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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,
308
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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.
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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).
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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
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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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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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