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SUMMARY
DNA interstrand crosslinks (ICLs) are cytotoxic lesions that covalently link opposite strands of the
DNA helix and block DNA unwinding. ICLs are repaired during and outside S phase, and
replication-independent ICL repair (RIR) is critical to maintain genomic integrity and to allow
transcription in nondividing or slowly dividing cells. Here, we show that the Y family DNA
polymerase kappa (Pol κ) is essential for RIR of a site-specific ICL lesion in Xenopus egg
extracts, and that both its catalytic activity and UBZ domains are required for this function. We
also demonstrate a requirement for PCNA and its modification on lysine 164. Finally, we show
that Pol κ participates in ICL repair in mammalian cells, particularly in G0. Our results identify
key components of the RIR pathway and begin to unravel its mechanism.

INTRODUCTION
Interstrand crosslinks (ICLs) are cytotoxic DNA lesions that arise endogenously and are also
induced by several classes of drugs widely used in cancer therapy. ICLs are sensed and
repaired during and outside S phase (reviewed in Deans and West, 2011). During DNA
replication, ICL repair is activated when one or possibly two replication forks (Räschle et
al., 2008) encounter the lesion that blocks DNA unwinding. It is thought that the FancM/
FAAP24 complex acts as a molecular sensor that recognizes the stalled fork (Ciccia et al.,
2007). The mechanism for the recognition of ICLs in the absence of DNA replication is not
clearly defined, although the structure of the lesion influences the outcome of repair (Mu et
al., 2000; Smeaton et al., 2008). There is also evidence that proteins in the nucleotide
excision repair (NER) pathway may play a role in lesion recognition (reviewed in Hlavin et
al., 2010). Our work has shown that checkpoint signaling is activated from a single ICL in
the absence of origin firing (Ben-Yehoyada et al., 2009).

Following activation of the Fanconi anemia (FA) pathway (Deans and West, 2009), repair is
initiated through the action of nucleases that make dual incisions in one DNA strand,
enabling unhooking of the ICL lesion (reviewed in Sengerova et al., 2011) and generating a
double-strand break (DSB). The incision step is regulated by the FANCD2/FANCI
heterodimer (Knipscheer et al., 2009). Replication-dependent ICL repair requires the
homologous recombination machinery (Deans and West, 2011). Indeed, broken sister
chromatids generated during ICL processing are repaired via a Rad51-dependent mechanism
(Long et al., 2011). Similar to replication-dependent ICL repair, repair of ICLs in G0/G1 is
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likely to involve incisions in one DNA strand, inducing unhooking of the ICL lesion (Deans
and West, 2011).

Following unhooking, translesion synthesis (TLS) polymerases perform synthesis past the
lesion. DNA polymerase zeta (Pol ζ) is required for replication-dependent ICL repair in
Xenopus extracts (Räschle et al., 2008) and has been specifically associated with RIR in
budding yeast (Sarkar et al., 2006). Multiple other DNA polymerases and the deoxycytosine
monophosphate (dCMP) transferase Rev1 have also been implicated directly or indirectly in
ICL repair (reviewed in Ho and Scharer, 2010).

DNA polymerase kappa (Pol κ) is a member of the Y family of TLS polymerases
homologous to the E.coli dinB gene (Gerlach et al., 2001; Ogi et al., 1999) and has a lower
error rate (a single-base substitution rate of 7 × 10−3) than other Y family polymerases
(Ohashi et al., 2000). Pol κ plays a role in NER synthesis in human cells (Ogi and Lehmann,
2006; Ogi et al., 2010) and is able to insert nucleotides opposite various types of crosslinked
lesions in vitro (Ho et al., 2011; Minko et al., 2008). Loss of Pol κ also sensitizes cells to
N2-benzo[a]pyrene dG adducts and DNA alkylating agents (Ogi et al., 2002; Takenaka et
al., 2006). TLS polymerases can be recruited by PCNA and RFC complexes to perform
NER in arrested mammalian cells (Ogi et al., 2010), or via the 9-1-1 complex for TLS in
fission yeast (Kai and Wang, 2003). It is not known whether TLS polymerases are recruited
to ICL lesions through similar mechanisms.

RESULTS
The Mechanism of RIR Is Distinct from Replication-Dependent ICL Repair

Previously, we developed an assay to monitor repair of a single site-specific ICL in Xenopus
egg extracts (Ben-Yehoyada et al., 2009). The plasmid represented in Figure 1A harbors a
helix-distorting trimethylene crosslink (Dooley et al., 2003) and is subjected to quantitative
PCR (qPCR) using “X” or “C” primers that span the ICL or a control region in the
undamaged backbone, respectively. The X:C ratio is a measure of ICL repair that can be
taken prior to or following incubation of the plasmid in extract. We find that membrane-free
cytosol (HSS extract), which is not capable of supporting plasmid DNA replication (see
Figure S1A available online), promotes ICL repair (Figure 1B), albeit with slower kinetics
than replication-dependent repair (Räschle et al., 2008). This is consistent with our previous
data which established that replication-competent extracts (HSS + NPE [Walter and
Newport, 1997]) support ICL repair following addition of inhibitors of DNA replication
initiation (Ben-Yehoyada et al., 2009). The ICL is located within an AluI restriction site that
can be cleaved only if both DNA strands are accurately repaired. AluI digest of the repaired
products prior to qPCR eliminated the PCR signal (Figure S1B), indicating that replication-
independent ICL repair (RIR) in HSS occurs on both DNA strands. In addition, the ICL
lesion activated the ATR-dependent signaling branch of the DNA damage response,
triggering a robust checkpoint in HSS extract (Figure S1C), consistent with our previous
studies (Ben-Yehoyada et al., 2009). Activation of the ATR checkpoint suggests the
generation of ssDNA-RPA repair intermediates during RIR.

The FANCD2-FANCI heterodimer is important for the initiation of replication-dependent
ICL repair (Knipscheer et al., 2009). In contrast, depleting HSS extract of FANCI (Figure
S1D), which is required for FANCD2 ubiquitination and foci formation (Smogorzewska et
al., 2007), did not impair RIR. Likewise, curcumin, a small molecule inhibitor of the FA
pathway (Chirnomas et al., 2006), had no effect on ICL repair in HSS (Figure 1C).
Replication-dependent ICL repair in replicating Xenopus extracts also requires Rad51 (Long
et al., 2011). However, depletion of Rad51 from HSS (Figure S1E) did not inhibit RIR
(Figure 1D), as expected for a repair process that does not require replicated sister
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chromatids. Depletion of the TLS polymerase Pol ζ from replicating Xenopus extracts
abrogates replication-dependent ICL repair (Räschle et al., 2008). Additionally, ICL repair
studies in G1 yeast cells (Sarkar et al., 2006) also demonstrated a role for Pol ζ in yeast RIR.
To investigate whether Polζ was required for lesion bypass in vertebrate RIR, we depleted
the Rev7 regulatory subunit of Polζ (Figure S1F). Efficient depletion of Rev7 from HSS
extract did not affect ICL repair (Figure 1E). This suggests that the mechanism of TLS in
vertebrate RIR past ICL lesions involves a different TLS polymerase(s). Taken together,
these data demonstrate that the mechanism of RIR is independent of the FA pathway and
Polζ, and is distinct from replication-dependent ICL repair.

The Y Family Polymerase Pol κ Is Essential for RIR
The Y family polymerase Pol κ is able to insert a nucleotide opposite the crosslinked
guanine of various types of ICL lesion in vitro (Ho et al., 2011; Minko et al., 2008) and
therefore represents a potential candidate for TLS in RIR. We generated antibodies against
Xenopus Pol κ that efficiently deplete Pol κ from extracts (Figure S2A). Depletion of Pol κ
dramatically reduced ICL repair, indicating a critical role for Pol κ in repair of ICLs outside
S phase (Figure 2A). To further confirm the requirement for Pol κ in RIR, we inhibited
origin firing in the replicating extract system HSS+NPE using roscovitine, a CDK2
inhibitor. Treatment of HSS+NPE with roscovitine resulted in a 40% decrease in repair,
consistent with our previous results (Ben-Yehoyada et al., 2009). Depletion of Pol κ from
HSS and NPE inhibited by roscovitine resulted in the abrogation of most of the remaining
ICL repair (Figure S2B). Importantly, the ICL repair defect could be rescued by the addition
of partially purified recombinant Xenopus Pol κ from reticulocyte lysates (Figure 2A and
Figure S2C). In contrast, a catalytically inactive Pol κ mutant harboring D199A and E200A
substitutions (Pol κD199A,E200A) (Gerlach et al., 2001) was ineffective, indicating that Pol κ
catalytic activity is necessary for RIR (Figures 2A and 2B and Figure S2C). Both Pol ζ and
Pol κ interact with Rev1, a deoxycytidyl transferase (D’Souza and Walker, 2006; Guo et al.,
2003); thus Rev1 could act as a common platform for TLS loading during RIR and
replication-dependent ICL repair. Interactions between Rev1 and Pol κ are mediated by
adjacent phenylalanines (F562/F563 in Xenopus Pol κ). We purified Pol κ protein harboring
F562A and F563A substitutions (Pol κF562A,F563A) (Figure 2B and Figure S2D) that block
interactions with Rev1 (Ohashi et al., 2009). Addition of Pol κF562A,F563A restored RIR in
Pol κ-depleted extracts (Figure 2C), despite the fact that the interaction between Pol
κF562A,F563A and Rev1 is impaired, as shown by in vitro pull-down assays with the C
terminus of Xenopus Rev1 (Figure S2E), indicating that the Pol κ-Rev1 interaction is not
required for RIR. Taken together, our data suggest that DNA synthesis in RIR and
replication-dependent ICL repair utilize different TLS polymerases and that these pathways
are thus mechanistically distinct.

We reasoned that if Pol κ is involved in RIR, it should bind specifically to crosslinked DNA.
To monitor the interaction of Pol κ with the ICL plasmid, we performed chromatin
immunoprecipitation (ChIP) using a single primer pair adjacent to the ICL site. ICL or
control plasmids (prepared using the same method as ICL plasmids, Figure S2F) were
incubated in Pol κ-depleted extract supplemented with Pol κ or Pol κD199A, E200A. As
predicted, both mutant and wild-type Pol κ were enriched on the ICL plasmid. Enrichment
was greater with Pol κD199A, E200A than with wild-type enzyme (Figure 2D), suggesting that
Pol κ associates transiently with the ICL plasmid and that the interaction is stabilized when
the enzyme is unable to promote DNA synthesis.

Mechanism of Pol κ Recruitment
Next, we explored the mechanism of Pol κ recruitment to ICL lesions. The S. pombe 9-1-1
complex has been implicated in loading the Pol κ homolog, DinB, during DNA replication
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following treatment with MMS (Kai and Wang, 2003). To determine whether 9-1-1 is
involved in Pol κ loading at ICL lesions in Xenopus extracts, we depleted the complex using
an antibody against the Rad1 subunit of 9-1-1 (Lupardus et al., 2002). Efficient depletion of
Rad1 (Figure S3A) did not alter ICL repair levels (Figure 3A), suggesting that 9-1-1 is not
needed to load Pol κ onto DNA carrying an ICL.

PCNA is also known to be responsible for recruiting TLS polymerases to damaged DNA
(reviewed in Lehmann, 2006), and we therefore speculated that it might be required for RIR.
We compared ICL repair in mock- or PCNA-depleted HSS (Figure S3B) (Mattock et al.,
2001). Depletion of PCNA abolished ICL repair (Figure 3B). However, repair was fully
restored by adding recombinant wild-type Xenopus PCNA protein to the depleted extract.
Ubiquitylation and sumoylation of PCNA on the highly conserved lysine 164 enhances
DNA damage tolerance by TLS (Ulrich, 2005). Addition of PCNA harboring a lysine-to-
arginine mutation at amino acid 164 (PCNAK164R) did not support ICL repair (Figure 3B),
supporting the idea that PCNA modification is required for RIR. Next, we reasoned that if
PCNA is required for RIR, it should be specifically recruited to ICL-containing DNA. To
monitor PCNA binding to the ICL plasmid, we used biotinylated Lac repressor protein (Bio-
LacR) to immobilize plasmid DNA on streptavidin magnetic beads. We pulled down ICL or
control plasmids incubated in HSS extract for 40 min and identified plasmid-bound proteins
by western blotting. Consistent with its role in RIR, PCNA preferentially bound to the ICL
plasmid (Figure 3C).

Monoubiquitylation of PCNA at lysine 164 increases its affinity for various TLS
polymerases, including Pol κ (Bi et al., 2006). Pol κ contains two ubiquitin-binding UBZ
domains that mediate enhanced interaction with ubiquitylated PCNA and are required for
the formation of Pol κ nuclear foci following UV irradiation (Guo et al., 2008). Binding to
PCNA can also be mediated by a PCNA interaction protein box (PIP box) motif, QXX(I, L,
or M) XXF(F or Y) (Kelman and Hurwitz, 1998), found in many proteins that participate in
DNA replication and repair. Mutation of the two C-terminal hydrophobic residues of the PIP
box in the Y family polymerases Pol eta (Pol η) and Pol iota (Pol ι) abrogates PCNA
binding (Haracska et al., 2001; Vidal et al., 2004). Pol κ contains a noncanonical PIP box
motif (Ogi et al., 2005), which displays a weaker binding affinity for PCNA compared to the
PIP boxes of the other Y family polymerases (Hishiki et al., 2009). To assess the relative
contribution of the Pol κ UBZ domains and PIP box in RIR, we generated two Pol κ
mutants. The first contains amino acid substitutions D634A and D789A (Pol κD634A,D789A)
within the UBZ domains, which abrogate enhanced interaction with ubiquitylated PCNA
(Guo et al., 2008). The second harbors amino acid substitutions I857A, F860A, and F861A
(Pol κI857A, F860A,F861A), which are the conserved hydrophobic residues in the PIP box of
Xenopus Pol κ (Figure 2B and Figure S3C). Addition of Pol κD634A,D789A did not support
RIR in Pol κ-depleted extracts, whereas Pol κI857A, F860A, F861A fully restored RIR to wild-
type levels (Figure 3D). Our data thus support a model in which PCNA, ubiquitylated on
lysine 164, recruits Pol κ to ICL lesions.

Pol κ−/− MEFs’ Sensitivity to Crosslinking Agents Correlates with a Defect in ICL Repair
To determine directly whether Pol κ could process our ICL in vivo, we developed a GFP-
based assay to monitor repair of single ICL molecules in mammalian cells, similar to cell-
reactivation assays for ICL repair (Smeaton et al., 2009). The plasmid pEGFP-N3 was
modified by deleting the SV40 origin to prevent plasmid replication in cells expressing
SV40 T-antigen. Oligonucleotides harboring an ICL or control oligonucleotides of the same
sequence were synthesized and ligated into the modified form of pEGFP-N3 in frame with
the GFP gene. Cells successfully transfected with control plasmid express GFP, whereas
ICL repair is required for GFP expression in cells transfected with the ICL plasmid (Figure
4A). The GFP-ICL repair assay was carried out in PolK−/− MEFs which have no obvious
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documented cellular phenotype (Schenten et al., 2002; Shimizu et al., 2005). Pol κ−/− and
Pol κ+/+ mouse embryonic fibroblasts (MEFs) were transfected with control-or ICL-
containing plasmids, and the number of GFP-positive cells was measured by fluorescence-
activated cell sorting 24 hr posttransfection. ICL repair efficiency, as determined by the ratio
of GFP cells in the two populations, was reduced by ~40% in Pol κ−/− cells compared to Pol
κ+/+ cells (Figure 4B). The remaining repair is likely accomplished by a distinct pathway.

We previously demonstrated that repair of the ICL plasmid used in this study is a faithful
readout for the sensitivity of a cell to DNA crosslinking agents, since cells derived from FA
patients, which are sensitive to crosslinking drugs, harbor a defect in its repair (Ben-
Yehoyada et al., 2009). We reasoned that if Pol κ is indeed required for ICL repair, Pol κ-
deficient cells should be more sensitive to crosslinking agents than normal cells. We carried
out clonogenic survival assays using Pol κ+/+ and Pol κ−/− MEFs. Cells were treated acutely
for 3 hr with the crosslinking drug mitomycin C (MMC), either during exponential growth
or during release into G1 following G0 arrest by serum starvation. Pol κ−/− cells were more
sensitive to MMC in either phase than their wild-type counterparts; however, Pol κ−/− MEFs
treated during G1 were significantly more sensitive than Pol κ−/− cells treated during
exponential growth (Figure 4C). In contrast, Pol κ+/+ cells treated in G1 were only
marginally more sensitive than cells treated while growing exponentially. This suggests that
Pol κ functions in ICL repair in mammalian cells, especially during the G0/G1 phases of the
cell cycle. Next, we tested the sensitivity of Pol κ−/− MEFs to another crosslinking agent,
cisplatin. As was the case with MMC, Pol κ−/− MEFs were more sensitive to cisplatin than
Pol κ+/+ cells (Figure 4D), demonstrating that Pol κ participates in the repair of multiple
types of crosslinked lesions. The sensitivity of Pol κ−/− cells to MMC and cisplatin
correlates with a reduced ability to repair a single site-specific ICL in the GFP-based assay.
We conclude that the sensitivity of Pol κ−/− MEFs to crosslinking drugs is due primarily to a
defect in ICL repair pathways, rather than pathways that remove other lesions, e.g.,
intrastrand crosslinks, generated by these drugs.

DISCUSSION
In this report we define components of a pathway to repair ICLs outside of S phase. Our
data show that the Y family polymerase Pol κ is recruited to DNA containing a site-specific
ICL and that its catalytic activity is essential for RIR, indicating that Pol κ carries out a
nonredundant DNA synthesis step in this pathway. Interestingly, interaction between Pol κ
and Rev1 is not required for Pol κ function in RIR, whereas this interaction is necessary for
Pol κ-dependent repair of DNA damaged with benzo(a)pyrene or UV (Ohashi et al., 2009).
This sets RIR apart from NER with respect to Pol κ function. We show that Pol κ UBZ
domains are essential for RIR but that the PIP box, a potential PCNA-interacting motif
carried by Pol κ, can be mutated without affecting RIR. We also establish that RIR requires
PCNA modification on lysine 164, and that PCNA is preferentially loaded onto DNA
harboring an ICL. Since the UBZ domains of Pol κ are necessary for enhanced interaction
with ubiquitylated PCNA and for localization of Pol κ to UV-induced foci (Guo et al.,
2008), we propose that monoubiquitylated PCNA facilitates Pol κ recruitment to ICL-
containing DNA via the Pol κ UBZ domains. The absence of a role for the PIP box is
consistent with surface plasmon resonance studies that have shown that a Pol κ PIP box
peptide shows a very weak affinity for PCNA compared to the PIP boxes of other Y family
polymerases such as Pol ι and Pol η (Hishiki et al., 2009). Interestingly, the Polη PIP box is
required for binding to PCNA, whereas its UBZ domain is dispensable for its function in
TLS (Acharya et al., 2010). This indicates that recruitment of each member of the Y family
of TLS polymerases to sites of DNA damage may be differentially regulated.
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It is likely that more than one DNA polymerase operates in the RIR pathway. The
requirement for PCNA modification suggests a polymerase switch during repair (Moldovan
et al., 2007). For example, Pol κ might add a nucleotide across the unhooked ICL, whereas
an additional polymerase(s) would synthesize DNA up to and beyond the ICL. We
sequenced a 245 bp region spanning the ICL-containing region of the plasmid from 56
independent clones derived from repair in HSS using a high-fidelity polymerase (error rate
of 2.3 × 10−6). A total of four substitutions were observed, three of which were within 15 bp
on either side of the ICL lesion. Assuming the size of the newly synthesized region is similar
to that of NER (approximately 30 bp), an error rate of 1.7 × 10−3 can be calculated, which is
similar to the error rate for Pol κ of 7 × 10−3 (Ohashi et al., 2000). Notably, we do not
observe any mutations opposite the adducted G. However, since the size of the region
synthesized by Pol κ, and the role of other TLS polymerases, is not precisely known, it is
not possible to determine the exact error rate of DNA synthesis in RIR that can be
specifically attributed to Pol κ.

Our data demonstrate that distinct translesion polymerases are required for RIR and
replication-coupled ICL repair. Notably, Pol ζ is required in replication-coupled ICL repair
(Räschle et al., 2008) but is dispensable for RIR in vertebrates. The fact that Pol ζ is
required for RIR in yeast but not vertebrates might be explained by the fact that Pol κ is
absent in S. cerevisiae (Waters et al., 2009). In addition, RIR, unlike replication-coupled
ICL repair, does not require the FA pathway or Rad51. Together, these data establish that
RIR and replication-dependent ICL repair operate by distinct mechanisms.

RIR is the sole repair mechanism by which nondividing or slowly dividing cells can
maintain genomic integrity and perform transcription after generation of ICLs. The
physiological relevance of this pathway is emphasized by the fact that mammalian Pol κ−/−

cells are exquisitely sensitive to crosslinking drugs in G0/G1. There is a direct link between
the ability of cells to repair a single site-specific ICL and their sensitivity to multiple types
of crosslinking drug, implying that Pol κ participates in repair of different crosslinked
lesions. Studies of synthetic ICL lesions in Xenopus cell-free extracts are entirely consistent
with results from the cell studies, indicating that the extracts represent a faithful model for
understanding RIR.

The distinction between RIR and replication-dependent ICL repair is a means by which
drugs can be rationally designed to target quiescent or slowly cycling cells. Such drugs
could complement conventional chemotherapies, which target rapidly proliferating cells. We
note that tumors show significant heterogeneity in proliferation rate, and that slowly
proliferating cells are largely resistant to standard chemotherapy (reviewed in Moore and
Lyle, 2011). In particular, a fraction of these quiescent cells, speculated to be cancer stem
cells, survive therapies that kill bulk tumor cells. The development of strategies that
sensitize these cells to crosslinking therapies can be informed by an understanding of the
mechanism of ICL repair in the absence of DNA replication.

EXPERIMENTAL PROCEDURES
Plasmid Construction

ICL and control plasmids used in Figure 1, Figure 2, and Figure 3 were prepared as
described in Ben-Yehoyada et al. (2009) except that linear DNA backbone was purified by
electroelution from agarose gels and an additional cesium chloride density-gradient
centrifugation purification step was performed. For GFP-ICL plasmids, the SV40 origin of
pEGFP-N3 was deleted to make pEGFP-N3-ΔSV40 as described in the Supplemental
Information. Crosslinked or control oligonucleotides (a generous gift from C. Rizzo) were
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ligated into pEGFP-N3-ΔSV40, and closed circular monomeric molecules were purified by
electroelution.

Xenopus Egg Extract Preparation and Immunodepletions
Xenopus leavis were handled in accordance with guidelines provided by the institutional
Animal Care and Use Committee at Columbia University, protocol AA5192. Cell-free
extracts were prepared from unfertilized Xenopus eggs as described (Lebofsky et al., 2009;
Shechter et al., 2004). Immunodepletions were performed using anti-Rad51, -FANCI, -Pol
κ, -Rev7, and -Rad1 antibodies coupled to protein A Sepharose CL-4B beads (Amersham
Biosciences; Pittsburgh, PA). Mock depletions were performed with preimmune serum. For
PCNA depletions, a p21 peptide with the sequence CKRRQTS MTDFYHSKRRLIFS
(Mattock et al., 2001) was immobilized on SulfoLink columns (Pierce Biotechnology;
Rockford, IL). Uncoupled SulfoLink resin was used for mock depletions. Two to four
rounds of depletion were performed by incubating extracts with antibody-bound beads or
peptide-bound resin at 4°C for 25 min. Rev7 depletions were carried out by one round at
4°C and two rounds at room temperature.

Replication Assay, Checkpoint Activation Assay, and ICL Repair Assays
Replication assays were performed as described in Ben-Yehoyada et al. (2009). For
checkpoint activation assays, ICL or control plasmids were incubated in HSS at 20 ng/µl in
the presence or absence of ATR inhibitor ETP-46464 (gift from O. Fernandez-Capetillo)
(Toledo et al., 2011) for 1 hr at 21°C, and extract was analyzed by western blotting. For ICL
repair assays, ICL plasmid was incubated in extract at 5–10 ng/µl for 2–4 hr at 21°C, and
DNA samples were processed as described in Ben-Yehoyada et al. (2009). In experiments in
which replicating extracts were used (Figure 1B and Figure S2C), the recovered ICL-DNA
was digested with the restriction enzymes PvuI and PvuII prior to qPCR analysis. Where
shown, roscovitine (Sigma #R7772 in DMSO) or curcumin (Sigma X458-37-7 in EtOH)
was added to repair reactions at the indicated concentrations. qPCR was carried out using an
Applied Biosystems 7500 fast thermocycler and Absolute Blue QPCR SYBR Green low
ROX PCR mix (Abgene; Surry, UK; Cat #AB-4322B) using the primers and cycling
conditions described in the Supplemental Information.

Expression and Purification of Recombinant PCNA
pET28aPCNAwt and pET28aPCNAK164R vectors were a gift from Vincenzo Costanzo
(CRUK, London, UK). 6× His-tagged wild-type or mutant PCNA was induced with 1 mM
IPTG and expressed in BL21 Star(DE3)pLysS cells at 25°C for 5 hr. Cells were lysed by
sonication in 20 mM sodium phosphate, 500 mM NaCl, and purified with Ni-NTA agarose
(QIAGEN) using standard methods. PCNA-depleted extracts were supplemented with
amounts of recombinant protein similar to that present in extract based on western blot
analysis.

Expression of Pol κ in Rabbit Reticulocyte Lysates
Xenopus leavis Pol κ was expressed by incubating pCMV-Sport.ccdb-Pol κ (Open
Biosystems, accession number BC076794) in TnT SP6 Quick Coupled Transcription/
Translation System (Promega) and partially purified by ammonium sulfate precipitation (for
further information, see the Supplemental Information). Mutants of Pol κ were generated
directly in pCMVsport.ccdb-Pol κ using QuikChange XL Site-Directed Mutagenesis Kit
(Agilent Technologies; La Jolla, CA; catalog number 200517) and the primers described in
the Supplemental Information. The numbering of mutant residues refers to the amino acid
number of the Xenopus protein. Partially purified Pol κ was used to supplement Pol κ-
depleted extracts at approximately 5-fold higher concentrations than those present in extract.
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In Vitro GST Pull-Down Assay
The C terminus of Xenopus Rev1 (amino acids 815–1230), the equivalent region to that
shown in human Rev1 to contain the Pol κ interaction domain (Ohashi et al., 2004), was
cloned and purified as described in the Supplemental Information. GST-Rev1 (815–1230)
was bound to glutathione Sepharose (GE Healthcare) for 30 min at room temperature. Beads
(20 µl) containing approximately 5 µg GST-Rev1 (815–1230) were incubated with 2.2 µl of
partially purified Pol κ proteins (as described above) in 250 µl binding buffer (50 mM Tris-
Cl [pH 8], 150 mM NaCl, 5 mM EDTA, 10% glycerol, 0.1% Tween, 0.75 mg/ml BSA, 5 µg/
µl leupeptin) for 2 hr at 4°C. Beads were washed three times in binding buffer supplemented
with 4 mM glutathione and three times in binding buffer. Proteins were eluted from beads
by boiling for 5 min at 95°C in Laemmli buffer and analyzed by western blotting.

Lac Repressor Pull-Down Assay
Purified Bio-LacR (gift from K. Marians) was prebound to M-280 streptavidin dynabeads
(Invitrogen catalog number 112.05D). ICL or control plasmids were incubated in HSS at
21°C for 40 min before the addition of Bio-LacR-coated beads and further incubation for 20
min at room temperature. Beads were washed with 10 mM HEPES (pH 7.7), 4 mM MgCl2,
50 mM KCl, 1 mM DTT, 250 mM sucrose, 50 mM NaCl, and 0.015% Triton X-100.
Proteins were eluted from dynabeads by boiling for 5 min at 95°C in Laemmli buffer and
analyzed by western blotting.

Chromatin Immunoprecipitation
ICL or control plasmids were incubated in extract at 5–10 ng/µl, and ChIP was carried out as
described in Long et al. (2011) using either Pol κ antibodies or preimmune serum.
Immunoprecipitated DNA was quantified using qPCR as described above, using the primers
5′-CTCATTTTTTAACCAATAGGC-3′ and 5′- CCTGATAGACGGTTTTTCGCC-3′.

GFP-ICL Repair Assay and Clonogenic Survival Assays
Pol κ+/+ and Pol κ−/− MEFs (a gift from Drs. H. Ohmori and M. Moriya) were grown in
DMEM + 10% FBS + 1 mM sodium pyruvate at 37°C in 5% CO2. For GFP-ICL repair
assays, 12-well plates were seeded with 4 × 104 cells per well and transfected using
Nanojuice transfection kit (EMD Chemicals; catalog number 71902-3) with 500 ng of
carrier plasmid, and the amount of ICL and control plasmids indicated. GFP expression was
analyzed using a FACSCalibur Analyzer and CellQuest software. For clonogenic survival
assays, Pol κ+/+ and Pol κ−/− cells were plated at a density of 750 cells per 100 mm plate.
Growth media was supplemented with MMC or cisplatin at the concentrations stated for 3
hr, then replaced with fresh untreated growth media for 10 days. Colonies were fixed with
methanol and stained with 1% crystal violet. Colonies were counted and cell survival was
calculated as a percentage of colonies counted in the untreated sample.

Additional experimental procedures are described in the Supplemental Information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
We thank Professor Carmelo J. Rizzo (Vanderbilt University) for the crosslinked oligonucleotides; funding for the
oligonucleotide synthesis (C.J.R.) was provided by the National Institutes of Health through Research Grant P01
ES05355 and Center Grant P30 ES00267. We thank O. Fernandez-Capetillo for ATR inhibitor, V. Costanzo for
PCNA expression constructs, H. Lindsay for xChk1 antibody, J. Walter and D. Long for Rev 7 antibodies and ChIP
protocol, K. Cimprich for Rad1 antibodies, J. Yeeles and K. Marians for Bio-LacR protein, and H. Ohmori and M.

Williams et al. Page 8

Mol Cell. Author manuscript; available in PMC 2013 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Moriya for Pol κ−/− MEFs. We also thank Lane Phillips for assistance with antibody generation. This work was
supported by the National Institutes of Health (CA92245 and GM77495) to J.G.

REFERENCES
Acharya N, Yoon JH, Hurwitz J, Prakash L, Prakash S. DNA polymerase eta lacking the ubiquitin-

binding domain promotes replicative lesion bypass in humans cells. Proc. Natl. Acad. Sci. USA.
2010; 107:10401–10405. [PubMed: 20498091]

Ben-Yehoyada M, Wang LC, Kozekov ID, Rizzo CJ, Gottesman ME, Gautier J. Checkpoint signaling
from a single DNA interstrand crosslink. Mol. Cell. 2009; 35:704–715. [PubMed: 19748363]

Bi X, Barkley LR, Slater DM, Tateishi S, Yamaizumi M, Ohmori H, Vaziri C. Rad18 regulates DNA
polymerase {kappa} and is required for recovery from S-phase checkpoint-mediated arrest. Mol.
Cell. Biol. 2006; 26:3527–3540. [PubMed: 16611994]

Chirnomas D, Taniguchi T, de la Vega M, Vaidya AP, Vasserman M, Hartman AR, Kennedy R,
Foster R, Mahoney J, Seiden MV, et al. Chemosensitization to cisplatin by inhibitors of the Fanconi
anemia/BRCA pathway. Mol. Cancer Ther. 2006; 5:952–961. [PubMed: 16648566]

Ciccia A, Ling C, Coulthard R, Yan Z, Xue Y, Meetei AR, Laghmani el H, Joenje H, McDonald N, de
Winter JP, et al. Identification of FAAP24, a Fanconi anemia core complex protein that interacts
with FANCM. Mol. Cell. 2007; 25:331–343. [PubMed: 17289582]

Deans AJ, West SC. FANCM connects the genome instability disorders Bloom’s Syndrome and
Fanconi Anemia. Mol. Cell. 2009; 36:943–953. [PubMed: 20064461]

Deans AJ, West SC. DNA interstrand crosslink repair and cancer. Nat. Rev. Cancer. 2011; 11:467–
480. [PubMed: 21701511]

Dooley PA, Zhang M, Korbel GA, Nechev LV, Harris CM, Stone MP, Harris TM. NMR
determination of the conformation of a trimethylene interstrand cross-link in an
oligodeoxynucleotide duplex containing a 5′-d(GpC) motif. J. Am. Chem. Soc. 2003; 125:62–72.
[PubMed: 12515507]

D’Souza S, Walker GC. Novel role for the C terminus of Saccharomyces cerevisiae Rev1 in mediating
protein-protein interactions. Mol. Cell. Biol. 2006; 26:8173–8182. [PubMed: 16923957]

Gerlach VL, Feaver WJ, Fischhaber PL, Friedberg EC. Purification and characterization of pol kappa,
a DNA polymerase encoded by the human DINB1 gene. J. Biol. Chem. 2001; 276:92–98.
[PubMed: 11024016]

Guo C, Fischhaber PL, Luk-Paszyc MJ, Masuda Y, Zhou J, Kamiya K, Kisker C, Friedberg EC.
Mouse Rev1 protein interacts with multiple DNA polymerases involved in translesion DNA
synthesis. EMBO J. 2003; 22:6621–6630. [PubMed: 14657033]

Guo C, Tang TS, Bienko M, Dikic I, Friedberg EC. Requirements for the interaction of mouse
Polkappa with ubiquitin and its biological significance. J. Biol. Chem. 2008; 283:4658–4664.
[PubMed: 18162470]

Haracska L, Johnson RE, Unk I, Phillips B, Hurwitz J, Prakash L, Prakash S. Physical and functional
interactions of human DNA polymerase eta with PCNA. Mol. Cell. Biol. 2001; 21:7199–7206.
[PubMed: 11585903]

Hishiki A, Hashimoto H, Hanafusa T, Kamei K, Ohashi E, Shimizu T, Ohmori H, Sato M. Structural
basis for novel interactions between human translesion synthesis polymerases and proliferating
cell nuclear antigen. J. Biol. Chem. 2009; 284:10552–10560. [PubMed: 19208623]

Hlavin EM, Smeaton MB, Miller PS. Initiation of DNA interstrand cross-link repair in mammalian
cells. Environ. Mol. Mutagen. 2010; 51:604–624. [PubMed: 20658650]

Ho TV, Scharer OD. Translesion DNA synthesis polymerases in DNA interstrand crosslink repair.
Environ. Mol. Mutagen. 2010; 51:552–566. [PubMed: 20658647]

Ho TV, Guainazzi A, Derkunt SB, Enoiu M, Scharer OD. Structure-dependent bypass of DNA
interstrand crosslinks by translesion synthesis polymerases. Nucleic Acids Res. 2011; 39:7455–
7464. [PubMed: 21666254]

Kai M, Wang TS. Checkpoint activation regulates mutagenic translesion synthesis. Genes Dev. 2003;
17:64–76. [PubMed: 12514100]

Williams et al. Page 9

Mol Cell. Author manuscript; available in PMC 2013 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Kelman Z, Hurwitz J. Protein-PCNA interactions: a DNA-scanning mechanism? Trends Biochem. Sci.
1998; 23:236–238. [PubMed: 9697409]

Knipscheer P, Raschle M, Smogorzewska A, Enoiu M, Ho TV, Scharer OD, Elledge SJ, Walter JC.
The Fanconi anemia pathway promotes replication-dependent DNA interstrand cross-link repair.
Science. 2009; 326:1698–1701. [PubMed: 19965384]

Lebofsky R, Takahashi T, Walter JC. DNA replication in nucleus-free Xenopus egg extracts. Methods
Mol. Biol. 2009; 521:229–252. [PubMed: 19563110]

Lehmann AR. Translesion synthesis in mammalian cells. Exp. Cell Res. 2006; 312:2673–2676.
[PubMed: 16854411]

Long DT, Raschle M, Joukov V, Walter JC. Mechanism of RAD51-dependent DNA interstrand cross-
link repair. Science. 2011; 333:84–87. [PubMed: 21719678]

Lupardus PJ, Byun T, Yee MC, Hekmat-Nejad M, Cimprich KA. A requirement for replication in
activation of the ATR-dependent DNA damage checkpoint. Genes Dev. 2002; 16:2327–2332.
[PubMed: 12231621]

Mattock H, Jares P, Zheleva DI, Lane DP, Warbrick E, Blow JJ. Use of peptides from p21 (Waf1/
Cip1) to investigate PCNA function in Xenopus egg extracts. Exp. Cell Res. 2001; 265:242–251.
[PubMed: 11302689]

Minko IG, Harbut MB, Kozekov ID, Kozekova A, Jakobs PM, Olson SB, Moses RE, Harris TM,
Rizzo CJ, Lloyd RS. Role for DNA polymerase kappa in the processing of N2-N2-guanine
interstrand cross-links. J. Biol. Chem. 2008; 283:17075–17082. [PubMed: 18434313]

Moldovan GL, Pfander B, Jentsch S. PCNA, the maestro of the replication fork. Cell. 2007; 129:665–
679. [PubMed: 17512402]

Moore N, Lyle S. Quiescent, slow-cycling stem cell populations in cancer: a review of the evidence
and discussion of significance. J. Oncol. 2011; 2011 Published online September 29, 2010.
10.1155/2011/396076.

Mu D, Bessho T, Nechev LV, Chen DJ, Harris TM, Hearst JE, Sancar A. DNA interstrand cross-links
induce futile repair synthesis in mammalian cell extracts. Mol. Cell. Biol. 2000; 20:2446–2454.
[PubMed: 10713168]

Ogi T, Lehmann AR. The Y-family DNA polymerase kappa (pol kappa) functions in mammalian
nucleotide-excision repair. Nat. Cell Biol. 2006; 8:640–642. [PubMed: 16738703]

Ogi T, Kato T Jr, Kato T, Ohmori H. Mutation enhancement by DINB1, a mammalian homologue of
the Escherichia coli mutagenesis protein dinB. Genes Cells. 1999; 4:607–618. [PubMed:
10620008]

Ogi T, Shinkai Y, Tanaka K, Ohmori H. Polkappa protects mammalian cells against the lethal and
mutagenic effects of benzo[a]pyrene. Proc. Natl. Acad. Sci. USA. 2002; 99:15548–15553.
[PubMed: 12432099]

Ogi T, Kannouche P, Lehmann AR. Localisation of human Y-family DNA polymerase kappa:
relationship to PCNA foci. J. Cell Sci. 2005; 118:129–136. [PubMed: 15601657]

Ogi T, Limsirichaikul S, Overmeer RM, Volker M, Takenaka K, Cloney R, Nakazawa Y, Niimi A,
Miki Y, Jaspers NG, et al. Three DNA polymerases, recruited by different mechanisms, carry out
NER repair synthesis in human cells. Mol. Cell. 2010; 37:714–727. [PubMed: 20227374]

Ohashi E, Bebenek K, Matsuda T, Feaver WJ, Gerlach VL, Friedberg EC, Ohmori H, Kunkel TA.
Fidelity and processivity of DNA synthesis by DNA polymerase kappa, the product of the human
DINB1 gene. J. Biol. Chem. 2000; 275:39678–39684. [PubMed: 11006276]

Ohashi E, Murakumo Y, Kanjo N, Akagi J, Masutani C, Hanaoka F, Ohmori H. Interaction of hREV1
with three human Y-family DNA polymerases. Genes Cells. 2004; 9:523–531. [PubMed:
15189446]

Ohashi E, Hanafusa T, Kamei K, Song I, Tomida J, Hashimoto H, Vaziri C, Ohmori H. Identification
of a novel REV1-interacting motif necessary for DNA polymerase kappa function. Genes Cells.
2009; 14:101–111. [PubMed: 19170759]

Räschle M, Knipscheer P, Enoiu M, Angelov T, Sun J, Griffith JD, Ellenberger TE, Schärer OD,
Walter JC. Mechanism of replication-coupled DNA interstrand crosslink repair. Cell. 2008;
134:969–980. [PubMed: 18805090]

Williams et al. Page 10

Mol Cell. Author manuscript; available in PMC 2013 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sarkar S, Davies AA, Ulrich HD, McHugh PJ. DNA interstrand crosslink repair during G1 involves
nucleotide excision repair and DNA polymerase zeta. EMBO J. 2006; 25:1285–1294. [PubMed:
16482220]

Schenten D, Gerlach VL, Guo C, Velasco-Miguel S, Hladik CL, White CL, Friedberg EC, Rajewsky
K, Esposito G. DNA polymerase kappa deficiency does not affect somatic hypermutation in mice.
Eur. J. Immunol. 2002; 32:3152–3160. [PubMed: 12555660]

Sengerova B, Wang AT, McHugh PJ. Orchestrating the nucleases involved in DNA interstrand cross-
link (ICL) repair. Cell Cycle. 2011; 10:3999–4008. [PubMed: 22101340]

Shechter D, Costanzo V, Gautier J. ATR and ATM regulate the timing of DNA replication origin
firing. Nat. Cell Biol. 2004; 6:648–655. [PubMed: 15220931]

Shimizu T, Azuma T, Ishiguro M, Kanjo N, Yamada S, Ohmori H. Normal immunoglobulin gene
somatic hypermutation in Pol kappa-Pol iota double-deficient mice. Immunol. Lett. 2005; 98:259–
264. [PubMed: 15860226]

Smeaton MB, Hlavin EM, McGregor Mason T, Noronha AM, Wilds CJ, Miller PS. Distortion-
dependent unhooking of interstrand crosslinks in mammalian cell extracts. Biochemistry. 2008;
47:9920–9930. [PubMed: 18702509]

Smeaton MB, Hlavin EM, Noronha AM, Murphy SP, Wilds CJ, Miller PS. Effect of cross-link
structure on DNA interstrand crosslink repair synthesis. Chem. Res. Toxicol. 2009; 22:1285–1297.
[PubMed: 19580249]

Smogorzewska A, Matsuoka S, Vinciguerra P, McDonald ER 3rd, Hurov KE, Luo J, Ballif BA, Gygi
SP, Hofmann K, D’Andrea AD, et al. Identification of the FANCI protein, a monoubiquitinated
FANCD2 paralog required for DNA repair. Cell. 2007; 129:289–301. [PubMed: 17412408]

Takenaka K, Ogi T, Okada T, Sonoda E, Guo C, Friedberg EC, Takeda S. Involvement of vertebrate
Polkappa in translesion DNA synthesis across DNA monoalkylation damage. J. Biol. Chem. 2006;
281:2000–2004. [PubMed: 16308320]

Toledo LI, Murga M, Zur R, Soria R, Rodriguez A, Martinez S, Oyarzabal J, Pastor J, Bischoff JR,
Fernandez-Capetillo O. A cell-based screen identifies ATR inhibitors with synthetic lethal
properties for cancer-associated mutations. Nat. Struct. Mol. Biol. 2011; 18:721–727. [PubMed:
21552262]

Ulrich HD. The RAD6 pathway: control of DNA damage bypass and mutagenesis by ubiquitin and
SUMO. Chem Bio Chem. 2005; 6:1735–1743.

Vidal AE, Kannouche P, Podust VN, Yang W, Lehmann AR, Woodgate R. Proliferating cell nuclear
antigen-dependent coordination of the biological functions of human DNA polymerase iota. J.
Biol. Chem. 2004; 279:48360–48368. [PubMed: 15342632]

Walter J, Newport JW. Regulation of replicon size in Xenopus egg extracts. Science. 1997; 275:993–
995. [PubMed: 9020085]

Waters LS, Minesinger BK, Wiltrout ME, D’Souza S, Woodruff RV, Walker GC. Eukaryotic
translesion polymerases and their roles and regulation in DNA damage tolerance. Microbiol. Mol.
Biol. Rev. 2009; 73:134–154. [PubMed: 19258535]

Williams et al. Page 11

Mol Cell. Author manuscript; available in PMC 2013 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Replication-Independent ICL Repair Occurs via a Mechanism that Is Distinct from
Replication-Dependent ICL Repair
(A) Schematic representation of the ICL plasmid. Regions amplified by the X and C primers
are illustrated.
(B) ICL plasmid was incubated in HSS (non-replicating) or HSS + NPE (replication-
competent) extract for the times indicated. Repair (%) is measured as the fraction of the X:C
ratio of the ICL plasmid over the X:C ratio of the control plasmid. See also Figure S1.
(C) Quantification of ICL repair in mock- and FANCI-depleted HSS or in HSS treated with
100 µM curcumin.
(D) Quantification of ICL repair in mock- and Rad51-depleted HSS.
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(E) Quantification of ICL repair in mock- and Rev7-depleted HSS. Results represent the
mean and SEM from at least three independent experiments.
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Figure 2. Pol κ Is Required for RIR
(A) ICL repair in mock-, Pol κ-, and Pol κ-depleted HSS supplemented with recombinant
Pol κWT or Pol κD199A, E200A. See also Figure S2.
(B) Schematic showing the domain structure of Pol κ and the location of mutations used in
this study. Asterisks mark the location of the mutations shown in bold and underlined in the
table below.
(C) Quantification of ICL repair in mock-depleted HSS, Pol κ-depleted HSS, and Pol κ-
depleted HSS supplemented with recombinant Pol κF562A, F563A.
(D) ICL and control plasmids were incubated in Pol κ-depleted HSS, supplemented with
either Pol κWT or Pol κD199A, E200A and anaylzed by Pol κ ChIP. The data are expressed as

Williams et al. Page 14

Mol Cell. Author manuscript; available in PMC 2013 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the fold enrichment of DNA pulled down from ICL plasmid compared to control plasmid. A
value of 1 (dashed line) indicates no enrichment. Results represent the mean and SEM from
at least three independent experiments.
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Figure 3. PCNA Modification on Lysine 164 and Pol κ UBZ Domains Are Required for RIR
(A) Quantification of ICL repair in mock- and Rad1- depleted HSS. See also Figure S3.
(B) Quantification of ICL repair in mock-depleted HSS, PCNA-depleted HSS, and PCNA-
depleted HSS supplemented with PCNAWT or PCNAK164R.
(C) Control or ICL plasmids were incubated in extract for 40 min and immobilized using
biotinylated LacR protein. DNA-bound proteins were analyzed by western blotting.
(D) Quantification of ICL repair in mock-, Pol κ-, or Pol κ-depleted HSS supplemented with
Pol κWT, Pol κD634A,D789A, or Pol κI857A,F860A,F861A, as indicated. Results represent the
mean and SEM from at least three independent experiments.
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Figure 4. Pol k−/− MEF Sensitivity to Crosslinking Agents Correlates with a Defect in ICL
Repair
(A) Schematic of GFP-based ICL assay.
(B) Quantification of the repair of a single site-specific ICL in either Pol κ−/− or Pol κ+/+

MEFs using the GFP-based assay shown in (A). Repair is expressed as the fraction of GFP-
positive cells transfected with the ICL plasmid over GFP-positive cells transfected with the
control plasmid.
(C) Clonogenic survival assays with Pol κ−/− or Pol κ+/+ MEFs in the presence of the
indicated concentration of MMC. Cells were treated during exponential growth or during G0
arrest.
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(D) Clonogenic survival assay with Pol κ−/− or Pol κ+/+ MEFs in the presence of the
indicated concentration of cisplatin during exponential growth. Results represent the mean
and SEM from at least three independent experiments.
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