencing. Bisulfite sequencing results were analyzed using
the online tool QUMA (www.quma.cdb.riken.jp/) (50).
Methylated DNA immunoprecipitation (MeDIP)
For each immunoprecipitation, 1 µg of total cellular DNA was sonicated using the
Bioruptor Pico (20 cycles of 20’’ on, 40’’ off). 5mC DNA immunoprecipitation was
performed using the Methylamp methylated DNA capture kit (Epigentek)
according to manufacturer’s instructions. DNA immunoprecipitation using a
normal mouse IgG antibody was performed as negative control. The enrichment
of 5mC in specific mtDNA regions was analyzed using primers for the D‐loop,
mtCYTB, mtCOX2 (as described before in (9), Table 1).
Confocal microscopy
Localization of the mCherry‐mitochondria‐targeting M.SssI fusion construct was
visualized using confocal fluorescent microscopy (Leica SP8, HC PL APO CS2
63x/1.4 lens). To stain the mitochondria, cells were treated with 100 nM
Mitotracker Deep Red FM (Molecular Probes) for 30 min at 37⁰C. The mCherry‐
mitochondria‐targeting M.SssI fusion protein was excited using a 552 nm laser
light and Mitotracker Deep Red was excited using a 633 nm laser light.
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Western blotting
Cells were collected in resuspension buffer (100 mM NaCl, 15 mM MgCl2, 100 mM
Tris, pH 7.5) and incubated on ice for 10 min while vortexing regularly. Samples
were homogenized by flushing the cells 5 times through a G25 needle.
Subsequently, nuclear (NER) and mitochondrial (MER) protein fractions were
collected using differential centrifugation (51). Protein quantification was
performed with the DC BioRad Protein Assay (BioRad). 50 µg protein was loaded
on a 12% SDS‐PAGE gel for the detection of the mitochondria‐targeting construct
(containing a HAtag). Blots were blocked for 1 h with 5% skimmed milk in TBS. For
detection, the following antibodies were used: 1:1000 mouse anti‐HAtag (HA.11,
Biolegend), 1:1000 rabbit anti‐VDAC1/Porin (Ab34726, Abcam), 1:1000 mouse
anti‐lamin B1 (clone L5, Invitrogen), and 1:1000 horseradish peroxidase‐
conjugated rabbit anti‐mouse (P0260, Dako) and swine anti‐rabbit (P0217, Dako).
Western blot signal was generated with Pierce ECL Plus Western blot substrate
(Thermo Scientific) and detected with the Biorad ChemiDoc MP imaging system
(Biorad).
Mitochondrial metabolic activity
Cells were seeded in 96‐wells plates at a density of 3200 cells per well.
Mitochondrial metabolic activity and cell proliferation were measured using the
MTS assay. One day (for the mitochondrial metabolic activity) or four days (for the
cell proliferation) after seeding CellTiter 96 Aqueous One solution (Promega) was
added to each well and incubated for 3 h at 37°C. Then, the absorbance was
detected at 490 nm with a Versamax microplate reader (Molecular Devices,
Sunnyvale, CA, USA).
Mitochondrial ROS production
Mitochondrial superoxide levels were determined using the MitoSOX Red ROS
probe. Cells were washed twice with phenol‐red free DMEM, and incubated with
5 μM MitoSOX Red in phenol‐red free DMEM for 30 min at 37⁰C. After treatment,
cells were trypsinized and collected for FACS measurements (BD LSR‐II, BD
Biosciences) using a 355 nm UV‐laser in combination with a 575/26 nm filter (52).
As a positive control, cells were treated with 100 µM menadione for 1h at 37⁰C.
Cell death analysis
Sensitivity toward ROS‐induced cell death was determined using propidium iodide
(PI) as marker for late apoptotic/necrotic cells. Cells were stained for 10 min with
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5 μg/mL PI (Sigma‐Aldrich) in PBS at 4 °C in the dark. PI fluorescence was
measured using the FL‐3 channel of a FACScalibur flow cytometer (Beckton
Dickenson Biosciences). The percentage of PI positive cells was determined with
Kaluza 1.2 (Beckman Coulter) software and graphs were made using Graphpad
Prism 5 software (GraphPad Software Inc., La Jolla, CA).
Statistical analysis
All experiments were performed three times, unless stated otherwise. Statistical
analysis was performed using Graphpad Prism 5 software. Single group and
multiple group comparisons were performed with the student’s t‐test or one‐way
ANOVA followed by Dunnett’s post hoc test, respectively. A p‐value of 0.05 or less
was considered statistical significant (*p≤0.05, **p<0.01 and ***p<0.001).
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Supplementary Data
Supplementary Table 1. Overview of CpG and non‐CpG methylation in the mtDNA in
several cancer cell lines (analyzed by bisulfite sequencing).
Locus (position
in mtDNA)

# of Cs

Cell line

Unconverted Cs
at CpG sites

Unconverted Cs
at non‐CpG sites

D‐loop
H: 357–621 bp

H: 99
(95x non‐CpG,
4x CpG)

C33A

H: 8/1615 (0.5%)
H: 0/2565 (0%)

L: 357–608 bp

L: 98
(94x non‐CpG,
4x CpG)

HCT116

H: 6/109 (5.5%)
H: 0/108 (0%)
H: 6/86 (8.8%)
L: 0/76 (0%)
H: 1/40 (2.5%)

H: 0/28 (0%)
L: 0/24 (0%)
H: 1/36 (2.8%)
1/204 (0.5%)

H: 3/376 (0.8%)
L: 2/564 (0.4%)
H: 1/846 (0.1%)
1/768 (0.1%)

0/119 (0%)
0/323 (0%)
1/85 (1.2%)

2/448 (0.4%)
6/704 (0.9%)
2/256 (0.8%)

HeLa

mtCOX2
L: 7909–8165 bp

L: 81
(64x non‐CpG,
17x CpG)

SKOV3
C33A

HCT116
HeLa

L: 6/1598 (0.4%)
H: 1/950 (0.1%)

Each row represents an independent bisulfite sequencing batch. H, heavy strand; L, light
strand.
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Supplementary Figure 1. Methylated DNA immunoprecipitation (MeDIP) of three
mtDNA regions (see previous page). (A) Cancerous (C33A, HCT116) and normal (OSE‐C2,
CiGenCs, immortalized human hepatocytes (IHH)) cell lines were exposed to high (H, 25
mM) versus low (L, 5 mM) glucose for 4 days. Thereafter, their mtDNA methylation level
was determined in three mtDNA regions (D‐loop, mtCYTB, mtCOX2). (B) The mtDNA
methylation level of HCT116 cells stably expressing mitochondria‐targeted M.SssI (MLS‐
M.SssI) or empty vector (MLS‐NoED) was determined in three mtDNA regions (D‐loop,
mtCYTB, mtCOX2) and a (C) hypomethylated nuclear DNA region (GAPDH, N=2) using a
MeDIP approach.

Supplementary Figure 2. Mitochondrial gene
expression relative to β‐actin. The effect of our
mitochondria‐targeting construct (MLS‐NoED) on
mitochondrial gene expression was determined
compared to wild‐type (wt) HCT116 and C33A cells.
Note that the MLS‐NoED expressing cells were
processed in a different set of experiments (M.SssI
experiments) compared to the wt cells (M.CviPI
experiments). Only those genes showing an effect on
mitochondrial gene expression in Figure 5 and those
taken along in both M.SssI and M.CviPI experiments,
were compared in our analysis.

10
Supplementary Figure 3. Mitochondrial DNA copy number and gene expression. (A, B) As
a positive control for mtDNA depletion, HeLa cells were treated for 2 days with 0.25 μM
EtBr. The effect on mtDNA copy number (A) and mtDNA gene expression of four
mitochondrial genes (mtND1, mtND6, mtCOX1 and mtCYTB) (B) was determined (N=1). (C)
Validation of decrease in mtDNA copy number in HCT116 cells expressing a mitochondria‐
targeted M.SssI (MLS‐M.SssI) using an independent primer pair (mtCOX1 region).
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Supplementary Table 2. Overview of the differences between C33A and HCT116 cells
regarding mtDNA transcription and replication.
Category

Gene/Transcript

C33A (2‐∆Ct)

mtDNA
OXPHOS genes

mtND1 (H)
mtND6 (L)
mtCOX2 (H)
mtCYTB (H)
12S rRNA
16S rRNA
PGC1α
NRF1
TFAM

mtDNA rRNA
genes
Nuclear‐
encoded
mtDNA
biogenesis
genes
DNA
replication

4.889
2.511
3.162
2.144
13.486
25.865
0.0011
0.012
0.040

HCT116
‐∆Ct
(2 )
6.028
4.260
3.434
2.878
47.229
40.303
0.0034
0.021
0.064

Difference
(HCT116/C33A)
1.2x
1.7x
1.1x
1.3x
3.5x
1.6x
3.1x
1.8x
1.6x

TFAM/mtDNA
7S DNA primer

0.0000232
0.83

0.0000347
0.70

1.5x
0.8x

mtDNA copy
number

1722

1840

1.1x

2‐∆Ct, relative expression to β‐actin (genes), to mtDNA (7S DNA), or to nDNA (mtDNA copy
number).
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Abstract
Epigenetic silencing of tumor suppressor genes (TSGs) is considered a significant
event in the progression of cancer. For example EPB41L3, a potential biomarker in
cervical cancer, is often silenced by cancer‐specific promoter methylation.
Artificial Transcription Factors (ATFs) are unique tools to re‐express such silenced
TSGs to functional levels; however, the induced effects are considered transient.
Here, we aimed to improve the efficiency and sustainability of gene re‐expression
using engineered zinc fingers fused to VP64 (ZF‐ATFs) or DNA methylation
modifiers (ZF‐Tet2 or ZF‐TDG) and/or by co‐treatment with epigenetic drugs (5‐
aza‐dC2'‐deoxycytidine or Trichostatin A (TSA)). EPB41L3‐ZF effectively bound its
methylated endogenous locus, as also confirmed by ChIP‐seq. ZF‐ATFs reactivated
the epigenetically silenced target gene EPB41L3 (~10 fold) in breast‐, ovarian‐ and
cervical cancer cell lines. Prolonged high levels of EPB41L3 (~150 fold) induction
could be achieved by short‐term co‐treatment with epigenetic drugs.
Interestingly, for otherwise ineffective ZF‐Tet2 or ZF‐TDG treatments, TSA
facilitated re‐expression of EPB41L3 by up to twofold. ATF‐mediated re‐expression
demonstrated a tumor suppressive role for EPB41L3 in cervical cancer cell lines. In
conclusion, epigenetic reprogramming provides a novel way to improve
sustainability of re‐expression of epigenetically silenced promoters.
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Introduction
It has become increasingly clear that carcinogenesis is associated with epigenetic
alterations, such as DNA hypermethylation of tumor suppressor genes (TSGs),
causing aberrant gene expression (1, 2). Re‐expression of silenced TSGs has
emerged as potent anti‐cancer tool (3) and epigenetic drugs are successfully
exploited to reverse TSG silencing (4). However, these drugs act genome‐wide and
the disadvantages of these drugs include their lack of gene‐specificity and low
efficacy in solid tumors (5). A promising alternative is the gene‐targeted re‐
activation of silenced genes using engineered DNA binding domains, including zinc
finger proteins (ZFPs) and transcription activator–like effectors (TALEs), fused to
gene activators (6). Such fusion proteins strongly exploit the reversibility of
epigenetic silencing which, in contrast to genetic mutations, allow for functional
re‐expression of the target gene. Nevertheless, to induce long‐lasting changes of
cell fate in disease, sustained expressional changes are required. Artificial
transcription factor (ATF)‐mediated expressional changes however, have shown to
be only transient, as targeted promoters are incompletely reprogrammed and
genes tend to return to the ‘normal’ state after the ATF is removed (7, 8).
Recently, a number of TSGs were successfully reactivated using ZFPs
linked to VP64, including maspin (7, 9, 10), CDKN2A(11) and C13ORF18 (12), and
re‐activation of these three TSGs was associated with site‐specific DNA
demethylation, while re‐expression of the latter two was also shown to be
accompanied with a decreased repressive histone methylation status. Despite
these epigenetic changes, ATF‐induced effects are transient, and more stable
epigenetic reprogramming is required to prolong the effects (13). A possible
strategy to achieve this is the co‐treatment of ATFs with epigenetic drugs, such as
the DNA methylation inhibitor 5‐aza‐2'‐deoxycytidine (5‐aza‐dC) or the histone
deacetylase inhibitor (HDACi) Trichostatin A (TSA). Although epigenetic drugs are
often reported as transient actors, they have the potency to improve
reprogramming in a number of applications. For example, 5‐aza‐dC and TSA have
previously shown to improve epigenetic reprogramming of somatic cell nuclei
(14), and also the reprogramming of somatic cells to become induced pluripotent
stem cells (15) is increased in the presence of epigenetic drugs (16). Furthermore,
TSA synergistically increases 5‐aza‐dC induced re‐expression (17) and promoter
demethylation (18), and has shown to increase the sustainability of 5‐aza‐dC
induced re‐expression (19). Moreover, epigenetic drugs facilitated ATF‐mediated
activation of epigenetic repressed genes (12, 20, 21). Such an approach of
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combined treatment may thus prolong the transient effects of ATFs on gene
expression.
An alternative strategy to induce long‐lasting transcriptional changes may
be through Epigenetic Editing (22), for example by targeting DNA demethylases to
hypermethylated promoter regions, which can remove DNA methylation at the
target site. Targeting members of the ten‐eleven translocation (TET) protein
family to inactive promoters indeed resulted in gene re‐expression (23, 24). Also
thymidine DNA glycosylase (TDG), an enzyme involved in the DNA repair pathway,
induced similar effects upon targeting (25). Although the reported DNA
demethylases re‐activated gene expression, the observed effects are sometimes
limited and efficiency as well as sustainability of re‐expression can likely be
increased. Methylation levels are quickly recovered by the presence of
methyltransferases and other local factors enriched at methylated CpGs sites,
resulting in remethylation and subsequent gene re‐silencing (23). TSA, however, is
also known to decrease the activity of DNA methyltransferase (26), and may thus
inhibit the remethylation processes. Therefore, the effects of targeting DNA
demethylases may be further improved in the presence of TSA.
An important therapeutic target for epigenetic re‐expression in cancer is
EPB41L3. This gene is part of the 4.1 family of proteins, which actions are
implicated in cell adhesion, cell motility and cell growth (27‐29). In many cancer
types, EPB41L3 is found to be frequently methylated, including breast (30),
ovarian (31) and lung cancer (32). As a potential marker for the early detection of
(pre)malignant cervical cancer, we previously found that 68% of cervical scrapings
of CIN3 are methylated for EPB41L3 versus 14% of normal cervices (33). This
finding was confirmed by others who showed EPB41L3 as the best marker for
detecting CIN2/3 (34). Such promoter methylation patterns indicate that EPB41L3
is silenced in cervical cancer. A functional consequence of EPB41L3
downregulation in cancer is a disruption of the organization in the cytoskeleton,
leading to increased metastasis and invasion of cancer cells. In addition, EPB41L3
overexpression has been linked to strong tumor growth suppression in various
cancer types (28, 31, 35, 36), in part through the induction of apoptosis. These
properties make EPB41L3 an attractive therapeutic target for re‐expression in
cancer therapy.
In this study, we aimed to induce sustainable re‐expression of EPB41L3 in
cancer. For gene‐specific re‐expression of EPB41L3, we engineered two ATFs (ZFPs
+VP64) and confirmed their ability to re‐express EPB41L3 in breast, ovarian and
cervical cancer cell lines, displaying various degrees of EPB41L3 methylation. In
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addition, we analyzed the genome‐wide binding of an EPB41L3‐targeting ZFP
using ChIP‐Seq. Furthermore, we tested whether the sustainability of EPB41L3 re‐
expression by the ATFs could be enhanced by gene‐targeting of DNA methylation
modifiers (Tet2, TDG) (Epigenetic Editing) and/or by adding epigenetic drugs.
Finally, we studied the functional effects of EPB41L3 re‐expression in cervical
cancer cell lines, since a tumor suppressive role of this gene has not been studied
in this malignancy.
Results
EPB41L3 mRNA expression and epigenetic status
The promoter region for the two main splice variants of EPB41L3 is shown in Fig.
1A. The CpG island at the 3’‐side of the main transcription start site (TSS) suggests
that EPB41L3 expression might be controlled by DNA methylation. We analyzed
the mRNA expression of EPB41L3 in breast (MDA‐MB‐231, SKBR3), ovarian
(SKOV3, A2780) and cervical (HeLa, CaSki, C33A, SiHa and CC‐11) cancer cell lines
(Fig. 1B): EPB41L3 was silenced in most cell lines, except for SKBR3, C33A and SiHa
cells (mRNA relative to GAPDH: 3.8x10‐5 (SKBR3), 1.5x10‐4 (C33A) and 7.6x10‐4
(SiHa)). Examination of the DNA methylation status (region 2, Fig. 1A) showed
that EPB41L3 silencing was associated with extensive promoter hypermethylation
in SKOV3 (75±9%), HeLa (88±1%) and CaSki (90±1%), but less in MDA‐MB‐231
(28±1%) and A2780 (58±14%) (Fig. 1C). The cell lines expressing EPB41L3 showed
lower degrees of promoter methylation (SKBR3 (6±3%) and C33A (19±5%)).
The cell line with the highest expression (SiHa) was highly methylated
(96±4%). Sequencing of the EPB41L3 mRNA of SiHA confirmed expression from
the main TSS (isoform 3) (Fig. 1A), and no genetic mutations were observed.
Expression of EPB41L3 mRNA in SiHa was confirmed on protein level (Fig. 1B
insert). Sequencing of another region in closer proximity to the TSS (region 1) also
showed high DNA methylation levels for SiHa (~89%, Suppl. Fig. 1). Other cell lines
showed comparable methylation levels for EPB41L3 at this more upstream part of
the promoter, except for SKOV3 (lower percentage of CpG methylation in this
region). To quantify the reduction in methylation levels on single CpGs, we
performed pyrosequencing for 15 CpGs in the promoter regions of EPB41L3 (Fig.
1A, 1D, Suppl. Fig. 2). The methylation patterns showed high DNA methylation
levels for the cervical cancer cell lines (except C33A), and intermediate or low
levels of DNA methylation for the ovarian and breast cancer cell lines.
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Figure 1. Epigenetic regulation of EPB41L3 (see previous page). (A) Schematic
representation of the EPB41L3 gene (two splice variants) and the EPB41L3 promoter,
spanning bp ‐100 to +700. Shown are the TSS, CpGs (indicated as vertical bars), target sites
ZFPs (21ab, 22ab) and bisulfite/ChIP regions. (B) EPB41L3 mRNA expression in a panel of
breast‐ (MDA‐MB‐231, SKBR3), ovarian‐ (SKOV3, A2780) and cervical (HeLa, CaSki, C33A,
SiHa and CC‐11) cancer cell lines. Insert shows the protein expression of an expressing
(SiHa) and non‐expressing cell line (HeLa) visualized by western blotting using an EPB41L3
specific antibody (4.1B (sc‐25965) Santa Cruz). (C) DNA methylation status of the EPB41L3
promoter for eight cell lines from B. Three clones per cell line were analyzed by bisulfite
sequencing and each third of a circle represents a clone. Also shown are the predicted
binding sites of EPB41L3 targeting ATFs (21ab‐VP64 ( ), 22ab‐VP64( ) and the TSS. (D)
The DNA methylation status of 15 CpGs in the EPB41L3 promoter of hypomethylated
(C33A), intermediately methylated (SKOV3) and high methylated (CaSki) cells as quantified
by pyrosequencing. Values represent the mean of at least two independent experiments ±
SEM. (The other cell lines from C are shown in supplemental figure 2) (E) Quantitative ChIP
for histone modifications associated with the gene promoter of EPB41L3 (n=3 or more,
(H3K9Ac n=2)). (F) mRNA expression of EPB41L3 after treatment with epigenetic drugs (5‐
aza‐dC (500 nM (+), 5 mM (++) (three days) and/or TSA (400 nM) (one day)) relative to
untreated cells (set as 1). Statistical significance was determined using a student’s t‐test
(*p<0.05).

Analysis of the histone marks in the hypermethylated cervical cancer cell
lines HeLa, CaSki and SiHa revealed a close association of DNA methylation with
the repressive histone mark H3K9Me3 (Fig. 1E). Activating histone marks (H3Ac,
H4Ac, H3K4me3 and H3K9Ac) were only weakly, and to a similar degree in all
three cell lines, associated with the hypermethylated EPB41L3 promoter.
Epigenetic drugs (5‐aza‐dC + TSA) increased re‐expression efficacy for EPB41L3:
~83 fold in HeLa, ~32 fold in CaSki and ~58 fold in C33A. No further increase of
EPB41L3 expression in SiHa was observed (Fig. 1F). Based on these findings,
EPB41L3 seems a suitable target for gene‐targeted interventions by ATFs.
Targeted re‐expression of EPB41L3
Next, we investigated whether EPB41L3 induction from the endogenous locus can
be achieved by engineering two ATFs (21ab‐VP64 and 22ab‐VP64) targeted at the
EPB41L3 promoter (see Fig. 1A, 2A for the target sites). Efficient expression of
EPB41L3‐targeting ATFs was demonstrated by qRT‐PCR and FACS (Suppl. Fig. 3).
EPB41L3 could be significantly upregulated (Fig. 2B‐D) by 21ab‐VP64 compared to
the effects of an empty vector (pMX) in MDA‐MB‐231 (11±2.7 fold), SKBR3
(3.6±0.6 fold), A2780 (8.5±2.5 fold), SKOV3 (13±3.3 fold), HeLa (14±4.3 fold), CaSki
(13±3.1) (all p<0.01) and in C33A (26±8.0 fold: p<0.05). Also 22ab‐VP64
significantly increased EPB41L3 expression in SKBR3 (11±1.4 fold (p<0.01)), CaSki
(7.2±2.4 fold (p<0.05)) and C33A (6.5±1.1 fold (p<0.01)). In CC‐11 cells, which are
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more primary cervical cancer cells (37), EPB41L3 was not significantly upregulated
by either ATF. Nevertheless, expressing both ATFs simultaneously resulted in
significant gene‐induction of ~32 fold (p<0.05) (Fig. 2E). The overexpression of
EPB41L3 cDNA in CC‐11 cells yielded levels of ~8.1x103 fold (p<0.05) compared to
the pMX empty vector (Fig. 2E). In Caski cells, EPB41L3 re‐expression was also
confirmed on the protein level (Fig. 2D insert). Controls, consisting of zinc fingers
lacking an effector domain (NoEf) showed comparable EPB41L3 expression as the
empty vector control. C33A cells were transduced to express two irrelevant ATFs,
which did not influence gene expression of EPB41L3 (data not shown).
Targeted reversal of histone marks by EPB41L3‐ATFs, but moderate binding
specificity
Previously it was shown that ATFs indirectly affect local epigenetic features, such
as histone modifications (11, 12). Therefore, we also analyzed if the EPB41L3‐
targeting ATFs changed the histone marks after ATF‐mediated re‐expression. First,
we confirmed successful association of the engineered ZFP 21ab with its target
site in the EPB41L3 promoter. Indeed, an enrichment of 10% of input DNA was
obtained for 21ab expressing CaSki cells (0.06% for pMX) using ChIP (Fig. 3A).
Genome‐wide sequencing revealed an enrichment of DNA fragments at the
targeted site (area of 20 kb analyzed (Fig. 3B)), while empty vector had little or no
reads at this location. Abundant off‐targets were identified, but most of them
with low coverage per peak (Fig. 3C). The analysis for all peaks with a coverage of
10 or more reads per peak showed that ZFP 21ab did not only bind to the EPB41L3
promoter, but also to other promoter regions (empty vector: 0.43% of all reads
mapped to promoter sides, 21ab‐NoEf: 7.73%) (Fig. 3D). The number of identified
promoter binding sites was 1397 for the EPB41L3‐ZFP, while the number of
background binding sites for virus only treated cells (pMX empty) was 204 (Fig.
3E).
To determine whether EPB41L3 re‐expression by ATFs influenced the
histone marks at the ATF target site, H3Ac and H3K9me3 levels were assessed
both in methylated (CaSki) or unmethylated (C33A) cells (Fig. 3F) after treatment
with a control (21ab‐NoEf) and 21ab‐VP64. In control cells, CaSki cells showed
more association of the repressive H3K9me3 mark with the EPB41L3 promoter
than C33A (CaSki 21ab‐NoEf 2.4±0.2% of input, C33A 21ab‐NoEf 0.5±0.1% of input
(p<0.01)), which is consistent with the more silenced/methylated state of EPB41L3
in CaSki. EPB41L3 re‐expression by 21ab‐VP64 significantly decreased the
repressive mark H3K9me3 by 2.3±0.5 fold (p<0.05) in CaSki cells and 3.4±0.6 fold
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(p=0.056) in C33A cells. Interestingly, increased EPB41L3 expression in
unmethylated C33A cells was associated with a strong increase in the H3Ac mark
(23±2.5 fold (p<0.01)), while enrichment of H3Ac in the methylated CaSki cells
could not be detected upon EPB41L3 re‐expression.
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Figure 2. Endogenous re‐expression of EPB41L3 by ATFs (see previous page). (A)
Graphical representation of the EPB41L3‐targeting ZFPs. Shown are the 18‐bp target
sequence and the orientation of the VP64 transcriptional activator. EPB41L3 mRNA
induction in breast‐ (B), ovarian‐ (C) and cervical (D, E) cancer cell lines by ATF 21ab‐VP64
and/or 22ab‐VP64 targeted at the EPB41L3 promoter. Quantification of mRNA was
performed using qRT‐PCR and induction levels were normalized to pMX empty vector (set
as 1). ZFP without effector domains (NoEf) were used as extra controls. Each bar
represents the mean of at least three independent ± SEM. Statistical significance was
determined using a student’s t‐test (*p<0.05 and **p<0.01). The insert in D show EPB41L3
re‐expression in CaSki cells after expressing 21ab‐VP64 or EPB41L3 cDNA as visualized by
Western blotting. Spice variant 1 is estimated to be 120 kDa, while the overexpressed
splice variant cloned from SiHa cells is estimated to be 100 kDa.
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Figure 3. Targeted reversal of histone marks by EPB41L3‐ATFs, but moderate binding
specificity (see previous page). Association of 21ab‐NoEf with its targeted site as analyzed
by an HA tag ChIP (A) and ChIP‐Seq (B) for the 21ab‐ZFP and an empty vector in EPB41L3
methylated CaSki cells. For the ChIP‐Seq, the local coverage is shown for a region of 20
kbp as visualized by R using the coverage distribution report obtained from NextGENe.
Indicated is the ZFP target site ( ). (C) Representation of the number of identified ChIP‐
Seq peaks versus the average coverage per peak (shown for peaks with a coverage of four
or more (maximum 100)) determined by the Peak Identification Report obtained from
NextGENe. (D) Percentage of ChIP‐Seq peaks (with a coverage of ten or more) bound to
promoters, genes or other regions (such as noncoding DNA). (E) Graphical representation
of peaks with a coverage of ten or more bound to promoter regions. (F) Change in histone
marks after re‐expression of EPB41L3 in methylated CaSki (left) and unmethylated C33A
cells (right). A quantitative ChIP for H3Ac and H3K9me3 was performed after treatment
with 21ab‐VP64 and/or 21ab‐NoEf. Values represent the mean percentage of input of
three independent experiments ± SEM, (HA tag one experiment).

Sustained re‐expression of EPB41L3.
To study sustainability of gene re‐expression, we constructed 21ab‐VP64 DOX‐
inducible cell lines (HeLa, SKOV3) and analyzed expression of 21ab‐VP64 and
EPB41L3 over time, also after removal of DOX. DOX treatment for two days
resulted in ATF expression (Fig. 4A), which in turn, upregulated EPB41L3, with
highest level reached one day after removal of DOX (HeLa 86±19 fold (Fig. 4A),
SKOV3 6.5±1.5 fold (Fig. 4B)). Then, EPB41L3 levels decayed over time, with a
delay of 24 hours relative to DOX‐induced 21ab‐VP64 expression levels (as shown
in HeLa cells).
To explore possibilities to circumvent instable reactivation of the targeted
gene, DOX induction was combined with epigenetic drug treatment (5‐aza‐dC or
TSA) in SKOV3 21ab‐VP64 stable transfectants (Fig. 4B). In the clinical setting, such
“hit‐and‐run” approaches in which short‐term treatment is sufficient to induce
sustained effects would be preferred above a long‐term drug treatment. Here, we
could show that the combination of ATFs and suboptimal doses of epigenetic
drugs acts synergistically, as also demonstrated by others (20). Interestingly, the
improved effects were maintained over time and the reactivation of the targeted
gene could be prolonged; Co‐treatment strongly increased EPB41L3 re‐expression
compared to single treatment for 5‐aza‐dC (at day 2: 5.6±1.4 fold (p<0.05) and
TSA (day 2: 2.9±0.8 fold (p=0.064)). Moreover, co‐treatment of ATFs with 5‐aza‐dC
or TSA resulted in a sustained increase of EPB41L3 expression levels after removal
of DOX (day 5: 5‐aza‐dC 4.5±1.0 fold (p<0.05), TSA 7.0±1.7 fold (p<0.05)). Such
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sustained re‐expression was also observed for the 5‐aza‐dC only treated cells
(although less prominent), but was not observed for this dose of TSA only.
DOX
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Figure 4. Kinetics of re‐expression of EPB41L3 using ATFs and epigenetic drugs. Re‐
expression of EPB41L3 (and 21ab‐VP64) mRNA in HeLa (A) and SKOV3 (B) cells stably
transduced with 21ab‐VP64 after treatment with DOX. Expression of the ATF was
confirmed on protein level after DOX treatment in HeLa cells as visualized with Western
blotting (insert A). For SKOV3, DOX‐treatment was also administered in the presence of 5‐
aza‐dC (5 µM) or TSA (400 nM) (see treatment schedule at the bottom). Expression of
EPB41L3 mRNA was measured during a period of five days. Quantification of mRNA was
performed using qRT‐PCR and induction levels were normalized to untreated cells. Each
data point represents the mean of at least three independent experiments measured in
triplicate ± SEM. Statistical differences (B) were determined between single treatment (5‐
aza‐dC, TSA) and co‐treatment with DOX (5‐aza‐dC + DOX, TSA+ DOX) using a student’s t‐
test (*p<0.05 and **p<0.01).

Targeting demethylating enzymes in the presence of HDACi TSA
Next, we fused the catalytic domain of Tet2 or TDG to the EPB41L3‐targeting ZFPs,
delivered the construct into CaSki cells and measured the expression of EPB41L3
in the presence or absence of TSA. Without TSA, we failed to significantly re‐
activate the EPB41L3 promoter after expressing 21ab‐Tet2, 22ab‐Tet2, 21ab‐TDG
or 22ab‐TDG (Suppl. Fig. 4). However, in the presence of TSA, EPB41L3 could be
significantly re‐activated (Fig. 5A). Co‐treatment of 22ab‐Tet2 with TSA reached
the highest levels of EPB41L3 mRNA (pMX+TSA 1.0±0.1 fold vs 22ab‐Tet2‐CD+TSA
2.7±0.8 fold (p<0.05)). These re‐expression levels were approximately similar to
the EPB41L3 expression levels reached by the VP64‐ATFs (without co‐treatment
(Fig. 2D)). To study if the TSA‐induced effects were associated with
downregulation of methyltransferases, DNMT3b levels were analyzed after
expressing 21ab‐Tet2, 22ab‐Tet2, the combination of both or irrelevant ZFPs fused
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to Tet2‐CD (GFP expression of cells transduced to express Tet2 fusion proteins
was approximately similar as for cells treated with empty vector (Fig. 5B) or VP64‐
ATFs expressing viruses (Suppl. Fig. 3D) as monitored by FACS). We found that
TSA decreased DNMT3b expression (~32±7%, p=0.05) in control cells (Fig. 5C),
which was consistent with a previous report (26). Interestingly, we also found that
cells transduced to express the Tet‐fusion proteins demonstrated a twofold
increase in DNMT3b mRNA expression (p<0.05), while no increase in DNMT3b
expression was observed in control cells expressing an empty vector (compared to
untreated cells). Such increase of DNMT3b mRNA was diminished when Tet‐
expressing cells were co‐treated with TSA.

*

+TSA

3

1

21
+2
2t
dg

22
td
g

21
td
g

21
+2

2t
et
2

0

x
21
te
t2
22
te
t2

10
0
pM

Te
t2
C

21
ab
-

CC

*

2.5

*

2.0
1.5
1.0

-T SA
+T SA

*

0.5
0.0
21
pM
ab
X
-T
et
222
C
ab
D
21
-T
ir r
ab
et
el
/
2ev
22
C
an
ab
D
tZ
-T
FP
et
2-1
C
+2
D
-T
et
2CD

*

2

pm

20

X

*

30

Fold induction of DNMT3b
mRNA expression

Fold induction of EPB41L3
normalized to pMX

4

40

22
D
ab
-T
21
e
t2
ab
C
/2
D
2a
bTe
t2
CD

B
B

percentage GFP

AA

Figure 5. Gene‐induction of EPB41L3 with demethylating reagents in the presence of
TSA. (A) EPB41L3 mRNA expression after treatment with pMX, 21ab‐Tet2‐CD, 22ab‐Tet2‐
CD, 21ab‐TDG‐CD or 22ab‐TDG‐CD (or combined) in CaSki cells in the presence of TSA (400
nM). (B) Percentage GFP positive cells after retroviral transduction of pMX, 21ab‐Tet2‐CD,
22ab‐Tet2‐CD or 21ab/22ab‐Tet2‐CD. (C) DNMT3b mRNA expression after retroviral
transduction of with pMX, 21ab‐Tet2‐CD, 22ab‐Tet2‐CD, 21ab/22ab‐Tet2‐CD or expression
of control ZFPs carrying the Tet‐CD. Quantification of mRNA was performed using qRT‐PCR
and induction levels were normalized to an empty vector. Each bar represents the mean
of at least three independent ± SEM. Statistical significance was determined using a one‐
tailed t‐test. A p‐value of 0.05 or less was considered statistical significant.
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EPB41L3 as tumor suppressor gene
Previously, EPB41L3 was identified as a TSG in, among others, breast and ovarian
cancer, but in cervical cancer the role of EPB41L3 is currently unknown. To study if
ATF‐mediated re‐activation of EPB41L3 affects cell growth in the EPB41L3
methylated cervical cancer cells, a five day MTT assay was performed for HeLa
(Fig. 6A) and CaSki cells (Suppl. Fig. 5). The highest re‐expressor of EPB41L3, 21ab‐
VP64, significantly decreased cell growth compared to controls at day five (pMX
100±15%, 21ab‐NoEf +125±16%, 21ab‐VP64 ‐41±10% (p<0.05), 22ab‐VP64 ‐
50±16% (ns)). For CaSki, growth was even further decreased at day five (‐80%)
compared to pMX (Suppl. Fig. 5).
Next, we studied if the ATF‐mediated decrease in growth upon re‐
expression of EPB41L3 in methylated/silenced cell lines could be partially
explained by the induction of apoptosis (Fig. 6B), as demonstrated by others for
breast and ovarian cancer cells using EPB41L3 cDNA (31, 36). Indeed, apoptosis
was induced by 21ab‐VP64, the highest re‐expressor of EPB41L3, in the
methylated breast and ovarian cancer cells (MDA‐MB‐231 19±5%, SKOV3 11±3%,
A2780 66±18%) compared to pMX (p<0.05). Interestingly, also for the methylated
cervical cancer cells, significant apoptosis was induced by 21ab‐VP64 (HeLa
13±0.1% (p<0.01); CaSki 21±2% (p<0.05)). ZFPs with no effector domain had
similar background levels of apoptosis compared to pMX. The EPB41L3‐targeting
ATFs also strongly decreased the colony forming potential of the cells compared
to NoEf as shown for HeLa cells (Fig. 6). For the more primary CC‐11 cells, the re‐
activation of EPB41L3 by combining 21ab‐VP64 and 22ab‐VP64 resulted in
significant cell death compared to pMX (Fig. 6D). The induced level of cell death
was similar to a control condition were EPB41L3 cDNA (isoform 3) was
overexpressed (pMX ~13%, ATFs ~31%, cDNA ~29%). As EPB41L3 is known to
affect cell adhesion, we analyzed whether targeted re‐expression of EPB41L3
affected cell adhesion; indeed, compared to pMX empty, a significant increase in
adhesion was observed for 21ab‐VP64 and 22ab‐VP64, as shown in Fig. 6E.
To gain better understanding of how EPB41L3‐targeting ATFs induce the
effects on cell growth in cervical cancer, we analyzed the mRNA expression of the
cell cycle regulators cyclin‐dependent kinase inhibitor 1 (CDKN1A), cyclin‐
dependent kinase inhibitor 2A (CDKN2A) and tumor protein 53 (TP53) in CaSki
cells (in which 21ab‐VP64 induced the most pronounced apoptotic and growth
effects) (Fig. 6F). All three proteins are deregulated in most cancers and play
critical roles in cell cycle progression (38, 39). However, in cervical cancer, p53 is
degraded by the human papillomavirus (HPV) E6 protein, and considered
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functionally inactive (39). We observed that p21 expression levels were further
upregulated by 21ab‐VP64 compared to pMX (5.1±1.0 fold (p<0.05)), while
CDKN2A levels were down‐regulated (0.28±0.14 fold (p<0.05)). P53 expression
levels were not changed, as could be expected based on its functional inactive
states in cervical cancer. These results suggest that EPB41L3 is related with cell
cycle regulators (CDKN2A, p21), which could be associated with the less malignant
phenotype of the cells.
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Figure 6. EPB41L3 decreases cell growth and induces apoptosis (see previous page). (A)
Relative cell proliferation was measured with a MTT assay in HeLa cells after transduction
with the EPB41L3‐targeting constructs. Each data point represents the mean of five
independent experiments ± SEM. (B) Percentage of apoptotic cells in methylated MDA‐
MB‐231, A2780, SKOV3, HeLa and CaSki after transduction with the 21ab‐VP64 and
controls (pMX and 21ab‐NoEf) measured by a DilC staining. All bars represent the mean of
three independent experiments ± SEM. (C) Visualization of the number of colonies after
transduction of the EPB41L3‐inducing ATFs and controls in HeLa cells. Picture shows a
representative of a triplicate measurement. (D) Percentage of cell death after treatment
with EPB41L3 cDNA, 21ab‐VP64 + 22ab‐VP64 and pMX. (E) Relative cell adhesion of CaSki
cells after treatment with EPB41L3‐inducing ATFs and a control (F) mRNA expression of
the cell cycle regulating genes CDKN2A, p21 and p53 also after transduction of pMX and
21ab‐VP64 in CaSki cells. Quantification, statistics and representation is similar as in Fig.2.

Discussion
Here we describe an effective approach to increase sustainability of gene‐targeted
re‐expression by combining effects of ATFs or epigenetic editors with epigenetic
drugs. We showed that the DNA methylation inhibitor 5‐aza‐dC can increase the
sustainability of transient ATF‐induced re‐expression. Furthermore, re‐expression
of the target gene EPB41L3 was obtained by targeting the demethylation inducers
Tet2 or TDG when combined with epigenetic drug treatment (TSA). The combined
actions of ATFs/epigenetic editors and epigenetic drugs may induce more
complete promoter reprogramming than single treatment (19) as shown before
for ATFs by others (20). As both epigenetic drugs and DNA targeting approaches
are clinically explored, we thus provide a promising way to prolong sustainability
of gene re‐expression.
The exact mechanism behind the re‐inforcing effects between epigenetic
drugs and ATFs/epigenetic editors is largely unknown. Several factors may
contribute, such as increased binding of the ATF to its endogenous target site (12),
acetylation of lysine residues within transcription factors (a mechanism by which
cells can overcome gene repression (40) and enhanced expression of the
transgenes (41). In addition, TSA‐induced repression of DNA methyltransferases
may slow down remethylation/de‐reprogramming events (26). DNA methylation
has a rapid turnover in human cells (42), and inhibition of the process of
remethylation may therefore increase the reprogramming potential of ATFs.
Interestingly, we observed that expression of the Tet2‐fusion proteins was
associated with increased expression of DNA methyltransferase DNMT3b. A
possible explanation for this may be a feedback mechanism in which cells try to
neutralize/antagonize decreased methylation levels induced by the demethylating
reagents.
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Previously, the relation between EPB41L3 promoter methylation and
expression silencing has been demonstrated in many cancer types (29‐32). In this
study, we confirmed the association between promoter hypermethylation and
EPB41L3 repression, as we found that, in general, the expressing cell lines showed
lower degrees of promoter methylation. However, this relation was not observed
for the highest expressing EPB41L3 cell line (SiHa) which turned out to be almost
completely methylated in the analyzed part of the CpG island in the EPB41L3
promoter. This observation that TSS‐region methylation allows expression is
inconsistent with the bulk of literature, as such genes are typically silenced (43).
However, exceptions to this general mechanism exist such as the DNA
methylation‐independent regulation of CDKN2A in epithelial cells during mouse
mammary gland development (44). hTERT is another example of a gene with
increased methylation in many cancer types while still being expressed (45).
In general, the re‐expression of silenced genes by ATFs is considered an
advantage compared to traditional cDNA overexpression, as all splice variants can
be re‐expressed in natural ratios, which may determine the functional outcome of
the intervention (46). This may also explain why, despite lower EPB41L3 re‐
expression capacity, the combination of ATFs were equally efficient in inducing
cell death compared to the cDNA overexpression of isoform 3 (EPB41L3 has 38
splice variants). The functional effects we observed, however, may also be partly
caused by the aspecific binding of the EPB41L3‐targeting ATFs, as also observed
for other ZFPs (47). Such aspecific binding may result in modulation of off‐target
genes, although certain ZF‐ATFs might regulate gene expression with single gene
resolution (25, 48). A possible explanation for such observed gene specificity may
be that most of the off‐target promoters have an open chromatin structure which
are easily accessible by the ATFs; however, the relative impact of ATFs on actively
transcribed genes is small. In contrast, the impact of ATFs on repressed regions
could be significant; however, as these regions are more difficult to be accessed
by ATFs, such off‐target events may thus be less frequent. For example, the
EPB41L3‐ZFP did not show enrichment at the epigenetically repressed C13ORF18‐
promoter (12) in this cell line (data not shown).
The engineered VP64‐ATFs in this study were effective re‐activators of
EPB41L3, capable of inducing EPB41L3 expression in breast, ovarian and cervical
cancer cell lines, even in hypermethylated cell lines. Recently, TAL effectors and
the CRISPR/Cas system have been presented as an alternative for gene targeting,
promising higher success rate with regard to specificity (49, 50). The advantages
of ZFPs may be that they are relative small proteins (6F‐ZFP < 200 amino acids
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(aa), TAL effectors > 800 aa), which may have more efficient access to
epigenetically silenced regions, and thus might be better suited for gene re‐
expression. Indeed, the potency of TALEs to induce expression is sometimes
hampered, possibly due to their large size (51). However, when comparing the
ability to decrease DNA methylation levels at a certain target site when fused to
large Tet1 domains, no differences were found between ZFP‐ or TALE‐based
fusions (23). Here, we showed that the two engineered VP64‐based ATFs
targeting a chosen TSS have indeed a high success rate when it comes to gene
induction, but no relevant gene inductions were obtained when the ZFPs were
fused to Tet domains. Co‐treatment with TSA did allow gene induction by these
larger constructs. An improvement in the field of TAL effectors was the targeting
of combinations of various TAL effectors to a single gene, which resulted in an
increase in gene activation compared to a single TAL effector (51). Such synergistic
effects were also observed for ZFPs by simultaneously targeting several TDG
constructs (25), DNA demethylases (Tet1) (23) or H3K9 methylases (52) to a single
promoter. In addition, here we showed that simultaneously targeting two ZFP‐
based ATFs to the same promoter facilitates the ATF‐effect, when single
treatment did not result in gene re‐expression.
For cervical cancer, this is the first study demonstrating that EPB41L3 can
induce tumor suppressive effects like apoptosis and reduction of cell growth. As
was already shown for ovarian and breast, we further validated the role of
EPB41L3 as TSG (27‐29, 31, 35, 36) by the ATFs. Based on its differential
methylation profile in cervical cancer versus normal tissues (33) and the
functional effects shown here, EPB41L3 might represent an interesting
therapeutic target also for cervical cancer and its high‐grade premalignant lesions.
Several mechanisms have been described how EPB41L3 may mediate the
inhibition of cell growth, for example by increasing activity of caspase‐8 (36).
Additionally, we found that ATF‐mediated re‐expression of EPB41L3 is related
with expression of the cell cycle regulators CDKN2A (down) and p21 (up).
In the future, delivery methods need to be further optimized to reveal the
in vivo effectiveness of re‐expression of silenced tumor suppressor genes, as
currently explored by us and others (7, 9, 10). Attempts are ongoing to make ZFPs,
such as our EPB41L3‐targeting platform, suitable for clinical use and an ongoing
clinical trial (performed by Sangamo Bioscience) already showed promising
results. In this trial, ZFPs fused to nucleases (designed to disrupt CDR5 on CD4
cells as "functional cure" for HIV/AIDS) were successfully delivered to target cells
and decreased viral load in HIV patients (53). The recent approval for the
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treatment of lipoprotein lipase deficiency by an adeno‐associated viral vector
engineered to express lipoprotein lipase (54), might facilitate the development of
new therapeutic strategies based on gene targeting platforms for future clinical
applications.
In conclusion, this study demonstrated that epigenetic drugs can increase
the sustainability of selective gene re‐expression by ATFs. Furthermore, we
showed that the effect of epigenetic editors (Tet2, TDG) on gene‐expression can
be improved with the HDACi TSA. The synergistic effects of ATFs/epigenetic
editors and epigenetic drugs exploit the gene targeted effects of the activators
while limiting genome‐wide side effects of the epigenetic drug which may be
beneficial for future therapeutic applications. For cervical cancer, we showed for
the first time the tumor suppressive role of EPB41L3, a gene recently identified as
the best marker for detecting early stages of this malignancy (33, 34).
Materials and Methods
Cell lines
Human breast cancer cell lines (MDA‐MB‐231, SKBR3), human ovarian cancer cell
lines (SKOV3, A2780) and human cervical cancer cell lines (HeLa, SiHa, CaSki and
C33A) were obtained from ATCC (Manassas, VA) and cultured in DMEM
(BioWhittaker, Walkersville, MD) supplemented with 10% FBS (BioWhittaker),
2mM L‐glutamine and 50 μg/ml gentamycin. All cell lines were confirmed by STR
profiling (BaseClear, Leiden, the Netherlands). CC‐11 was derived from a cervical
squamous cell carcinoma (37).
ATF retroviral transduction/development of stable cell lines
Two target regions of ATFs, designated 21ab and 22ab, were selected based on
proximity to the TSS and high affinity predictions (www.zincfingertools.org).(55)
Double stranded DNA oligos (BIO BASIC, Markham, Canada) coding for the two 6‐
finger
ZFPs
predicted
to
bind
the
target
sequences
(21ab:
GCAACAGGGGGCGGGGGG, 22ab: GGGGAGGAAGCCGCAGCC) were subcloned into
the pMX‐IRES‐GFP containing either the gene activator VP64, no effector domain
(NoEf) or the catalytic domain (CD) of Tet2 (24) or TDG (56) Tet2 and TDG DNA
fragments were created by PCR (Phusion Hot Start II High‐Fidelity DNA
polymerase, Thermo Scientific) using construct‐specific PCR primers flanked with
MluI and PacI restriction sites on pcDNA3‐Flag‐TET2CD or TDG (57) and ligated
into the pMX‐IRES‐GFP by sticky‐end ligation with T4 ligase (Thermo Scientific).
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ATF‐21ab‐VP64 (21ab‐VP64) was subcloned in the Retro‐X Tet‐On
advanced inducible expression system (Clontech, Mountain View, CA) according
to the manufacturer's instructions. For overexpression of EPB41L3, the cDNA
fragment of the gene was generated by PCR (Phusion Hot Start II High‐Fidelity
DNA polymerase) on SiHa cDNA using primers (Table 1) flanked with BamHI and
EcoRI restriction sites and ligated into the pMX‐IRES‐GFP. Transduction of host
cells with pMX‐IRES‐GFP or pRetroX‐Tight‐Pur was performed as previously
described (12). For the expression of two ATFs simultaneously, viral supernatants
were mixed (1:1).
To obtain stable RetroX‐Tet‐On double transfectants, cells transduced
with pRetroX‐Tet‐On/ pRetroX‐Tight‐Pur (ratio 1:3) were placed under selection
with G418 sulfate (InvitroGen, San Diego, CA) (600 µg/ml) and puromycin
(InvitroGen) (1 µg/ml) for two weeks. To express 21ab‐VP64 in double
transfectants, cells were treated with doxycycline (DOX) (Clontech) (500 ng/ml)
for 2 days. (DOX‐treated) cells were also (co‐treated with 5‐aza‐dC (Sigma, St
Louis, MO) (5 μM) or TSA (Sigma) (400 nM).
Quantitative real‐time PCR
RNA was extracted using the RNeasyPlus Mini Kit (Qiagen, Hilden, Germany) and
converted into cDNA (Fermentas, Leon‐Rot, Germany). 20 ng cDNA was used for
qRT‐PCR for the quantification of EPB41L3, ZFP‐VP64 constructs, CDKN2A, p21,
p53 and GAPDH, as previously described (12). Samples without amplification
curves were assigned a Ct value of 40. Sequences of primers and probes are listed
in Table 1. RNA levels were determined by the following formula 2ΔCt (relative to
GAPDH) or 2‐ΔΔCt (relative to empty vector).
Western blotting
Protein detection of EPB41L3, Actin and the ATFs was performed using standard
Western blot techniques with antibodies detecting EPB41L3 (Santa Cruz, sc‐
100641 (1:250)), Actin (Millipore clone C4 (1:5000)) or HA tag (Abcam ChIP grade,
Ab9110 (1:5000). Bands were visualized with the Pierce ECL chemoluminescence
detection kit (Thermo Scientific, Rockford, USA). Protein mass was calculated
using http://www.sciencegateway.org/tools/ proteinmw.htm.
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Table 1. Sequences mRNA primers.
mRNA Primer
Sequence
EPB41L3 Fw
AGGAGGAGCAGCAGCAGGCC
EPB41L3 Rv
GCTGTTTTGCAGCCCTGGCA
EPB41L3 probe
TGCGGAGGGAGGTCACTGACAAG
GAPDH Fw
CCACATCGCTCAGACACCAT
GAPDH Rv
GCGCCCAATACGACCAAAT
GAPDH probe
GTTGACTCCGACCTTCACCTTCCC
VP64 Fw
AAGCGACGCATTGGATGAC
VP64 Rv
GGAACGTCGTACGGGTAGTTAATT
VP64 probe
TCGGCTCCGATGCT
CDKN2A Fw
CACCGAATAGTTACGGTCGGA
CDKN2A Rv
GATGTAGAGCGGGCCTTTGA
p21 Fw
GGCAGACCAGCATGACAGAT
p21 Rv
GATGTAGAGCGGGCCTTTGA
p53 Fw
GGTTGGCTCTGACTGTACCA
p53 Rv
CAAAGCTGTTCCGTCCCAGT
DNMT3b Fw
CGTGAAGCACGAGGGGAATA
DNMT3b Rv
TTCCGCCAATCACCAAGTCA
cDNA EPB41L3 Fw
GAGGGATCCGCCACCATGACGACCGAATCT
cDNA EPB41L3 Rv
CTCGAATTCCTACCGATTCAATCCTCTCCATCTTCTG
Bs seq. region 1 Fw
ATTATTTAAGTGGGAATAAAGGGTTAA
Bs seq. region 1 Rv
CCCCCTATTACAAAAAACACC
Bs seq. region 2Fw
GTAATAGGGGGYGGGGGGAATAG61
Bs seq. region 2Rv
AACCCCCTCGCAATCCCCCACTC
ChIP Fw
CCCGGGCTCCCTGCTGATCC
ChIP Rv
CCTCGGGCTCTTCCTCCGCA
Bisulfite‐/pyrosequencing
DNA of untreated cells was bisulfite converted (EZ DNA Methylation‐GoldTM Kit,
Zymo research, Irvine, CA) and amplified with primers (Table 1) specific for two
regions in the EPB41L3 promoter (Fig. 1A). PCR products were cloned into the
pCR2.1‐TOPO Vector (Invitrogen, Carlsbad, CA) and sequenced subsequently.
For pyrosequencing, bisulfite treated DNA of the EPB41L3 promoter was
amplified with the Pyromark PCR kit (Qiagen, Hilden, Germany) using biotin‐
labeled primers (Table 1), and subsequently sequenced using the Pyromark Q24
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MD pyrosequencer (Qiagen). Pyromark Q24 Software (Qiagen) was used to
determine the methylation levels of single CpGs.
Chromatin immunoprecipitation (ChIP)
A ChIP for the detection of the ZFP (HA tag), acetylation of histone 3 (H3Ac) and
trimethylation of Lys9 of histone H3 (H3K9me3) was performed 72 hour after
transduction. ChIP was performed as previously described (12) with the following
antibodies: normal rabbit IgG (ab46540) (Abcam, Cambridge, UK), HA tag (101P‐
200) (Covance, Uden, the Netherlands), H3Ac (06‐599) and H3K9me3 (07‐442)
(Millipore, Billerica, MA). DNA specific for the EPB41L3 promoter (Fig. 1A) was
amplified with primers listed in Table 1.
ChIP‐Seq was performed as previously described (58) using the HA‐tag
antibody on aHiSeq2000 (Illumina). Reads were analyzed using NextGENe
(SoftGenetics, LLC, USA). Alignment was done excluding reads mapping to
multiple locations. Peak regions were identified by setting the coverage to four
reads, gap to 110 basepairs and setting the noise to zero. The coverage per peak
was calculated as the 75th percentile of the number of aligned basepairs across
the region. The plot of the EPB41L3 region was made using the "coverage
distribution rapport" obtained from NextGENe and plotted with R software and is
shown as the amount and location of reads at the EPB41L3 locus.
Apoptosis‐, cell death‐, cell growth‐ and colony forming assays
To quantify the fraction of apoptotic cells, cells were incubated in 1,1’,3,3,3’,3’‐
Hexamethylindodicarbocyanine iodide (DilC) (Enzo Life Sciences, Farmingdale, NY)
containing medium (50 nM, 20 min), and analyzed by flow cytometry using a FACS
Calibur cytometer and CellQuest software (BD Biosciences, San Jose, CA). The
fraction of living cells with decreased DiLC signal was considered apoptotic, as
exemplified in Supplementary Fig. 6. A MTT assay (Sigma) was performed to
examine metabolic activity representing cell growth of transduced cells as
previously described (12) PI staining to measure late apoptosis was performed
using standard PI staining protocol, as previously described (59). For colony
forming assay, transduced cells were seeded at a density of 750 cells per well,
incubated at 37°C for three weeks and subsequently stained with Coomassie
brilliant blue.
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Adhesion assay
To measure cell adhesion, transduced cells were seeded on laminin coated dishes
and incubated for 1 hour at 37°C. Loose cells were detached by shaking the plate
at 2000 rpm for 15 seconds. After washing, cells were fixed with
paraformaldehyde and stained with crystal violet (0.05%) in distilled water for 30
minutes. After washing, the dye was dissolved in methanol and OD was measured
at 540 nM.
Acknowledgments
This work was financially supported by the Netherlands Organization for Scientific
Research (VIDI grant number 91786373 to MGR). We acknowledge Marcel Ruiters
for helpful discussion.

11

297

Chapter 11
References
1. Black JC, Whetstine JR. Chromatin landscape: Methylation beyond transcription. Epigenetics 2011;6(1):9‐15.
2. Lendvai A, Johannes F, Grimm C, et al. Genome‐wide methylation profiling identifies hypermethylated
biomarkers in high‐grade cervical intraepithelial neoplasia. Epigenetics 2012;7(11):1268‐78.
3. Esteller M. Epigenetics provides a new generation of oncogenes and tumour‐suppressor genes. Br J Cancer
2007;96 Suppl:R26‐30.
4. Kim TY, Bang YJ, Robertson KD. Histone deacetylase inhibitors for cancer therapy. Epigenetics 2006;1(1):14‐23.
5. Al‐Salihi M, Yu M, Burnett DM, Alexander A, Samlowski WE, Fitzpatrick FA. The depletion of DNA
methyltransferase‐1 and the epigenetic effects of 5‐aza‐2'deoxycytidine (decitabine) are differentially regulated
by cell cycle progression. Epigenetics 2011;6(8):1021‐8.
6. Gersbach CA, Perez‐Pinera P. Activating human genes with zinc finger proteins, transcription activator‐like
effectors and CRISPR/Cas9 for gene therapy and regenerative medicine. Expert Opin Ther Targets
2014;18(8):835‐9.
7. Beltran AS, Russo A, Lara H, Fan C, Lizardi PM, Blancafort P. Suppression of breast tumor growth and
metastasis by an engineered transcription factor. PLoS One 2011;6(9):e24595.
8. Tan S, Guschin D, Davalos A, et al. Zinc‐finger protein‐targeted gene regulation: Genomewide single‐gene
specificity. Proc Natl Acad Sci U S A 2003;100(21):11997‐2002.
9. Lara H, Wang Y, Beltran AS, et al. Targeting serous epithelial ovarian cancer with designer zinc finger
transcription factors. J Biol Chem 2012;287(35):29873‐86.
10. Beltran AS, Blancafort P. Reactivation of MASPIN in non‐small cell lung carcinoma (NSCLC) cells by artificial
transcription factors (ATFs). Epigenetics 2011;6(2):224‐35.
11. Zhang B, Xiang S, Zhong Q, Yin Y, Gu L, Deng D. The p16‐specific reactivation and inhibition of cell migration
through demethylation of CpG islands by engineered transcription factors. Hum Gene Ther 2012;23(10):1071‐81.
12. Huisman C, Wisman GB, Kazemier HG, et al. Functional validation of putative tumor suppressor gene
C13ORF18 in cervical cancer by artificial transcription factors. Mol Oncol 2013;7(3):669‐79.
13. Rivenbark AG, Stolzenburg S, Beltran AS, et al. Epigenetic reprogramming of cancer cells via targeted DNA
methylation. Epigenetics 2012;7(4).
14. Wang Y, Su J, Wang L, et al. The effects of 5‐aza‐2'‐ deoxycytidine and trichostatin A on gene expression and
DNA methylation status in cloned bovine blastocysts. Cell Reprogram 2011;13(4):297‐306.
15. Czepiel M, Balasubramaniyan V, Schaafsma W, et al. Differentiation of induced pluripotent stem cells into
functional oligodendrocytes. Glia 2011;59(6):882‐92.
16. Han J, Sachdev PS, Sidhu KS. A combined epigenetic and non‐genetic approach for reprogramming human
somatic cells. PLoS One 2010;5(8):e12297.
17. Cameron EE, Bachman KE, Myohanen S, Herman JG, Baylin SB. Synergy of demethylation and histone
deacetylase inhibition in the re‐expression of genes silenced in cancer. Nat Genet 1999;21(1):103‐7.
18. Sato N, Fukushima N, Matsubayashi H, Goggins M. Identification of maspin and S100P as novel
hypomethylation targets in pancreatic cancer using global gene expression profiling. Oncogene 2004;23(8):1531‐
8.
19. Mossman D, Kim KT, Scott RJ. Demethylation by 5‐aza‐2'‐deoxycytidine in colorectal cancer cells targets
genomic DNA whilst promoter CpG island methylation persists. BMC Cancer 2010;10:366,2407‐10‐366.
20. Bultmann S, Morbitzer R, Schmidt CS, et al. Targeted transcriptional activation of silent oct4 pluripotency
gene by combining designer TALEs and inhibition of epigenetic modifiers. Nucleic Acids Res 2012;40(12):5368‐77.
21. Beltran AS, Sun X, Lizardi PM, Blancafort P. Reprogramming epigenetic silencing: Artificial transcription
factors synergize with chromatin remodeling drugs to reactivate the tumor suppressor mammary serine protease
inhibitor. Mol Cancer Ther 2008;7(5):1080‐90.

298

Sustained re‐expression of EPB41L3 by ATFs and epigenetic drugs
22. de Groote ML, Verschure PJ, Rots MG. Epigenetic editing: Targeted rewriting of epigenetic marks to modulate
expression of selected target genes. Nucleic Acids Res 2012;40(21):10596‐613.
23. Maeder ML, Angstman JF, Richardson ME, et al. Targeted DNA demethylation and activation of endogenous
genes using programmable TALE‐TET1 fusion proteins. Nat Biotechnol 2013;31(12):1137‐42.
24. Chen H, Kazemier HG, de Groote ML, Ruiters MH, Xu GL, Rots MG. Induced DNA demethylation by targeting
ten‐eleven translocation 2 to the human ICAM‐1 promoter. Nucleic Acids Res 2014;42(3):1563‐74.
25. Gregory DJ, Zhang Y, Kobzik L, Fedulov AV. Specific transcriptional enhancement of inducible nitric oxide
synthase by targeted promoter demethylation. Epigenetics 2013;8(11):1205‐12.
26. Xiong Y, Dowdy SC, Podratz KC, et al. Histone deacetylase inhibitors decrease DNA methyltransferase‐3B
messenger RNA stability and down‐regulate de novo DNA methyltransferase activity in human endometrial cells.
Cancer Res 2005;65(7):2684‐9.
27. Tran YK, Bogler O, Gorse KM, Wieland I, Green MR, Newsham IF. A novel member of the NF2/ERM/4.1
superfamily with growth suppressing properties in lung cancer. Cancer Res 1999;59(1):35‐43.
28. Charboneau AL, Singh V, Yu T, Newsham IF. Suppression of growth and increased cellular attachment after
expression of DAL‐1 in MCF‐7 breast cancer cells. Int J Cancer 2002;100(2):181‐8.
29. Bernkopf DB, Williams ED. Potential role of EPB41L3 (protein 4.1B/Dal‐1) as a target for treatment of
advanced prostate cancer. Expert Opin Ther Targets 2008;12(7):845‐53.
30. Heller G, Geradts J, Ziegler B, et al. Downregulation of TSLC1 and DAL‐1 expression occurs frequently in
breast cancer. Breast Cancer Res Treat 2007;103(3):283‐91.
31. Dafou D, Grun B, Sinclair J, et al. Microcell‐mediated chromosome transfer identifies EPB41L3 as a functional
suppressor of epithelial ovarian cancers. Neoplasia 2010;12(7):579‐89.
32. Zhang Y, Xu R, Li G, Xie X, Long J, Wang H. Loss of expression of the differentially expressed in
adenocarcinoma of the lung (DAL‐1) protein is associated with metastasis of non‐small cell lung carcinoma cells.
Tumour Biol 2012;33(6):1915‐25.
33. Eijsink JJ, Lendvai A, Deregowski V, et al. A four‐gene methylation marker panel as triage test in high‐risk
human papillomavirus positive patients. Int J Cancer 2012;130(8):1861‐9.
34. Vasiljevic N, Scibior‐Bentkowska D, Brentnall AR, Cuzick J, Lorincz AT. Credentialing of DNA methylation
assays for human genes as diagnostic biomarkers of cervical intraepithelial neoplasia in high‐risk HPV positive
women. Gynecol Oncol 2014;132(3):709‐14.
35. Wong SY, Haack H, Kissil JL, et al. Protein 4.1B suppresses prostate cancer progression and metastasis. Proc
Natl Acad Sci U S A 2007;104(31):12784‐9.
36. Jiang W, Newsham IF. The tumor suppressor DAL‐1/4.1B and protein methylation cooperate in inducing
apoptosis in MCF‐7 breast cancer cells. Mol Cancer 2006;5:4.
37. Koopman LA, Szuhai K, van Eendenburg JD, et al. Recurrent integration of human papillomaviruses 16, 45,
and 67 near translocation breakpoints in new cervical cancer cell lines. Cancer Res 1999;59(21):5615‐24.
38. Abbas T, Dutta A. P21 in cancer: Intricate networks and multiple activities. Nat Rev Cancer 2009;9(6):400‐14.
39. Sano T, Oyama T, Kashiwabara K, Fukuda T, Nakajima T. Expression status of p16 protein is associated with
human papillomavirus oncogenic potential in cervical and genital lesions. Am J Pathol 1998;153(6):1741‐8.
40. Bannister AJ, Miska EA. Regulation of gene expression by transcription factor acetylation. Cell Mol Life Sci
2000;57(8‐9):1184‐92.
41. Condreay JP, Witherspoon SM, Clay WC, Kost TA. Transient and stable gene expression in mammalian cells
transduced with a recombinant baculovirus vector. Proc Natl Acad Sci U S A 1999;96(1):127‐32.
42. Yamagata Y, Szabo P, Szuts D, Bacquet C, Aranyi T, Paldi A. Rapid turnover of DNA methylation in human cells.
Epigenetics 2012;7(2):141‐5.
43. Razin A, Cedar H. DNA methylation and gene expression. Microbiol Rev 1991;55(3):451‐8.

299

11

Chapter 11
44. Tsellou E, Michailidi C, Pafiti A, Troungos C. DNA methylation‐independent regulation of p16 in epithelial cells
during mouse mammary gland development. Epigenetics 2008;3(3):143‐8.
45. Zinn RL, Pruitt K, Eguchi S, Baylin SB, Herman JG. hTERT is expressed in cancer cell lines despite promoter
DNA methylation by preservation of unmethylated DNA and active chromatin around the transcription start site.
Cancer Res 2007;67(1):194‐201.
46. Rebar EJ, Huang Y, Hickey R, et al. Induction of angiogenesis in a mouse model using engineered transcription
factors. Nat Med 2002;8(12):1427‐32.
47. Grimmer MR, Stolzenburg S, Ford E, Lister R, Blancafort P, Farnham PJ. Analysis of an artificial zinc finger
epigenetic modulator: Widespread binding but limited regulation. Nucleic Acids Res 2014;42(15):10856‐68.
48. Zhang HS, Liu D, Huang Y, et al. A designed zinc‐finger transcriptional repressor of phospholamban improves
function of the failing heart. Mol Ther 2012;20(8):1508‐15.
49. Bogdanove AJ, Voytas DF. TAL effectors: Customizable proteins for DNA targeting. Science
2011;333(6051):1843‐6.
50. Munoz Bodnar A, Bernal A, Szurek B, Lopez CE. Tell me a tale of TALEs. Mol Biotechnol 2013;53(2):228‐35.
51. Perez‐Pinera P, Ousterout DG, Brunger JM, et al. Synergistic and tunable human gene activation by
combinations of synthetic transcription factors. Nat Methods 2013;10(3):239‐42.
52. Snowden AW, Gregory PD, Case CC, Pabo CO. Gene‐specific targeting of H3K9 methylation is sufficient for
initiating repression in vivo. Curr Biol 2002;12(24):2159‐66.
53. Tebas P, Stein D, Tang WW, et al. Gene editing of CCR5 in autologous CD4 T cells of persons infected with
HIV. N Engl J Med 2014;370(10):901‐10.
54. Yla‐Herttuala S. Endgame: Glybera finally recommended for approval as the first gene therapy drug in the
european union. Mol Ther 2012;20(10):1831‐2.
55. Mandell JG, Barbas CF,3rd. Zinc finger tools: Custom DNA‐binding domains for transcription factors and
nucleases. Nucleic Acids Res 2006;34(Web Server issue):W516‐23.
56. He YF, Li BZ, Li Z, et al. Tet‐mediated formation of 5‐carboxylcytosine and its excision by TDG in mammalian
DNA. Science 2011;333(6047):1303‐7.
57. Muller U, Bauer C, Siegl M, Rottach A, Leonhardt H. TET‐mediated oxidation of methylcytosine causes TDG or
NEIL glycosylase dependent gene reactivation. Nucleic Acids Res 2014;42(13):8592‐604.
58. Falahi F, Huisman C, Kazemier HG, et al. Towards sustained silencing of HER2/neu in cancer by epigenetic
editing. Mol Cancer Res 2013;11(9):1029‐39.
59. Li Q, van der Wijst MG, Kazemier HG, Rots MG, Roelfes G. Efficient nuclear DNA cleavage in human cancer
cells by synthetic bleomycin mimics. ACS Chem Biol 2014.

300

Sustained re‐expression of EPB41L3 by ATFs and epigenetic drugs
Supplementary Data

Supplementary Figure 1. DNA methylation status of EPB41L3. DNA methylation status of
the EPB41L3 promoter (region 1, Fig. 1A) for SKOV3, SKBR3, SiHa, CaSki and HeLa cells.
Each row represents an individual clone and the average methylation levels of the clones
are shown. Methylation levels were analyzed by bisulfite sequencing.
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CpG number

Supplementary Figure 2. DNA methylation status of EPB41L3. The DNA methylation
status of 15 CpGs in the EPB41L3 promoter of untreated cells (MDA‐MB‐231, SKBR3,
A2780, HeLa, SiHa and CC‐11) as quantified by pyrosequencing. Values represent the
mean of at least two independent experiments ± SEM (SKBR3 one experiment).
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Supplementary Figure 3. Expression of ATFs in cancer cell lines. Quantification of VP64
effector domain mRNA in MDA‐MB‐231, SKBR3 (A), SKOV3, A2780 (B), HeLa, CaSki and
C33A (C) cells after retroviral delivery of EPB41L3 targeting ATFs and controls. Expression
levels were quantified with qRT‐PCR and the bars represent the mean of in general three
independent experiments measured in triplicate± SEM. (D) Percentage of GFP positive
CaSki and C33A cells after retroviral transduction of an empty vector (pMX), EPB41L3‐
targeting ATFs (21ab‐VP64 and 22ab‐VP64) and ZFPs without effector domains (21ab‐NoEf
and 22ab‐ NoEf) as measured by FACs.
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Supplementary Figure 4. EPB41L3 expression after expressing demethylating reagents
(see previous page). Gene expression of EPB41L3 after expressing demethylating reagents
21ab‐Tet2‐CD, 22ab‐Tet2‐CD, 21ab‐TDG‐CD or 22ab‐TDG‐CD or combinations in CaSki
cells. Quantification of mRNA was performed using qRT‐PCR and induction levels were
normalized to cells expressing an empty vector (c). Each bar represents the mean of three
independent ± SEM.

Supplementary Figure 5. EPB41L3 decreases cell growth in CaSki cells. Relative cell
proliferation was measured with a MTT assay in Caski cells after transduction with the
EPB41L3‐targeting constructs. Each data point represents the mean of two independent
experiments ± SEM.

Supplementary Figure 6. Fraction of apoptotic cells determined with a DilC assay. From
the living cell population (R1), the fraction of apoptotic cells was determined as the
number of cells with a decreased DilC intensity (R2, R3).
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Abstract
DNA hypermethylation is extensively explored as therapeutic target for gene
expression modulation in cancer. Here we re‐activated hypermethylated
candidate tumor suppressor genes (TSGs) (C13ORF18, CCNA1, TFPI2, Maspin) by
TET2‐induced demethylation in cervical cancer cell lines. To redirect TET2 to
hypermethylated TSGs, we engineered zinc finger proteins (ZFPs), which were first
fused to the transcriptional activator VP64 to validate effective gene re‐expression
and confirm TSG function. ChIP‐Seq revealed enriched binding of ZFPs to their
intended sequence, but also considerable off‐target binding, especially at
promoter regions. Nevertheless, results obtained by targeted re‐expression using
ZFP‐VP64 constructs were in line with cDNA overexpression; both revealed strong
growth inhibition for C13ORF18 and TFPI2, but not for CCNA1 and Maspin. To
explore effectivity of locus‐targeted demethylation, ZFP‐TET2 fusions were
constructed which efficiently demethylated genes with subsequent gene re‐
activation. Moreover, targeting TET2 to TFPI2 and C13ORF18, but not CCNA1,
significantly decreased cell growth, viability and colony formation in cervical
cancer cells compared to a catalytically inactive mutant of TET2. These data
underline that effective re‐activation of hypermethylated genes can be achieved
through targeted DNA demethylation by TET2, which can assist in realizing
sustained re‐expression of genes of interest.
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Introduction
Besides genetic mutations, epigenetic silencing of tumor suppressor genes (TSGs)
is another important event by which normal cells can transform to cancer cells (1).
Especially the CpG hypermethylation observed in core promoter regions, is well
associated with gene silencing (2) and is the target of a variety of therapeutic
interventions aimed to restore TSG expression in cancer. In this regard, genome‐
wide epigenetic drugs, such as 5‐Aza‐2′‐deoxycytidine (5‐aza‐dC), have been FDA
approved for hematological cancers, but their toxicity and lack of specificity seem
to limit their efficacy for solid tumors (3). However, developments in the field of
gene editing offer a promising new approach to correct CpG methylation in a
targeted fashion by epigenetic/epigenome editing (gene targeted epigenetic
reprogramming) (4, 5). Indeed, methylcytosine dioxygenases, Ten‐eleven
translocation (TET) proteins, have been targeted to sequences within
hypermethylated promoter regions resulting in successful removal of CpG
methylation at the site (6‐9).
For a long time, targeted DNA demethylation seemed unfeasible in
mammalian cells as no enzymes were identified with the capacity to actively
demethylate DNA. A breakthrough in the field was the identification of the TET
proteins as important players in the active DNA demethylation pathway (10), as
they catalyze the oxidation of methylated CpGs (5mC) to 5‐hydroxymethylcytosine
(5hmC) and other oxidized 5mC derivatives. These intermediates recruit a variety
of DNA repair proteins/glycosylases, such as thymine‐DNA glycosylase (11, 12), to
trigger the final step of active DNA demethylation by the base excision repair
system. The oxidizing properties of TET proteins make them powerful biological
tools to demethylate DNA strands in vitro (11) and in vivo (13). Gene‐targeted
demethylation initiated by TET‐enzymes has attracted attention as an innovative
approach to re‐express silenced TSGs, and may provide new avenues to battle
cancer.
Interestingly, increasing evidence is revealing that silencing of the TET‐
enzymes themselves is an important factor responsible for TSG silencing (14) and
re‐introduction of TET‐enzymes can re‐activate hypermethylated TSGs (15, 16). To
re‐activate a chosen TSG by targeted demethylation, TET‐enzymes have been
linked to a variety of DNA targeting tools, such as zinc finger proteins (ZFP) (6, 9)
and transcription activator‐like effector (TALE) proteins (7, 8). Previously, the
fusion of ZFPs to various effector domains (such as the strong transcriptional
activator VP64, generating an artificial transcription factor (ATF)), has proven to
be an effective tool for modulation of gene expression in many disease models
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and clinical trials have been performed with ZFP‐fusions, indicating their
therapeutic potential (17).
Epigenetically silenced TSGs in cancer are attractive targets for
therapeutic interventions aiming to decrease DNA methylation, as re‐activation of
these, as opposed to genetically mutated TSGs, will result in functional proteins.
In this study, we focused on four candidate TSGs in cervical cancer (C13ORF18,
CCNA1, TFPI2 and Maspin), which all have been reported to be
methylated/silenced in this malignancy (1, 18‐21). Of these, Maspin (SERPIN5B)
has been well studied in cancer, but despite this, its role remains controversial
(22). TFPI2 is identified in an increasing number of cancers as DNA methylation
marker (18, 23) with potent tumor suppressive activities (24), but its function as
TSG in cervical cancer is unknown. C13ORF18 was previously identified by us as
DNA methylation marker (18, 19) with putative tumor suppressive activities (25)
in cervical cancer. CCNA1 is specifically methylated in various cancers (18, 26).
Here, we aim to validate the putative TSG function of these methylated
genes in order to select suitable targets for targeted re‐expression by TET2‐
induced DNA demethylation. First, we studied the epigenetic regulation of these
genes in cervical cancer cell lines and induced effective ZFP‐VP64 based gene
regulation. Next, we showed that targeting TET2 could induce DNA demethylation
and gene re‐activation that translated to decreased cancer growth and induction
of apoptosis.
Results
Epigenetic regulation of target genes
First, we confirmed epigenetic dysregulation of CCNA1, TFPI2, C13ORF18 and
Maspin in a panel of cervical cancer cell lines. Examination of the mRNA
expression revealed that CCNA1, TFPI2 and C13ORF18 were silenced or expressed
at very low levels in at least 5/8 cell lines. Interestingly, Maspin was highly
expressed in 7/8 cell lines (Fig. 1A). This unexpected finding was also found on
protein level in a panel of cervical cancer cell lines, and could be confirmed for
cervical cancer patient samples (Suppl. Fig. 1); we found high Maspin expression
in tumor cells as opposed to the normal adjacent cells, while Maspin methylation
levels in cervical cancer patients were decreased. In the cell lines, we also
confirmed that Maspin was not mutated, indicating that Maspin is functionally
active. For HeLa, SiHa and Caski, the expression of Maspin was associated with the
presence of active histone marks (H3K4Me3, H3K9Ac) and the absence of
repressive marks (H3K9Me3, H3K27Me3). The silencing of CCNA1 and C13ORF18,
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and to a lesser extend TFPI2, was associated with the presence of H3K9Me3 in
these cell lines (Fig. 1B). In addition to the histone marks, DNA methylation was
closely correlated with the gene expression status (Fig. 1C), without a clear
association with cellular TET expression (Suppl. Fig. 2).
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Figure 1. Epigenetic regulation of putative tumor suppressor genes in a panel of cervical
cancer cell lines (see previous page). (A) mRNA expression relative to GAPDH of CCNA1,
TFPI2, C13ORF18 and Maspin in a panel of eight cervical cancer cell lines. (B) Quantitative
ChIP for repressive histone marks (H3K9me3 and H3K27me3) and histone marks
associated with active gene‐transcription (H3K4me3, H3K9Ac, H3Ac and H4Ac) for the
gene promoters of CCNA1, TFPI2, C13ORF18 and Maspin in HeLa, SiHa and CaSki (n=3 or
more, (H3K9Ac n=2)). (C) Methylation status of the CCNA1, TFPI2, C13ORF18 and Maspin
promoter of CpGs in the indicated region. Methylation levels were analyzed by bisulfite
sequencing (each circle represents the average of three or more clones) or bisulfite
pyrosequencing (average methylation of cell population). Re‐expression/upregulation of
CCNA1 (D), TFPI2 (E), and Maspin (F) mRNA after treatment with different concentrations
of epigenetic drugs (500 nM (+), 5 µM 5‐aza‐dC (++) and/or 500 nM TSA (+)). Values
represent the mean of at least three independent experiments measured in triplicate ±
SEM.

All silenced genes could be re‐expressed by epigenetic drugs, with
induction levels reaching up to ~2700‐fold and ~6900‐fold for CCNA1 and TFPI2
respectively, and 20‐fold for Maspin (Figs. 1D‐F). Compared to C13ORF18 (±50
fold) (25), CCNA1 and TFPI2 were much more responsive to epigenetic drug
treatment. Methylation‐specific PCRs (MSPs) proved that upregulations were at
least partly the result of promoter demethylation (Suppl. Fig. 1). Together these
results confirmed that CCNA1, TFPI2 and C13ORF18 were epigenetically repressed
in cervical cancer, but Maspin seemed overexpressed.
Target validation by zinc finger proteins fused to VP64
To achieve ZFP‐mediated gene targeting for CCNA1 and TFPI2, we engineered in
total 17 ZFPs (Fig. 2A). ZFPs were subsequently fused to VP64 and screened for
their ability to modulate endogenous expression of CCNA1 (6 ZFPs) or TFPI2 (11
ZFPs). From the six ATFs targeted to the CCNA1 promoter, an initial screening in
HeLa revealed 12ab‐VP64 as a robust inducer of CCNA1 expression (Suppl. Fig.
3A). Further validation of 12ab‐VP64 in the CCNA1 repressed cell lines SiHa, CaSki
and C33A revealed that 12ab‐VP64 consistently induced expression of CCNA1
mRNA up to 66–fold (Suppl. Fig. 3A). From the 11 ATFs targeted at the TFPI2
promoter, 43ab‐VP64 was the most robust re‐activator of TFPI2 in methylated
HeLa and SiHa cells, with induction levels up to 23‐fold (Suppl. Fig. 3B). We also
confirmed induction of Maspin expression by published Maspin‐targeting ATFs
(126‐VP64 and 97‐VP64) (27) in the cervical cancer cell lines CaSki and C33A
(Suppl. Fig. 3C). Previously, we showed induction of C13ORF18 in these cervical
cancer cell lines (25).
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We further validated the selected VP64‐ATFs in four low passage cervical
cancer cell lines (28). Two of these cell lines grow as spheres (CSCC‐7 and CC‐11),
better representing primary tumor characteristics (Suppl. Fig. 4A)). For
comparison, CC‐11 cells were also transduced with viruses to directly express the
target cDNA (Figs. 2B‐E, right bars). The ATFs consistently upregulated their target
genes C13ORF18, CCNA1 or TFPI2 in all cell lines (Figs. 2B‐E) with no/very low
cross‐inductions of these other genes (Suppl. Fig. 4B‐G). Maspin was highly
expressed in all four cell lines, and ATFs could not further upregulate Maspin in
these cells.
Binding profiles of engineered ZFPs
In order to gain greater insight into the specificity of our ZFPs, ZFP binding profiles
were determined by ChIP‐Seq. ZFPs without effector domain were used, as it was
observed that effector domains, such as VP64, can shield the HA‐tag from
detection by our antibody. PCR on the sonicated fragments revealed a close
association of the ZFPs with their targeted promoter (Fig. 3A).
Subsequently, these samples were subjected to genome‐wide sequencing
and again we demonstrated binding of the ZFPs to their intended promoters (Fig.
3B, Suppl. Fig. 5). For example, 3ab‐targeting C13ORF18 showed substantial
enrichment at the methylated C13ORF18 promoter. However, also off‐targets
were detected (Suppl. Fig. 6, 7). While the empty vector revealed a relatively
steady background signal throughout the genome (Suppl. Fig. 6A) (many peaks,
but with low coverage (Fig. 3C)), ZFPs seemed to have site preferences (Suppl. Fig.
6A). Interestingly, for all analyzed ZFPs targeting closed chromatin (3ab, 5ab and
12ab), off‐target binding events within our four target loci, were most
pronounced in the promoter region of active (TFPI2, Maspin in CaSki cells) and not
repressed loci (C13ORF18, CCNA1 in CaSki cells). Strikingly, such off‐target effects
can be very pronounced especially for DNA segments with a high sequence
similarity with the 18 bp target region. As an example we analyzed binding sites
for the 12ab ZFP and found significant enrichment for DNA segments with a single
mismatch within the ZFP target site (Suppl. Fig. 6B, 7). Such off‐targets by
sequence similarity can result in peaks with high coverage, even for 2 bp
mismatches, as shown for 12ab‐NoEf off‐targets with mismatches at the edges of
the target site (Suppl. Fig. 7).
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Figure 2. Re‐expression of candidate TSGs (C13ORF18, CCNA1, TFPI2 and Maspin) in
tumor‐derived cell lines. (A) Schematic representations of 18 bp ZFPs (not on scale)
binding to DNA. Also shown are the promoter region of the CCNA1, TFPI2, Maspin and
C13ORF18 stretching from ‐750 bp to +750 bp relative to the main TSS of the
corresponding genes. Indicated are the targeted sites of the ZFPs directed to the CCNA1,
TFPI2, Maspin and C13ORF18 promoter, as well as ZFPs which successfully demonstrated
gene expression modulation when fused to effector domains. CpGs are indicated as
vertical bars. Gene expression levels of C13ORF18 (B), CCNA1 (C), TFPI2 (D) and Maspin (E)
mRNA relative to empty vector after retroviral transduction with gene‐targeting ATFs
(C13ORF18: 3ab‐VP64, 5ab‐VP64, CCNA1: 12ab‐VP64, TFPI2: 43ab‐VP64 and Maspin: 126‐
VP64) in CSCC‐7, CSCC‐8, CC‐10 and CC‐11. CC‐11 cells were also transduced with cDNA
overexpression constructs of C13ORF18, CCNA1, TFPI2 and Maspin. Each bar represents
the mean of in general three independent measured in triplicate ± SEM. Quantification of
mRNA was performed using qRT‐PCR and induction levels were normalized to GAPDH and
relative to an empty vector.
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Then, for each ZFP the total number of off‐targets was determined (with a
coverage of five or more). We found many peaks for the ZFPs (Fig. 3C), although
also empty vector had many peaks, albeit mostly with low coverage. Compared to
empty vector, ZFP binding was enriched at promoter regions, but not at distal
promoter segments and gene bodies, as shown for peaks with ten or more reads
(Fig. 3D). The total number of mistargeted promoters was several fold higher
compared to an empty vector (between 806 and 5984 for the various constructs,
empty vector 204) (Fig. 3E). The TFPI2‐ZFP showed the least off‐targets, although
a difference in viral load between the different ZFP constructs may have
influenced the number of mistargeted promoters.
Re‐expression of silenced TSGs results in suppressive effects in tumor‐derived
cell lines
To determine which genes within our panel of hypermethylated genes have a
tumor suppressive function, we re‐activated gene expression using the VP64‐
ATFs. In HeLa cells, TFPI2‐induced expression by 43ab‐VP64 significantly
decreased cell viability (‐85% (p<0.01)) four days after transduction compared to
empty vector (Fig. 4A), but this effect was not seen for 12ab‐VP64 targeting
CCNA1. In CC‐11 cells, all silenced genes could be upregulated by our ATFs (Fig. 2),
and therefore this cell line was chosen to compare the differences in the effect on
cell growth between these genes (Fig. 4B). We found that C13ORF18‐ and TFPI2‐
inducing constructs significantly reduced cell growth compared to empty vector
(3ab‐VP64 ‐45% (p<0.05), 43ab‐VP64 ‐58% (p<0.01)), while CCNA1‐inducing
constructs had no effect on cell growth. As controls, we expressed cDNA
constructs of the four genes in CC‐11 cells and measured the percentage of late
apoptotic/necrotic cells (Fig. 4C). We found again indications that TFPI2 and
C13ORF18 are TSGs; both C13ORF18 and TFPI2 cDNA overexpression significantly
induced cell death compared to an empty vector, while the cell death induced by
CCNA1 or Maspin overexpression did not reach significance. In all assays, TFPI2
was identified as the strongest growth inhibitor.
Epigenetic editing by TET2
In contrast to transcriptional activators, such as VP64, (a combination of)
epigenetic editing approaches could provide us with the tools to ultimately re‐
express silenced TSGs in a sustained fashion.(9) Therefore, to assist in realizing
this goal, we fused TET2 and its catalytically inactive mutant to our selected panel
of ZFPs targeting silenced genes. TET2 was selected based on our previous
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Figure 3. Genome association of ZFPs. (A) ATF association of C13ORF18‐, CCNA1‐ and
TFPI2‐targeting ZFPs with their respective gene promoters (C13ORF18: empty vector, 3ab‐
NoEf and 5ab‐NoEf, CCNA1: 12ab‐NoEf and TFPI2: 43ab‐NoEf) as detected by ChIP using
an anti‐HA antibody. (B) Coverage plots showing the local enrichment for binding of 43ab‐
NoEf at the targeted TFPI2 promoter in a 20 kb spanning region visualized with RStudio
(cells expressing an empty vector were used as control). Local enrichment was determined
using the coverage distribution report obtained from NextGENe. See Figure S5 for binding
of 3ab‐, 5ab‐, 12ab‐ and 43ab‐NoEf to all promoters (C13ORF18, CCNA1, TFPI2 and
Maspin). (C) Representation of the identified ChIP‐Seq peaks with coverage of five or more
for the gene‐targeting constructs and an empty vector as determined by the peak
identification report obtained from NextGENe. (D) Percentage of ChIP‐Seq peaks (with
coverage of ten or more reads) bound to promoters, distal promoters and gene bodies
(thus the region ‐10.000 until +10.000 bp relative to the TSS with the exception of the
region +/‐ 100 bp relative to the TSS) or other regions (such as non‐coding DNA). (E)
Graphical representation of the number of peaks and their coverage at the mistargeted
promoters from D.
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Figure 4. Tumor suppressive effects of candidate TSGs. (A) Cell viability of HeLa cells after
re‐expression of silenced CCNA1 and TFPI2 by 12ab‐VP64 and 43ab‐VP64 respectively. (B)
Cell viability of CC‐11 cells after gene‐induction/upregulation of C13ORF18, CCNA1, TFPI2
and Maspin by 3ab‐VP64, 12ab‐VP64, 43ab‐VP64 and 126‐VP64 respectively. Cell
proliferation was assessed using a MTS assay during five days and empty vector and ZFP‐
NoEf were used as controls. (C) Percentage of cell death after treatment with empty
vector, C13ORF18‐, CCNA1‐, TFPI2‐ and Maspin‐cDNA overexpression constructs in CC‐11
cells. Each data point represents the mean of three or more independent experiments
measured in triplicate ± SEM.

observations that TET2 was the most efficient DNA demethylating enzyme when
targeted to the ICAM‐1 promoter (6). To reach optimal/more effective levels of
ZFP‐TET2 constructs, cells were GFP sorted and re‐transduced before analysis
(superinfection) (Fig. 5A and Suppl. Fig. 8A‐B); this procedure increased transgene
expression ~10 fold. Similarly, superinfection compared to regular infections of
VP64‐ATFs resulted in higher gene inductions for all four genes (Figure S8c‐e).
Subsequently, we showed that the promoter of C13ORF18 could be significantly
re‐activated by TET2‐mediated gene targeting in CaSki cells, whereas the TET2
mutant did not significantly affect gene expression (Fig. 5A). Re‐expression of
C13ORF18 by 5ab fused to the catalytic domain of TET2 (5ab‐TET2‐CD) reached
induction levels up to 59‐fold (p<0.01) (Fig. 5A) relative to empty vector.
Expression of GFP (as surrogate marker for construct expression) showed only
minor differences between TET2 and its mutant (Suppl. Fig. 5).
To determine whether the C13ORF18 induction by TET2 was associated
with DNA demethylation at the promoter region, an initial screening was
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performed using bisulfite sequencing upon expression of ATFs and TET2‐fusions
on regularly infected cells. This screen revealed that the promoter region of
C13ORF18 was partially demethylated by the TET‐fusions, especially around the
5ab‐binding site (Suppl. Fig. 9A‐B). To quantify the reduction in methylation levels
on single CpGs, we performed bisulfite pyrosequencing for six CpGs surrounding
the 5ab‐target site on superinfected cells (Fig. 5B‐C). We observed effective DNA
demethylation of the CpGs by the TET2 constructs both at the three CpGs at the 5’
flanking side of the ZFP binding site (reduction of 48% (p<0.001), 50% (p<0.001)
and 44% (p<0.001)) as well as at the 3’ flanking side of the ZFP binding site
(reduction of 19% (p<0.01), 37% (p<0.01) and 11% (p<0.09)). Also the
simultaneous expression of 3ab+5ab‐TET2‐CD resulted in significant
demethylation of the targeted CpGs, although to a lesser extent (up to 21%
(p<0.001), Fig. 5C). The control constructs (empty vector, VP64‐ATF and NoEf) did
not induce significant demethylation of the analyzed CpGs around the 5ab target
site.
Then, we determined robustness of the approach by targeting TET2 to the
CCNA1, TFPI2 and Maspin promoters. When fused to 12ab, TET2, but not the
mutant, induced upregulation of CCNA1 up to ~58‐fold (p<0.01) (Fig. 5D), which
was associated with demethylation of several CpGs in the vicinity of the 12ab
target site and in the direction of the TET‐enzyme (10 CpGs analyzed) (Fig. 5D);
CpGs were demethylated up to 43% compared to controls. Re‐expression of TFPI2
by 43ab‐TET2‐CD reached induction levels up to ~7‐fold (p<0.05) (Fig. 5E), while
the targeting of TET2 in Maspin‐methylated C33A cells did not result in significant
activation of Maspin (data not shown). For the 5‐aza‐dC treated cells (Fig. 1D),
only a limited effect on DNA methylation was observed for most of the analyzed
CpGs (Fig. 5C).
To gain a first insight into whether targeted TET2‐constructs only affect
methylation of ZFP bound regions (as determined by ChIP‐seq), we investigated
the effect of the targeted TET2‐constructs on the methylation level of a small
selection of non‐ZFP bound promoters. Based on the ChIP‐Seq analysis, the
C13ORF18‐targeting ZFP did not bind the CCNA1 promoter and the CCNA1‐ZFP did
not bind to the C13ORF18 promoter (Suppl. Fig. 5). Therefore, these regions were
selected for analysis. Indeed, most of the CpGs remained unaffected, although
within the C13ORF18 promoter the methylation level of one CpG was significantly
reduced (‐10%) by the 12ab‐TET2‐CD targeted at the CCNA1 promoter. Similarly,
analysis of a third methylated promoter (EPB41L3, Figure S10) showed significant
demethylation (‐10%) of only one out of 30 off‐target CpGs analyzed.
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Figure 5. TET2‐mediated gene activation and demethylation (see previous page). (A)
Relative C13ORF18 mRNA expression (left) after retrovirally induced expression of ZFPs
carrying GFP and either TET2‐CD, TET2‐mutant or NoEf. On the right, the GFP positivity of
transduced cells as exemplified for untreated cells or cells expressing an empty vector,
5ab‐VP64 or 5ab‐TET2 measured by FACS. (B) Schematic representation of the C13ORF18
promoter region carrying the target site of 5ab‐TET2‐CD and six CpGs surrounding this
site. (C) The DNA methylation status of the six CpGs in the C13ORF18 promoter after
expressing the gene‐targeting constructs or treatment with 5‐aza‐dC (5 µM for three days
(n=3 samples from Figs. 1D‐F)) as quantified by bisulfite pyrosequencing. Values represent
the mean of at least two independent experiments ± SEM. (D) Relative CCNA1 expression
after retrovirally induced expression of ZFPs carrying either TET2‐CD, TET2‐mutant or NoEf
in CaSki cells (left). On the right, the DNA methylation status of 10 CpGs in the CCNA1
promoter after expressing the gene‐targeting constructs 12ab‐TET2‐CD and 12ab‐VP64 (or
treatment with 5‐aza‐dC (5 µM for three days (n=3)) as quantified by bisulfite
pyrosequencing. Statistical differences were determined between empty vector and 12ab‐
TET2‐CD. (E) Relative TFPI2 mRNA expression after retrovirally induced expression of ZFPs
carrying either TET2‐CD or NoEf in HeLa cells. All cells were GFP‐sorted (except NoEf) after
transduction and re‐transduced before analysis. Expression of C13ORF18, CCNA1 and
TFPI2 is normalized to GAPDH and relative to an empty vector. mRNA was quantified by
qPCR and each bar represents the mean of at least three independent experiments
measured in triplicate ± SEM. (F) The off‐target effect of the C13ORF18‐targeting 5ab‐TET2
ZFP and the NoEf‐control on the methylation status of the CCNA1 promoter. (G) The off‐
target effect of the CCNA1‐targeting 12ab‐TET2 ZFP and the NoEf‐control on the
methylation status of the C13ORF18 promoter. Methylation levels were quantified by
bisulfite pyrosequencing and each data point represents the mean of three independent
experiments ± SEM

Until now, it has not been determined whether re‐activation by targeted
TET2 to hypermethylated genes can decrease tumor growth. To investigate the
feasibility of this approach, we targeted TET2 to the TFPI2 promoter, as cDNA and
VP64‐ATFs identified TFPI2 as the strongest growth inhibitor (Fig. 4). Indeed, in
CC‐11 cells transduced with TFPI2‐targeting constructs, a strong and significant
reduction in CC‐11 colony size was revealed compared to empty vector (Fig. 6A‐
B); expression of 43ab‐TET2 reduced colony size with 68% (p<0.01). Moreover,
targeting TET2 to TFPI2 and C13ORF18, but not CCNA1, decreased cell
proliferation of HeLa and Caski cells compared to a catalytically inactive mutant of
TET2 (Fig. 6C‐D), and this was accompanied with an increase in the fraction of late
apoptotic/necrotic cells (Fig. 6E‐F). These data underline that effective re‐
activation of hypermethylated genes can be achieved through targeted DNA
demethylation.

318

Targeted TET2‐induced DNA demethylation of epigenetically silenced TSGs

Figure 6. TET2 mediated reduction of cell growth by targeting TFPI2. (A) Visualization of
CC‐11 colonies after expressing the TFPI2‐targeting ZFPs (43ab) carrying TET2 and controls
constructs (empty vector, 43ab‐VP64 and TFPI2‐cDNA). Pictures are a representative of
two independent experiments. (B) Quantification of the colony size of CC‐11 cells from A
using ImageJ. Each bar represents the average colony size per condition from two
independent experiments. For each condition four pictures were randomly taken. Cell
viability of HeLa (C) and CaSki (D) cells five days after transduction with the gene‐targeting
constructs measured with a MTS assay. The fraction of late apoptotic and necrotic cells
five days after transduction with the gene‐targeting zinc fingers (43ab targeting TFPI2, 5ab
targeting C13ORF18 and 12ab targeting CCNA1) fused to VP64, TET2 or TET2‐mutants
measured with a PI assay in HeLa (E) and CaSki cells (F). Transductions were performed on
superinfected cells and each data point represents the mean of three independent
experiments measured in triplicate ± SEM.
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Discussion
Potentially new approaches for cancer treatment are appearing using the TET‐
methylcytosine dioxygenases as tool to directly mediate CpG demethylation and
restore gene expression (6, 7, 15, 16). In this study, we showed that by targeting
TET2 to hypermethylated TSGs, efficient DNA demethylation can be achieved,
resulting in significant gene re‐activation. We found that the induced
demethylation by ZFP‐TET2 fusions can result in significantly less tumor growth.
Analysis of TET1‐3 expression revealed that TET1 was significantly silenced in
cervical cancer, while TET2 was higher expressed compared to normal cells,
without a clear association with TSG hypermethylation. The most promising
therapeutic target we identified from the four putative TSGs (C13ORF18, CCNA1,
TFPI2, Maspin) was TFPI2, and this is the first study describing its role in this
malignancy. Moreover, we demonstrate the binding of the engineered ZFPs to
their aimed methylated target site, and off‐target DNA demethylation events
were rather limited within our panel of genes. However, the ChIP‐Seq revealed
that the ZFPs exhibit off‐target binding, especially to promoter areas (several fold
more enrichment of the ZFPs at other gene promoters compared to a control). In
addition, we found that the well described TSG Maspin was unexpectedly high
expressed in cervical cancer.
Previously, the targeting of TET1 resulted in substantial DNA
demethylation and upregulation of the targeted HOXF2‐ and beta‐globin genes
(7). Moreover, targeted demethylation by TET1 of the metastasis suppressor gene
CRMP4, abolished metastasis in prostate cancer cells (8). Here, we showed that
also the targeting of TET2 to hypermethylated genes results in substantial CpG
demethylation and gene re‐expression, which was effective enough to translate to
reduced cancer cell growth. Demethylation of single CpGs was observed with
reductions up to 50% for C13ORF18 and 59% for CCNA1, resulting in significant
gene‐inductions (up to ~59‐ and ~58‐fold respectively). Compared to our initial
report, in which we screened for efficiency of ZFP‐targeted TET1, TET2 and TET3,
this study describes a more effective DNA demethylation and higher gene
induction for TET2 (2‐fold induction and ~6% demethylation for targeting the
ICAM‐1 promoter) (6). The improved efficiency may be explained by using the
superinfection procedure, as we observed more demethylation of target CpGs
after re‐infecting the cells, thereby increasing the expression of and exposure
time to the TET‐fusions. Also the addition of epigenetic drugs has shown to
facilitate re‐expression by DNA demethylating reagents, possibly through
inhibition of DNMT3B (9).
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TET2‐induced DNA demethylation was very pronounced at both sides of
the binding site (within 50 bp), although the bisulfite sequencing data for
C13ORF18 indicates a more widespread effect. These results are in line with the
DNA demethylating effects of TET1, which were greatest within 30 bp of either
end of the TALE‐target binding site, but could reach up to 150‐200 bp away of the
target site (7). The observed CpG demethylation after targeting TET‐enzymes
could even be an underestimation, as TET‐enzymes will first convert 5mC to
5hmC, and this modification cannot be differentiated from methylated Cs by
bisulfite pyrosequencing. In addition, the targeting of TDG has shown to mediate
expressional changes by reducing methylation levels, although to a smaller extend
(29). Such rewriting of the methylation code by enzymes that initiate CpG
demethylation is of key importance to achieve sustained re‐expression of target
genes; Indeed, Li et al. demonstrated that TET1‐induced DNA demethylation of
the tumor metastasis suppressor gene CRMP4 resulted in a reduction of
metastasis formation up to 60 days after induction of targeted DNA
demethylation (8). VP64‐ATF mediated expressional changes have shown to be
only transient, as targeted promoters are incompletely reprogrammed and genes
tend to return to the ‘normal’ state after the VP64‐ATF is removed (9). Previously,
it was observed that VP64‐induced gene activation of ICAM‐1 results in DNA
demethylation.6 However, this response seems dependent on the local chromatin
environment, as here, we did not observe such an effect on DNA demethylation
induced by VP64 for either C13ORF18 or CCNA1. This finding highlights the
importance to look into the local chromatin environment to achieve a sustainable
response.
Interestingly, 5‐aza‐dC induced high gene expression levels of our target
genes, but this was not associated with much DNA demethylation within the
analyzed regions, as demonstrated by bisulfite pyrosequencing of the C13ORF18
and CCNA1‐promoter. The last decade, treatment with DNA demethylating agents
has been used extensively to demonstrate epigenetic regulation of silenced genes,
but indirect 5‐aza‐dC effects are commonly observed.(30) Indeed, lack of gene
DNA demethylation after 5‐aza‐dC induced expression has been reported many
times in literature, for example for Maspin (31), and may also partly explain the
commonly observed lack of sustainability on gene expression after such treatment
(30). The epigenetic editing approach described here to demethylate genes is
believed to be a more specific approach compared to 5‐aza‐dC. Despite this, as
shown by the ChIP‐Seq analysis, also the epigenetic editing approach still requires
further optimization in order to make it more specific.
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With the development of the TALE effectors and the recent clustered
regularly interspaced short palindromic repeat (CRISPR)/Cas9 system, gene
targeting for (epi)genome editing purposes has made a real boost (32). The
advantage of ZFPs are their small size, making them efficient in accessing
epigenetically silenced regions. With regard to off‐target effects, some reports
indicated that ZFP‐ATFs can manipulate gene expression with single gene
resolution (29, 33) and we previously found that of all protein coding loci, the E2C
engineered ZFP preferentially binds to its aimed target site (34). All three
targeting systems are currently improved to yield highly specific genome editing
tools when fused to endonucleases (35). Here, we could demonstrate that our
ZFPs bind to their endogenous methylated target site using ChIP‐Seq, while no
binding to off‐target methylated sites was detected for our gene panel. This was
in line with little or no off‐target DNA demethylation events at these methylated
promoters. However, when looking at the genome‐wide scale, we did observe
that the ZFPs exhibit off‐target binding, as the ChIP‐Seq revealed that several fold
more off‐target promoters showed enrichment for the ZFPs compared to a
control. In line with this, Grimmer et al. reported thousands of off‐target sites,
mainly at promoter regions, for ZFPs targeted to the SOX2 promoter (36). Within
our small panel of target genes, we observed preferential off‐target binding to the
promoters of the actively transcribed genes (TFPI2 or Maspin). For example, ZFP
3ab targeted to C13ORF18, was also enriched at the Maspin promoter. On the
other hand, only ZFPs targeted to repressed promoters (12ab to CCNA1, 3ab or
5ab to C13ORF18) were specifically enriched at those difficult to access regions
(for our gene panel). High sequence similarity with intended target sites could
further enhance off‐target effects, as shown here for a 1‐2 bp mismatch for the
CCNA1‐ZFP. Based on ongoing ZFP clinical trials, which did not result in adverse
effects, we reason that the off‐target issue can be solved/specificity of the
approach is likely to be increased by e.g. the targeting of multiple constructs to a
single promoter, as well as the use of split enzyme approaches (37). Alternatively,
other DNA binding approaches might provide more specific agents in the future,
as is demonstrated by ongoing CRISPR/Cas efforts (32).
After the realization that TSG silencing by epigenetic mechanisms is
associated with carcinogenesis, enormous efforts have been undertaken to
identify those genes for diagnostic or therapeutic strategies, and such studies
have contributed to the discovery of novel TSGs. The diagnostic value or observed
gene‐silencing of our chosen panel of genes has been described in several studies
(1, 18, 20, 21, 38), but so far, only a few studies have been performed to explore
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the functional consequences of silencing and the potential therapeutic effects of
re‐expression within this malignancy. In this study, we included low passage cell
lines to study functional effects, which may be more representative for primary
cervical tumors compared to the long established cell lines. The use of such cell
lines may help to bridge the gap with real tumors.
For C13ORF18 and TFPI2 we found growth inhibitory effects, but not for
CCNA1 and Maspin. To our knowledge, this is the first report that demonstrates
that TFPI2 is a TSG in cervical cancer cell lines using either cDNA overexpression or
ATF‐induced re‐expression. Interestingly, Maspin seems to be less important as
TSG in cervical cancer. We found that Maspin is unmethylated and highly
expressed in cervical cancer, and our constructs did not decrease tumor growth.
Although regarded as important therapeutic target in cancer for a long time, the
latest insights suggest that the role of Maspin in cancer may need revision and
does not have a tumor suppressive function (22).
In conclusion, in this study we employed three different approaches to re‐
activate dormant TSGs and that may affect DNA methylation levels: epigenetic
drugs, VP64‐ATFs and ZFP‐TET2 constructs. In contrast to ZFP‐TET2 constructs,
epigenetic drugs and VP64‐ATFs did not efficiently initiate demethylation at
targeted CpGs, despite resulting in more efficient gene re‐activation. Therefore,
these two latter approaches seem not to be the most suitable approach for
sustained gene re‐activation, as this requires changes in the local epigenetic
landscape. Our TET2‐mediated approach delineates an efficient way to
demethylate targeted CpGs, resulting in TSG re‐expression and growth inhibition,
and such approach can be extended to other genes as well. Such approach may be
more sustainable than re‐activation by VP64 and more specific compared to
epigenetic drugs. Furthermore, our ZFPs may also serve as flexible tools to screen
other putative demethylases or to compare demethylating efficiencies between
demethylases (e.g. TDG vs TET). We also showed that TFPI2 and C13ORF18 are
stronger tumor suppressors compared to CCNA1 and Maspin. For permanent re‐
expression of silenced genes, future efforts to further unravel the elusive DNA
demethylation pathway (39) may give clues to increase the efficiency of targeted
demethylation in order to gain permanent control over the transcriptome.
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Materials and Methods
Cell culturing
The human cervical cancer cell lines HeLa, SiHa, CaSki, C33A and the human
embryonic kidney cells HEK293T were obtained from the ATCC (Manassas, VA,
USA) and authenticity of the cell lines was verified by DNA short tandem repeat
analysis (Baseclear, Leiden, The Netherlands). The CSCC‐7, CSCC‐8, CC‐10 and CC‐
11 were derived from cervical squamous cell carcinoma as described previously
(28) and were kindly provided by Prof. GJ Fleuren (Leiden University Medical
Center, Leiden, the Netherlands). The normal healthy human control cells
(conditionally immortalized ovarian epithelial cells (OSE‐C2) and skin fibroblasts
(adult donor)) were respectively kindly provided by Dr. Richard Edmondson
(Newcastle University, UK) or obtained from ATCC (CCD‐1093SK). All cell lines
were cultured in DMEM (BioWhittaker, Walkersville, MD, USA), supplemented
with 10% fetal calf serum (BioWhittaker), 1% L‐glutamine and 0,6% gentamycin, at
37°C under 5% CO2. For treatment with epigenetic drugs, cells were treated with
500 nM or 5 µM 5‐aza‐dC (Sigma, St Louis, MO, USA) for three consecutive days.
500 nM TSA (Sigma) was added on the 3rd day. Cells were harvested on the fourth
day for analysis.
Cloning and delivery
Target sites of engineered ZFPs were selected based on ranking according to
Zincfingertools.org (40) and the proximity to the transcription start site of
targeted genes (‐500 bp to +250 bp) (Fig. 2A). The coding sequence of their DNA‐
specific binding domains is shown in Suppl. Table 1 and were established using
the amino acid‐DNA binding code (41). Sequences were ordered as double
stranded DNA oligos (BIO BASIC, Markham, Canada) flanked with SfiI (Thermo
Scientific, Leon‐Rot, Germany) restriction sites at the N‐terminus 5’‐
GGATCCGAGGCCCAGGCGGCC‐3’
and
C‐terminus
5’GGCCAGGCCGGCCGAAGATCTGAGGAG‐3’. ZFPs were subsequently subcloned in
the pMX‐IRES‐GFP carrying either the transcriptional activator VP64, no effector
domain (NoEf), TET2‐CD or TET2‐mutant (6) using SfiI restriction. For ectopic
expression of C13ORF18, CCNA1, TFPI2 and Maspin cDNA, DNA fragments of the
genes were generated by PCR (Phusion Hot Start II High‐Fidelity DNA polymerase,
Thermo Scientific) using gene‐specific PCR primers (Suppl. Table 2) flanked with
BamHI and NotI (C13ORF18, TFPI2) or BglII and EcoRI (CCNA1, Maspin) restriction
sites on pre‐ordered cDNA carrying plasmids (C13ORF18 isoform a (Invitrogen, Life
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Technologies, Carlsbad, CA), CCNA1 isoform a (Invitrogen) and TFPI2 isoform 1
precursor (BIO‐BASIC)) or cDNA obtained from HeLa cells (Maspin) and ligated
into the pMX‐IRES‐GFP.
Retroviral transduction were performed as previously described (25). For
superinfection, harvested cells were GFP sorted using the MoFlo‐XDP sorter
(Beckman Coulter, Woerden, the Netherlands), re‐seeded and propagated.
Subsequently, cells were re‐transduced and harvested using the same procedure
as normal transduction, or frozen in liquid nitrogen for later re‐transduction.
ChIP(‐Seq)
ChIP(‐Seq) was performed as previously described (9) using the following
antibodies: normal rabbit IgG (ab46540), H3K36Me3 (ab9050) (Abcam,
Cambridge, UK), acH3 (06‐599), acH4 (06‐598), H3K4Me3 (07‐473), H3K9me3 (07‐
442) and H3K27me3 (07‐449, Millipore, Billerica, MA, USA), H3K9Ac (39137,
Active Motif, La Hulpe, Belgium) or anti‐HA‐tag (101P‐200, Covance, Uden, the
Netherlands). The coverage for the ChIP‐Seq peaks was calculated by NextGENe
by dividing the number of bases aligned to the region by the length of the peak.
See the supplementary methods for a more extensive description.
Bisulfite sequencing/Methylation‐Specific PCR (MSP)/bisulfite pyrosequencing
MSP and bisulfite sequencing were performed as previously described (25) using
gene specific primers (Suppl. Table 2). Bisulfite pyrosequencing was performed on
the Pyromark Q24 MD pyrosequencer (Qiagen) according to the manufacturer’s
instructions. Methylated levels of single CpGs were determined using Pyromark
Q24 Software (Qiagen).
Quantitative real‐time PCR (qRT‐PCR)
RNA was isolated using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) and
converted into 1 µg of cDNA (Thermo Scientific). qRT‐PCR was performed as
previously described (9) using gene specific primers (Suppl. Table 2). Gene
expression levels relative to GAPDH were determined with the formula 2‐ΔCt. Fold
increase in gene‐expression compared to controls was calculated with the formula
2‐ΔΔCt. Samples for which no amplification could be detected were assigned a Ct
value of the total number of PCR cycles (40).

325

12

Chapter 12
Growth assay/PI assay
Cells were seeded in 96‐wells plates (2000 cells per well), transduced and
incubated for one to five days at 37°C. To measure the fraction of viable cells, 3‐
(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐carboxymethoxy‐phenyl)‐2‐(4‐sulfophenyl)‐2H‐
tetrazolium (MTS) (5 mg/ml) was added, followed by three hours of incubation at
37°C. Then, the absorbance was detected at 490 nm with a Versamax microplate
reader (Molecular Devices, Sunnyvale, CA, USA).
Four days after transduction, the fraction of cell death (late apoptotic and
necrotic cells) was determined using propidium iodide (PI) as previously described
(42). The colony size of CC‐11 cells was measured five days after viral delivery
using ImageJ (version 1.49m).
Statistical analysis
Statistical significance was determined with the student’s t‐test (single group
comparison) or one‐way ANOVA (multiple group comparison) followed by
Dunnett’s post hoc test using GraphPad Prism 5 software. A p‐value of 0.05 or less
was considered statistical significant (*p≤0.05, **p<0.01 and ***p<0.001).
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Supplementary Materials and Methods
ChIP‐Seq
Cells were harvested and treated with 1% formaldehyde (final concentration) for
10 minutes at 37°C. Then, cells were washed with PBS, lysed and sonicated using a
Biorupter (Diagenode, Liège, Belgium) for 15 cycles (high, 30 seconds on and 30
seconds off per cycle). Magnetic beads (Invitrogen, 50 µl per conditions) were
coated with 3 µg of antibodies and incubated with sheared chromatin of 1.0∙106
cells on a rotating platform overnight (O/N) at 4°C. Next day, DNA was eluted
from beads (supernatant of IgG was kept and used as input for normalization) and
incubated with RNAse (Roche, Mannheim, Germany) at 67°C O/N and proteinase
K (Sigma) for 1 hour at 45°C. DNA was then purified using a PCR Cleanup Kit
(Qiagen). qRT‐PCR was performed using gene‐specific primers (Suppl. Table 2)
and percentage of input was determined with the formula: 2^(Ctinput‐CtChIP)*
dilution factor * 100.
For ChIP‐seq, enriched DNA obtained from the ChIP using the HA‐tag ab
was prepared using the Mondrian SP (NuGEN Technologies Inc, San Carlos, CA,
USA) and Ovation SPUltralow Library system (NuGEN Technologies). The Barcoded
fragments of 250‐370 bp were subsequently subjected to paired‐end sequencing
on a HiSeq2000 (Illumina, San Diego, CA, USA). The resulting reads were analyzed
with NextGENe V2.3.3 (SoftGenetics, LLC, PA, USA). The reads (empty vector
9x106, 3ab‐NoEf: 30x106 reads, 5ab‐NoEf: 25x106, 12ab‐NoEf: 22x106 and 43ab‐
NoEf: 11x106 reads) were converted from fastq to fasta to remove low quality
reads (Read trimming was performed when 3 bases are found with quality score
<= 16. Subsequently the reads have been filtered for not passing a median of base
quality scores <= 20 or max number of uncalled bases > 3 or called base number <
25). The PCR duplicates were removed by removing equal sequences. The unique
sequences were aligned to the human genome using NextGENe V2.3.3
(SoftGenetics, LLC, PA, USA) (allowable mismatched bases 1, allowable ambiguous
alignments 0). We then identified for every constructs the number of peaks, the
coverage per peak and the location of the peak relative to nearby genes using the
peak identification tool in the software package (coverage 5, gap 110 and noise 0).
The coverage per peak is calculated by NextGENe by dividing the number of bases
aligned to the region by the length of the peak). The peak identification report
was exported to excel to rank the peaks based coverage (Fig. 5C), location (Fig.
5D) (e.g. (+/‐ 100 bp from TSS) or coverage and location (Fig. 5E). The coverage
distribution report was used to show the enrichment at the various promoters
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using RStudio software (http://www.rstudio.com/products/rstudio/download/).
ChIP‐seq experiments were performed once for four ZFPs to obtain an indication
of the degree of off‐target binding.
Immunofluorescence staining (ICC)
For ICC, cells were fixed with PBS containing 4% paraformaldehyde for 20
minutes. Cells were washed in PBS and subsequently pre‐incubated in PBS+ (PBS +
0.1% TritonX‐100) supplemented with 5% bovine serum albumin (BSA) and 3%
normal goat serum (NGS) for 30 minutes. Cells were subsequently incubated in
PBS+ containing 3% BSA, 2% NGS and a monoclonal primary antibody against
Maspin (Pharmingen) (1:100) at 5°C O/N. Next day, cells were washed with PBS
and incubated in PBS+ with fluorescent secondary antibodies (Alexa Fluor 555
goat anti‐mouse 1:400) at RT for 1 hour. Cells were rinsed with distilled water and
analyzed using fluorescence microscopy.
Western blotting
Cells were pelleted and homogenized by mixing in ice‐cold RIPA buffer (Thermo
Scientific). Samples of 25 µg protein were loaded onto a 10% SDS‐polyacrylamide
gel. After running, the gel was blotted to Immobilon‐P transfer membrane
(Millipore). Membranes were blocked in blocking buffer (Odyssey blocking buffer
diluted in PBS 1:1) at RT for 1 hour. After that, membranes were incubated in a
mixture of 50% washing buffer (0.1% Tween‐20 in PBS (pH 7.4)) and 50% blocking
buffer with primary antibodies specific for Maspin (Pharmingen, 1:100) or Actin
(Millipore, 1:5000) O/N. Next day membranes were rinsed with washing buffer
and incubated in washing buffer with secondary antibody at RT for 1 hour (dkαms
1R dey 680 (1:8000)). After incubation membranes were rinsed with washing
buffer. For detection of fluorescence bands, blots were scanned with the Odyssey
Infrared Imaging System (Li‐Cor Biosciences, Lincoln, NE, USA).
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Supplementary Data
Supplementary Table 1. Sequence of ZFPs targeting C13ORF18, CCNA1, TFPI2 and Maspin.
Shown are the amino acid sequences of the six variable regions of all ZFPs used in this
study as obtained from zincfingertools.org. Below is the AA sequence of the ZFP backbone
shown according to the Sp1 consensus framework plus the six variable regions (ZF1 to
ZF6), bold and underlined (exemplified for 3ab). For cloning in the pMX‐IRES‐GFP, the
protein coding regions were flanked with SfiI restriction sites (see M&M).
ZFP
3ab
5ab
11ab
12ab
13ab
14ab
15ab
16ab
41ab
42ab
43ab
44ab
45ab
46ab
47ab
48ab
49ab
50ab
51ab
97
126

gene
C13ORF18
C13ORF18
CCNA1
CCNA1
CCNA1
CCNA1
CCNA1
CCNA1
TFPI2
TFPI2
TFPI2
TFPI2
TFPI2
TFPI2
TFPI2
TFPI2
TFPI2
TFPI2
TFPI2
Maspin
Maspin

ZF1
TSGNLVR
DCRDLAR
RSDHLTT
RSDKLVR
DCRDLAR
DCRDLAR
RSDNLVR
DCRDLAR
DPGALVR
DPGALVR
TSGNLVR
RSDHLTT
RSDELVR
QKSSLIA
QSSSLVR
QSSNLVR
TKNSLTE
HKNALQN
TSGELVR
TSGELVR
RSDVLVR

ZF2
RSDKLTE
QSGDLRR
TSGNLVR
RSDDLVR
RSDDLV
TSGELVR
RNDTLTE
QSGDLRR
SKKHLAE
SPADLTR
TSGELVR
DCRDLAR
RSDNLVR
TSHSLTE
TTGNLTV
QLAHLRA
TSHSLTE
DPGALVR
DSGNLRV
RSDVLVR
RSDDLVR

ZF3
RSDKLVR
QSSNLVR
TSGELVR
RSDHLTT
DPGHLVR
RSDKLVR
DPGNLVR
DCRDLAR
DPGALVR
RSDELVR
RSDELVR
DCRDLAR
RSDNLVR
TSHSLTE
QLAHLRA
RSDHLTT
TTGNLTV
RADNLTE
SPADLTR
RSDDLVR
RSDVLVR

ZF4
QSGDLRR
TSGHLVR
DCRDLAR
DPGHLVR
QSGDLRR
DPGHLVR
DCRDLAR
DPGHLVR
DPGHLVR
RSDKLVR
RSDKLVR
RSDKLTE
RSDKLTE
REDNLHT
HKNALQN
RSDHLTT
RSDKLTE
REDNLHT
DPGNLVR
QSGDLRR
DPGHLVR

ZF5
REDNLHT
TSHSLTE
DPGHLVR
DCRDLAR
RSDKLVR
HTGHLLE
QAGHLAS
RADNLTE
RADNLTE
DPGHLVR
QAGHLAS
DKKDLTR
RSDHLTT
RSDELVR
REDNLHT
DPGHLV
ERSHLRE
SKKALTE
THLDLIR
QSSNLVR
RSDVLVR

ZF6
RSDKLVR
THLDLIR
RSDKLVR
RSDELVR
DPGHLVR
QRAHLER
RSDELVR
RSDKLVR
TKNSLTE
DPGHLVR
DCRDLAR
DPGHLVR
DCRDLA
THLDLIR
TSGNLVR
QRANLRA
QLAHLRA
TTGNLTV
HKNALQN
QSGDLRR
QSGDLRR

3ab AA sequence:
LEPGEKPYACPECGKSFSTSGNLVRHQRTHTGEKPYKCPECGKSFSRSDKLTEHQRTHTGEKPY
KCPECGKSFSRSDKLVRHQRTHTGEKPYACPECGKSFSQSGDLRRHQRTHTGEKPYKCPECGKS
FSREDNLHTHQRTHTGEKPYKCPECGKSFSRSDKLVRHQRTHTGKKTS
Supplementary Table 2. Primer sequences.
qRT‐PCR
Sequence (5’‐3’)
C13ORF18 Fw
GTGCTGCCTGTTGATGTAGA
C13ORF18 Rv
TTCAGAGTCAGGCTGATCAC
CCNA1 Fw
TCAGTACCTTAGGGAAGCTGAAA
CCNA1 Rv
CCAGTCCACCAGAATCGTG
Maspin Fw
CGACCAGACCAAAATCCTTG
Maspin Rv
GAACGTGGCCTCCATGTTC
TFPI2 Fw
GGGTGTCACCGGAACCGGATTG
TFPI2 Rv
AGCGAGTCACATTGGCAGAGCA
GAPDH Fw
CCACATCGCTCAGACACCAT
GAPDH Rv
GCGCCCAATACGACCAAAT

332

Targeted TET2‐induced DNA demethylation of epigenetically silenced TSGs
BS‐sequencing
C13ORF18 Fw
C13ORF18 Rv
CCNA1 Fw
CCNA1 Rv
Maspin Fw
Maspin Rv
TFPI2 Fw
TFPI2 Rv

Sequence (5’‐3’)
AGGTGTTGGGATTATAGGTTTG
CTCTCTAAAAACTCCTCAAAAAAAC
GTTGGGTTTTTAGGGGTTT
CAACTAAAATACTCTTCTCCCCA
AAAGAATGGAGATTAGAGTATTTTTTGTG
CCTAAAATCACAATTATCCTAAAAAATA
AGGTAGGTTTAATTTTTTAATTTGG
CTATTAACTCCTAAACAACATC

MSP
C13ORF18 Fw
C13ORF18 Rv
Maspin M Fw
Maspin M Rv
Maspin U Fw
Maspin U Rv

Sequence (5’‐3’)
TTTTTAGGGAAGTAAAGCGTCG
ACGTAATACTAAACCCGAACGC
ATTTTTATTTTATCGAATATTTTATTTTTCGGT
TACATACGTACAAACATACGTACGACAATCCTCTCG
TATTTTTATTTTATTGAATATTTTATTTTTTGGT
TACATACATACAAACATACATACAACAATCCTCTCA

Pyrosequencing
C13ORF18 Fw
C13ORF18 Rv
C13ORF18 Seq
CCNA1 Fw
CCNA1 Rv
CCNA1 Seq
EPB41L3 Fw
EPB41L3 Rv
EPB41L3 Seq

Sequence (5’‐3’)
GTATTGGTTGGTAGGTTTTTTTAGTAT
ACCCTAAAATCCACCTACAACTTACC
TTGTTGATAGTGAAGGTTAA
GGTTGGAATTTTTAGNTATTTGGTTTTT
ATCCTTCCCAACTAAAATACTCT
GGTTAGGTTAGGTTTTGTTTAA
GTTGGGAGGGTAGGT
AACCCCCTCCCAATCCCCCACT
TTTTTAGTAAGGTTTTTGG

ChIP
C13ORF18 Fw
C13ORF18 Rv
CCNA1 Fw
CCNA1 Rv
Maspin Fw
Maspin Rv
TFPI2 Fw
TFPI2 Rv

Sequence (5’‐3’)
ACGCGGACAGTGAAGTGCTACA
TCGGCCCTGAAATCGACCTGC
GGAGACCGGCTTTCCCGCAA
TCTGGGAGCCCCGGTCCTTC
TTGTGCTCCTCGCTTGCCTGTTC
CCAGCCCTGCTACCCCACCTTG
GGGCGTCCCCGTCTGGACTA
CCCCGCGCTGCAAACTGTGT
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Supplementary Figure 1. Methylation and expression status of Maspin and C13ORF18.
(A) Maspin promotor methylation status before and after treatment with 5‐aza‐dC (5 µM)
in C33A cells visualized with a MSP. (B) C13ORF18 promotor methylation status before and
after treatment with 5‐aza‐dC (5 µM) in C13ORF18‐methylated HeLa and SiHa cells
visualized with a MSP. For MSP, PCR primers specific for methylated template (m) and
unmethylated template (u) are shown. Maspin expression (red staining) in cervical cancer
cells as analyzed by ICC (C) and western blot (plus Actin loading control) (D) in HeLa, CaSki
and C33A. (E) Quantification of the methylation status of the Maspin promoter in DNA
obtained from cell lines, normal cervices and cervical cancer patients measured by MSP.
Differences in methylation levels were quantified using ImageJ and the ration of the
methylated to unmethyhlated primer pairs for each sample was determined. Samples
were classified as being methylated (ratio of >1.1), intermediately methylated (ratio of
0.9‐1.1) or unmethylated (ratio of <0.9). Statistical significance was determined with a
MannWhitney U test and a value of 0.05 or less was considered statistical significant (*
p<0.05). (F) Maspin IHC staining for four primary tumors (top) and metastatic tumors from
four patients (bottom). The tumor‐surrounding tissue served as control for base line levels
of Maspin expression.
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TET1
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Supplementary Figure 2. TET 1‐3 expression in healthy control cells and cervical cancer
cell lines. Endogenous expression of TET1, TET2 and TET3 in normal cells (healthy ovarian
cells and fibroblasts) and cervical cancer cell lines. Values were quantified by qPCR and
each bar represents the mean of in general three independent experiments measured in
triplicate ± SEM. Statistical significance was determined using one‐tailed t‐test. A p‐value
of 0.05 or less was considered statistical significant (*p≤0.05, **p<0.01 and ***p<0.001).

Supplementary Figure 3. Endogenous re‐expression of CCNA1, TFPI2 and Maspin mRNA
by ATFs (see next page). (A) Relative expression of CCNA1 mRNA after treatment with
CCNA1‐targeting ATFs in the CCNA1‐negative cell lines HeLa, SiHa, CaSki and C33A. (B)
Relative expression of TFPI2 mRNA after treatment with TFPI2‐targeting ATFs in the TFPI2‐
methylated cell lines HeLa and SiHa. (C) Relative expression of Maspin mRNA after
treatment with Maspin‐targeting ATFs in the Maspin‐unmethylated cell lines SiHa and
CaSki and the Maspin‐methylated cell line C33A. Each bar represents the mean of in
general three independent measured in triplicate ± SEM. Quantification of mRNA was
performed using qRT‐PCR and induction levels were normalized to GAPDH and relative to
an empty vector. Statistical significance was determined using one‐tailed t‐test. A p‐value
of 0.05 or less was considered statistical significant (*p≤0.05, **p<0.01 and ***p<0.001).
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Supplementary Figure 4. Visualization of the low passage cell lines CSCC‐7, CSCC‐8, CC‐10
and CC‐11. CSCC‐7 and CC‐11 grow as spherical colonies, while CSCC‐8 and CC‐10 grow as
monolayer (A). Relative expression of C13ORF18 mRNA after treatment with C13ORF18‐
targeting ATFs (3ab‐VP64 and 5ab‐VP64) and aspecific ATFs in CSCC‐7 (B), CSCC‐8 (C), CC‐
10 (D) and CC‐11 (E) cells. Relative expression of CCNA1 mRNA after treatment with the
CCNA1‐targeting ATF (12ab‐VP64) and nonspecific ATFs in CSCC‐7 (F) and CSCC‐8 cells (G).
Expression was normalized to GAPDH and relative to an empty vector. Bars represent the
average ± SEM of a triplicate measurement.
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Supplementary Figure 5. ZFP association with their aimed target site. Enrichment of
C13ORF18‐ (3ab, (5ab next page)), CCNA1‐ (12ab) and TFPI2‐ (43ab) targeting ZFPs at their
respective target sites in CaSki cells as detected by ChIP‐Seq and visualized with RStudio.
Also shown are the background reads at the target site after expressing an empty vector,
and the off‐target reads of the ZFPs at the promoters of the various other genes. ZFPs are
aimed at the indicated target site
( ). Also shown is the TSS ( ).
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Figure legend on previous page.
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Supplementary Figure 6. Genome‐wide binding of the various gene‐targeting constructs.
(A) Binding patterns of 3ab, 5ab, 12ab, 43ab and background coverage (empty vector) to
the whole genome as analyzed by ChIP‐Seq. Global enrichment was visualized using
NextGENEe software. (B) Coverage plots of two off‐targets for 12ab‐Noef, which correlate
with a 1 bp mismatch (in red and underlined) in the intended target sequence of 12ab
(shown below plots) on chromosome 14 and 20. Also shown is the coverage for the empty
vector at this location.
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Supplementary Figure 7. Off‐targets caused by sequence similarity. Coverage plots
showing a local enrichment for 12ab‐NoEf of 1 or 2 bp mismatches at the outer site of the
target sequence of 12ab‐NoEf (CCC CGC CCA GCC GGC CAC). Mismatched basepair(s) are
indicated in red and underlined. Shown is a 20 kb spanning region and coverage is
visualized with RStudio (cells expressing an empty vector were used as control (left)). Local
enrichment was determined using the coverage distribution report obtained from
NextGENe.
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Supplementary Figure 8. Relative GFP mRNA expression after retroviral treatment with
C13ORF18‐ and CCNA1‐targeting constructs in CaSki. On the left, the GFP expression of
C13ORF18‐ (A) and CCNA1‐targeting constructs (B) after regular transduction, on the right
the GFP expression after superinfection. The targeting constructs carry either the VP64
activator domain, TET2‐CD, TET2‐mutant or NoEf. Relative C13ORF18 (C), CCNA1 (D) and
TFPI2 (E) expression after retrovirally induced expression of the gene‐targeting ZFPs
carrying the transcriptional activator VP64 using the superinfection procedure. For
superinfection, cells were sorted and re‐transduced before analysis. Gene expression is
relative to GAPDH. Each data point represents the mean ± SEM of three or more
independent experiments measured in triplicate. Statistical significance was determined
using a one‐tailed t‐test. A p‐value of 0.05 or less was considered statistical significant
(*p≤0.05 and **p<0.01).
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Supplementary Figure 9. Demethylation of the C13ORF18 promoter after ZFP‐mediated
targeting of TET2 or VP64. (A) DNA methylation status is shown for 39 CpGs in the
C13ORF18 promoter after expressing 5ab‐NoEf and 5ab‐TET‐CD or simultaneous
expression of 3ab‐NoEf/5ab‐NoEf, 3ab‐TET2/5ab‐TET2‐CD or 3ab‐VP64/5ab‐VP64 in CaSki
cells. Each row represents an individual clone. Shown are the 3ab and 5ab target sites and
the transcription start site (TSS). (B) The quantification of the DNA methylation of the 39
CpGs in the sequenced C13ORF18 promoter with the various constructs. Statistical
significance was determined using a one‐tailed t‐test. A p‐value of 0.05 or less was
considered statistical significant (*p≤0.05 and **p<0.01).
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Supplementary Figure 10. Off‐target effects of TET‐ZFPs on EPB41L3 promoter
methylation. (A) The off‐target effect of the C13ORF18‐targeting 5ab‐TET2‐CD and the
NoEf‐control on the methylation status of the EPB41L3 promoter. (B) The off‐target effect
of the CCNA1‐targeting 12ab‐TET2‐CD and the NoEf‐control on the methylation status of
the EPB41L3 promoter. Methylation levels were quantified by pyrosequencing and each
data point represents the mean ± SEM of three independent experiments (same samples
as from Figure 5). Inserts show the binding of the 5ab‐NoEf and 12ab‐NoEf to the EPB41L3
promoter as analyzed by ChIP‐Seq and visualized by NextGene. Each gray block represents
a coverage of one, and the blue line indicates the gene position. Statistical significance
was determined using a one‐tailed t‐test. A p‐value of 0.05 or less was considered
statistical significant (**p<0.01).
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General summary and discussion
While for a long time reactive oxygen species (ROS) were thought to be merely
damaging agents that are detrimental for health, more and more research is now
revealing their beneficial sides in signal transduction and cellular adaptation. In
this thesis we aimed to look into both sides (detrimental vs beneficial) of ROS, in
relation to epigenetics and cancer. However, as reactive oxygen species (ROS) are
involved in many, both physiological and pathological, processes, the knowledge
acquired in this thesis goes beyond just cancer. Indeed, many diseases, including
diabetes (1) and neurodegenerative diseases (2), have been proposed to benefit
from ROS‐modulation therapies.
Gaining a better basic understanding of the actions of ROS will help us to
obtain new avenues to prevent or treat diseases. Regarding this, an interesting
avenue of exploration is the link between ROS and epigenetics; several papers
now indicate that ROS modulate the epigenetic landscape in such a way that it
may induce or promote tumorigenesis (3‐5). Moreover, the reversible nature of
epigenetic modifications makes this an interesting therapeutic target in ROS‐
related diseases such as cancer.
ROS as therapeutic target in cancer
ROS‐induced DNA mutations can contribute to both the initiation and progression
of cancer, and as such ROS are, to a certain extent, beneficial for cancer cells. ROS
levels are increased in cancer compared to normal cells (6). Several reasons may
explain this, among which increased metabolic activity, mitochondrial
dysfunction, oncogene activity, or through crosstalk with infiltrating immune cells
(7‐9).
In current cancer treatment, bleomycins (BLMs) are used for a variety of
tumors (10). Interestingly, the oxidative DNA cleavage (i.e. via the production of
ROS) in the presence of cellular metal ions and oxygen is believed to be the major
source of BLM its antitumor activity (11‐14). Therefore, we designed N4Py, a
synthetic mimic of the metal‐binding domain of BLM (15‐17). N4Py acts as a
transition metal catalyst that can convert primary ROS into highly reactive
secondary ROS (18). As opposed to BLM, a natural antibiotic produced by
Streptomyces verticillus (19), N4Py can be synthetically produced. This has as
major advantages that it is a small, relatively easy to modify, molecule. As such,
studying the effect of these modifications is more straight‐forward in N4Py, and
may give us insights into the mechanism of action of BLM.
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Based on the higher baseline levels of ROS in cancer compared to normal
cells, we hypothesized that cancer cells harbor increased sensitivity toward ROS‐
inducing agents, such as BLM and N4Py, and as such a therapeutic window would
arise. In Chapter 2, we could indeed identify a therapeutic window in which the
ROS‐inducing agent resulted in toxicity only in the cancer and not the normal cells.
However, to make a more general conclusion, and to exclude the possibility that
toxicity arises in certain types of healthy cells, e.g. fast‐dividing cells in for
example the skin or the intestines, more cell types and other ROS‐inducing agents
should be included in further studies. Nevertheless, since N4Py is a synthetic
molecule, the molecule can be easily further optimized in such a way that it
targets cancer cells even more selectively. For example, N4Py could be conjugated
to folate, and as a result may specifically target folate‐receptor expressing cells.
The folate receptor is a receptor that is commonly overexpressed in tumors (20,
21). Previously, it was shown for several folate‐drug conjugates, not only in in
vitro systems, but also in animal models and human clinical trials, that cancer cells
can be more selectively targeted (22, 23).
Since N4Py may be an interesting molecule in the treatment of cancer
(Chapter 2), it is important to understand the factors that determine its behavior
inside the cell. Since it is known that the activity of BLM is dependent on the
metal it is binding (12, 14, 24), we wondered how different metals within the
N4Py molecule can affect the properties of this complex in living cells (Chapter 3).
We showed that Fe(II)‐N4Py is highly redox active, whereas the possible, if any,
oxidizing power of Mn(II)‐N4Py, Cu(II)‐N4Py and Zn(II)‐N4Py is too low to enable
efficient DNA cleavage. Interestingly, from these studies it became evident that
results obtained in cell free systems did not correlate well with results obtained in
cell culture, highlighting the importance of determining in vitro activity early in
the drug discovery process (25). These findings are in line with earlier reports in
which the in vitro data of metallo‐BLMs (26, 27) did not correlate well with the
data obtained in cell‐free systems (12, 14, 24); in vitro, the metallo‐BLMs showed
comparable levels of cytotoxicity, whereas in cell‐free systems Fe‐BLM is the most
active compound.
This difference might be partly explained by the complexity of a whole
cell. Moreover, we show that it is likely the exchange of metals within the cellular
environment that contributes to the difference between the data obtained in cell
free systems and in vitro. In other words, the N4Py‐complex we treated our cells
with, might not be the active complex in the cell due to metal exchange. In
addition, many metals are important co‐factors for cellular reactions. Therefore,
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changing the intracellular concentration of these may have also changed the
outcome. For example, Zn(II) acts as a co‐factor for the X‐linked inhibitor of
apoptosis protein (XIAP), which is involved in the inhibition of apoptosis (28).
N4Py can act as Zn‐chelating agent, and as such, it has been shown that induction
of apoptosis by N4Py correlates with inhibition of XIAP (29). In our results, N4Py
indeed induces apoptosis. However, we have not looked into the contribution of
XIAP inhibition herein. XIAP levels are often elevated in cancer, and this can
contribute to chemoresistance (30). Consequently, it has been suggested that Zn‐
chelating agents such as N4Py may be useful in the treatment of apoptosis‐
resistant cancers (29).
Taken everything together, our study reveals the importance to realize
that whatever is put inside a cell, does not always reflect the active complex
intracellularly. Therefore, great care has to be taken into the interpretation of the
data and the conclusion that can be drawn. As such, the XIAP depletion by Zn(II)
chelation as described by Zuo et al., is not the only cause for N4Py‐induced
apoptosis, but more likely, the apoptosis can be contributed to a combination of
multiple N4Py‐metal complexes (29).
In addition to the type of metal N4Py forms a complex with, the
intracellular activity of N4Py is affected by its intracellular trafficking. By fusing
different fluorophores to N4Py, we could correlate the biological effects to the
intracellular localization and dynamics of the molecule (Chapter 4). Despite having
only a slight effect on the inherent activity, i.e. DNA cleavage activity on naked
DNA, of N4Py, attachment of different fluorophores greatly changed the cellular
behavior of the different N4Py variants. This was explained by the fact that the
molecule could not enter the cell anymore (N4Py‐fluorescein), the mode of
transport was changed from passive to active (N4Py‐Rhodamine B), or the
molecule was targeted to the mitochondria (N4Py‐Cy5). As a result of this, both
N4Py‐fluorescein and N4Py‐Rhodamine B showed (almost) completely abolished
intracellular activity. In contrast, despite being targeted to the mitochondria, the
cytotoxicity of N4Py‐Cy5 remained comparable to the parental molecule.
The knowledge obtained in this chapter may be used to gain more insights
into how cells respond to differently localized N4Py molecules. Moreover, this
knowledge may be useful when employing N4Py as anti‐cancer agent. For
example, the mitochondria‐targeted N4Py‐Cy5 variant changed the mode of cell
death from an apoptotic to a non‐apoptotic cell death pathway. Since many
cancer cells are or will become resistant to apoptosis (31), induction of cell death
via an alternative pathway may promote the anti‐cancer activity of N4Py.
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The development of molecular tools that can detect species‐specific ROS
molecules will help us to better understand the role of specific ROS in health and
disease, and will contribute greatly to the successful implementation of ROS‐
modulating therapies. Current tools to detect primary ROS have many pitfalls,
including the lack of selectivity and the ROS generation by the probe itself (32‐35).
One of the reasons that it is difficult to develop a probe that detects primary ROS,
is the fact that primary ROS are not highly reactive by themselves, and therefore,
require an additional catalyst to be detected. Given that each cell‐type and
organelle varies in the type and availability of catalysts, highly variable responses
toward current ROS probes are obtained.
Since N4Py itself is a catalyst, it does not require an additional catalyst for
the detection of primary ROS. By attaching a reduced fluorophore, i.e.
profluorophore, to N4Py, N4Py may be transformed to a ROS probe for the
detection of primary ROS; upon catalysis by N4Py of primary ROS into highly
reactive secondary ROS, these secondary ROS molecules would preferentially
react with the attached fluorophore resulting in fluorescence. As such, when in
reduced form (as described before for Cy5 (36)), N4Py‐Cy5 could be potentially
used as a suitable ROS probe to monitor mitochondrial ROS (mtROS) levels.
In addition to small‐molecule fluorescent/chemiluminescent ROS probes,
such as dichlorodihydrofluorescein (DCFH) and dihydroethidium (DHE), also
several genetically‐encoded fluorescent‐protein based approaches have been
developed in recent years to detect intracellular ROS levels (35, 37). This group
consists of proteins such as redox‐sensitive green fluorescent protein (roGFP) (38),
circularly‐permutated yellow fluorescent protein (cpYFP) (39) and HyPER (40).
These proteins can be more easily targeted to any subcellular localization or cell‐
type, can be used for long‐term monitoring of intracellular ROS levels and can
measure ROS in a more quantitative fashion compared to the small‐molecule
based probes such as N4Py (37). However, also these biological approaches to
detect ROS have their limitations, including their low dynamic range, slow
reversibility and overexpression artifacts (37). Nevertheless, researchers are
continuously working on further improvements of these proteins (41, 42). The
combination of these genetically‐encoded protein based approaches with high‐
resolution confocal imaging techniques has opened up the way to study defined
processes in redox biology in living organisms. Currently, several transgenic
species have already been used for this purpose, including zebrafish (43), mice
(44) and C. elegans (45). Using all these new technologies, scientist may map the
exact role of specific ROS molecules in many physiological and pathological
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processes, and this could give us new insights into how to tackle malfunctioning of
these biological systems in diseases such as cancer.
Increased ROS levels are a common feature in cancer cells (6). Despite the
beneficial effects, even cancer cells can only handle a certain amount of oxidative
stress. Therefore, they attempt to overcome increased ROS levels by increasing
their antioxidant defense systems. One of the possibilities for cancer cells to do
so, is by constitutively activating Nrf2, the master regulator of the antioxidant and
cytoprotective responses (Chapter 5 and 6). Based on this, inhibition of Nrf2 could
be an interesting option in the treatment of cancer. Indeed, it has been shown
that inhibition of Nrf2 can inhibit tumor growth and increase the efficacy of
chemotherapy in a variety of cancers (46, 47).
However, both normal and cancer cells make use of the Nrf2 defense
system. Therefore, Nrf2 inhibitors might induce off‐target effects in certain
sensitive normal cell types, such as the rapidly dividing hematopoietic stem cells
(48) and drug detoxifying hepatocytes (49, 50). In Chapter 5 we looked into
solutions to overcome this problem, and to enhance the therapeutic window in
which Nrf2 inhibition might be useful as anti‐ovarian cancer treatment.
So far, only a limited number of Nrf2 inhibitory compounds have been
described, including brusatol from Brucea javanica (50, 51), procyanidins from
Cinnamomi Cortex extract (52), retinoic acid receptor α agonists (53), leutolin
(54), and trigonelline (55). For the first two compounds the exact mechanism has
not been elucidated yet. Nevertheless, brusatol is known to act as a transient Nrf2
inhibitor at the post‐transcriptional level. Moreover, Keap1‐, proteasomal‐ or
authophagy‐dependent mechanism have been excluded as well as a p38 MAPK‐,
AKT‐, ERK1/2‐, or JNK1/2‐dependent signaling mechanism (50). For the other
compounds, the mechanism of action has been elucidated; retinoic acid receptor
α agonists form a complex with Nrf2 that is unable to activate downstream genes
(53); leutolin promotes NRF2 mRNA degradation (54); and trigonelline inhibits the
nuclear import of Nrf2 (55).
In our literature review (Chapter 5), we could identify several ovarian
cancer specific factors being directly linked to the constitutive activation of Nrf2:
mutations in BRAF, KRAS and ERBB2, and high levels of estradiol in combination
with mutations in BRCA1. Based on this, we propose to use a combination
strategy that combines direct Nrf2 expression inhibition with the blocking of
ovarian cancer specific factors that cause aberrant activity of Nrf2. For the success
of this strategy, it is essential to stratify the ovarian cancer patients in subgroups,
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as each ovarian cancer subtype harbors its own set of mutations that is linked to
the aberrant activation of Nrf2.
In Chapter 6, we took a closer look at a specific subtype of ovarian cancer,
the high‐grade serous epithelial ovarian cancers harboring a BRCA1 mutation. This
is a relatively common subtype of ovarian cancer that is often diagnosed at a late
stage of the disease. Especially in these advanced stage patients, current first‐line
treatment options, including chemotherapeutics and surgery, are often
inadequate (56). Therefore, better treatment options are urgently required for
these patients.
The treatment option we explored in this chapter, was the combination of
poly ADP ribose polymerase (PARP) (57) and Nrf2 inhibition. PARP enzymes are
involved in the repair of single strand DNA (ssDNA) breaks, which are the most
common type of DNA breaks induced by ROS. Therefore, we hypothesized that
inhibition of Nrf2, resulting in the accumulation of ROS, has the potential to
synergize with PARP inhibitors; ROS‐induced ssDNA breaks will accumulate at a
high rate. Since these ssDNA breaks cannot be repaired, they are converted into
double strand (dsDNA) breaks (58). BRCA1 is an important protein involved in the
repair of dsDNA breaks, and therefore, a BRCA1 mutation will make these mutant
cells extra sensitive to (ROS‐induced) dsDNA damage (59, 60). In this chapter we
could indeed show that this combination therapy is able to specifically kill the
BRCA1 mutant cancer cells. Moreover, as the combination acts synergistically, this
would enable the use of a lower dosage and thereby decreasing the chance of
side‐effects, while remaining comparable efficacy as either monotherapy. In
addition to inhibiting ssDNA break repair, certain PARP inhibitors, including
olaparib, can also tighten the binding of PARP to the DNA. The resulting PARP‐
DNA complex is shown to prevent replication and transcription and can therefore
contribute to the observed toxicity of these agents (61).
From the studies described in Chapter 2‐6 we can conclude that ROS
modulating therapies are an interesting avenue to further explore for the
treatment of cancer (9, 62). Moreover, the development of selective ROS probes
could increase our understanding of the contribution of specific ROS molecules in
cancer, and therefore, could aid in the rational development of new ROS
modulating therapies. Work by others also indicates that one of the important
mechanisms by which cancer cells acquire therapy resistance, such as resistance
to radiation (63) and multidrug resistance (64), is by increasing their antioxidant
capacity.
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However, great caution should be taken when pursuing the path of ROS‐
modulating therapies; in contrast to previous beliefs, the use of antioxidants is
less harmful after all (65, 66). On the other hand, increasing ROS levels is also not
without any risk, and might even induce carcinogenic mutations in healthy cells
(67, 68). Therefore, it is recommended to carefully monitor treatment efficacy not
only on the short term, but also on the long term.
Alternatively, a different approach could be taken that targets the
increased dependency of cancer cells on pathways clearing the ROS‐induced
damage (69); cancer cells do not only survive because they efficiently prevent
ROS‐induced damage, but also because they have an increased capacity to
remove the ROS‐induced damage, e.g. by increased capacity of the ubiquitin‐
proteasome pathway that regulates the degradation of misfolded and damaged
proteins (70). Recently, the drug Bortezomib has been successfully implemented
in the treatment of relapsed mantle cell lymphoma patients (71). Bortezomib
inhibits the ubiquitin‐proteasome pathway, and thereby increases the
accumulation of ROS‐induced protein damage, resulting in apoptosis. The
advantage of such an approach compared to direct ROS modulation would be that
interference with adaptive ROS responses in healthy cells (Chapter 8), being anti‐
tumorigenic in nature (72), is not expected.
Crosstalk between ROS and epigenetics
Besides genetic mutations, epigenetic alterations are commonly found in cancer
(73). Several examples point to a role for ROS herein (3‐5). For example, H2O2
treatment in colorectal cancer cells induced hypermethylation of the RUNX3
promoter resulting in downregulation of Runx3 expression (3). RUNX3 acts as a
tumor suppressor gene in many cancers, among which colorectal cancer (74). As
such, H2O2‐induced silencing of RUNX3 may contribute to the carcinogenic
process. This silencing could be overcome by the antioxidant N‐acetyl cysteine
(NAC) or the DNA methyltransferase (DNMT) inhibitor 5‐aza‐2’‐deoxycytidine (5‐
aza‐dC). Moreover, this hypermethylation was associated with increased binding
of DNMT1 to histone deacetylase 1 (HDAC1) and the RUNX3 promoter. Such
studies give us some indications on how ROS may affect epigenetics, but exact
mechanisms remain largely unknown. Therefore, in Chapter 7 and 8, we revealed
some of the mechanisms by which ROS may alter the nuclear epigenetic
landscape. Besides having an effect on nuclear epigenetics, we hypothesize that
ROS may also have an effect on mitochondrial epigenetics. In Chapter 9, we
summarize current literature indicating the presence and functional relevance of
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this previously overlooked epigenetic layer. Finally, in Chapter 10, we looked into
the function of mitochondrial DNA methylation, as being one of the components
of the mitochondrial epigenetic layer.
In Chapter 7, we discussed recent literature showing that depending on its
chromatin microenvironment, DNMTs may have opposite functions. Interestingly,
high levels of ROS are one of the requirements for this unexpected function of
DNMTs. We hypothesized that under specific (physiological) circumstances, these
extremely high levels of ROS can be reached very locally and contribute to the
rapid demethylation/remethylation cycles of extremely fast (“ultradian”)
oscillating genes. In line with this, it is conceivable that under certain pathological
circumstances, local ROS production is increased in such a way that it may alter
the function of DNMTs. For other epigenetic enzymes similar phenomena have
not yet been described, and are, at least in the case of “ultradian” oscillating
genes, not expected to occur as activation and repression during oscillation co‐
occurs with the recruitment of active and repressive histone modifier proteins to
the oscillating gene promoter (75). The recruitment of the ten‐eleven
translocation (TET) enzymes to these extremely fast oscillating genes has not been
studied, since, at that time, the TET enzymes were not identified yet. However, it
is possible that they may have functioned as the active DNA demethylases as
suggested by other studies (32, 33). Nevertheless, H2O2 has been shown to reduce
the activity of the TET enzymes via a decrease of the Fe(II) pool, i.e. the co‐factor
for these enzymes (76). Therefore, it might be necessary for the DNMTs to take
over the function of TET enzymes in specific local chromatin microenvironments
with high levels of ROS.
As mentioned above there are several indications that ROS can modulate
the nuclear epigenetic landscape. In Chapter 8, we wondered whether ROS‐
induced epigenetic changes can also explain the so‐called mitohormetic response;
a short‐term increase in mtROS can be beneficial for health on the long‐term by
preventing a number of diseases, among which cancer and diabetes (72). We
hypothesized that this (short‐term) increase in mtROS levels induces epigenetic
changes that can explain the health‐benefits on the long‐term. Previously, it was
hypothesized that either via direct (77) or indirect (78) mechanisms mtROS may
alter the epigenetic landscape.
In Chapter 8, we set up a system using the genetically‐encoded
SuperNova protein that would give us more insight in this topic. This fluorescent
protein generates superoxide upon excitation with a specific wavelength (79). By
targeting this protein to different locations within the mitochondria, we
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generated a unique tool to reveal the role of mtROS produced at different
locations within the mitochondria. Unfortunately, we were unable to successfully
get the system up and running.
Nevertheless, current literature may give us some clues about the effect
of mtROS on the nuclear epigenetic landscape. Most fascinating is the fact that
mtROS seems to be somehow different from ROS produced at other sites;
knockdown of the mitochondrial superoxide dismutase (SOD: converting O2•‐ to
H2O2) increases longevity, whereas others even decrease the lifespan in worm
(80). Moreover, in yeast, mitochondrial O2•‐ is essential for the protection against
H2O2 (81). Such findings may point to some kind of undiscovered second
messenger being only present in the mitochondria, and being only responsive to
O2•‐. Further research is required to disentangle these unexplained observations.
In addition to modulating the nuclear epigenetic landscape, mtROS may
also have a direct effect on components within the mitochondria itself, among
which the epigenetic layer surrounding the mtDNA. Moreover, the so‐called
undiscovered second‐messenger in the mitochondria that explains the longevity
effects of mitochondrial O2•‐ (80, 81) may be a component of the mitochondrial
epigenetic layer.
For many decades, the presence of mitochondrial epigenetics (82‐85),
more specifically mitochondrial DNA (mtDNA) methylation, was under debate (86‐
88). In the last 5 years evidence has been accumulated that clearly points to the
presence of mtDNA methylation that may influence physiological and pathological
processes in the cell (reviewed in Chapter 9). Especially the identification of a
mitochondrial‐targeted DNMT1 variant that could alter the expression of two
mitochondrial genes (mtND1 and mtND6), initiated the change of view on this
topic (89). Since then, mtDNA methylation and hydroxymethylation have been
linked to a wide variety of diseases, including colorectal cancer (90),
cardiovascular disease (91), diabetes (92), Down Syndrome (93), amyotrophic
lateral sclerosis (94), nonalcoholic fatty liver disease (95), Alzheimer’s Disease and
Parkinson’s disease (96). However, from most of these studies it cannot be
deducted whether the mtDNA methylation has any functional consequence or is
merely there as a result of disturbed methionine metabolism, which is used as a
building block for S‐adenosyl methionine (SAM) – the co‐factor required for DNA
methylation.
The study of Mishra et al. gave us first insights in the functionality of
mtDNA methylation (92). In this study, high glucose treatment of bovine retinal
endothelial cells was shown to induce mtDNA methylation in specific regions of
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the mtDNA. Similar data were generated in human cells from the retinal
microvasculature of patients with diabetic retinopathy versus healthy controls.
These increased levels of mtDNA methylation co‐occurred with increased levels of
DNTM1, increased binding of DNMT1 to these higher methylated regions in the
mtDNA, decreased mitochondrial gene expression and increased apoptosis.
Moreover, the causal relationship was further proven as each of these effects
could be reversed using DNTM1 siRNA or the DNMT inhibitor 5‐aza‐dC.
Nevertheless, since both approaches to induce DNA demethylation target both
the nuclear and mitochondrial genome, it cannot be excluded that above findings
are the result of nuclear (and not mitochondrial) DNA demethylation.
Spurred by all these findings, in Chapter 10 we aimed to obtain a greater
understanding in the functional effect of mtDNA methylation. To this end, we
targeted several DNA methyltransferases, each with its own characteristics, to the
mitochondria. In both tested cell lines, highly efficient mtDNA methylation was
induced by the bacterial CpG methyltransferase M.SssI. Unexpectedly, this did not
alter mitochondrial gene expression, 7S DNA primer formation (suggested to be
involved in DNA replication (97)), mitochondrial metabolism, mtROS production,
sensitivity to apoptosis or cell viability. MtDNA copy number was the only factor
that was reduced in one out of two cell lines. Interestingly, mtDNA copy number
has been shown to influence DNA methylation levels in a number of nuclear
genes, including BACH2 and PRKC1B, genes that are both involved in the
regulation of apoptosis in response to oxidative stress (98). Therefore, by altering
mtDNA copy number, mtDNA methylation may be a way for the mitochondria to
communicate to the nucleus in case of environmental stress (99, 100).
In addition to CpG methylation, non‐CpG methylation seems to be also a
relatively important modification of the mtDNA (96, 101, 102). Therefore, we also
targeted the viral GpC methyltransferase M.CviPI to the mitochondria. The
resulting induction of mtDNA methylation was less efficient compared to M.SssI,
but may actually be a better representation of the variation in physiological levels.
In contrast to the CpG methylation, GpC methylation did not affect mtDNA copy
number but resulted in a decrease of some of the mitochondrial genes.
Interestingly, depending on the cell line, different mitochondrial genes were
repressed, being transcribed from different mitochondrial promoters. This may
point to cell type specific factors that can affect the outcome of mtDNA
methylation. Moreover, this may indicate that different levels of mtDNA
methylation, hemi‐methylated DNA (non‐CpG methylation is by definition hemi‐
methylated) or specific positions may have a different effect.
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In summary, the exact contribution of mtDNA methylation remains largely
a “black‐box”. Since, besides mtDNA methylation, also mtDNA
hydroxymethylation and post‐translational modifications of TFAM have been
described (Chapter 9), studying the effect of these mitochondrial epigenetic
features is essential for the greater understanding of the function of
mitochondrial epigenetics.
Mitochondrial dysfunction is a common feature of normal aging and
(mitochondrial) diseases, including cancer and diabetes (103). Possibly, mtDNA
methylation or other mitochondrial epigenetic modifications may contribute to
the mitochondrial dysfunction observed in these conditions. Since epigenetic
modifications are reversible, this could provide us with new therapeutic targets
for many of those diseases. Therefore, it is essential that future efforts should give
us a greater insight in this previously unappreciated level of regulation.
The local epigenetic environment as therapeutic target in cancer
As described in the above, epigenetic alterations are commonly found in cancer
(73), and can be induced by ROS (3‐5). Since epigenetic changes are reversible,
they can be interesting targets for therapeutic intervention. One of these pro‐
tumorigenic epigenetic alterations induced by ROS is the DNA hypermethylation
of specific tumor suppressor genes (TSGs) (3‐5).
Large scale analyses of the “cancer methylome” have identified many
cancer‐specific hypermethylated promoters (104). However, the individual
contribution of these hypermethylated promoters to the carcinogenic process is
largely unknown; one can distinguish between driver and passenger epimutations,
i.e. mutations that are causally implicated in the disease versus those that are
random and do not directly contribute to the disease (105). In order to distinguish
between drivers and passengers within the “cervical cancer methylome”, we set
out to re‐express a set of putative hypermethylated TSGs in cervical cancer that
were identified in these large scale screenings, including C13ORF18, CCNA1,
EPB41L3 and TFPI‐2 (104, 106).
Several tools are now available to re‐express genes, including artificial
transcription factors (ATFs) (107), “engineered epigenetic editors” (EEE) (108) and
epigenetic drugs (109). Especially the gene‐targeted approaches, i.e. ATFs and
EEE, are useful to distinguish driver from passenger epimutations, as these allow
for gene re‐expression in a more targeted fashion (110‐112). Moreover, these
approaches may also be very suitable for the re‐expression of ROS‐induced
hypermethylated genes.
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In Chapter 11, zinc‐finger‐based ATFs were used to identify EPB41L3 as a
TSG in cervical cancer, making it an interesting target to re‐express in this
malignancy. For this ultimate goal, several approaches were explored: zinc‐finger
protein (ZFP) based ATFs, EEE using enzymes involved in the active DNA
demethylation (TET2 and TDG), and epigenetic drugs (HDAC inhibitor: trichostatin
A (TSA), DNMT inhibitor: 5‐aza‐dC).
In this study, the most ideal intervention, inducing sustained, gene‐
specific and effective gene re‐expression, could not be identified; epigenetic drugs
are efficient but act genome‐wide, which may induce many side‐effects. On the
other hand, ATFs act only transiently but may allow for gene re‐expression in a
more specific fashion (110‐112). EEE are believed to act in a more sustained
fashion, but relatively low delivery, as a result of their relatively large size,
hampered their effectiveness in our study.
Interestingly, by combining ATFs and epigenetic drugs, we could induce
sustainable and more efficient gene re‐expression than monotherapy. Possibly,
this combination changed the local epigenetic environment of EPB41L3 in such a
way that otherwise transient re‐expression was maintained. The finding that the
combination of ATFs and epigenetic drugs improves monotherapy, has been
described before for other genes, including C13ORF18 (113), Maspin (114) and
Oct4 (115), but was not effective for frataxin (116). This combination therapy
could be exploited in a therapeutic intervention as it might offer merely the
advantages and not the disadvantages of both tools; the combination offers
sustainability, the ATFs offer increased gene‐specificity, while genome‐wide side‐
effects effect may be limited by a lower dose of the epigenetic drugs.
Nevertheless, when problems associated with the EEE approach, such as
difficulties to obtain sufficient delivery (Chapter 11, (117)) and underlying rules
allowing epigenetic reprogramming have been deciphered, EEE will be the most
ideal approach to sustainably re‐express hypermethylated genes.
Therefore, we aimed to take this approach to the next level in Chapter 12;
by further improving the total cellular delivery of the EEE (using cell sorting and
superinfections), we could proof that TET2‐mediated targeted re‐expression can
be sufficient to translate into decreased cancer growth and increased apoptosis.
Using this approach, in addition to cDNA overexpression and ATF‐mediated re‐
expression, we could identify C13ORF18 (113) and TFPI2 as TSGs in cervical
cancer.
Current efforts in our group indicate that the epigenetic factors required
for sustainable gene re‐activation are dependent on the chromatin
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microenvironment (Cano Rodriguez et al., Nature Communications, in press). In
the studied hypermethylated genes, a combination of at least H3K4me3,
H3K79me2 and DNA demethylation was required to achieve long‐term
sustainable gene re‐activation. However, this is a young field and many more
insights are needed, including the importance of timing and the exact role of the
chromatin microenvironment on the outcome of epigenetic editing. When
underlying rules allowing epigenetic reprogramming have been deciphered, we
can start translating this “state‐of‐the‐art” method to clinically relevant therapies.
This would allow for a “hit‐and‐run” approach, as opposed to currently available
epigenetic drugs that require long‐term treatment to be efficient (118), in which
short‐term treatment can permanently change the (local) epigenetic
environment.
Before being able to translate these findings to clinically relevant
therapies, scientist have to work hard to overcome the last hurdles, including
delivery, specificity and safety of the approach (119‐122). Nowadays, three DNA
targeting moieties are available: 1. ZFPs; 2. Transcription activator‐like effector
(TALEs); 3. Clustered, regularly interspaced, short palindromic repeats‐associated
protein 9 (CRISPR/Cas9) (109, 121). These DNA targeting moieties can be fused to
transcriptional activators (e.g. VP64 – Chapter 11, 12) or repressors (e.g. SKD –
Chapter 6), epigenetic enzymes (e.g. TDG and TET2 – Chapter 11, 12) or Fok1
nuclease (“scissors”). So far, only the first (123) and the latter application (124)
(www.sangamo.com) entered clinical trials using ZFPs as DNA targeting moiety. In
the first approach, a transcriptional activator was fused to a VEGFA targeting ZFP
to treat patients with diabetic neuropathy (123). Only minimal adverse effects
were observed. Though, unfortunately, treatment did not significantly improve
disease outcome compared to placebo controls. Several clinical trials are now
ongoing using the latter approach; either trying to prevent HIV infection by
cutting out CCR5 on CD4+ T‐cells, or by gene‐correction (cut‐and‐paste) of the
mutant clotting factor VIII or IX in hemophilia patients (www.sangamo.com).
Despite, this head‐start of ZFPs, the other technologies are catching up fast; the
first person is already successfully treated with TALE nucleases (TALEN) to
overcome a graft‐versus‐host disease by multiplex targeting of both the T cell
receptor alpha constant chain locus, and the CD52 gene locus (125) (Cellectis,
Pfizer). Moreover, last year, the first biotech‐pharma (Intellia‐Novartis) deal was
disclosed in which Novartis is planning to move on the CRISPR/Cas9 technology
into clinical trials (126). In addition, Editas Medicine intends to start up a clinical
trial in 2017 to treat a rare eye disease called Leber congenital amaurosis using

358

General summary and future perspectives

the CRISPR/Cas9 technology (127). So in the near future, many more of these
clinical trials, so far mainly focusing on the nuclease approach, are expected to
come.
Specifically for the re‐activation of hypermethylated TSGs, ZFPs have the
advantage to be small enough to enable binding within hypermethylated CpG
regions (Chapter 11, 12) (113), whereas for CRISPR/Cas9 it seems that dense
hypermethylation in CpG islands impairs target DNA binding (Cano Rodriguez et
al., Nature Communications, in press) (128). However, to circumvent this issue,
several studies have achieved successful gene re‐activation of hypermethylated
genes using CRISPR/dCas9 (129‐131) or TALEs (132) by targeting a gene outside its
CpG islands. Moreover, despite being more specific than epigenetic drugs,
specificity can still be an issue for all (epi‐)genome editing tools: ZFPs (Chapter 11,
12) (133), CRISPR/Cas9 (134, 135), and TALEs (136, 137). Nevertheless, in some
cases, indications of single gene specificity are obtained for CRISPR/dCas9 (138,
139). Moreover, scientist are continuously trying to improve these genome
editing tools (140, 141) or strategies (142) in order to ultimately exclude off‐target
effects. So each approach has its own pros and cons that may be overcome using
smart solutions. The future will have to tell which of these will finally be most
successful in the clinic.
Conclusion
In conclusion, this thesis describes the complex relationship between ROS in
health and disease (with a specific focus on cancer) (Part 1), between ROS and
epigenetics (Part 2) and epigenetics and cancer (Part 3). By combining all
knowledge gained in these studies, we provide novel avenues that can be pursued
for cancer therapy.
In summary, at low doses, ROS act as signaling molecule and as such they
can have an impact on many intracellular processes. In addition, ROS can induce
long‐term changes/adaptations by modulating the epigenetic landscape, in the
nuclear and possibly also mitochondrial DNA. At high doses, ROS can destroy all
kinds of biomolecules, including DNA and proteins. This damage contributes to
normal aging but also diseases such as cancer. Here, we show that modulation of
intracellular ROS levels, either using the BLM‐mimic N4Py or by inhibiting the
activity of Nrf2 using ZFPs, turns out to be a successful strategy to preferentially
kill cancer cells. Moreover, we provide a state‐of‐the‐art approach (“Epigenetic
Editing”) that might reverse unwanted ROS‐induced epigenetic changes. The
development of molecular tools that can detect site‐specific and/or species‐
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specific ROS molecules, such as was initiated in our N4Py‐fluorophores studies,
will greatly aid in the detailed understanding of specific ROS in health and disease,
and will be essential for the successful implementation of above mentioned
therapeutic strategies.
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Appendices
Nederlandse samenvatting
Zonder zuurstof zou er geen leven zijn voor de mens hier op aarde. Toch is het
ook datzelfde zuurstof molecuul dat ons bedreigt! Wanneer zuurstof een extra
elektron opneemt, ontstaan vrije zuurstofradicalen. Deze radicalen kunnen met
allerlei belangrijke moleculen (o.a. DNA, eiwitten) in ons lichaam reageren, op een
zelfde manier zoals ijzer roest (oxideren). Gelukkig heeft het lichaam ook een
aantal verdedigingsmechanismen tegen deze vrije radicalen, waaronder de
antioxidanten. Antioxidanten, zoals vitamine A en C, neutraliseren de vrije
radicalen. Indien er toch nog schade ontstaat, dan zijn er altijd nog DNA reparatie‐
enzymen en een machinerie die kapotte eiwitten kan afbreken. Maar er is een
limiet: wanneer de balans tussen vrije zuurstofradicalen en antioxidanten te veel
verstoord raakt, ontstaat er oxidatieve stress. Cellen die zo te veel beschadigd
raken, sterven af (vroegtijdige veroudering) of ondergaan gevaarlijke
veranderingen. Het is de door oxidatieve stress ontstane schade die ten grondslag
kan liggen aan verschillende ziekten, waaronder kanker, diabetes en hart‐ en
vaatziekten.
De vrije radicalen kunnen op verschillende manieren ontstaan; onder
andere roken of UV‐straling van de zon kan bijdragen aan het ontstaan van vrije
zuurstofradicalen in ons lichaam. Daarnaast zijn er ook vele normale processen in
onze cellen die deze radicalen produceren. Een van de belangrijkste plekken waar
vrije radicalen vrijkomen is in de mitochondriën (de energiefabriekjes van de cel).
Tijdens de energieproductie ontstaan als bijproduct ook vrije radicalen. Daarnaast
produceren afweercellen vrije radicalen om indringers, zoals bacteriën, te doden.
En een goede reden om sushi altijd met wasabi te eten, is omdat de wasabi in de
maag vrije zuurstofradicalen genereert die de bacteriën op de rauwe vis doden.
Dus ondanks het feit dat vrije radicalen schade aanrichten, hebben ze ook goede
eigenschappen in ons lichaam.
Maar hoe weet een cel nu dat deze wordt aangevallen door vrije radicalen
en hoeveel verdediging nodig is om zich tegen deze vrije radicalen te
beschermen? Het blijkt dat niet alle vrije zuurstofradicalen hetzelfde zijn.
Sommige zijn extreem reactief en beschadigend, terwijl andere minder reactief
zijn en geen beschadigingen kunnen veroorzaken. Het is die laatste groep vrije
zuurstofradicalen die een belangrijke functie in de cel blijkt te vervullen. Deze
kunnen als boodschappermolecuul de cel waarschuwen dat er gevaar dreigt (in de
vorm van vrije radicalen). Bepaalde eiwitten zijn gevoelig voor deze groep van
vrije radicalen; ze kunnen veranderen van vorm of functie op het moment dat de
vrije radicaal reageert met het eiwit. Een voorbeeld van zo’n eiwit is Nrf2. Nrf2 is
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normaal gebonden aan een ander eiwit, Keap1. Wanneer beiden aan elkaar
gebonden zijn, leidt dit tot afbraak van Nrf2. Op het moment dat Nrf2 wordt
geoxideerd door een vrije radicaal, wordt de verbinding tussen Keap1 en Nrf2
verbroken. Op dat moment kan Nrf2 ontsnappen aan de Keap1‐gemedieerde
afbraak van Nrf2. Nrf2 kan vervolgens naar het DNA in de kern van de cel gaan om
specifieke genen aan te zetten. Als meesterregulator van o.a. antioxidanten en
ontgiftigingsenzymen, is Nrf2 dus een belangrijke speler bij de verdediging tegen
oxidatieve stress. Bovendien blijkt dat vele componenten uit ons voedsel Nrf2
kunnen activeren, zoals broccoli, koffie en chocolade.
Niet alleen gezonde cellen, maar ook kankercellen moeten zich
beschermen tegen oxidatieve stress. Door hun snelle metabolisme en abnormaal
functionerende mitochondriën hebben kankercellen een verhoogd niveau aan
vrije zuurstofradicalen in de cel. Om toch te kunnen overleven, hebben
kankercellen slimme oplossingen bedacht. Één daarvan is de continue activatie
van Nrf2, onafhankelijk van de vrije radicalen. Hierdoor produceren kankercellen
een heleboel antioxidanten om al die extra vrije radicalen te neutraliseren. Dit
lukt vrij aardig, maar desondanks heeft een kankercel meer oxidatieve stress te
verduren dan normale cellen. Dit maakt kankercellen gevoeliger voor extra vrije
radicalen ten opzichte van gezonde cellen, aangezien kankercellen al maximaal
hun verdedigingsmechanismen in de strijd hebben geworpen terwijl normale
cellen deze in tijden van nood nog op kunnen voeren. Hierdoor ontstaat er een
therapeutisch venster waarin bij het verhogen van het niveau aan vrije radicalen
de kankercellen zullen sterven, maar de gezonde cellen blijven leven. Van deze
eigenschap hebben we gebruik gemaakt om verschillende nieuwe anti‐
kankertherapieën te testen die zijn beschreven in hoofdstuk 2 t/m 6.
In hoofdstuk 2, hebben we in samenwerking met chemici een molecuul
gemaakt, N4Py genaamd, dat de vorming van beschadigende vrije radicalen
katalyseert in de cel. Dit molecuul bleek inderdaad bij een bepaalde dosis
specifiek de kanker‐, maar niet de normale cellen te doden. Vervolgens zijn we in
hoofdstuk 3 gaan kijken hoe complexvorming van N4Py met verschillende
metalen de eigenschappen van het molecuul beïnvloedt. In hoofdstuk 4 hebben
we vervolgens gekeken hoe de lokalisatie van het N4Py molecuul bepaalt hoe de
cel reageert op het molecuul. Met deze kennis zouden we in de toekomst het
basis N4Py molecuul verder kunnen optimaliseren zodat het bij voorkeur
kankercellen het efficiëntste dood.
Daarnaast hebben we in hoofdstuk 5 en 6 gekeken naar de rol van Nrf2 in
gezonde en eierstokkankercellen. Eierstokkanker wordt vaak pas laat ontdekt. Op
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dat moment is het chirurgisch verwijderen van de tumor vaak niet meer heel
effectief, en is chemotherapie (al dan niet in combinatie met bestraling) een van
de laatste oplossingen. Helaas worden na een tijdje veel van deze tumoren
resistent tegen de chemotherapie. Dit blijkt onder andere te komen doordat Nrf2
overactief wordt in deze tumoren. Op basis hiervan zou het remmen van Nrf2 de
chemotherapieresistentie kunnen opheffen. Bovendien zou ook hier weer gelden
dat bij voorkeur de kankercellen gevoelig zijn voor het verhogen van het niveau
van vrije radicalen, wat kan worden bewerkstelligd door Nrf2 te remmen. In
hoofdstuk 5 zijn we de literatuur ingedoken om te bekijken op welke manieren
eierstokkankercellen Nrf2 continu kunnen activeren onafhankelijk van de vrije
radicalen. Op basis van deze kennis hebben we in hoofdstuk 6 een therapeutisch
strategie getest waarmee we preferentieel de eierstokkankercellen kunnen
doden. Een specifieke subgroep binnen de eierstokkanker bezit een mutatie in het
eiwit BRCA1. BRCA1 is betrokken bij de reparatie van dubbelstrengs DNA schade.
Door Nrf2 in deze tumoren te remmen, kunnen met name enkelstrengs DNA
beschadigingen accumuleren die zijn ontstaan door het toegenomen oxidatieve
stress niveau binnen de cel. Door vervolgens de Nrf2 remming te combineren met
zogenaamde PARP remmers, enzymen die enkelstrengs DNA repareren, hopen de
enkelstrengs DNA breuken zich verder op. Als deze niet worden gerepareerd
voordat cellen delen, ontstaan dubbelstrengs DNA breuken. In gezonde cellen
zonder BRCA1 mutatie en met lagere oxidatieve stress niveaus kunnen de klappen
worden opgevangen, maar dit geldt niet voor de BRCA1 gemuteerde kankercellen.
Samengevat, de remming van Nrf2 lijkt een interessante therapie om bij voorkeur
kankercellen te doden. Desalniettemin is Nrf2 een belangrijk eiwit dat bijdraagt
aan de bescherming van gezonde cellen tegen oxidatieve stress en daarbij kan
voorkomen dat deze cellen transformeren in tumoren. Daarom zal men altijd
moeten uitkijken voor nare bijeffecten die Nrf2 remming kan hebben in gezonde
cellen, en zou het tumorspecifiek remmen van Nrf2 de ultieme oplossing zijn.
Naast het feit dat vrije radicalen DNA mutaties kunnen veroorzaken, en
zo kunnen bijdragen aan het onststaan van kanker, zijn er ook andere manieren
waarop ze de carcinogenese stimuleren. Vrije radicalen lijken namelijk ook de
epigenetica te beïnvloeden, en zo kankerformatie te kunnen stimuleren.
Epigenetische markeringen rondom het DNA kunnen, onafhankelijk van de DNA
code, bepalen of bepaalde genen blijvend aan of uit staan. Dus ondanks het feit
dat alle cellen in ons lichaam dezelfde DNA code bevatten, kan de epigenetische
laag rondom het DNA ervoor zorgen dat elke cel in ons lichaam andere
eigenschappen heeft. Elke epigenetische markering wordt aangebracht of
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verwijderd door een specifieke groep van enzymen. De belangrijkste
epigenetische markeringen zijn DNA (hydroxy)methylatie en histonmodificaties. In
ziekten zoals kanker blijkt niet alleen de genetische code vaak gemuteerd te zijn,
maar ook de epigenetische laag is vaak veranderd. Maar in tegenstelling tot de
genetische code, zijn deze epigenetische markeringen onder bepaalde
omstandigheden reversibel en daardoor een interessant doelwit voor therapieën
die deze markeringen weer kunnen herstellen naar de oorspronkelijke situatie.
Hoe exact vrije zuurstofradicalen de epigenetica beïnvloeden is nog
grotendeels onbekend. Daarom zijn we in hoofdstuk 7 en 8 gaan kijken hoe dit
kan gebeuren. In hoofdstuk 7 hebben we een groep enzymen onder de loep
genomen die ervoor zorgen dat DNA wordt gemethyleerd, de DNA
methyltransferases. Uit de literatuur blijkt dat deze enzymen onder specifieke
omstandigheden een onverwachte functie hebben; wanneer deze enzymen
worden blootgesteld aan extreem grote hoeveelheden vrije radicalen blijken ze
een omgekeerde functie te hebben en het DNA te demethyleren. Omdat deze
bevindingen waren gedaan in reageerbuisjes, en de hoeveelheden vrije radicalen
nodig om deze onverwachte functie te bewerkstelligen extreem dodelijk zouden
zijn voor de cel, werd deze functie als niet fysiologisch relevant beschouwd. In dit
hoofdstuk beschrijven wij situaties in de cel waarin deze onverwachte functie van
DNA methyltransferases toch zou kunnen plaatsvinden. Wij hypothetiseren dat in
de kern, heel lokaal rondom het DNA, deze extreem hoge niveaus van vrije
radicalen kunnen worden geproduceerd door een specifieke groep van
epigenetische enzymen. Doordat de vrije radicaal productie zo lokaal is, is de
verwachting dat dit niet toxisch is voor de cel. Wij denken dat dit proces met
name belangrijk is bij de regulatie van genen die heel snel, cyclisch switchen
tussen de aan‐ en uitstand, want op deze manier kan hetzelfde enzym zowel het
aan‐ als uitzetten van deze genen bewerkstelligen.
In hoofdstuk 8 kijken we specifiek naar de vrije zuurstofradicalen die
worden geproduceerd in de mitochondriën (de “energiefabriekjes”). Deze
mitochondriaal geproduceerde vrije radicalen zijn van het type dat niet zo reactief
is, en daarom een belangrijke functie als boodschappermolecuul kan hebben. Er
zijn namelijk verschillende aanwijzingen die erop wijzen dat vrije radicalen die
geproduceerd worden in de mitochondriën kunnen “communiceren” met de kern
van de cel, waarin het genomisch DNA ligt opgeslagen. Dit zou belangrijk kunnen
zijn in de zogenaamde mitohormese respons. Dit houdt in dat bij een kortstondige
verhoging van de mitochondriale vrije radicaalproductie, signalen worden
doorgestuurd naar de kern. Vervolgens worden bepaalde genen in het DNA, die

373

Appendices
betrokken zijn bij de bescherming tegen oxidatieve stress, langdurig meer actief.
Dit zorgt ervoor dat bij een volgende kortstondige verhoging van de
mitochondriale vrije radicaalproductie de cel zich nog herinnert dat hij een keer
eerder deze stress heeft ondervonden en al bij voorbaat beter beschermd is tegen
deze vrije radicalen.
Deze mitohormetische respons blijkt een belangrijke rol te spelen bij het
beschermen tegen de veroudering en de daarmee gepaarde ziekten zoals kanker.
Een voorbeeld wanneer zo’n mitohormetische respons optreedt, is tijdens het
sporten. Je mitochondriën moeten tijdens het sporten namelijk tijdelijk extra
energie produceren, en dus komen er ook tijdelijk extra mitochondriale vrije
radicalen vrij. Deze vrije radicalen activeren genen in de kern die je later beter
beschermen tegen andere aanvallen van vrije radicalen. Op deze manier zorgen
deze mitochondriale vrije radicalen er dus voor dat je gezond blijft.
Omdat deze mitohormetische respons dus een langdurige herinnering
achterlaat in de kern, denken wij dat deze herinnering wel eens epigenetisch
gereguleerd zou kunnen zijn. Daarom hebben we in hoofdstuk 8 een systeem
opgezet waarmee we specifiek vrije radicalen op verschillende locaties in de
mitochondriën zouden kunnen produceren. Dit systeem was gebaseerd op een
fluorescent eiwit, SuperNova genaamd, dat specifiek vrije radicalen kan
produceren op het moment dat het wordt blootgesteld aan licht van een
bepaalde golflengte. Wij hypothetiseerden dat deze mitochondriale vrije radicalen
ofwel direct ofwel indirect een effect zouden kunnen hebben op de epigenetische
laag in de kern. Deze vrije radicalen zouden direct de functie van epigenetische
enzymen kunnen beïnvloeden, zoals bijvoorbeeld is beschreven in hoofdstuk 7.
Daarnaast zou een hoge dosis aan vrije radicalen de mitochondriën kunnen
beschadigen, waardoor deze niet meer zo goed hun werking kunnen uitvoeren.
Aangezien een belangrijke functie van de mitochondriën het reguleren van het
metabolisme is, zou deze functie aangedaan kunnen zijn. Veel van de
epigenetische enzymen hebben specifieke metabolieten uit de mitochondriën
nodig om te functioneren. Dus via disfunctionerend mitochondriaal metabolisme
zouden mitochondriale vrije radicalen de epigenetica in de kern kunnen
beïnvloeden.
Naast het effect van vrije radicalen op de epigenetica in de kern, zouden
zij ook de epigenetica rondom het mitochondriaal DNA kunnen beïnvloeden.
Mitochondriën bezitten namelijk hun eigen DNA. Miljoenen jaren geleden zijn de
mitochondriën zoals we die nu kennen ontstaan uit een samensmelting van een
bacterie met eencellige organismen. Deze bacteriën brachten hun eigen DNA
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mee, en dat DNA is later het mitochondriaal DNA geworden. Voor lange tijd werd
gedacht dat dit DNA kaal was, en dus geen epigenetische laag bevatte. Maar sinds
enkele jaren lijkt er nu meer en meer overtuigend bewijs te komen dat deze
mitochondriale epigenetische laag toch bestaat. In hoofdstuk 9 beschrijven we
deze aanwijzingen. Ook lijkt er een verband te zijn tussen de status van deze
mitochondriale epigenetische laag, en een veelvoud aan verschillende ziekten,
van Alzheimer tot Parkinson en van darmkanker tot diabetes. Het is echter
onduidelijk of dit om een direct causaal verband gaat. Daarom zijn we in
hoofdstuk 10 gaan onderzoeken wat de functie van deze mitochondriale
epigenetische laag is.
Kanker kan ontstaan doordat bepaalde genen die de tumorformatie
onderdrukken (tumorsuppressorgenen) uit komen te staan, of genen die de
tumorformatie stimuleren (oncogenen) aan komen te staan. We weten nu dat
vrije radicalen de epigenetica kunnen beïnvloeden en dat dit vervolgens kan
leiden tot disregulatie van tumorsuppressor of oncogenen. Maar wat kunnen we
er tegen doen nu we dit weten? Aangezien de epigenetische laag reversibel is, kan
de originele epigenetische status dus ook worden hersteld.
Momenteel zijn er zogeheten epigenetische drugs op de markt. Dit zijn
medicijnen die al in de kliniek worden toegepast om de gedisreguleerde
epigenetica te herstellen in bepaalde vormen van bloedkanker. Helaas werken
deze medicijnen niet goed op andere typen kanker. Bovendien zijn deze
medicijnen niet specifiek, i.e. ze werken op het hele genoom. Dit heeft tot gevolg
dat er ook ongewenste epigenetische veranderingen kunnen plaatsvinden die tot
bijwerkingen kunnen leiden, zoals het aanzetten van metastase genen. Om dit te
voorkomen, zijn er ook methodes in ontwikkeling waarmee we de epigenetica
specifiek rondom één gen kunnen beïnvloeden. In hoofdstuk 11 en 12 gebruiken
we zo’n methode om specifieke tumorsuppressorgenen te re‐activeren in
baarmoederhalskanker, zodat de kankercellen sterven of niet meer verder kunnen
groeien. Deze methode is gebaseerd op de fusie tussen een DNA bindend eiwit,
een zogeheten zinkvingereiwit, en een epigenetisch enzym. Het DNA bindend
eiwit is zo ontworpen dat het een bepaalde locatie in het genoom kan herkennen.
Door de fusie met het epigenetisch enzym zal alleen op deze locatie de
epigenetica worden hersteld, waardoor ongewenste bijeffecten kunnen worden
voorkomen. Aangezien de epigenetische laag wordt doorgegeven aan de
dochtercellen, zullen eventuele nakomelingen van deze cellen ook weer allemaal
de originele epigenetische laag bezitten.

375

Appendices
In theorie klinkt dit allemaal heel mooi, maar in de praktijk blijkt dat er
toch nog wat haken en ogen aan zitten. Zo zijn deze zinkvingereiwitten specifieker
dan epigenetische drugs, maar in sterk mindere mate kunnen ook deze eiwitten
de epigenetica op ongewenste plekken veranderen. Bovendien zijn er mogelijk
meerdere epigenetische enzymen nodig om blijvende epigenetische
veranderingen op het DNA te induceren, alleen de exacte combinatie van
enzymen is nog niet precies bekend. Daarom zal er meer onderzoek gedaan
moeten worden om deze veelbelovende therapie een stap dichter bij de patiënt
te brengen.
Om alles nog eens samen te vatten, een goede balans tussen de productie
van vrije zuurstofradicalen en de detoxificatie door antioxidanten is van
levensbelang. Een disbalans kan namelijk leiden tot het ontstaan van vele ziekten,
waaronder kanker. Dit komt doordat vrije radicalen zowel de genetica als de
epigenetica van een cel kunnen veranderen. In dit proefschrift hebben we
onderzocht hoe vrije radicalen deze veranderingen teweeg kunnen brengen, en
hoe we deze kennis kunnen inzetten in onze zoektocht naar effectieve manieren
om kanker te kunnen behandelen.
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Dankwoord
Het is alweer 4 jaar geleden dat ik aan dit avontuur, promoveren genaamd, ben
begonnen. Het zou een hele verandering in mijn leven teweeg brengen; de
maïsvelden in Brabant zou ik gaan verruilen voor de aardgasvelden in Groningen.
Bovendien was dit het officiële einde van mijn studententijd, en zou ik eindelijk
“echt” gaan werken. Gelukkig kan ik nu terugkijkend zeggen dat het een geslaagd
avontuur is geworden! En dat was zeker niet gelukt zonder de hulp van familie,
vrienden en collega’s. Daarom wil ik bij deze iedereen bedanken die in enige mate
heeft bijgedragen aan de totstandkoming van dit proefschrift. Een aantal mensen
wil ik echter in het bijzonder benoemen.
Om te beginnen, wil ik mijn promotors bedanken. Ten eerste Marianne,
bedankt dat je mij hebt willen begeleiden tijdens mijn promotietraject en me van
raad en daad hebt bijgestaan tijdens de soms lastige beslissingen. Ik waardeer het
ook dat je me alle kansen en vrijheid hebt gegeven om mezelf verder te
ontwikkelen tot een zelfstandige wetenschapper. Ook wil ik mijn tweede
promotor Gerard bedanken. Gerard, ondanks dat we elkaar slechts af en toe
zagen, wil ik ook jou bedanken voor de bijdrage die jij hebt geleverd aan met
name de scheikundige aspecten van mijn onderzoek.
Verder wil ik graag de leden van de leescommissie, Prof. Dr. Klaas Nico
Faber, Prof. Dr. Barbara Bakker en Prof. Dr. Wim Vanden Berghe, bedanken voor
het beoordelen van mijn proefschrift.
Daarnaast wil ik graag mijn mede PhD studenten aan dit project
bedanken: Arjan en Sambika. Ondanks de vele tegenslagen in ons originele
onderzoeksplan en het “niet willen luisteren” van jullie moleculen, hebben jullie
allebei doorgezet, en daarvoor wil ik jullie bedanken. Beste Arjan, ik heb erg
genoten van onze samenwerking en vond het leuk om jou te introduceren in de
wondere wereld van de biologie en andersom, heb jij mij kennis laten maken met
de moleculaire raadsels van de chemie. Beiden veel succes gewenst met de
laatste loodjes van jullie PhD!
Graag wil ik ook alle collega’s van de Epigenetic Editing groep bedanken
voor de prettige werksfeer: Anita, Christian, David, Désirée, Fahimeh, Hui, Ineke,
Inge, Jelleke, Juan, Julio, Melanie, Marcel, Pytrick, Roelien, Rutger. Marcel,
bedankt dat ik altijd even langs kon komen voor een gesprek en een goed advies.
David en Fahimeh, I’ll also be your ice queen ;‐). En natuurlijk niet te vergeten alle
studenten die mij hebben geholpen tijdens mijn promotie: Amanda, Archie,
Emmy, Francien, Frederike, Glenn, Lieke, Matthijs, Melinde, Melissa en Kim.
Special thanks go to Archie for his contribution to chapter 5. And I’m really proud
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that you managed to obtain a PhD grant with which you continue my line of
research in our group and in collaboration with Prof. Dr. Klaas Nico Faber. I’m
honored that you would like to be my paranymph on this special day.
Ook ben ik dankbaar voor de hulp die alle collega’s van de Medische
Biologie mij hebben gegeven. Dankzij de kennis en hulp van enkele mensen in het
bijzonder, is het mij gelukt om de ontbrekende kennis binnen onze eigen groep
aan te vullen. Ghazaleh, thank you for sharing all your reagents/knowledge about
ROS and mitochondria. You saved me a lot of time optimizing protocols. Harold,
altijd als ik op zoek was naar dat ene stofje, of protocol, bleek jij degene te zijn die
mij verder kon helpen – heel erg bedankt hiervoor. Chengcheng, your everlasting
smile made my day, everyday , and thank you for introducing me in the Chinese
cuisine. I'm grateful that you will be my paranymph today. Vincenzo, thank you
for helping me with organizing the MBYS meetings. Thanks to your help it was a
great success. Ook niet te vergeten zijn Annet, Susan, Carolien en Hans, dankzij
jullie hulp liep alles organisatorisch (bijna) altijd op rolletjes.
Natuurlijk wil ik ook mijn kamergenoten niet vergeten: Christina, Ee‐Soo,
Grissel, Maaike, Monica, Ran2, Rui. Thanks for the great atmosphere in our office.
Grissel, I always enjoyed our talks, doing sports together, having dinners, and I
miss your daily “1 minute of complaining”. Christina, Ee‐Soo, Ran2 and Rui, thank
you for introducing me into the Chinese culture/food and thanks to all of you, I
can speak fluently Chinese now. Maaike, bedankt voor de leuke gesprekken en de
ervaringen die je als “ervaren” wetenschapper met me wilde delen.
Naast werken hoort er natuurlijk ook ontspanning te zijn en dat heb ik
kunnen vinden bij bridgeclub APIH. Ik wil dan ook alle leden bedanken voor de
gezellige bridge avondjes. Dankzij jullie ben ik aangestoken met het “bridge‐virus”.
Speciale dank gaat uit naar mijn bridgepartners Hugo, Sjaak en Reinder. Hugo, jij
hebt het al die tijd met mij uitgehouden als bridgepartner, bedankt hiervoor. Ik
heb genoten van onze Brabantse onderonsjes, jouw kookkunsten, de laaste
roddels en avonturen in het lab. Veel succes gewenst met het afronden van je
PhD. Sjaak, ik heb genoten van onze Ruitenboeravonturen en daar kom ik graag
nog een keertje voor terug naar Groningen. Reinder, met jouw aan tafel was geen
enkel potje saai !
Verder zorgden familie en vrienden ook voor de nodige relaxmomentjes.
Gert‐Jan, Laurie en Maarten, leuk dat jullie mij af en toe kwamen opzoeken in het
hoge Noorden. Andersom heb ik ook genoten van de weekendjes in Nijmegen en
Utrecht, waar we mooie wandelingen maakten of streden om de eer in een potje
Carcasonne. Ook mijn vrienden van de middelbare school, Els, Jessica, Katrien en

378

Appendices
Thijs, wil ik graag bedanken. Ondanks het feit dat we elkaar wat minder zien, als
we weer samen zijn is het weer als vanouds. Welbekende spelletjesavonden
“onder het genot van een hapje en drankje”, of mooie wandelingen en dagjes
zwemmen, hebben mij de nodige ontspanning bezorgd.
Ook wil ik ons mam en pap bedanken. Jullie staan altijd voor mij klaar, en
steunen mij in alles wat ik doe, al 27 jaar! Het was altijd weer een plezier om een
weekendje naar huis te gaan. Met jou, mama, ging ik mooie wandelingen maken,
terwijl ik met jou, papa, een spannende mountainbiketocht ging maken in de
bossen.
En als allerlaatste, lieve Christian, jij hebt mij door dik en dun gesteund
tijdens mijn PhD. Je hebt me alle fijne kneepjes van het Epigenetic Editen geleerd,
maar me ook de weg geleidt door het hoge Noorden. De laatste 1,5 jaar was je
helaas wat verder bij me vandaan, maar gelukkig kon je via Skype en de mooie
films die je van onze vakanties maakte toch nog een beetje bij me zijn. Samen met
jou hoop ik een mooie toekomst tegemoet te zien, hopelijk binnenkort weer bij
elkaar.
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List of abbreviations
1
O2
5‐aza‐dC
5caC
5fC
5hmC
5mC
AID
AMPK
AQP8
ARE
ATF
BER
BLM
BSO
CD
ChIP
CNL
CpG
cpYFP
CRISPR/Cas9
DCFH
DHE
DIP
DNMT
DNMTi
DSB/dsDNA breaks
EEE
ELISA
EOC
ER
ER‐UPR
ERK
GADD45A
GPX
GSH/GSSH
H2O2
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singlet oxygen
5‐aza‐2’‐deoxycytidine (DNMT inhibitor)
5‐carboxylcytosine
5‐formylcytosine
5‐hydroxymethylcytosine
5‐methylcytosine
activation‐induced cytidine deaminase
AMP‐dependent kinase
aquaporin‐8
antioxidant response element
artificial transcription factor
base excision repair
bleomycin
buthionine sulfoximine
catalytic domain
chromatin immunoprecipitation
copy number loss
cytosine followed by a guanine (linear dinucleotide)
circularly‐permutated yellow fluorescent protein
clustered regularly interspaced short palindromic
repeats associated 9 protein
dichlorodihydrofluorescein
dihydroethidium
DNA immunoprecipitation
DNA methyltransferase
DNA methylation inhibitor
double strand DNA breaks
engineered epigenetic editor
enzyme‐linked immunosorbent assay
epithelial ovarian cancer
estrogen receptor
endoplasmatic reticulum unfolded protein response
extracellular‐signal regulated kinase
growth arrest and DNA‐damage‐inducible protein
45 alpha
glutathione peroxidase
reduced/oxidized glutathione
hydrogen peroxide
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H‐strand
HDACi
HER2
HR
HSP
IC50
IMS
KEAP1
L‐strand
LC‐ESI‐MS/MS
LINE
LSD
LSP
LUMA
MAPK
MAT
MEK
MLS
MSP
mt …
MTS
mtSSB
N4Py
nDNA
NER
NES
NoED/NoEF
NRF2/NFE2L2
NUMT
O2•‐
OH•
OXPHOS
PARP
PI
PI3K
POLG

heavy‐strand
histone deacetylase inhibitor
human epidermal growth factor receptor 2
homologous recombination
H‐strand promoter
half maximal inhibitory concentration
intermembrane space
kelch like‐ECH‐associated protein 1
light‐strand
liquid chromatography–electrospray ionization
tandem mass spectrometry
long interspersed nuclear element
lysine‐specific demethylase
L‐strand promoter
luminometric methylation assay
mitogen‐activated protein kinase
methionine adenosyl transferase
MAPK/ERK kinase
mitochondrial localization signal
methylation‐specific PCR
mitochondrial …
(3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐carboxymethoxy
phenyl)‐2‐(4‐sulfophenyl)‐2H‐tetrazolium) assay
mitochondrial single‐stranded DNA binding protein
N,N‐bis(2‐pyridylmethyl)‐N‐bis(2‐pyridyl)‐
methylamine
nuclear DNA
nucleotide excision repair
nucleotide export signal
no effector domain
nuclear factor erythroid 2‐like 2
nuclear integration of mtDNA sequence
superoxide anion
hydroxyl radical
oxidative phosphorylation
poly ADP ribose polymerase
propidium iodide
phosphatidylinositol 3‐kinase
mitochondrial DNA polymerase γ
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POLRMT
PR
PTEN
RARE
roGFP
ROS
rRNA
SAM
SCF
SKD
SOD
SSB/ssDNA breaks
TALE
TDG
TET
TFAM
TFB2M
TOR
tRNA
TSA
TSG
TSS
VDAC
VP64
XIAP
ZFP
zVAD‐FMK
β‐TrCP
γH2AX
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mitochondrial RNA polymerase
progesterone receptor
thosphatase and tensin homolog
retinoic‐acid response element
redox‐sensitive green fluorescent protein
reactive oxygen species
ribosomal RNA
s‐adenosyl methionine
skp, cullin, F‐box containing complex
super kruppel‐associated box domain
superoxide dismutase
single strand DNA breaks
transcription activator‐like effector
thymine‐DNA glycosylase
ten‐eleven translocation enzyme
mitochondrial transcription factor A
mitochondrial transcription factor B2
target‐of‐rapamycin
transfer RNA
Trichostatin A (HDAC inhibitor)
tumor suppressor gene
transcription start site
voltage‐dependent anion‐selective channel
four copies of the herpes simplex viral protein 16
X‐linked inhibitor of apoptosis protein
zinc finger protein
caspase‐inhibitor carbobenzoxy‐valyl‐alanyl‐spartyl‐
[O‐methyl]‐fluoromethyl‐ketone
beta‐transducin repeat‐containing protein
phosphorylated histone variant H2AX

