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Human cells have evolved elaborate
mechanisms for responding to DNA damage
to maintain genome stability and prevent
carcinogenesis. For instance, the cell cycle can
be arrested at different stages to allow time
for DNA repair. The APC/CCdh1 ubiquitin
ligase mainly regulates mitotic exit but is
also implicated in the DNA damage-induced
G2 arrest. However, it is currently unknown
whether APC/CCdh1 also contributes
to DNA repair. Here, we show that Cdh1
depletion causes increased levels of genomic
instability and enhanced sensitivity to
DNA-damaging agents. Using an integrated
proteomics and bioinformatics approach, we
identify CtIP, a DNA-end resection factor, as
a novel APC/CCdh1 target. CtIP interacts
with Cdh1 through a conserved KEN box,
mutation of which impedes ubiquitylation
and downregulation of CtIP both during G1
and after DNA damage in G2. Finally, we find
that abrogating the CtIP-Cdh1 interaction
results in delayed CtIP clearance from DNA
damage foci, increased DNA-end resection
and reduced homologous recombination
efficiency. Combined, our results highlight the
impact of APC/CCdh1 on the maintenance
of genome integrity and show that this is, at
least partially, achieved by controlling CtIP
stability in a cell cycle- and DNA damagedependent manner.
Introduction
Our genome is constantly exposed to
various forms of endogenous and exogenous
insults provoking different types of DNA
lesions, which can promote tumorigenesis.
To maintain genomic integrity, the DNA
damage response (DDR) activates cell cycle
checkpoints to slow cell cycle progression,
thereby allowing time for appropriate repair
(Jackson & Bartek, 2009). DNA doublestrand breaks (DSBs) are the most cytotoxic
lesions induced by ionizing radiation (IR)
and certain anti-cancer drugs. Cells have
evolved two major DSB repair mechanisms:
non-homologous end-joining (NHEJ) and
106

homologous recombination (HR) (Lieber,
2010).
In the G0/G1 phase of the cell cycle,
NHEJ is the preferred mechanism for DSB
repair (Lieber, 2010). In this process, DNA
ends are joined without the requirement
for a homologous sequence, making NHEJ
potentially mutagenic. In contrast, cells that
have entered S-phase can use the sister
chromatid as a template for high fidelity DSB
repair through HR (Ferreira & Cooper, 2004;
Aylon et al, 2004; Sonoda et al, 2006). NHEJ
and HR are mutually exclusive pathways
since DNA-end resection, which generates
long stretches of single-stranded DNA
(ssDNA), commits cells to HR and prevents
repair by NHEJ. Mechanisms controlling DSB
repair pathway choice are under vigorous
investigation (Chapman et al, 2012). The
temporal restriction of HR repair to S/G2
is controlled both at the transcriptional and
post-transcriptional level. The expression of
many HR factors including Rad51, Rad54 and
Brca1 is cell-cycle dependent, being much
lower in G0/G1 than in S/G2 (Gudas et al,
1996; Yamamoto et al, 1996). In addition,
cyclin-dependent kinases (CDKs), core
components of the cell cycle machinery, play
an important role in DSB repair pathway
choice through phosphorylation of multiple
HR components, including members of the
MRN complex as well as Brca1 and Brca2
(Falck et al, 2012; Ayoub et al, 2009; Esashi et
al, 2005). CDK-mediated regulation of DSB
repair occurs mainly at the level of DNA-end
resection (Aylon et al, 2004; Ira et al, 2004;
Jazayeri et al, 2006; Henderson et al, 2006;
Johnson et al, 2011). Human CtIP is essential
for the initiation of DNA-end resection and
its function in this process is controlled by
various post-translational modifications
including phosphorylation, ubiquitylation and
acetylation (Sartori et al, 2007; Steger et al,
2013; Huertas & Jackson, 2009; Kaidi et al,
2010).
Likewise, targeted proteolysis through
the ubiquitin-proteasome system (UPS) is
a highly regulated process that allows the
removal of potentially harmful proteins,
thereby restricting their activity. The
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anaphase-promoting
complex/cyclosome
(APC/C) is an E3 ubiquitin ligase involved in
cell cycle regulation and becomes activated
upon sequential binding to the Cdc20 and
Cdh1 adaptor proteins (Peters, 2006; Pesin
& Orr-Weaver, 2008). Cdc20 is associated
with the APC/C during early mitosis and
principally regulates mitotic progression,
whereas Cdh1 interacts with the APC/C
from late mitosis onwards until the following
G1/S transition (Kramer et al, 2000; Peters,
2006). In most cases, APC/CCdh1 interacts
with its substrates through the recognition
of a short consensus motif called the KEN
box (Pfleger & Kirschner, 2000; Pines, 2011).
During S/G2 phase, premature APC/C
activation is at least in part prevented
through CDK-mediated phosphorylation
of Cdh1, which hinders association of Cdh1
with the APC/C (Lukas et al, 1999; Kramer
et al, 2000; Miller et al, 2006).
As a first indication of APC/CCdh1
playing a role in the DDR, Cdh1-/- chicken
DT40 cells failed to maintain a G2 arrest
after IR (Sudo et al, 2001). In addition,
activation of the APC/CCdh1 in response to
DNA damage during G2 phase was shown to
depend on the Cdc14B phosphatase and to
result in the degradation of Polo-like kinase
1 (Plk1) (Bassermann et al, 2008;Wiebusch &
Hagemeier, 2010). Upon completion of DSB
repair, Cdk1 and Plk1 are reactivated to allow
cell cycle progression from G2 into mitosis
(van Vugt et al, 2004). Further experiments
performed in Cdc14B-deficient cells showed
that those cells are unable to repair DSBs
even if they efficiently arrest in G2 (Mocciaro
et al, 2010). However, direct participation
of the APC/CCdh1 in the regulation of
DSB repair has never been reported. The
observation that Cdh1-depleted cells or
Cdh1-/- mice have elevated levels of DNA
damage and chromosomal aberrations
(García-Higuera et al, 2008; Sigl et al, 2009;
Delgado-Esteban et al, 2013) strengthens
this notion, but direct mechanistic insights
into how the APC/CCdh1 ubiquitin ligase
connects the cell cycle machinery to DNA
repair is still lacking and the responsible
substrates remain elusive.

In this study, we show that inactivation
of Cdh1 results in genomic instability in
different human cell lines. Moreover, Cdh1depleted cells are hypersensitive towards
DNA-damaging agents and display reduced
Rad51 foci upon IR treatment. Making
use of an integrated proteomics and
bioinformatics approach, we identify the
DNA-end resection factor CtIP as a novel
substrate of the APC/CCdh1 E3 ubiquitin
ligase. CtIP-Cdh1 interaction is mediated
by an evolutionary conserved KEN box and
is required for the downregulation of CtIP
protein levels both after mitotic exit and
in late S/G2 in response to DNA damage.
U2OS cells inducibly expressing a CtIP KEN
box mutant exhibit increased DNA-end
resection capacity, which correlates with a
decrease in HR and hypersensitivity to PARP
inhibition. Together, our data describe a
novel regulatory role for the APC/CCdh1 in
DNA repair, at least in part by limiting CtIPdependent DNA-end resection activity in
late S/G2 phases of the cell cycle.
Results
Cdh1 depletion provokes DNA damage
and hypersensitivity to DSB-inducing
agents
To analyze the role of APC/CCdh1 in
the maintenance of genome stability, we
stably suppressed Cdh1 in non-transformed,
immortalized human retina pigment
epithelium (hTERT-RPE-1), HeLa cervical
cancer and MCF7 breast cancer cells
using lentiviral shRNAs (Fig 1A). Sustained
downregulation of Cdh1 over the course
of five days resulted in approximately
two-fold increase of cells in G2/M phase
accompanied by elevated levels of γ-H2AX
(Fig 1A-C). Also, Cdh1-depletion resulted in
upregulation of p53 in RPE-1 and MCF7 cells
(Fig 1A and Fig E1). Combined, these results
are indicative of DNA damage accumulation
in Cdh1-depleted cells, even in the absence
of genotoxic agents, which is in line with
observations in other cell types (Sigl et al,
2009; Eguren et al, 2013; Delgado-Esteban et
107
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Figure 1: Cdh1 depletion results in genomic instability.
A. RPE-1, HeLa and MCF7 cells were infected with pLL-GFP or pLL-Cdh1 lentiviral shRNAs and puromycinresistant cells were harvested at 5 days after virus infection. Immunoblotting was performed with anti-Cdh1,
anti-p53 and anti-Actin antibodies. B. HeLa cells treated as in (A), were harvested in ice-cold ethanol and co-stained
for γ-H2AX and phospho-Histone-H3 along with propidium iodide before analysis by flow cytometry. Plots of at
least 10,000 events are shown. Percentages indicate average amounts of G2/M cells, phospho-Histone-H3-positive
cells and γ-H2AX-positive cells. C. RPE-1, HeLa and MCF7 cells were treated as in (B) and averages and standard
deviations for three independent experiments are indicated for G2/M content, phospho-Histone-H3-positive cells
and γ-H2AX-positive cells. D. MCF7 cells grown on glass coverslips were infected with the indicated shRNA viruses
and stained with DAPI. At least 200 mitoses were scored per condition. Anaphase figures were scored separately
for the presence of lagging chromosomes. Representative examples are indicated.

al, 2013; García-Higuera et al, 2008).We next
analyzed the distribution of cells over the
various mitotic stages to address whether
the acquisition of DNA damage caused
by Cdh1 downregulation translates into
aberrant mitotic progression. While Cdh1
depletion in MCF7 cells did not significantly
108

alter the distribution of the various mitotic
phases, it gave rise to a higher frequency of
bridging chromosomes in anaphase (Fig 1D).
Such abnormal chromosome segregation
events are frequently observed in cells that
exhibit G2/M checkpoint or DNA repair
defects (Chan et al, 2007; French et al, 2006;
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Figure 2: Cdh1 depletion sensitizes to DNA damaging agents and affects recruitment of DNA repair
components.
A. MCF7 cells were infected with indicated shRNAs and selected with puromycin. pLL-GFP or pLL-Cdh1 infected
MCF7 cells were plated in six-well plates and subsequently irradiated with indicated amounts of ionizing irradiation.
Surviving colonies were stained and relative amounts of colony numbers compared to non-irradiated cells are
shown. Averages and standard deviations of three independent experiments are shown. B. pLL-GFP or pLL-Cdh1infected MCF7 cells were plated in 96-well plates and subsequently treated with indicated amounts of doxorubicine
for 4 days. Cellular viability was assessed using MTT conversion, and untreated cells were used as a reference.
Averages and standard deviations of three independent experiments are shown. C. At 48 hours after siRNA
transfection, U2OS-FUCCI cells were irradiated (2 Gy). At 2 or 5 hours after treatment, whole cell extracts
were prepared and analyzed by Western blotting with indicated antibodies. D. U2OS-FUCCI cells treated as in
2C were prepared for 53BP1 and Rad51immunofluorescence. Graphs show the amounts of 53BP1 or Rad51 foci
in S/G2 cells. At least 120 cells from three independent experiments were counted for each condition and data
are presented as boxplots with whiskers representing the minimal and maximal values. Unpaired Students’ T-tests
(two-sided) were done to compare control-depleted and Cdh1-depleted conditions. Representative images can be
found in Figure E2B and E2C.

Laulier et al, 2011; Acilan et al, 2007).
This prompted us to examine whether
Cdh1 depletion leads to increased sensitivity
to DNA-damaging agents. Clonogenic
survival assays showed that Cdh1-depleted
MCF7 cells are hypersensitive to IR (Fig 2A).
Notably, the colonies of irradiated Cdh1depleted cells were considerably smaller
compared to control-depleted cells (Fig
2A). In line with these results, we found

that shRNA-mediated depletion of Cdh1
reduced cell survival after treatment with
doxorubicin, a chemotherapeutic compound
inducing DSBs (Fig 2B).
We next examined whether DSB repair
mechanisms are affected by Cdh1 depletion.
Since cell cycle status significantly influences
the mode of DSB repair, we made use of the
FUCCI system which allows to specifically
analyze S/G2 cells without employing
109
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Figure 3: A combined proteomics/bioinformatics approach to identify potential APC/CCdh1
substrates.
A. Overview of mass spectrometry analysis of changes in protein abundance during mitotic exit. RPE-1 cells were
grown in ‘light’ or ‘heavy’ SILAC media and treated with nocodazole. Mitotic cells were obtained by shake-off, and
were directly lysed or replated in nocodazole-free medium and lysed after 2.5 hours. Alternatively, treatments were
swapped (‘reverse SILAC’). Cell lysates were mixed 1:1 and analyzed by mass spectrometry. B. RPE-1 cells
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Figure 3 (continued)
were treated and harvested in parallel to panel A, were stained for phospho-Histone-H3/Alexa-488. C. Gene-set
enrichment analysis (GSEA) of SILAC results. Indicated pathways are significantly affected during mitotic exit. D.
Log2-transformed ratios are indicated for the >3300 proteins that were identified both in forward and reverse
SILAC. Negative ratios indicate downregulation during mitotic exit. Established APC/CCdh1 targets are indicated
in red. E. GPS-ARM software was used to identify D-box or KEN-box sequences in mass spectrometry hits. GSEA
analysis was used to assess enrichment for destruction-motif containing proteins within downregulated proteins. F.
Venn diagram indicating proteins that are downregulated at least two-fold, contain any destruction motif, and belong
to the ‘DNA damage response/DNA repair’ gene-set.

synchronization protocols (Fig E2A) (SakaueSawano et al, 2008). First, Cdh1 depletion
did not affect IR-induced phosphorylation of
KAP1 at S824, an early event in the DNA
damage response (Fig 2C) (White et al, 2006;
Ziv et al, 2006). Interestingly however, Cdh1depleted cells displayed significantly reduced
numbers of Rad51 foci both at two and five
hours after irradiation, without affecting
Rad51 levels (Fig 2C and D and Fig E2B).
In contrast, 53BP1 foci numbers remained
largely unaffected by the absence of Cdh1
(Fig 2D and Fig E2C). Taken together, our
results demonstrate that Cdh1 ensures
genome stability, promotes survival under
conditions of DNA damage and influences
the dynamics of IR-induced Rad51 foci
formation, indicative of a regulatory function
of Cdh1 in HR.
Proteomic analysis of potential Cdh1
targets
We next set out to identify APC/CCdh1
substrates that contribute to the role of
Cdh1 in maintaining genome stability. To
select for potential candidates, we focused
on two selection criteria. Firstly, we screened
for proteins that are downregulated
when APC/CCdh1 activity is turned on
after mitotic exit using quantitative mass
spectrometry. Secondly, we analyzed the
primary amino acid sequence of each of those
downregulated proteins for the presence of
so-called D-boxes and KEN boxes, through
which Cdh1 recruits targets to the APC/C
(Pfleger et al, 2001; Liu et al, 2012). To
identify proteins that are degraded during
the mitosis-to-G1 transition, we treated cells
with nocodazole, a reversible microtubule-

depolymerizing agent that activates the
spindle assembly checkpoint, thereby
causing cells to arrest in prometaphase.
Subsequent removal of nocodazole allows
cells to synchronously exit mitosis along
with APC/CCdh1 activation. To compare
protein abundance before and after mitotic
exit, RPE-1 cells were grown in D-MEM
containing either light or heavy isotopelabeled amino acids (Ong et al, 2002). Cells
cultured in light medium were lysed directly
after nocodazole incubation whereas cells
in heavy medium were harvested at 2.5
hours after being released from mitotic
arrest (Fig 3A and B). In addition, a label
swap experiment was performed with the
SILAC labeling reversed. Cell lysates were
then mixed in a 1:1 ratio and analyzed by
mass spectrometry. We measured relative
up- or down-regulation of >3000 proteins
in G1 compared to M phase (Data E1). To
interrogate the quality of our data set, we
assessed whether specific pathways were
predominantly affected during mitotic exit.
To this end, protein entries were converted
to gene entries and enrichment was tested
using Gene Set Enrichment Analysis (GSEA)
(Subramanian et al, 2005). As expected, ‘cell
cycle’ and ‘mitotic’ pathways were significantly
downregulated during mitotic exit (Fig 3C).
In contrast, the majority of proteins involved
in translation and transcription were upregulated, in line with observations that
chromatin is re-established after mitosis,
and that translational and transcriptional
processes are inactive during mitosis and
need to be re-initiated upon mitotic exit (Fig
3C) (Prescott & Bender, 1963; Bonneau &
Sonenberg, 1987).
Our data set for proteins which were
111
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Figure 4: CtIP is a substrate of APC/CCdh1 during mitotic exit.
A. RPE-1 cells were left untreated (asynchronous, ‘AS’) or treated with nocodazole for 16 hours. Mitotic cells were
obtained by shake-off, and replated in nocodazole-free medium for indicated time-periods. Cells were stained for
phospho-Histone-H3 and propidium iodide and at least 10,000 events were analyzed by flow cytometry. B. Same
cells as in (A) were immunoblotted for the indicated proteins. C. Western blots as shown in (B) were quantified
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Figure 4 (continued)
and averages and standard deviations of three independent experiments are shown. D. RPE-1 cells were treated for
18 hours with the Cdk1 inhibitor RO-3306 (5 µM) to enrich for G2 cells. Subsequently, cells were washed 3 times
with warm culture medium, and 1 hour later mitotic cells were collected by mitotic shake-off (t=0h). At indicated
time points after replating cells were harvested and further analyzed as for (A) and (B). E. Asynchronously growing
RPE-1 cells were transfected with indicated siRNAs for 48 hours, and processed for immunoblotting with indicated
antibodies. Western blots were quantified and averages and standard deviations of three independent experiments
are shown. F. RPE-1 cells were cultured for three hours in proTAME (12 μM), MG-132 (5 μM) or solvent controls.
Whole cell lysates were immunoblotted for the indicated proteins (left panel). Average Western blot intensities
and standard deviations of three independent experiments are shown (right panel). G. Mitotic RPE-1 cells were
obtained by mitotic shake-off after nocodazole treatment. Cells were replated and after 1 hour proTAME (12 μM)
or MG-132 (5 μM) or solvent was added to culture medium. At 1 hour or 2.5 hour after treatment, cells were
harvested for Western blot analysis with indicated antibodies. Western blots of a representative experiment are
indicated (left panel). In parallel, cells were fixed in ethanol, stained for phospho-Histone-H3 and propidium iodide
and at least 10,000 events were analyzed by flow cytometry. Averages and standard deviations of three independent
experiments are shown (right panel).

considerably downregulated after mitotic exit
included various known APC/CCdh1 targets
such as p15-PAF, Cyclin B1, Plk1, UbcH10,
Aurora A and Aurora B (Fig 3D and Fig E3A)
(Emanuele et al, 2011; Lindon & Pines, 2004;
Pfleger et al, 2001; Rape & Kirschner, 2004;
Littlepage & Ruderman, 2002; Taguchi et al,
2002; Nguyen et al, 2005; Stewart & Fang,
2005).As expected, both KEN box and D-box
motifs were significantly enriched in proteins
downregulated during mitotic exit compared
to the entire proteomic data set (Fig 3E) (Liu
et al, 2012). When we applied 'DNA damage
response’ (see Table E1 for list of Gene
Ontology terms) as a functional criterion for
proteins downregulated during mitotic exit
containing a conserved destruction motif, we
discovered various proteins involved in the
maintenance of genomic integrity including
Rif1, Smc5, Mdc1, CtIP and Top2A (Fig 3F).
DNA topoisomerase 2 alpha was recently
discovered as a novel Cdh1 substrate
(Eguren et al, 2014). Interestingly, Rif1 has
been reported to act as a 53BP1 effector
protein, antagonizing the role of BRCA1 in
promoting CtIP-dependent resection and
HR (Kumar & Cheok, 2014).
However, sequence analysis revealed that
none of the predicted functional destruction
motifs in human Rif1 were evolutionary
conserved, whereas both putative KEN
boxes in human CtIP were highly conserved
in vertebrates (Extended Fig E3). Therefore,

we decided to focus on the DNA-end
resection factor CtIP as a potential target of
the APC/CCdh1 involved in the maintenance
of genomic integrity.
CtIP is a substrate of APC/CCdh1 during
mitotic exit
Confirming our mass spectrometry
data, we observed that CtIP protein levels
decreased when RPE-1 cells exit mitosis
following release from a nocodazoleinduced prometaphase arrest (Fig 4A-C).
Notably, CtIP downregulation followed a
pattern similar to that of Plk1, a known APC/
CCdh1 substrate (Fig 4A-C) (Lindon & Pines,
2004). This was not due to nocodazoleinduced microtubule depolymerization,
as cells released from a mitotic block
induced by Eg5 inhibition showed a similar
behavior with regards to CtIP levels (Fig
E4A). Likewise, when cells were enriched
at the G2/M transition using the reversible
Cdk1 inhibitor RO-3306, and subsequently
followed during exit from mitosis, we
observed that CtIP protein levels gradually
decreased (Fig 4D). Interestingly, under these
different synchronization conditions, we
repeatedly noticed that CtIP migrates much
slower in mitotic cells compared to G1 cells.
We find that this shift is mainly attributed to
phosphorylation, but further work is needed
to explore whether there is a functional
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Figure 5: CtIP interacts with Cdh1 through a conserved KEN box.
A. Schematic representation of human CtIP protein with its coil-coiled domain (45-160), Sae2-like domain (790897) and putative KEN boxes (179-181 and 467-469). Conservation of KEN box at 467 is shown for indicated
species. B. HEK293T cells were transfected with HA-Cdh1 in combination with indicated FLAG-CtIP plasmids. Cells
lysates were used for anti-HA immunoprecipitations.Western blotting was performed with indicated antibodies for
whole cell lysate or immunoprecipitations. C. HeLa nuclear extract (NE) was incubated with GST fusion proteins
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Figure 5 (continued)
with indicated full-length (1-897) CtIP variants or CtIP fragment (166-487) variants. GST pull downs were
immunoblotted for Mre11 and Cdh1. D. HEK293 Flp-In T-REx cells were induced to express GFP-CtIP-wt using
doxycycline and were transfected with His-tagged ubiquitin (‘His-Ub’) along with control siRNA or Cdh1 siRNA.
Before lysis, cells were treated with proteasome inhibitor MG-132 for 4 hours. Cell lysates were used for NiNTA precipitations. Total cell lysates (‘input’) and Ni-NTA pull downs (‘PD’) were immunoblotted for indicted
proteins. E. HEK293 Flp-In T-REx cells were induced to express GFP-CtIP-wt or GFP-CtIP-K467A and transfected
with His-tagged Ubiquitin (‘His-Ub’), and treated with proteasome inhibitor MG-132 for 4 hours. Cell lysates
were subsequently used for Ni-NTA pull down. Total cell lysates (‘input’) and Ni-NTA pull downs (‘PD’) were
immunoblotted for indicated proteins. F. U2OS Flp-In T-REx cells were induced to express GFP-CtIP-wt or GFPCtIP-K467A and were transfected with siRNA control or siCdh1. Cell lysates were processed for immunoblotting
for CtIP and Actin (upper right panel). U2OS cells expressing GFP-CtIP-wt or GFP-CtIP-K467A and transfected
with control or Cdh1 siRNA were then imaged every 5 minutes for GFP expression or phase contrast using live cell
microscopy. Representative stills from live cell imaging are shown, in which anaphase onset was used as a reference
time point (left panels). Quantifications of average nuclear GFP signal from time-lapse movies are indicated for GFPCtP-wt (n=12) and GFP-CtIP-K467A (n=18)(lower right panel).

interplay between CtIP phosphorylation and
stability during exit mitosis (Fig E4B).
In line with the APC/CCdh1 targeting
CtIP for proteasomal degradation, we
observed increased CtIP protein levels
after transfecting RPE-1 and U2OS cells
with Cdh1 siRNA oligos (Fig 4E E4C and
E4D), which was not due to altered cell
cycle distribution profiles (Fig E4C and D).
Analogously, treatment of asynchronously
growing RPE-1 cells with the small molecule
APC/C inhibitor proTAME (Zeng et al,
2010) stabilized CtIP as well as Plk1, albeit
not to the same extent as treatment with
the proteasome inhibitor MG-132 (Fig 4F).
Importantly, both MG-132 and proTAME
clearly blocked CtIP and Plk1 degradation
after cells synchronously exit mitotis and
enter G1 phase (Fig 4G and Fig E4E). Taken
together, our findings indicate that CtIP is
targeted by APC/CCdh1 during mitotic exit.
CtIP interacts with Cdh1 through a
conserved KEN box
CtIP contains two conserved KEN box
motifs, which are believed to be recognized
exclusively by APC/CCdh1 (Pfleger &
Kirschner, 2000), but only the second one
between amino acids 467 and 469 matches
the recently reported consensus KEN
box sequence ([D/N]-K-E-N-x-x-P) (Fig
5A) (He et al, 2013). To test whether any

of the two KEN box motifs are functional,
HEK293T cells were transfected with HACdh1, along with FLAG-CtIP mutated in
one or both KEN box motifs. Whereas
CtIP-wt and CtIP-K179A are efficiently
co-immunoprecipitated with HA-Cdh1,
mutating the second putative KEN box in
CtIP (K467A) abolished its interaction with
Cdh1 (Fig 5B). Furthermore, only GFP-CtIPwt, but not GFP-CtIP-K467A, was efficiently
co-immunoprecipitated with endogenous
Cdh1 (Fig E5A). To strengthen these
observations, we subjected HeLa nuclear
extracts to GST-CtIP pull-down assays and
found that endogenous Cdh1 interacts with
wild-type recombinant CtIP, but not with the
CtIP-K467A mutant (Fig 5C). Moreover, this
was unlikely due to improper protein folding
of bacterially-expressed GST-CtIP-K467A, as
the mutant full-length protein was still able
to pull-down Mre11 (Fig 5C). These results
were confirmed using a CtIP fragment
covering both KEN box motifs (166-487),
indicating that the coiled coil domain (45160) and the conserved Sae2-like C-terminal
domain (790-897) of CtIP are not required
for Cdh1 interaction (Fig 5A and C).
The APC/C is a multi-subunit E3 ubiquitin
ligase that, once activated by either Cdc20 or
Cdh1, mediates ubiquitin- and proteasomedependent degradation of key cell-cycle
regulatory proteins (Peters, 2006). Since CtIP
was recently shown to be poly- ubiquitylated
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Figure 6: CtIP is degraded in response to DNA damage in G2 phase in an APC/C-dependent manner.
A. U2OS cells were synchronized using a single thymidine block with 2 mM thymidine for 18 hours. Seven hours
after release, cells enriched in G2 phase were either fixed directly (lane 1) or exposed to low (2 Gy) or high dose
(10 Gy) of IR and harvested at the indicated time points following irradiation. Where indicated, cells were treated
with the APC inhibitor proTAME (20 µM) immediately after irradiation. Cells were stained with DAPI and analyzed
by flow cytometry. B. Cells were treated as for (A), and lysed in RIPA buffer for immunoblotting with indicated
antibodies. The anti-RPA2 blot was re-probed with anti-pRPA2-S4/S8 antibody. The arrow indicates leftover signals
of the unmodified RPA2 protein. The asterisk indicates hyperphosphorylated RPA2.
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C. HEK293 cells were transfected with HA-tagged ubiquitin ('HA-Ub'). 30 hours post-transfection, cells were
synchronized using a single thymidine block with 2 mM thymidine for 18 hours. Five hours after the release, cells
enriched in late S/G2 phase were either lysed directly (lane 1), or further incubated for 5 hours in presence of CDK1inhibitor RO-3306 (9 µM) to keep cells in G2 (lane 2), or irradiated with 10 Gy in absence (lane 3) or presence (lane
4) of the APC inhibitor proTAME (20 µM) and lysed after 5 hours.Where indicated, cells were treated with MG-132
(20 µM) for 5 hours before lysis. Samples were then further processed for immunoprecipitation using a polyclonal
anti-CtIP antibody as indicated in Materials and Methods. Cell cycle profiles of corresponding samples are indicated
on the right. D. U2OS Flp-In T-REx cells were induced to express GFP-CtIP-wt and transfected with CtIP siRNA.
Cells were subsequently synchronized by thymidine incubation for 24 hours, and released from thymidine for 8
hours. At 8 hours after release, cells were treated with DMSO or proTAME (12 μM), subsequently irradiated with
10 Gy, and imaged using fluorescence time-lapse microscopy. Representative stills of GFP and DIC movies are
presented in Figure E6C. Averages and standard deviations of total nuclear GFP intensity are indicated from 9 and
12 movies for DMSO-treated and proTAME treated cells respectively.

and degraded by the proteasome (Steger et
al, 2013), we next addressed whether Cdh1
may promote CtIP ubiquitylation.To this end,
we transfected His-ubiquitin into HEK293
cells inducibly expressing GFP-CtIP and
analyzed the level of CtIP ubiquitylation after
Ni-NTA pull-down. Remarkably, depletion
of Cdh1 using two independent siRNAs
severely impaired CtIP ubiquitylation (Fig
5D). Furthermore, the conjugation of
ubiquitin chains was largely abolished in the
CtIP-K467A KEN box mutant compared
to CtIP-wt, further indicating that CtIP is
a substrate of APC/CCdh1 (Fig 5E). To test
whether the conserved KEN box is required
for CtIP degradation during mitotic exit,
we performed time-lapse fluorescence
microscopy with U2OS cells harboring
siRNA-resistant inducible GFP-tagged CtIPwt or CtIP-K467A (Fig 5F). These cell lines
progressed through the cell cycle with
similar kinetics and expressed comparable
levels of GFP-tagged CtIP upon doxycycline
addition (Fig E5B). Importantly, whereas the
fluorescence intensity of nuclear CtIP-wt
slowly decreased after exit from mitosis,
CtIP-K467A levels remained relatively
constant throughout the entire time course
(Fig 5F). Combined, our data suggest that CtIP
interacts with Cdh1 through a conserved
KEN box motif and this interaction promotes
CtIP poly-ubiquitylation and degradation in
an APC/CCdh1-dependent manner.
APC/C promotes CtIP degradation in
response to DSBs

Since APC/CCdh1 has been described to
be activated in G2 phase after DNA damage
(Sudo et al, 2001; Bassermann et al, 2008),
we decided to investigate whether CtIP is
also targeted by the APC/C under these
conditions. To this end, we synchronized
U2OS cells at the G1/S transition using a
single thymidine treatment and then allowed
cells to re-enter the cell cycle. At 7 hours
after the release, G2-enriched cells were
irradiated at low (2 Gy) or high dose (10 Gy)
and analyzed after 2 and 5 hours by Western
blotting (Fig 6A). Whereas CtIP levels only
slightly decreased following 5 hours after 2
Gy, CtIP downregulation in response to 10
Gy occurred to an extent that was similar to
that of Claspin, a previously reported APC/
C-Cdh1 substrate (Fig 6B) (Bassermann et
al, 2008). These changes did not represent
post-mitotic degradation of CtIP, as judged
by comparable cell cycle profiles (Fig 6A).
Importantly, CtIP and Claspin levels were
partially restored when proTAME was
added to the cells immediately after IR (Fig
6B), indicating that the APC/C is responsible
for CtIP degradation in G2-irradiated cells.
Similar results were obtained after treatment
of G2-enriched cells with doxorubicin (Fig
E6A and B). Interestingly, we noticed that
proTAME treatment led to an increase in
RPA2 phosphorylation following IR (Figure
6B, lane 7), while other DNA damage
signaling events including Chk1 and Chk2
phosphorylation remained largely unaffected.
In line with a requirement for the APC/C in
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Figure 7: CtIP-Cdh1 interaction is not required for CtIP recruitment to sites of DNA damage and
initiation of DNA-end resection.
A. U2OS Flp-In T-REx cells were induced to express GFP-CtIP-wt or GFP-CtIP-K467A and transfected with CtIP
siRNA. Cells were subsequently synchronized by thymidine incubation for 24 hours, and released from thymidine
for 8 hours. GFP-CtIP-wt and GFP-CtIP-K467A were expressed to similar degree and expression of GFP-CtIP-wt
or GFP-CtIP-K467A did not alter cell cycle progression as judged by flow cytometry (Figure E5B). Cells were then
irradiated with 10 Gy and imaged using fluorescence time-lapse microscopy. Representative stills are indicated for
GFP and DIC images. B. Quantifications of time-lapse movies from (A). Averages and standard deviations of total
nuclear GFP intensity are indicated from 12 movies for each cell line. C. U2OS Flp-In T-REx clones were induced to
express GFP-CtIP-wt or GFP-CtIP-K467A and transfected with CtIP siRNA and treated as for panel (A). Numbers
of GFP-CtIP foci per nucleus were counted and plotted as a percentage of GFP-CtIP foci at the start of imaging.
Averages and standard deviations of 15 movies per cell lines are indicated. D. U2OS Flp-In T-REx clones stably
expressing doxycycline-inducible GFP-CtIP-wt, -T847A, and -K467A were transfected with siCtIP. At 24 hours
post-transfection, cells were cultivated in absence or presence of doxycycline. At 48 hours post-transfection, cells
were mock-treated or harvested at the indicated time points following irradiation (10 Gy). Whole cell lysates were
immunoblotted using the indicated antibodies.
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CtIP degradation after DNA damage in G2
cells, ubiquitylation of endogenous CtIP in
response to IR was significantly reduced in
presence of proTAME (Fig 6C).
To strengthen these findings, we
monitored
GFP-CtIP-wt
fluorescent
intensity following irradiation of G2 cells
using live-cell imaging. Consistent with
our Western blot data, CtIP levels drop to
approximately 50% starting at 4 hours after
IR (Fig 6D and Fig E6C). Also in this case,
the observed CtIP downregulation was not
due to post-mitotic degradation, since none
of the analyzed cells entered mitosis during
the entire time-lapse experiments, most
likely due to a strong G2-arrest produced
by 10 Gy (data not shown). In line with our
previous observation, GFP-CtIP-wt levels in
cells co-treated with proTAME remained
constant throughout the analyzed timeframe, supporting our hypothesis that the
APC/C is required for CtIP downregulation
in response to DNA damage in G2 cells
(Fig 6D and Fig E6C). Altogether, these data
suggest that CtIP is degraded after DSB
induction in G2 and that this regulatory
mechanism is dependent on APC/C activity.
CtIP-Cdh1 interaction is required for
CtIP downregulation after DNA damage
and clearance of IR-induced CtIP foci
Having established that CtIP is degraded
in an APC/C-dependent manner in response
to DNA damage, we wanted to test whether
this requires physical interaction between
Cdh1 and CtIP. Quantitative live-cell imaging
revealed that a functional KEN box is crucial
for IR-induced downregulation of CtIP, since
GFP-CtIP-K467A levels remained stable
throughout the entire time course (Fig 7A
and B). Strikingly, we observed that CtIPK467A IR-induced foci (IRIF) persisted,
whereas CtIP-wt IRIF were resolved over
time, indicating that APC/CCdh1 facilitates
the spatio-temporal release of CtIP from
damaged chromatin (Fig 7C). Analysis of
GFP-CtIP localization in response to laser
micro-irradiation further confirmed that
both CtIP-wt and CtIP-K467A are efficiently

recruited to microlaser-generated DSB
tracks, and overlap with �-H2AX-decorated
chromatin (Fig E7A).
To further investigate the role of Cdh1CtIP interaction in response to DNA
damage, we isolated monoclonal cell lines,
inducibly expressing siRNA-resistant GFPCtIP-wt and GFP-CtIP-K467A. Importantly,
expression of GFP-CtIP-wt rescued DNAend resection defects caused by CtIP
depletion, as judged by the restoration of
RPA2 phosphorylation at S4/S8 in response
to IR treatment (Fig E7B) (Sartori et al,
2007). The DNA-end resection capacity of
CtIP was previously shown to be required
for the maintenance of IR-induced G2
arrest (Kousholt et al, 2012). In line with this
report, depletion of CtIP did not interfere
with checkpoint initiation, but did result
in defective checkpoint maintenance (Fig
E7C). Notably, expression of either GFPCtIP-wt or GFP-CtIP-K467A rescued the
checkpoint maintenance defect (Fig E7C),
suggesting that CtIP-K467A is proficient
in DNA-end resection. In addition, we did
not find any significant defects in initiation
and maintenance of the IR-induced G2
checkpoint upon Cdh1 depletion (Fig E7D).
In agreement with CtIP-K467A mutant
cells being checkpoint proficient, irradiation
resulted in robust activation of ATM and
ATR, as assessed by Chk2 and Chk1
phosphorylation, respectively (Fig 7D).
Moreover, both CtIP-wt and CtIP-K467A
were able to promote RPA2 phosphorylation,
with the KEN-box mutant being slightly more
efficient than the wt, whereas expression of
the resection-deficient CtIP-T847A mutant
largely abolished RPA2 phosphorylation (Fig
7D) (Huertas & Jackson, 2009). These data
suggest that CtIP-Cdh1 interaction is not
required for DNA-end resection, but may
control the proper timing of resection.
The CtIP-Cdh1 interaction facilitates
homology-directed repair
The above findings prompted us to test
whether CtIP-Cdh1 interaction plays a role
in DSB repair. To this end, we analyzed the
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Figure 8: CtIP-Cdh1 interaction limits DNA end resection and is required for homologous
recombination repair.
A-D. HEK293 cell lines stably harboring DNA repair reporters for HR (DR-GFP, panels A, B and D), or NHEJ
(EJ5-GFP, panel C) were transfected with control siRNA, or with CtIP siRNA in combination with indicated
siRNA-resistant FLAG-CtIP plasmids. After 24 hours, cells were transfected with the I-SceI-expression plasmid,
and 48 hours later GFP-positivity was assessed by flow cytometry. Averages and standard deviations of three
independent experiments are indicated. In (B), representative western blots for panel (A) are shown. Lysates were
immunoblotted using anti-CtIP and anti-Mre11. D. HEK293-DR-GFP cells were co-transfected with the indicated
siRNA-resistant FLAG-CtIP plasmids together with the I-SceI-expression plasmid. 48 hours later GFP-positivity was
assessed by flow cytometry. E. U2OS-GFP-CtIP-wt, U2OS-GFP-CtIP-K467A, or U2OS-GFP-CtIP-T847A clones
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Figure 8 (continued)
were transfected with siCtIP and were induced to express GFP-CtIP-wt, GFP-CtIP-K467 or GFP-CtIP-T847A at
24 hours after transfection. Cells were replated for clonogenic survival 48 hours after transfection and treated
with indicated Olaparib concentrations. Alternatively, U2OS cells were transfected with siCdh1#1 and replated
for clonogenic survival at 48 hours after transfected in the presence of indicated concentrations of Olaparib.
Standard error of the means of three experiments are shown. Statistical analysis was done using the Student’s
T-tests (n.s. indicates not significant). F. U2OS Flp-In T-REx clones stably expressing doxycycline-inducible GFPCtIP-wt, and GFP-CtIP-K467A were transfected with siCtIP and protein expression was simultaneously induced by
adding doxycycline.After six hours, cells were synchronized using a single thymidine block for 18 hours. Seven hours
after release, cells enriched in S/G2 phase (see Figure E8D for cell cycle profiles) were mock-treated or harvested
at the indicated time points following irradiation. RIPA whole cell lysates or chromatin-enriched fractions were
immunoblotted using the indicated antibodies.

repair of I-SceI-induced DSBs in HEK293
cell lines containing two different reporters
measuring HR (DR-GFP) and total-NHEJ
(EJ5-GFP). As shown previously, CtIP
depletion interfered with HR, but led to
a slight increase in total-NHEJ (Fig 8A-B)
(Bennardo et al, 2008). Importantly, these
effects could be rescued by expression of
siRNA-resistant FLAG-CtIP-wt (Fig 8A and
B). Interestingly, expression of the K467A
mutant did not rescue HR, but caused a
similar decrease as compared to the DNAend resection-defective T847A mutant
(Fig 8A-B). Surprisingly, unlike T847A, we
observed that expression of K467A does not
lead to a significant increase in total-NHEJ
(Fig 8C). The observation that CtIP-K467A
impaired homology-directed repair but does
not result in compensation through NHEJ,
suggested a dominant negative effect of the
KEN box mutant. To test this hypothesis,
FLAG-CtIP constructs were transfected
into HEK293 DR-GFP cells without siRNAmediated depletion of endogenous CtIP.
Indeed, expression of CtIP-K467A caused
a reduction in HR, whereas expression of
CtIP-wt or CtIP-T847A did not significantly
alter HR (Fig 8D). Taken together, these
results suggest that abolishing the interaction
between CtIP and Cdh1 does not interfere
with the initiation of DNA-end resection,
which would otherwise increase NHEJ
efficiency. Instead, after resection has been
initiated, the CtIP-Cdh1 interaction appears
to be required for the proper execution of
downstream HR events.
Defective HR was previously shown

to result in increased sensitivity to PARP
inhibition (Farmer et al, 2005; Bryant et
al, 2005). In line with a defect in HR, we
observed that cells inducibly expressing GFPCtIP-K467A showed elevated sensitivity
to the PARP inhibitor olaparib, although
not as pronounced as in GFP-CtIP-T847A
mutant cells (Fig 8E). Notably, depletion of
Cdh1 also resulted in an elevated sensitivity
to PARP inhibition (Fig 8E). However, GFPCtIP-K467A expressing cells did not display
hypersensitivity to IR or doxorubicin
treatment, indicating that the inability of
Cdh1 to interact with CtIP cannot explain all
phenotypic responses associated with Cdh1
loss in combination with DNA damage (Fig
E8A-C).
Besides decreased DNA-end resection
capacity, also excessive or temporally
unrestricted resection may potentially
impair HR. Since we have observed that CtIP
is targeted by the APC/C for proteasomal
degradation after DNA damage in G2,
we monitored DNA-end resection in wt
and K467A mutant cells that had been
synchronized in G2 prior to IR (Fig 8F and
E8D). Clearly, expression of GFP-CtIPK467A resulted in elevated levels of RPA2
phosphorylation at S4/S8, indicative of
hyper-resection. This matched our earlier
observation of elevated levels of RPA2
phosphorylation upon proTAME treatment
in irradiated cells (Figure 6B). Remarkably,
increased RPA2 phosphorylation in GFPCtIP-K467A-expressing cells coincided with
lower amounts of Rad51 being recruited to
damaged chromatin (Fig 8F). Combined, these
121
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data suggest that CtIP-Cdh1 interaction is
involved in limiting DSB resection, which
probably allows correct assembly of Rad51ssDNA nucleoprotein filaments, to facilitate
HR.
Discussion

6

The response to DSBs is tightly regulated
during the cell cycle. As a consequence,
deregulated cell cycle control may lead to
aberrant DSB repair and ensuing genomic
instability. An example thereof is provided
by the APC/CCdh1 cell cycle regulator, as
genetic inactivation of Cdh1 in either mouse
embryonic fibroblasts or primary human
cells has been shown to cause elevated
levels of DNA damage and chromosomal
instability. We could recapitulate these
findings in Cdh1-depleted human cell lines of
different origins. Moreover, we were able to
extend these findings and demonstrate that
depletion of Cdh1 results in hypersensitivity
to DSB-inducing agents and negatively affects
Rad51 IRIF formation. Concerning potential
APC/C substrates responsible for these
effects, Rhp54 (the fission yeast ortholog
of Rad54) and Rad17 were shown to be
degraded by the APC/C (Trickey et al, 2008;
Zhang et al, 2010). However, when Rad54
was investigated in other species, no APC/Cdependent degradation was observed, and
the degradation of Rad17 by the APC/C
appeared to be UV-induced, and appeared
to control checkpoint duration rather than
DNA repair. Finally, Cdh1 was reported to
control the duration of the G2 cell-cycle
arrest in response to DSBs by targeting
Polo-like kinase 1 (Plk1) for proteolytic
degradation (Bassermann et al, 2008; Wäsch
& Engelbert, 2005; Engelbert et al, 2008). So
far, it remained elusive, however, whether
the APC/CCdh1 also contributes to the
regulation of DSB repair.
Using a proteomics analysis of mitotic
exit combined with bioinformatics analysis of
the presence of KEN and D-box motifs, we
have identified a number of candidate APC/
CCdh1 substrates. Several of the putative
Cdh1 targets play key roles in the regulation
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of DSB repair, including Rif1, MDC1, SMC5,
and CtIP. Detailed in silico analysis of multiple
protein sequences for the conservation of
putative KEN and D-box motifs guided us to
focus on CtIP as a previously unrecognized
APC/CCdh1 substrate. Human CtIP contains
two conserved KEN box motifs, but only
the second KEN box strongly matches the
consensus sequence recently proposed
by Barford and colleagues (He et al, 2013)
and is required for Cdh1-CtIP interaction.
In addition to being targeted by the APC/
CCdh1 for proteasomal degradation in
G1, we discovered that CtIP protein levels
are controlled by the APC/CCdh1 prior
to mitotic entry in response to DSBs.
Concerning the activation of the APC/
CCdh1 in response to DNA damage in G2
cells, we noted that APC/CCdh1 activation
is achieved most efficiently after high levels
of DNA damage. This implies that especially
under conditions provoking high amounts of
DNA damage, such as after chemotherapy
or radiotherapy, the APC/CCdh1 may
acquire new functions, which under these
circumstances may determine cell fate and
genomic integrity.
Due to its crucial role in initiating DNAend resection, CtIP is essential for homologydirected repair of DSBs (Sartori et al, 2007;
Bennardo et al, 2008). DNA-end resection
dictates the choice between HR and NHEJ
and is thus proposed to be tightly regulated
during the cell cycle (Ferretti et al, 2013).
For instance, CtIP phosphorylation at T847
by cyclin-dependent kinases represents a
key step towards the commencement of
DNA-end resection and, consequently, a
CtIP-T847A mutant abrogates HR (Huertas
& Jackson, 2009). Here we show that a CtIPKEN box mutant (K467A) compromises HR
to a similar extent as the T847A mutant,
indicating that the interaction between Cdh1
and CtIP facilitates HR. NHEJ requires only
very limited DSB processing and is therefore
not suitable for repairing DSBs which have
undergone extensive resection. In other
words, NHEJ can only compensate for
HR in cells that are defective in DNA-end
resection (Shibata et al, 2011). This is in line
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with our results showing that CtIP-T847A
results in higher levels of NHEJ. In contrast,
we find that CtIP-K467A does not lead to
a concomitant increase in NHEJ, suggesting
that resection has occurred in those cells. In
fact, CtIP-K467A expressing cells irradiated
in G2 display even heightened levels of DNAend resection compare to CtIP-wt cells, but
are partially impaired in promoting efficient
Rad51 recruitment to damaged chromatin,
which is similar to what we observed in
Cdh1-depleted cells. Moreover, reduced HR
efficiency of K467A mutant cells is in line
with our data of decreased survival upon
PARP inhibition.
Combined, our data support a model
in which APC/CCdh1 activity is involved
in negatively regulating the stability of CtIP
both after mitotic exit in unperturbed
cells and after DNA damage in G2 (Fig
9). Moreover, we speculate that the APC/
CCdh1 is required at a late stage within
the HR process, after initiation of resection
has occurred and NHEJ is no longer an
option for DSB repair. One possibility
is that APC/CCdh1 mediates clearance
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Figure 9: Model of cell cycle-dependent
regulation of CtIP by the APC/C-Cdh1.
The central area represents unperturbed
cell cycle, when CtIP is degraded after
mitotic exit by the APC/C-Cdh1. Cells in
G0/G1 lack CDK activity, which precludes
phosphorylation and consequent activation
of CtIP. Post-mitotic CtIP degradation by
the APC/CCdh1 E3 ubiquitin ligase may
contribute to prevent unscheduled DNAend resection in G0/G1 phase. In response
to DSBs, CtIP promotes DNA-end resection
to facilitate HR repair. In response to high
levels of DSBs, CtIP is initially recruited to
DSBs to resect DNA-ends and promote
HR repair. In a late response to high levels
of DNA damage, the APC/CCdh1 promotes
ubiquitin-dependent proteolysis of CtIP.
Downregulation of CtIP by the APC/CCdh1 promotes its clearance from DSBs
and prevents excessive DNA end-resection,
a prerogative for proper homology-directed
repair.

of CtIP IRIF through ubiquitin-mediated
degradation, thereby limiting resection to
amounts of ssDNA that can be handled by
the downstream recombination machinery.
A similar mechanism has been recently
reported by Choi et al. for the regulation
of nuclear PTEN, in which Cdh1 promotes
the removal of PTEN from chromatin during
mitotic exit (Choi et al, 2014).
Our observations that Rad51 IRIF are
decreased in Cdh1-depleted G2 cells, that
CtIP-K467 IRIF persist much longer and
that Rad51 loading onto damaged chromatin
is compromised in G2-enriched cells
expressing the CtIP KEN box mutant are in
line with a role for APC/CCdh1-dependent
CtIP degradation in controlling HR. In its
role of keeping DNA-end resection in
check, the APC/CCdh1 may play a similar
function in G1 and G2. In response to
DNA breaks in G1 cells, the end resection
machinery cannot be activated due to lack of
CDK activity. In this context, APC/CCdh1mediated degradation of CtIP may serve as a
back-up mechanism to prevent unscheduled
end resection. In G2 cells, on the other hand,
123
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end resection is required for error-free DSB
repair by HR. Here, APC/CCdh1-mediated
degradation of CtIP, after initial resection
has been performed, may be required to
limit end resection to levels that optimally
facilitate HR repair.
Materials and methods

6

Cell Culture
hTERT-immortalized retinal pigment
epithelium (RPE-1), U2OS, U2OS-FUCCI
and HEK293T cells were grown in D-MEM
(Gibco, Life Technologies). MCF7 cells were
cultured in RPMI (Gibco, Life Technologies).
HeLa cells were cultured in DMEM/Ham’s
F12 (1:1) medium (Gibco, Life Technologies).
All culture media were supplemented with
10% fetal calf serum (FCS), 100 units/ml
penicillin, and 100 μg/ml streptomycin. U2OS
and HEK293 Flp-In T-REx cells were grown in
D-MEM supplemented with 10% Tet system
approved FCS, 100 U/ml penicillin, 100 mg/
ml streptomycin, 125 μg/ml hygromycin B
and 12.5 μg/ml blasticidin S.
IR was given using a CIS international/IBL
637 irradiator equipped with a Cesium137
source (dose rate: 0.01083 Gy/second), or
using a Faxitron X-ray device. For serum
starvation experiments, RPE-1 cells were
initially plated in medium containing 10%
FCS, and were washed with phosphatebuffered saline (PBS) at 24 hours after
plating and subsequently cultured without
serum for another 24 hours. After serum
starvation, serum was added to a final
concentration of 20%. At the time of serum
addition, bromodeoxyuridine (BrdU) was
added to a final concentration of 10 μM to
measure replication onset. If indicated, cells
were treated with 5 μM of the proteasome
inhibitor MG-132 (Sigma-Aldrich, St.
Louis, MO), 250 nM of the microtubule
polymerization inhibitor nocodazole (SigmaAldrich), 5 µM of the Eg5 inhibitor S-Trityl-LCysteine (STLC, Sigma-Aldrich), 5 µM of the
Cdk1 inhibitor RO-3306 (Axon Medchem,
Groningen, the Netherlands), or with the
APC/C inhibitor proTAME (Zeng et al,
2010) at a final concentration of 12 or 20
124

μM. ProTAME was kindly provided by Randy
King, Harvard Medical School, Boston MA,
or obtained from Boston Biochem.
Generation of stable GFP-CtIP cell lines
The Flp-In T-REx system (Invitrogen, Life
Technologies) was used to generate cell lines
stably expressing different siRNA-resistant
GFP-CtIP constructs in an inducible manner.
The GFP-CtIP-containing pcDNA5/FRT/TO
vector and the Flp recombinase expression
plasmid pOG44 were mixed in a 1:9 ratio and
transfected into Flp-In T-REx 293 (Invitrogen,
Life Technologies) and Flp-In T-REx U2OS (a
kind gift of Daniel Durocher, University of
Toronto) cells using FuGene 6 transfection
reagent (Promega) at 60% confluency. After
6 hours, medium was exchanged to fresh
D-MEM and cells were incubated at 30°C
(6% CO2).Two days later, cells were re-plated
at different dilutions in 10 cm plates. After
24 hours, the medium was supplemented
with 250 μg/ml hygromycin B and 12.5 μg/
ml blasticidin S. The medium was replaced
every 2-3 days and cells were selected for
~2 weeks. Resistant colonies were picked
and further characterized as single clones
or pooled to generate bulk cultures. All cell
lines were screened for inducible GFP-CtIP
expression by both immunofluorescence
microscopy and immunoblotting. To induce
expression of GFP-CtIP, cells were treated
with 0.5 μg/ml or 1 μg/ml doxycycline (Dox)
for 24 hours as indicated.
Immunoprecipitation and GST pulldown
For immunoprecipitation and glutathione
S-transferase (GST) pulldown assays, cells
were lysed in NP-40 extraction buffer
(50 mM Tris-HCl, pH 7.5, 120 mM NaCl,
1 mM EDTA, 6 mM EGTA, 15 mM sodium
pyrophosphate, 1% NP-40) supplemented
with phosphatase inhibitors (20 mM NaF, 1
mM sodium orthovanadate) and protease
inhibitors (1 mM benzamidine and 0.1 mM
phenylmethylsulfonyl fluoride (PMSF)) and
clarified by centrifugation at 20,000 g. HeLa
nuclear extracts (HNE) were purchased
from Ipracell (Belgium). Generation of
the GST–CtIP constructs was described
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previously (Sartori et al, 2007). GST
fusion plasmids were grown in BL21 RIL
(Codon+) Escherichia coli (Stratagene)
and recombinant proteins were expressed
by incubating the bacteria for 24 hours at
16°C after the addition of 100 µM IPTG.
After centrifugation, the bacterial pellet was
resuspended in cold PBS, supplemented with
1% Triton X-100 and protease inhibitors (1
mM PMSF, 1 mM benzamidine and Roche
protease inhibitor cocktail). After sonication
and centrifugation, GST-tagged proteins
were purified from soluble extracts using
glutathione Sepharose 4 Fast Flow beads
(GE Healthcare). GST fusion proteins bound
to glutathione beads were mixed with 1 mg
of HeLa nuclear extract and incubated for
1 hour at 4°C in 1 ml of TEN100 buffer (20
mM Tris-HCl (pH 7.4), 0.1 mM EDTA and
100 mM NaCl). Beads were then washed
three times with NTEN500 buffer (0.5% NP40, 0.1 mM EDTA, 20 mM Tris-HCl (pH 7.4)
and 500 mM NaCl) and once with TEN100
buffer. Recovered complexes were boiled
in SDS sample buffer and analyzed by SDS–
PAGE followed by immunoblotting.
Immunoprecipitating antibodies were
added to the cell lysates and incubated
overnight at 4°C. After 2 hours incubation
with protein A or protein G beads,
precipitated
immunocomplexes
were
washed four times with lysis buffer or three
times with TNE buffer (50 mM Tris–HCl
(pH 7.4), 100 mM NaCl, 0.1 mM EDTA)
containing 1% Triton X-100 and once with
TNE buffer, boiled in SDS sample buffer
and loaded on an SDS–polyacrylamide gel.
Proteins were analyzed by immunoblotting
as described below.
In vivo ubiquitylation assays
HEK293 Flp-In T-REx GFP-CtIP cells
were transfected with His-ubiquitin
using the FuGene 6 transfection reagent
(Promega) and after 24 hours, GFP-CtIP
expression was induced with 1 μg/ml Dox.
After 24 hours, cells were treated for 4
hours with 20 μM MG-132 and then washed
and scraped in 500 μl of ice-cold PBS. 2%
of the cell suspension was used for direct

Western blot analysis. The remaining cells
were lysed in ‘buffer A’ (6 M guanidine-HCl,
0.1 M Na2HPO4/NaH2PO4, pH 8.0, 10 mM
imidazole) and lysates were incubated with
Ni2+-NTA agarose beads for 3 hours under
rotation at room temperature. The beads
were washed two times with buffer A, two
times with ‘buffer A/TI’ (1 volume buffer A:
3 volume buffer ‘TI’ [25 mM Tris-HCl, pH
6.8, and 20 mM imidazole]), and two times
with buffer TI. Bound proteins were eluted
by boiling the beads in 2x SDS sample buffer
supplemented with 250 mM imidazole and
analyzed by immunoblotting. In case of
siRNA treatment, cells were first transfected
with the indicated siRNA and after 24 hours
transfected with His-ubiquitin using the
FuGene6 transfection reagent (Promega).
At the same time, GFP-CtIP expression
was induced with 1 µg/ml Dox and after 24
hours samples were processed as described
above.
To analyze ubiquitylation of endogenous
CtIP, HEK293 cells were transfected with
HA-ubiquitin using the FuGene 6 transfection
reagent (Promega) and enriched in S/G2
phase of the cell cycle by releasing them from
a single thymidine block. After treatment,
cells were lysed in (5mM tris-HCl (pH 7.5),
5mM DTT, 1% SDS) and boiled for 5 minutes
(El-Shemerly et al, 2005). After sonication,
samples were clarified by centrifugation
and diluted 4 times with NP-40 buffer
supplemented with phosphatase inhibitors
(20 mM NaF, 1 mM sodium orthovanadate),
protease inhibitors (1 mM benzamidine
and
0.1
mM
phenylmethylsulfonyl
fluoride (PMSF) and the deubiquitinases
inhibitor N-Ethylmaleimide (NEM, 20mM).
Immunoprecipitation
was
performed
overnight at 4°C, using a polyclonal
rabbit antibody (612L, raised against CtIP
N-terminus, a kind gift of Prof. Richard
Baer, Columbia University). After 2 hours
incubation with protein A beads, precipitated
immunocomplexes were washed three
times with NTEN500 buffer and once with
TEN100 buffer, boiled in SDS sample buffer
and loaded on an SDS–polyacrylamide gel.
After transfer, membranes were incubated
125
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for 30 minutes at 4°C in denaturing buffer
(6 M guanidine-HCl, 20mM Tris-Hcl (pH 7.5),
1 mM PMSF and 5 μM β-mercaptoethanol)
as described in (Penengo et al, 2006). After
extensive washing with TBS-Tween buffer,
membranes were incubated with the
appropriate antibody and further processed
as described below.

6

Immunoblotting
If not specified otherwise, cell extracts
were prepared in Laemmli buffer (4% SDS,
20% glycerol, 120 mM Tris-HCl pH 6.8). If
indicated, cells were lysed in RPIA buffer
(50 mM Tris-HCl, pH 7.5, 1 % NP-40, 0.25
% sodium deoxycholate, 150 mM NaCl, 1
mM EDTA and 0.1% SDS supplemented
with phosphatase and protease inhibitors).
Proteins were resolved by SDS–PAGE and
transferred to nitrocellulose. Immunoblots
were performed using the appropriate
antibodies and proteins were visualized using
the ECL detection system (Amersham).
Primary antibodies used in this study are
listed in Table E2. The anti-Claspin antibody
was a kind gift of Dr. Raimundo Freire,
University of Tenerife) and was described
previously (Semple et al, 2007).
When indicated, a Triton X-100-insoluble
(chromatin-enriched) fraction was isolated
as described in (Peña-Diaz et al, 2012).
Briefly, cells were rinsed twice in cold PBS
and incubated for 5 minutes on ice in preextraction buffer (25 mM HEPES [pH 7.9],
50 mM NaCl, 1 mM EDTA, 3 mM MgCl2,
300 mM sucrose, 0.5% Triton X-100, and
protease inhibitors). After buffer removal
and rinsing in PBS, adherent cellular material
was harvested by scraping it into Laemmli
buffer. The chromatin-enriched fraction was
then heat denatured, sonicated, and analyzed
by immunoblotting.
HR and NHEJ DNA repair assays
DSB repair efficiency by HR or NHEJ was
measured in DR-GFP or EJ5-GFP HEK293
cell lines as described previously (Bennardo
et al, 2008). Briefly, 0.6×106 cells were plated
in 6-well plates (poly-L-lysine coated) and,
after 24 hours, cells were transfected with
126

siRNA oligos (40 nM).The next day, 0.24×106
cells were re-seeded in 12-well plates. At 48
hours after siRNA transfection, cells were
either mock-transfected or transfected with
0.6 μg I-SceI expression plasmid (pCBASce)
in combination with 0.2 μg of the appropriate
FLAG-tagged CtIP constructs (pcDNA3)
using 1.6 μl of JetPrime (Polyplus). At 4
hours after plasmids transfection, media
was replaced and a second transfection
with siRNA oligos (15 nM) was performed.
Alternatively, cells were only transfected
with 0.6 μg I-SceI expression plasmid
(pCBASce) in combination with 0.2 μg of the
appropriate FLAG-tagged CtIP constructs
(pcDNA3) using 1.6 μl of JetPrime (Polyplus).
At 48 hours after I-SceI transfection, cells
were analyzed for GFP expression by flow
cytometry on a CyAn ADP 9 (Dako).
Laser microirradiation
Laser microirradiation to generate DSBs
in a defined nuclear region was performed
as described previously (Bekker-Jensen et
al, 2006; Lukas et al, 2003). Briefly, 24 hours
before irradiation, culture medium was
supplemented with 10 μM BrdU. Around
100 cells were microirradiated at room
temperature (a procedure lasting around
10 minutes) using the MMI CELLCUT
system containing a UVA laser of 355 nm
(Molecular Machines and Industries, Zurich,
Switzerland). The laser intensity was set
to 50% energy output and each cell was
generally exposed to the laser beam for less
than 300 milliseconds (Meerang et al, 2011).
DNA plasmids and RNA interference
Plasmids were transfected by using
either the standard calcium phosphate
method or FuGENE 6 (Promega) according
to manufacturer’s instructions. The epitopetagged expression vectors for human CtIP
have been described previously (Sartori
et al, 2007; Yu et al, 2006). The HA-tagged
expression vector for human Cdh1 was
described previously and was purchased
from Addgene (plasmid #11596)(Pfleger et
al, 2001). The pcDNA3.1-6xHis-Ubiquitin
plasmid was a kind gift of Matthias Peter
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(ETH Zurich, Switzerland), whereas the HAUbiquitin plasmid was described previously
and purchased from Addgene (plasmid
#18712) (Kamitani et al, 1997). All CtIP point
mutants were introduced by site-directed
mutagenesis using Expand Long Template
PCR System (Roche) and confirmed
by sequencing. ShRNA interference for
Cdh1 in RPE-1, MCF7 or HeLa cells was
performed using lentiviral infection with
control pLL3.7-GFP (targeting sequence:
5 ’ - G G C AT C A AG G T G A AC T T C A - 3 ’ )
or pLL3.7-Cdh1 (targeting sequence:
5 ’ - G G AT TA AC G AG A AT G AG A A - 3 ’ ;
provided by r,University of Freiburg,Germany)
(Engelbert et al, 2008).To this end, HEK293T
cells were transfected with the pLL3.7
plasmids along with the packaging plasmids
pCMV-VSVG, pCMV-dR8.2 (provided by
Robert Weinberg, MIT, Cambridge, MA) and
pAdVAntage (Promega) in a 4:3:1:0.5 ratio.
Virus-containing supernatant was harvested
at 24 and 48 hours after transfection, filtered
through a 0.45 µM syringe filter, and used to
infect target cells, which were subsequently
selected with 1 µg/ml puromycin. Analysis of
stable Cdh1-depleted cells was done at 5
days post-infection.
For transient siRNA experiments,
RPE-1, MCF7, HeLa or U2OS cells were
plated in 6-well plates and transfected
with indicated amounts of siRNA oligos
(40 nM final concentration of oligos) using
oligofectamine or Lipofectamine RNAiMAX
using manufacturer’s guidelines (Invitrogen,
Life Technologies). In brief, medium was
replaced with Opti-MEM (Gibco, Life
Technologies) prior to incubation with
siRNAs and oligofectamine for 4 hours.
Thereafter medium containing FCS (10%
final concentration) was added and cells
were analyzed at 48 or 72 hours after
transfection. SiRNA oligos targeting Cdh1
#1 (5’-GGATTAACGAGAATGAGAAdTdT-3’), Cdh1
#2 (5’- AATGAGAAGTCTCCCAGTCAGdTdT-3’),
CtIP( 5’-GCUAAACAGGAACGAAUCTTdTdT-3’)
(Sartori et al, 2007) or luciferase
5’-CGUACGCGGAAUACUUCGAdTdT-3’)
were
purchased from Ambion (Life Technologies)
or Microsynth (Balgach, Switzerland). In

addition,‘medium GC duplex’ control siRNA
(Cat. No: 12935-300) was purchased from
Ambion (Life Technologies).
SILAC and Mass Spectrometry
For SILAC experiments, RPE-1 cells
were cultured in ready to use light and
heavy DMEM media, containing light- or
heavy-arginine and lysine (“R0K0 DMEM”
with 12C6-L-arginine and 12C6-L-lysine
or “R10K8 DMEM” with 13C6-L-arginine
and 13C6-L-lysine, respectively) and
supplemented with dialyzed FBS. Media
were obtained from Silantes (Munich,
Germany). SILAC labeling was performed
as previously described by Ong and Mann
(Ong et al, 2002). Briefly, RPE-1 cells were
cultured in normal media or complete heavy
DMEM medium containing 10% dialyzed FBS
for at least 10 cell doublings (5 passages)
to allow full incorporation of both labeled
amino acids within the proteome. Cells were
subsequently treated with nocodazole for 16
hours (250 ng/ml) and collected by mitotic
shake-off. Cells were washed three times in
pre-warmed PBS and replated in the absence
of nocodazole. Immediately after replating
or 2.5 hours after replating, cells were
harvested by trypsinization, snap frozen in
liquid nitrogen and resuspended in lysis
buffer (6 M urea and 2 M thio-urea). A labelswap replicate was also performed where
SILAC states and harvesting conditions were
reversed (Fig 3A). To determine protein
concentration in lysates, 10 μl lysate was
added to 150 μl of 660 nM protein assay
reagent (Pierce). Equal amounts of protein
from R0K0 and R10K8 were mixed, reduced
with 1 mM DTT and alkylated with 8 mM
iodoacetamide. Proteins were separated on
SDS-PAGE 4-12% gradient gels and visualized
by staining by Coomassie staining. Gel lanes
were divided into eight slices and proteins
digested with an in-gel digestion protocol
with trypsin. Peptides were desalted on
C18 StageTips and loaded on a 10 cm long
360 μm O.D. by 75 μm I.D. column packed
with 3 μm ReproSil-Pur C18 AQ 3beads
(Dr. Maisch, Germany) with an Agilent 1100
nano-flow pump and autosampler. A 60
127
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minute gradient from 3-35% acetonitrile
containing 1% formic acid at 200 nl/min was
applied to elute peptides for analysis in the
LTQ-Orbitrap-Velos (Thermo, Bremen) in a
Top5 CID data-dependent acquisition mode.
Peptide identification and quantification was
performed using MaxQuant v.1.1.1.14 with
the IPI human database ver. 3.70 with variable
modifications of oxidized methionine and
acetylated protein N-termini. Cysteines
were carbamidomethylated. Peptide and
protein FDR was set at 1%.
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Flow cytometry
Cells were harvested at the indicated
time points after treatment and fixed in
ice-cold 70% ethanol. Cells were stained
with rabbit anti-phospho-Histone H3
antibody, mouse anti-MPM-2 and/or mouse
anti-γ-H2AX (details of used antibodies
are in Table E2), subsequently stained
with Alexa488-conjugated and Alexa647conjugated secondary antibodies (Molecular
Probes, 1:300) and counterstained with
propidium iodide/RNase (Sigma). Samples
were analyzed on a FACS-Calibur (Becton
Dickinson) equipped with Cell Quest
software. Per sample, a minimum of 104
events was analyzed and indicated results
show averages and standard deviations of
three independent experiments.
Immunofluorescence Microscopy
MCF7, MEFs or HeLa cells were cultured
on glass coverslips and, if indicated, were
irradiated at 24 hours after plating. After
treatment, cells were fixed in formaldehyde
(3.7% in PBS) for 15 minutes at room
temperature. After washing with PBS, cells
were permeabilized with Triton-X100 (0.1%
in PBS) for 5 minutes at room temperature.
After extensive washing, cells were stained
with mouse anti-Cdh1, mouse anti-p53
diluted in PBS-0.05%Tween20-2.5%BSA
for 16 hours at 4° C. After extensive
washing, cells were stained with Alexa488-,
Alexa568or
Alexa647-conjugated
secondary antibodies for 30 minutes at
room temperature and counterstained
with DAPI. Images were obtained using a
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Leica DM6000B microscope, equipped with
63x immersion lens (PL-S-APO, numerical
aperture: 1.30) and Xenon light source using
LAS-AF software (Leica).
Alternatively, U2OS-FUCCI cells were
grown on glass coverslips and, at different
time points after treatment, fixed directly in
4% formaldehyde (w/v) in PBS for 15 minutes
as described previously (Eid et al, 2010).
After incubation with rabbit anti-Rad51 or
rabbit anti-53BP1 and appropriate secondary
antibodies. Coverslips were subsequently
mounted and sealed with Vectashield (Vector
Laboratories) containing DAPI. Images were
acquired on a Leica DMRB fluorescence
microscope.
For live cell microscopy, stable U2OS
cells were plated in chambered coverglass
8-well plates (LabTek-II, Nunc). At 24 hours
before imaging, GFP-CtIP expression was
induced by adding doxycycline to a final
concentration of 1 μg/ml. GFP and DIC
images were obtained every 5 minutes on a
DeltaVision Elite microscope, equipped with
a CoolSNAP HQ2 camera, 40x immersion
objective (U-APO 340, numerical aperture:
1.35). In the Z-plane, 12 images were
acquired at 0.5 μm interval, which were
subsequently deconvolved using SoftWorx
5.5 software (Applied Precision). Nuclear
fluorescence intensity was quantified using
ImageJ software.
Clonogenic and short-term survival
assays
HeLa or MCF7 cells were cultured in
6-well plates. One day after plating, cells were
irradiated with 1, 2 or 4 Gy. When surviving
colonies were ~50 cells in size, cells were
fixed and stained using methanol/acidic acid/
water in a 5:2:3 ratio, supplemented with
0.01% Coomassie brilliant blue. Surviving
fractions were calculated using the plating
efficiencies with non-irradiated conditions as
a reference. Shown averages are from three
experiments, with three replicates each.
Alternatively, clonal U2OS cells expressing
GFP-CtIP variants were transfected with
siRNAs and, if indicated, were treated
with doxycycline 24 hours later to induce
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expression of GFP-CtIP. At 48 hours after
transfection, cells were trypsinized and replated in 6-well plates. During replating,
indicated doses of doxorubicin or the
PARP inhibitor Olaparib (Axon Medchem,
Groningen, the Netherlands) were added.
To test if Cdh1-depleted cells also are more
sensitive to PARP inhibition, U2OS cells
were transfected with siCdh1#1 and after
48 hours, cells were replated in the presence
of Olaparib. Statistical testing was done using
the Student’s T-test.
For short-term survival assays, 2,000 cells
were plated in 96-wells plates and treated at 24
hours after plating. At 4 days after treatment
initiation, 20 μl of 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium
bromide
(MTT) was added to culture medium to a
final concentration of 5 mg/ml for 3 hours.
Formazan crystals were dissolved in DMSO
and absorbance was analyzed at 520 nM
using a Bio-Rad benchmark III microtiter
spectrophotometer. Survival was calculated
as a percentage of untreated cells.
Gene Set Enrichment Analysis (GSEA)
and destruction motif analysis
GSEA was performed with GSEA
2.0 (Broad Institute, Cambridge, MA)
(Subramanian et al, 2005; Mootha et al,
2003). A significance threshold was set
at a nominal P-value of 0.05 and a false
discovery rate (FDR) of 0.30. In our analysis,
we transformed protein names from SILAC
MS analysis to HUGO gene symbols and
tested enrichment in Kyoto Encyclopedia
of Genes and Genomes (KEGG), Gene Map
Annotator and Pathway Profiler (GenMAPP)
(Kanehisa et al, 2012; Dahlquist et al, 2002)
and the BioCarta database (http://www.
biocarta.com). Within the set of identified
proteins from the SILAC MS analysis, we
used GPS-ARM (Liu et al, 2012) to identify
proteins with a D-box or a KEN box using
a threshold setting of ‘high’ for D-boxes
and ‘medium’ for KEN boxes. Subsequently,
GSEA was used to test for enrichment of
KEN-box or D-box containing proteins
in the downregulated fraction. FDR rates
of 0.25 were used in combination with

10,000 permutations. Conservation of
KEN or D-boxes was done using Clustal
Omega. In order to identify protein related
to the DNA damage response and DNA
damage repair, a combined list of genes was
compiled by merging the following Gene
Ontology gene sets (see also Table E1):
GO:0006302 (‘Double-strand break repair);
GO:0006974 (‘Cellular response to DNA
damage stimulus’); GO:0000077 (‘DNA
damage checkpoint’) and GO:0000724
(‘double-strand repair via homologous
recombination’). In total 255 genes were
included in this combined gene set (Table
E1), which in Figure 3 is referred to as ‘DNA
damage response’.
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Extended Figure E1
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Extended View Figure E2:
A. Schematic representation of the FUCCI system,
which was used in the experiments depicted in Figures
2C and 2D. In these cells, fragments of geminin and
Cdt1 are tagged with fluorescent reporters, which
allow the discrimination of G1 and S/G2 cells. B/C.
U2OS-FUCCI cells treated as described in Figure 2C
were prepared for Rad51 (panel B) and 53BP1 (panel C)
immunofluorescence. Shown are representative images
of the different time-points. Scale bars correspond to
20 µm.
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Extended View Figure E1:
MCF-7 cells were infected with pLL-GFP or pLL-Cdh1
and selected with puromycin. Cells were grown on glass
coverslips, fixed with 3.7% formaldehyde in PBS and
stained with anti-p53 and DAPI. Ten microscopic fields
were counted for p53 positivity. Averages and standard
deviations of 10 fields of cells are indicated.
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Extended Figure E3
A

B
known APC/C
substrate

Gene symbol

log2
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CKAP2

CKAP2

-3.36

KIFC1

KIFC1/HSET

-2.74

D-box
functional D-box as predicted by GPS-ARM
KEN box
functional KEN box as predicted by GPS-ARM

Aurora kinase A

AURKA

-2.57

Cyclin B

CCNB

-2.31

Cenp-F

CENPF

-2.29

ECT2

ECT2

-1.88

Thymidine kinase

TK1

-1.57

1

UbcH10

UBCH10
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Rattus norvegicus
Gallus gallus
Bos taurus
Canis familiaris
Macaca mulatta
Xenopus laevis
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KIF11
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Aurora kinase B
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Thymidylate kinase
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-0.02

Extended View Figure E3:
A. Indicated are established substrates of the APC/
CCdh1 that were identified in our mass spectrometry
analysis. Log2-transformed ratios between t=2.5 and
t=0 hours after release from nocodazole-mediated
mitotic arrest are indicated. Literature references to
these APC/CCdh1 are provided in Table E3.
B. Proteins that were downregulated at least 1.0 (log2transformed SILAC ratios) and were part of the ‘DNA
Damage response’ (see Supplemental Table S2), were
queried for the presence of KEN or D-box destruction
motifs. To this end, GPS-ARM software (Liu et al, 2012)
was used to identify D-boxes and KEN boxes. Open
orange squares represent any D-box, whereas filled
orange squares represent an optimal D-box. Likewise,
open green squares represent any KEN box, whereas
filled green squares represent optimal KEN box motifs.
Subsequently, protein sequences from orthologs from
indicated species were aligned using Clustal Omega
(www.ebi.ac.uk/Tools/msa/clustalo/)
using
default
settings. Boxes indicate evolutionary conserved
destruction motifs. Grey filled boxes indicated
evolutionary conservation of an optimal destruction
motif. Numbers above destruction motifs indicate
the amino acid location of the start position of the
destruction motif in the human sequence.
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Extended View Figure E4:
A. RPE-1 cells were treated for 18 hours with S-Trityl-L-Cysteine (STLC, 5 µM) and mitotic cells were collected by
shake-off. Mitotic cells were subsequently washed with warm culture medium and subsequently replated. Total cell
lysates were immunoblotted with anti-CtIP, anti-Plk1 and anti-Actin. In parallel to obtaining total cell lysates, cells
were fixed in ethanol and stained for the mitotic marker MPM-2. Representative plots are shown. B. HeLa cells
were left untreated (asynchronous, “AS”) or were treated with nocodazole (75 ng/ml) for 14 hours. Subsequently,
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Extended View Figure E4 (continued)
cells were lysed in RIPA buffer, containing 0.1% SDS; PMSF and benzamidine. Next, the samples of asynchronous or
nocodazole-treated cells were incubated for 30 minutes in the absence or presence of λ-phosphatase (“λ-PPase”).
Control samples treated with a combination of λ-PPase and inhibitors (50 mM EDTA and 10 mM sodium
orthovanadate) were included. C. U2OS cells were transfected with indicated siRNAs and total cell lysates were
made at 48 hours after transfection. Western blotting was performed with indicated antibodies. In parallel, cells
were fixed in ethanol, stained with PI/RNAse and subsequently analyzed by flow cytometry. D. RPE-1 cells were
treated as described for Figure 4D. In parallel to making total cell lysates for Western blotting, cells were fixed in
ethanol and stained for anti-phospho-HistoneH3/Alexa-488 in combination with PI/RNAse. Representative DNA
profiles and phospho-Histone-H3 plots are shown. Numbers indicate averages and standard deviations of phosphoHistone-H3 content from three independent experiments. E. RPE-1 cells were treated as for Figure 4F. In parallel
to obtaining total cell lysates, cells were fixed in ethanol and stained for phospho-Histone-H3. Representative plots
areExtende
shown. Figure E5
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Extended View Figure E5:
A. HEK293 Flp-In T-REx cells were induced to
express GFP-CtIP-wt or GFP-CtIP-K467A using
doxycycline. Cell lysates were used for Cdh1
immunoprecipitations. Total cell lysates (‘input’) and
Cdh1 immunoprecipitations (‘anti-Cdh1 IP’) were
immunoblotted for indicted proteins. B. Polyclonal
U2OS Flp-In T-REx cells were induced to express
GFP-CtIP-wt (upper panels) or GFP-CtIP-KA (middle
panels) using doxycycline for 24 hours. Subsequently,
Cdh1 cells were synchronized using a single thymidine
IgG
block. After release from the thymidine treatment,
cells were treated with nocodazole (250 ng/ml) and
at indicated time points, cells were harvested, fixed
in ethanol and stained for the mitotic marker MPM2. Lower panels: Cells were treated as for upper and
middle panels. At the moment of thymidine wash-out,
cells were fixed in ethanol and levels of GFP-CtIP-wt
or GFP-CtIP-KA were assessed using flow cytometry.
Black lines indicate untreated cells, green lines indicate
doxycycline-treated cells.

untreated
doxycycline (1 g/ml)
GFP-CtIP-wt
GFP-CtIP-KA

0

1

2

3

4

10 10 10 10 10
GFP

0

1

2

3

4

10 10 10 10 10
GFP

137

6

Chapter 6
Extended Figure E6
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Extended View Figure E6:
A. U2OS cells were synchronized for 18 hours using thymidine (2 mM). Cells were then released from the S-phase
block to allow progression towards G2. At 7 hours post-release, cells were treated with doxorubicin (‘dox’, 0.5 μM)
for 1 hour. Subsequently, fresh (dox-free) medium was added, and cells were left untreated or were treated with
proTAME (‘PT’, 20 μM) for 5 hours. At indicated time points, cells were fixed and analyzed for cell cycle distribution.
B. Same cells as in panel A were lysed in RIPA buffer at indicated time points. Whole cell extracts were analyzed
by immunoblotting with indicated antibodies. (‘short’) and (‘long’) depict short and long exposures of the same
membrane, respectively. ‘*’ indicate phosphorylated species of proteins. C. U2OS Flp-In T-REx cells were induced
to express GFP-CtIP-wt using doxycycline (1μg/ml) for 24 hours. Subsequently, cells were synchronized using a
single thymidine block. At 8 hours after release, cells were treated with DMSO or proTAME (12 μM), subsequently
irradiated with 10 Gy, and imaged using fluorescence time-lapse microscopy. Representative stills of GFP and DIC
movies are indicated.

138

APC/C-Cdh1 controls CtIP stability during the cell cycle and in response to DNA damage
Extended Figure E7
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Extended View Figure E7:
A. Polyclonal U2OS Flp-In T-REx cells were induced to express GFP-CtIP-wt or GFP-CtIP-K467A using
doxycycline. Lysates were immunoblotted using anti-CtIP and anti-TFIIH. In parallel, U2OS Flp-In T-REx cells
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Extended View Figure E7 (continued):
were induced to express GFP-CtIP-wt or GFP-CtIP-K467A and subsequently micro-irradiated. Cells were then
fixed and stained for γ-H2AX to visualize laser-induced DNA damage. B. Monoclonal U2OS-GFP-CtIP-wt were
transfected with CtIP siRNA, and if indicated, cells were induced to express GFP-CtIP-wt using doxycycline (0.5 μg/
ml). Cells were irradiated with 10 Gy and harvested after 1 or 4 hours. Total cell lysates were immunoblotted with
indicated antibodies. ‘*’ indicates phosphorylated species of proteins. C. Monoclonal U2OS-GFP-CtIP-wt or U2OSGFP-CtIP-K467A cells were transfected with indicated siRNA. If indicated, cells were induced to express GFP-CtIPwt or GFP-CtIP-K467A using doxycycline (0.5 μg/ml and 1 μg/ml respectively). 24 hours after transfection. At 48
hours after transfection, cells were harvested, and total cell lysates were immunoblotted for CtIP and Actin. ‘Short
ex’ indicates short exposure and ‘long ex’ indicates long exposure. In parallel, cells were irradiated (2 Gy) at 48
hours after transfection, and nocodazole was added 1.5 hours after irradiation to trap cells in mitosis. Samples were
fixed in ethanol at 4 hours and 8 hours after irradiation, stained with the mitotic marker MPM-2 in combination
with propidium iodide/RNAse treatment and subsequently analyzed by flow cytometry. Percentages of mitotic cells
are
indicated.Figure
Averages
Extended
E8and standard deviations of three experiments are indicated. D. U2OS cells were transfected
with siCTRL or siCdh1 and treated as for panel C. Lysates were blotted using anti-Cdh1 and anti-Actin.
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Extended View Figure E8
A-C. Monoclonal U2OS-GFP-CtIP-wt, U2OS-GFP-CtIP-K467A and U2OS-GFP-CtIP-T847A cells were transfected
with siCtIP and were induced to express GFP-CtIP-wt (0.5 μg/ml doxycycline), GFP-CtIP-K467 or GFP-CtIP-T847A
(1 μg/ml doxycycline) at 24 hours after transfection, At 48 hours after transfection, cells were trypinized and
replated for clonogenic survival assays. For panel A, cells were irradiated as in Figure 2A. For panels B and C, cells
were treated with indicated doses of doxorubicin. D. FACS profiles referring to the experiment shown in Figure
8F. In parallel to making total cell lysates for Western blotting, cells were fixed in ethanol, stained with DAPI and
subjected to flow cytometry.
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