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Summary

The tumor suppressor protein BRCA1 promotes homologous recombination (HR), a high fidelity
mechanism to repair DNA double-strand breaks (DSBs) that arise during normal replication and in
response to DNA damaging agents. Recent genetic experiments indicate that BRCA1 also
performs an HR-independent function during the repair of DNA interstrand crosslinks (ICLs).
Here, we show that BRCAL1 is required to unload the CMG helicase complex from chromatin after
replication forks collide with an ICL. Eviction of the stalled helicase allows leading strands to be
extended toward the ICL, followed by endonucleolytic processing of the crosslink, lesion bypass,
and DSB repair. Our results identify BRCA1-dependent helicase unloading as a critical, early
event in ICL repair.

Introduction

Mutations in BRCAL predispose individuals to hereditary breast and ovarian cancers (Narod
and Foulkes, 2004). Growing evidence also indicates that BRCA1 loss plays an important
role in the development of sporadic cancers (Chalasani and Livingston, 2013; Leeneer et al.,
2011). In the absence of BRCAL, cells develop multiple chromosomal abnormalities,
implicating genome maintenance in tumor suppression (Zhang, 2013). Consistent with this,
BRCAL1 has been linked to various aspects of the DNA damage response (Wu et al., 2010)
including error-free repair of DNA double-strand breaks (DSBs) (Bekker-Jensen and
Mailand, 2010).

BRCAL forms a heterodimeric complex with BARD1 (BRCA1-associated RING domain
protein 1), which is required for BRCA1 stability and function (Choudhury et al., 2004;
Westermark et al., 2003). BRCA1 activity is also modulated by numerous protein
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interactions that form distinct BRCAZ1-containing complexes (Silver and Livingston, 2012;
Wang, 2012). In response to DSBs, BRCAL regulates repair pathway choice, promoting
template-directed repair by homologous recombination (HR) over non-homologous end
joining (NHEJ), an error-prone pathway (Kass and Jasin, 2010). BRCAL is thought to
support resection of DSB ends, leading to the generation of a 3’ single-stranded DNA
(ssDNA) tail that is bound by the RAD51 recombinase. BRCA1 also associates with
BRCAZ2 (via PALB2/FANCN) (Zhang et al., 2009), which stimulates RAD51 loading onto
ssDNA (Jensen et al., 2010; Liu et al., 2010).

BRCAZ1-deficient cells are sensitive to various DNA damaging agents, including DNA
interstrand cross-links (ICLs) (Bhattacharyya et al., 2000). ICLs covalently link the two
strands of the double helix, thereby blocking cellular processes that require strand
separation, such as DNA replication and transcription. Cellular resistance to ICLs is
dependent on both the BRCA and Fanconi anemia (FANC) proteins, which act together in a
common DNA repair pathway (Kim and D'Andrea, 2012). ICL repair involves a DSB
intermediate, which is formed after replication forks collide with an ICL (Raschle et al.,
2008)(McHugh et al., 2001). As such, ICL sensitivity in BRCA1-deficient cells has been
attributed primarily to BRCAL’s HR functions.

Recent genetic data indicate that BRCAL has an additional function during ICL repair that is
distinct from its established role in HR. In 2010, Nussenzweig’s group showed that the HR
defect in BRCA1-deficient cells is almost completely reversed by mutation of 53BP1
(Bunting et al., 2010), an NHEJ protein that modulates chromatin structure at DNA breaks.
These results argued that the primary function of BRCA1 in DSB repair is to promote
resection by antagonizing 53BP1. More recently, they discovered that loss of 53BP1 does
not rescue the ICL sensitivity observed in BRCA1-deficient cells, even though RAD51 foci
formation was largely restored (Bunting et al., 2012). These results argue that BRCA1
performs an additional function in ICL repair that is independent of DSB resection, RAD51
loading, and 53BP1. Notably, FANCD2 foci formation was impaired in BRCA1-deficient
cells after exposure to DNA crosslinking agents (Bunting et al., 2012), suggesting that
BRCAZL’s HR-independent function might involve recruitment of FANCD2 to ICLs.

Using Xenopus egg extracts, we previously established a cell-free system that recapitulates
replication-coupled repair of a single, site-specific cisplatin ICL on a plasmid (pICL, Figure
1A) (Raschle et al., 2008). Error-free removal of the crosslink regenerates a Sapl restriction
site, which is used to assay repair. Upon addition of pICL to egg extracts, replication
initiates at a random location, and two replication forks rapidly converge on the ICL and
stall (Figure 1B, i). The 3’ ends of the two stalled leading strands are initially located ~20-40
nucleotides from the crosslink (“—20 position”). After a ~15 minute delay, the leading
strands are extended to within one nucleotide of the crosslink (“—1 position™). Extension of
leading strands from =20 to -1 (“Approach”, Figure 1B, ii) occurs concurrently with
unloading of the CMG replicative DNA helicase (Fu et al., 2011), which is comprised of
Cdc45, MCM2-7, and GINS (llves et al., 2010). Based on this correlation, we proposed that
leading strand stalling at —20 is due to steric hindrance by CMG and that Approach requires
CMG unloading (Fu et al., 2011). Concurrent with Approach, the Fanconi anemia pathway
is activated, leading to mono-ubiquitylation of the FANCI-FANCD2 complex. Ubiquitylated
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FANCI-FANCD2 promotes incisions by XPF-ERCC1 and possibly other endonucleases,
creating a DSB in one sister chromatid (Figure 1B, iii) (Douwel et al., 2014; Knipscheer et
al., 2009). The leading strand is then extended past the unhooked ICL by translesion DNA
polymerases (Figure 1B, iv), creating an intact template for recombination-mediated repair
of the DSB (Figure 1B, v) (Long et al., 2011). Finally, the unhooked adduct is probably
removed by excision repair (Muniandy et al., 2010), although this event does not occur in
egg extracts.

Here, we show that ubiquitin signaling targets BRCA1 to ICL-stalled forks where BRCA1
promotes unloading of the CMG helicase, allowing Approach and FANCI-FANCD2-
dependent endonucleases to excise the crosslink and facilitate repair. Our results identify
CMG unloading as a critical, early event in ICL repair and identify a new function for
BRCAL in the DNA damage response.

Ubiquitin signaling is required for chromatin unloading of the replicative helicase

Ubiquitin signaling plays an integral role in targeting repair factors to sites of damaged
chromatin (Pinder et al., 2013). To investigate the role of ubiquitin signaling in ICL repair,
we employed ubiquitin vinyl-sulfone (UbVS), a highly specific, irreversible inhibitor of
deubiquitylating enzymes (Borodovsky et al., 2001). Incubation of Xenopus egg extract with
UbVS blocks ubiquitin turnover, leading to the depletion of free ubiquitin (Dimova et al.,
2012). Extracts were incubated with buffer, UbVS, or UbVS and excess free ubiquitin prior
to addition of pICL. Although DNA synthesis was not significantly inhibited by the addition
of UbVS (Figure 2A), ICL repair was abolished (Figure 2B). Only a limited amount of
repair was rescued by the addition of free ubiquitin, suggesting that turnover of
ubiquitylated substrates is important for repair, even in the presence of excess ubiquitin
(Nijman et al., 2005; Oestergaard et al., 2007). Consistent with this idea, addition of free
ubiquitin reversed the FANCD?2 ubiquitylation defect caused by UbVS but did not restore
the FANCD2 de-ubiquitylation that is normally observed late in the reaction (Figure S1A
and B).

DSBs trigger a histone modification cascade that includes histone ubiquitylation and
subsequent recruitment of various repair factors to the site of damage, including Rap80,
BRCAL, and FANCD2 (Wang et al., 2004; Yan and Jetten, 2008). To determine whether a
similar response is activated during ICL repair in egg extracts, we used chromatin
immunoprecipitation (ChlP) to analyze protein recruitment to pICL. As shown in Figures
2C-E, Rap80, BRCAL, and FANCD?2 were each recruited to ICLs, but not when UbV'S was
present. Recruitment was rescued by the addition of free ubiquitin, indicating that
recruitment defects were due to ubiquitin depletion.

To investigate how UbVS affects ICL repair, nascent strand products (Figure 2F) were
analyzed by denaturing polyacrylamide gel electrophoresis. UbVS treatment had no effect
on the arrival of leading strands at the ICL (Figure 2G, compare lanes 7, 13, and 19; Figure
S1K-Q for experimental replicates), consistent with replication proceeding normally (Figure
2A). In contrast, UbVS completely blocked the Approach of leading strands to the -1
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position, as well as formation of all downstream nascent strand products (Figure 2G,
compare lanes 7-11 with 13-17). Addition of free ubiquitin with UbVS restored Approach,
Insertion, and Extension, albeit with delayed kinetics (Figure 2G, lanes 19-23).

We showed previously that Approach correlates with dissociation of the CMG helicase (Fu
etal., 2011). These results suggested that failure of the Approach step after ubiquitin
depletion might be caused by persistence of CMG at the ICL. To test this idea, several
helicase components were analyzed by ChIP. Strikingly, unloading of Cdc45, MCM7, and
Sld5 was severely delayed in UbVS-treated reactions (Figure 2H-J). As for Approach, CMG
unloading was partially restored by the addition of free ubiquitin. Together, these results
demonstrate that ubiquitin signaling is required to remove the CMG helicase from
replication forks after collision with an ICL, and they support our previous hypothesis (Fu et
al., 2011) that helicase removal is an essential, early, and active process associated with ICL
repair.

BRCAL functions at stalled forks prior to DSB formation

We wanted to know which ubiquitin-dependent pathway promotes CMG unloading. We
showed previously that failure to ubiquitylate FANCD2 blocks incisions, which occur
downstream of Approach and CMG unloading (Fu et al., 2011; Knipscheer et al., 2009).
Defective FANCD2 ubiquitylation therefore cannot account for the effect of UbVS.
Notably, recent evidence indicates that BRCA1 has an HR-independent role in ICL repair
(Bunting et al., 2012) and that it contributes to fork stability (Silver and Livingston, 2012).
Given that ubiquitin signaling is required for BRCA1 recruitment (Figure 2D), we
postulated that BRCAL might function as an effector of ubiquitin signaling in ICL repair.

To investigate how BRCA1 contributes to ICL repair, we first used ChlP to address when
BRCAL is recruited to ICLs relative to other events of repair. Fifteen minutes after
replication of pICL was initiated, MCM7 and Cdc45 accumulated at the crosslink,
coincident with fork convergence (Figure 3A) (Fu et al., 2011). The ssDNA-binding protein
RPA initially accumulated at the ICL with converging forks, but after a short delay, its
abundance increased further (Figure 3A, red trace), likely due to lagging strand resection
(Raschle et al., 2008). BRCAL and its binding partner BARD1 were recruited to the
crosslink ~7-10 minutes after fork convergence and well before the disappearance of
converged fork structures, which are lost as a result of dual incisions (Figure 3B). Notably,
BRCAZ2, RAD51, FANCI, and FANCD2 were all recruited ~5 minutes after BRCA1 (Figure
3C), consistent with BRCAL1’s established role in the recruitment of these proteins to sites of
DNA damage (Bhattacharyya et al., 2000; Garcia-Higuera et al., 2001; Greenberg et al.,
2006; Smogorzewska et al., 2007). Collectively, the data are consistent with BRCA1 having
an early role at stalled forks prior to DSB formation (Bunting et al., 2012).

To determine whether BRCAL is required for cell-free ICL repair, pICL was replicated in
mock-depleted or BRCA1-depleted egg extract (Figure 3D). Although replication of pICL
occurred with similar Kinetics in both reactions (Figure 3E), ICL repair was delayed by at
least one hour in BRCA1-depleted extracts (Figure 3F). A small amount of BRCA1 was still
recruited to the crosslink at late times in BRCAZ1-depleted reactions (Figure 3G, green
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trace). As such, the delayed appearance of repair products (Figure 3F, green trace) may be
due to residual BRCA1 not removed by depletion.

Consistent with immunofluorescence localization studies in mammalian cells
(Bhattacharyya et al., 2000; Garcia-Higuera et al., 2001; Greenberg et al., 2006), recruitment
of BRCA2, RAD51, and FANCD?2 to ICLs was reduced in the absence of BRCA1 (Figure
3H-J). These defects were not due to co-depletion of BRCA2, RAD51, or FANCD2 from
egg extract (Figure S2A). Although FANCD?2 recruitment was impaired by BRCA1
depletion, FANCD2 ubiquitylation occurred normally (Figure 3D), consistent with previous
reports (Bunting et al., 2012; Vandenberg et al., 2003). Loss of BRCA1 led to a severe
incision defect (Figure 3K and L), indicating that FANCD2 ubiquitylation is not sufficient
for DNA incisions without its localization to ICLs. High-level Chk1 phosphorylation was
also delayed (Figure 3D, compare 60 minute time points), consistent with a defect in DSB
formation. Together, these results indicate that BRCA1 functions at ICL-stalled replication
forks, where it recruits BRCA2, RAD51, and FANCD2.

BRCALl is not required for resection at ICL-stalled forks

Given that BRCA1 has been implicated in resection of DSBs (Bouwman et al., 2010;
Bunting et al., 2010; Schlegel et al., 2006; Yun and Hiom, 2009), we examined the BRCA1-
dependence of this process in our cell-free system. Depletion of BRCAL from extract led to
a slight increase in the recruitment of RPA to ICLs (Figure 4A). However, when the amount
of single-stranded DNA on pICL was analyzed directly by quantitative PCR, similar levels
of ssDNA were detected in mock-depleted and BRCA1-depleted reactions (Figure 4B-D).
These results argue that loss of BRCA1 does not compromise resection of ICL-stalled forks.
Instead, defective RAD51 binding in the absence of BRCA1 (see Figure 3G) may elevate
the amount of RPA present on chromatin.

BRCA1 promotes CMG unloading

We then analyzed the formation of nascent strand products in mock- and BRCA1-depleted
reactions. As seen for UbVS-treated reactions, depletion of BRCAL severely compromised
the Approach of leading strands to the —1 position (Figure 5A; Figure S3G-J for
experimental replicates). BRCAL depletion also inhibited CMG unloading (Figure 5B-D;
Figure S3N-P for experimental replicates), as seen in UbVS-treated reactions. Notably,
CMG unloading and Approach are not dependent on RAD51 (Long et al., 2011) or
FANCD?2 (Knipscheer et al., 2009), indicating that defective helicase removal in the absence
of BRCAL1 is not an indirect consequence of defective RAD51 or FANCD?2 recruitment.
Moreover, recruitment of BRCAL to the ICL occurred shortly after the arrival of forks at
-20 and just before the Approach to —1 (Figure S3A), consistent with BRCAL playing a
direct role in promoting Approach. Importantly, BRCAL depletion had no significant effect
on helicase unloading during replication of undamaged plasmids (Figure S3B-D). Together,
these results indicate that BRCAL is required to unload the replicative helicase from ICL-
stalled forks but not from forks undergoing termination.

When BRCA1-depleted extracts were supplemented with recombinant BRCA1-BARD1
heterodimer (Joukov et al., 2006), helicase eviction was not restored (data not shown),
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suggesting that the activity of the complex is dependent on additional binding factors or
specific modifications (Silver and Livingston, 2012; Wang, 2012). Therefore, to further
investigate whether BRCAL1 is required for CMG unloading, BRCAL1 activity was inhibited
with a fragment of BARD1 (Westermark et al., 2003). BRCA1 and BARDL1 interact through
their respective RING domains, with two a-helices from each domain combining to form a
four-helix bundle (Brzovic et al., 2001). In cells, expression of a RING peptide was shown
to inhibit BRCAL function, leading to defects in HR and hyper-sensitivity to DNA cross-
linking agents (Westermark et al., 2003). As reported previously (Joukov et al., 2001),
BRCAL1 antibodies quantitatively immunodepleted BARD1 from egg extract and vice versa
(Figure S3E, lanes 4 and 6), demonstrating that BRCA1 and BARDL are present as a stable
1:1 complex. Importantly, BARD1 RING peptide (RINGWT) recovered BRCAL1 but not
BARD1 (Figure S3F, lane 5), arguing that the peptide disrupted the BRCA1-BARD1
complex. Insertion of a single alanine residue into each a-helix of the RING domain
disrupted its binding to BRCA1 (Figure S3F, lane 7), and this mutant peptide (RINGAA)
served as a negative control for BRCAL inhibition.

When the RINGWT peptide was added to egg extracts, it only slightly delayed Approach and
CMG unloading (data not shown). To improve the efficacy of peptide inhibition, we
partially depleted BRCAL prior to peptide addition. Depletion of BRCA1 to ~25% of
endogenous levels (Figure S4A) by itself had little or no effect on any aspect of ICL repair
measured (Figure 6A-D, Figure S4B-K, and data not shown). However, when the partially
depleted extract was supplemented with RINGWT peptide, Approach and helicase unloading
were both impaired (Figure 6A-D; Figure S4B-K for experimental replicates). Importantly,
the RINGAA peptide caused no inhibition. Together, the data indicate that the integrity of
the BRCA1-BARD1 complex is required to promote unloading of the CMG helicase
complex and subsequent leading strand Approach.

During DSB repair, BRCAL is recruited to DNA through a phospho-specific interaction with
Abraxas (Wang et al., 2007). This interaction is mediated through BRCA1’s tandem BRCT
domains, which bind to a phospho-SXXF motif at the C-terminus of Abraxas. To investigate
the role that this interaction plays during ICL repair, egg extracts were supplemented with
peptides containing the phospho-SXXF motif from Abraxas (pSPTF), or a non-
phosphorylated control S4Q). BRCAL recruitment was only partially inhibited by the SPTF
peptide, consistent with the non-phosphorylated peptide having reduced affinity for BRCA1
(Wang et al., 2007). Notably, compared to SPTF, pSPTF had a greater inhibitory effect on
Approach (Figure S4L, compare lanes 14 and 19) and CMG unloading (Figure S4R-S,
compare 80 minute time points). Together, these results argue that BRCAL’s helicase
unloading activity is dependent on BRCT-mediated recruitment to chromatin.

CMG unloading and leading strand Approach support DNA incisions

To determine the role that Approach plays in ICL repair, we sought to block this event by a
direct and independent means that does not involve perturbation of BRCA1 or the ubiquitin
system. To this end, pICL was replicated for 12 minutes to allow the majority of forks to
arrive at the —20 position. Reactions were then split and supplemented with buffer or the
DNA polymerase inhibitor aphidicolin (Errico et al., 2007). Aphidicolin-treated samples
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exhibited little or no Approach (Figure 7A), as well as a ~25% decrease in total nucleotide
incorporation due to degradation of some forks that had not yet stalled at the crosslink
(Figure 7B). ChIP showed that BRCA1, RAD51, and FANCD?2 were still recruited to the
ICL in aphidicolin-treated samples (Figure 7C-E), although total recovery was also
decreased by ~25%. In contrast, DNA incisions were inhibited, as measured by persistence
of the converged fork structure (Figure 7F and Figure S5I), and this mirrored what we
observed in BRCAL-depleted reactions (Figure 3L). Together, these results indicate that
Approach and, by extension, CMG unloading are required for incisions and downstream
repair events (Figure 7G). In addition, they show that BRCA1 helps recruit RAD51 and
FANCD?2 independently of Approach.

Both BRCAL1 and polymerase extension contribute to helicase unloading

Interestingly, blocking the Approach step with aphidicolin delayed CMG unloading (Figure
S5J-L). These results suggested that the DNA polymerase also contributes to helicase
removal. To investigate the relationship between BRCAL1-dependent and polymerase-
dependent helicase unloading, pICL was replicated in mock- or BRCA1-depleted extract
until forks had stalled at the ICL. Each reaction was then split and supplemented with buffer
or aphidicolin, as in Figure 7A. Analysis of the helicase complex by ChIP showed that
BRCAL depletion and aphidicolin treatment caused additive inhibition of CMG unloading
(Figure 7H-J). These results indicate that BRCA1 and DNA polymerase can promote CMG
unloading through independent mechanisms.

Discussion

The CMG helicase is a highly processive molecular motor that binds tightly to DNA. Little
is known about how CMG is dismantled from chromatin, both when replication forks meet
during termination and in response to certain forms of replication stress. We previously
found that when forks encounter an ICL, the Approach of leading strands from the —20 to
the -1 position correlates with dissociation of CMG from the site of damage (Fu et al.,
2011). Here, we show that inhibiting CMG dissociation in various ways also blocks
Approach and ICL repair. These data establish CMG unloading as a critical, early step in
ICL repair.

We further present multiple lines of evidence that CMG unloading requires the BRCA1-
BARD1 complex. BRCAL immunodepletion and disruption of the BRCA1-BARD1
complex with a dominant negative peptide both inhibit CMG unloading. In addition,
preventing BRCAL inhibits CMG unloading. Finally, the timing of BRCA1 binding to ICLs
and CMG unloading are highly correlated. Together, our results identify helicase eviction
from stalled forks as a novel function for the BRCA pathway in DNA repair. Importantly,
BRCAL is not required for helicase unloading during replication termination (Figure S3B-
D). Perhaps there is a difference in the arrangement of CMG helicases during ICL repair and
termination that allows BRCA1-BARD1 to discriminate between the two situations.

Our data uncover other interesting mechanistic features of ICL repair. When we added
aphidicolin immediately after replication forks stalled at the ICL, Approach failed and ICL
repair was inhibited (Figure 7A). Interestingly, aphidicolin also caused a delay in CMG
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unloading in both mock-depleted and BRCAZ1-depleted reactions (Figure 7H-J). One
interpretation of this observation is that the polymerase contributes to helicase eviction by
exerting mechanical force on the stalled CMG complex (positioned immediately in front of
the polymerase). Alternatively, aphidicolin treatment may stabilize the interaction between
DNA polymerase and DNA (Cheng and Kuchta, 1993), thereby indirectly preventing
another BRCAZ1-independent mechanism of helicase unloading. In either case, both
BRCAL- and DNA polymerase-linked mechanisms likely cooperate to achieve efficient
helicase eviction. One attractive model is that the E3 ligase activity of BRCA1-BARD1
(Hashizume et al., 2001) ubiquitylates one or more CMG components, destabilizing the
complex and/or helping facilitate its displacement by DNA polymerase.

We recently showed that FANCI-FANCD2 promotes ICL incisions by recruiting the XPF-
ERCC1 nuclease to sites of damage (Douwel et al., 2014; Knipscheer et al., 2009).
Interestingly, in the presence of aphidicolin, FANCD2 was still localized to ICLs but
incisions were severely inhibited. Therefore, the recruitment of FANCD?2 to ICLs is not
sufficient for incision when Approach is blocked (Figure 7A). We speculate that extension
of the leading strand to the —1 position after CMG unloading creates a DNA structure that is
recognized by FANCI-FANCD2-dependent nucleases. Alternatively, the delay in CMG
unloading seen in the presence of aphidicolin might account for the incision defect. Thus,
the presence of CMG at ICLs might shield the structure from endonucleolytic processing.

A future challenge is to determine how the various genome maintenance functions of
BRCAL contribute to tumor suppression. Interestingly, the crosslink sensitivity of BRCAL1-
deficient cells is less severe than those carrying mutations in other ICL repair factors
(Bridge et al., 2005; Niedzwiedz et al., 2004; Ohashi et al., 2005; Qing et al., 2011). This
could be explained by the fact that a polymerase-linked mechanism can promote helicase
unloading in the absence of BRCAL. Moreover, the Fanconi anemia pathway is still
activated in the absence of BRCAL, as evidenced by normal FANCD2 ubiquitylation in
response to ICLs (Bunting et al., 2012). As such, repair might still proceed, albeit with
reduced efficiency and higher propensity for error.

In conclusion, our results show that the BRCA and Fanconi anemia pathways execute an
ordered series of fork processing events (helicase eviction, DNA incisions, and homologous
recombination) that promote error-free removal of ICLs from DNA (Figure S7).

Experimental Procedures

Xenopus egg extracts and DNA replication

Preparation of Xenopus egg extracts was performed as described previously (Lebofsky et al.,
2009). For DNA replication, plasmids were first incubated in a high-speed supernatant
(HSS) of egg cytoplasm (final concentration 7.5 ng DNA/UL extract) for 20 minutes at
21°C, leading to the formation of pre-replication complexes (pre-RCs). Next, two volumes
of nucleoplasmic egg extract (NPE) was added to one volume of HSS, initiating Cdk2-
dependent replication at pre-RCs. For all figures, the 0 minute time point corresponds to
NPE addition. For DNA labeling, reactions were supplemented with [a-32PJdATP, which is
incorporated into nascent strands during replication. For UbVS reactions, NPE was
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supplemented with 14 uM ubiquitin vinyl sulfone alone, or with 50 uM ubiquitin (both from
Boston Biochem, Cambridge, MA, USA) prior to mixing with HSS. Reactions were stopped
with 10 volumes Stop Solution A (0.5% SDS, 25 mM EDTA, 50 mM Tris-HCI pH 7.5) and
replication intermediates were purified as described (Raschle et al., 2008). Replication and
repair intermediates were separated by 0.8% native agarose gels and visualized using a
phosphorimager to determine replication efficiency (Lebofsky et al., 2009). All experiments
were performed at least twice, and a representative result is shown.

ICL repair assay

Repair efficiency was calculated essentially as described (Raschle et al., 2008). pICL
contains a single, site-specific cisplatin ICL that interrupts a Sapl recognition site (see
(Enoiu et al., 2012) for description and preparation). ICL repair is assayed by Sapl cleavage,
which requires error-free removal of the crosslink. To quantify the formation of Sapl-
cleavable products, DNA samples were digested with either Hincll alone, or Hincll and
Sapl, then separated by a native agarose gel and visualized using a phosphorimager. Sapl
cleavage of Hincll-linearized molecules produces two fragments that are 2.3 and 3.3 kb in
size. Fragments of similar size are also generated when ICL-stalled fork arms are broken or
cleaved. Since these intermediates do not represent ICL repair products, they were
quantified in the Hincll-digested samples and subtracted from the Hincll/Sapl-generated
fragments. This yields the amount of fragments produced exclusively by Sapl cleavage. To
determine the efficiency of repair as a percentage of the total DNA replicated, radioactivity
in each sample is normalized to correct for variation introduced during sample preparation.
To this end, a small amount of an unrelated, undamaged plasmid (pQuant) was included in
the reaction (0.375 ng DNA/L final concentration in HSS) to serve as an internal standard
for quantification. The percentage of Sapl-cleavable products is then calculated by
comparing the normalized value of Sapl fragments to the radioactivity present in the known
amount of pQuant (which is 1/20t" the amount of pICL added to the reaction). ICL repair
data are shown with peak values set to 100% and background Sapl fragments from
contaminating uncrosslinked plasmid subtracted out.

ChIP and quantitative real-time PCR

ChIP was performed essentially as described (Long et al., 2011). Reaction samples were
cross-linked in egg lysis buffer (ELB: 10 MM HEPES-KOH pH 7.7, 2.5 mM MgCl,, 50 mM
KCI, 250 mM sucrose, and 1 mM DTT) containing 1% formaldehyde for 10 minutes at
21°C. Cross-linking was stopped by adding glycine to a final concentration of 125 mM
followed by passage through a Micro Bio-Spin 6 Chromatography column (Bio-Rad,
Hercules, CA, USA) to remove excess formaldehyde. The flowthrough was diluted to 500
pL with sonication buffer (20 mM Tris-HCI pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.5%
NP-40, 5 pg/mL Aprotinin+Leupeptin, and 2 mM PMSF) and subjected to sonication,
yielding DNA fragments ~300-500 bp in size. Following immunoprecipitation with the
indicated antibodies, formaldehyde cross-links were reversed and DNA was purified for
analysis by quantitative real-time PCR with the following primer pairs: “ICL” (5’-
AGCCAGATTTTTCCTCCTCTC-3’ and 5’-CATGCATTGGTTCTGCACTT-3’) and
“FAR” (5’-AACGCCAATAGGGACTTTCC-3" and 5’-
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GGGCGTACTTGGCATATGAT-3’). Antibodies for ChlIP were purified using Protein A
Sepharose beads (GE Healthcare, Piscataway, NJ, USA).

2D gel electrophoresis

Purified pICL intermediates were digested with Hincll and then analyzed by native/native
2DGE. The first-dimension gel consisted of 0.4% agarose run in 1XTBE buffer at 0.75 V/cm
for 26 hours at 21°C. The desired lane was then cast across the top of the second-dimension
gel, which consisted of 1% agarose with 0.3 pg/mL ethidium bromide, and run in 1XTBE
containing 0.3 pg/mL ethidium bromide at 4.5 V/cm for 14 hours at 4°C. DNA from the
resulting gel was transferred to a 0.45 um positively charged nylon transfer membrane (GE
Healthcare, Piscataway, NJ, USA), cross-linked with a 120 mJ/cm2 UV exposure, and
visualized using a phosphorimager.

Single-stranded DNA analysis

ssDNA was detected by quantitative PCR as described (Holstein and Lydall, 2012). Native
DNA samples were first incubated at low temperature, allowing ssDNA to anneal with a
“Test” primer that contains a unique sequence at its 5’ end. A single round of primer
extension then creates a novel DNA product whose amount is proportional to the original
amount of ssSDNA. The novel product is then amplified using “Left” and “Right” primers at
high temperatures to prevent annealing of the Test primer. sSDNA quantity is calculated
using a sSDNA standard curve. Primer locations denote the distance from the 3’ end of the
Test primer to the ICL. The “118”, “400”, “1454”, and “2925” Test primers anneal to the
lagging strand template, while the “Anti-204” Test primer anneals to the leading strand
template, serving as a control for dsSDNA. See Figure 4D for schematic.

118: Test 5’-TGACTGCGCACCAGGCATAGTCAGGAGAGGA-3’, Left5’-
TTCCATAGAAAAGCCTTGACTTGAGGT-3’, Right 5°-
TGACTGCGCACCAGGCATAG-3’. 400: Test5’-
TGACTGCGCACAGCGTACGAGTGAGAGACAC-3’, Left 5’-
CCCTGGCTCACAAATACCACTGAG-3’, Right 5’-TGACTGCGCACAGCGTACGA-3’.
1454: Test 5’-TGACTGCGCACCAGGCATAGTTGATGAAGGA-3’, Left5’-
GCTCCATGGCTTCCAAGGTGT-3’, Right 5’-TGACTGCGCACCAGGCATAG-3".
2925: Test 5’-TGACTGCGCACCAGGCATAGCGATGACTAAT-3’, Left5’-
TGCCAAGTACGCCCCCTATTG-3’, Right 5’-TGACTGCGCACCAGGCATAG-3'.
Anti-204: Test 5>-TGACTGCGCACCAGGCATGACTTGAGGTTAG-3’, Left 5°-
TGACTGCGCACCAGGCATGA-3’, Right 5’-TCAGGAGAGGAGGAAAAATCTGG-3’.

Nascent strand analysis

Nascent strand analysis was performed as described (Raschle et al., 2008). Briefly, pICL
was replicated in the presence of [a-32P]JdATP and purified pICL intermediates were
digested with AfllII, followed by addition of 0.5 volumes Stop Solution B (95% formamide,
20 mM EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol). Radiolabeled nascent
strands were then separated by a 7% denaturing polyacrylamide gel, transferred to filter
paper, dried, and visualized using a phosphorimager. Sequencing ladders were generated
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with primer S (5’-CATGTTTTACTAGCCAGATTTTTCCTCCTCTCCTG-3’) using the
Cycle Sequencing kit (USB, Cleveland, OH, USA).

Antibodies and immunodepletion

The following rabbit polyclonal antibodies were described previously: BRCA1 (raised
against X.I.BRCAL1 residues 1001-1192) (Joukov et al., 2001), BARDL1 (Joukov et al., 2001),
RAD51 (Long et al., 2011), FANCI (Knipscheer et al., 2009), FANCD2 (Raschle et al.,
2008), RPA (Walter and Newport, 2000), PCNA (Kochaniak et al., 2009), Cdc45 (Walter
and Newport, 2000), MCM7 (Fang and Newport, 1993), Sld5 (Kubota et al., 2003)
(provided by H. Takisawa, Osaka University), and Pole (Waga et al., 2001) and Pol§ (Fukui
et al., 2004) (both provided by S. Waga, Osaka University). Chk1-P (S345) was purchased
from Cell Signaling Technology, Danvers, MA, USA. BRCA2 antibodies were raised in
rabbits against X..BRCAZ2 residues 1842-2080. Rap80 antibodies were raised in rabbits
against a 223 residue X.I.Rap80 protein fragment (see GenBank Accession CX130807). The
cDNA encoding this fragment was generated from a Xenopus laevis mRNA library by PCR
with primers: Left, 5’-CCGGAATTCGTACAGGAAATAGATGATCAATGCTCA-3’ and
Right, 5’-CATAGTTTAGCGGCCGCTGGCTCCAGATCCGTTCCTGCACC-3’. The PCR
fragment was digested with EcoRI and Notl, then cloned into the corresponding sites of a
pET29a vector. To deplete BRCAL, Xenopus egg extracts were incubated with antibodies
pre-bound to Protein A Sepharose beads (50 g total IgGs from serum per L of beads) at a
4:1 ratio of extract to beads for 40 minutes at 4°C for three rounds.

BRCAL inhibitory peptides

X.I.BARD1 residues 2-195 corresponding to H.s.BARDL1 residues 2-202 containing the
RING domain were cloned into pGEX-6P-1 to create an N-terminal GST fusion construct.
The RINGAA alanine insertions (after amino acids 35 and 100) were introduced by Site-
Directed Mutagenesis (Agilent Technologies, Santa Clara, CA, USA). Recombinant RING-
GST fusions were expressed using BL21 cells induced by 0.5 mM IPTG and purified using
Glutathione Sepharose 4B (GE Healthcare, Piscataway, NJ, USA). Where indicated, extract
was supplemented with 38 uM RINGWT or RINGAA peptide. The following peptides
(X.I.Abraxas residues 398-408) were synthesized by Tufts University Core Facility:
VEVSRSKpSPTF (pSPTF) and VEVSRSKSPTF (SPTF). Where indicated, extract was
supplemented with 3 mM pSPTF or SPTF peptide. Due to nonspecific inhibitory effects,
SPTF peptides were added to extract after replication forks had converged on the ICL.

BRCA1-BARDL1 purification

The X.I.BRCA1-BARDL1 heterodimeric complex was purified from insect cells as in (Joukov
et al., 2006). Full-length FLAG-BRCA1 and HA-BARD1 were each cloned into pFastBac
and used to generate the corresponding recombinant baculoviruses (Bac-to-Bac Baculovirus
Expression System, Life Technologies, Carlsbad, CA, USA). Sf9 cells were co-infected with
both viruses and the heterodimer was purified from cell lysates by sequential affinity
chromatography using anti-FLAG M2 agarose and anti-HA agarose (both from Sigma-
Aldrich, St. Louis, MO, USA). The eluted heterodimer was then dialyzed (20 mM HEPES
pH 7.6, 100 mM KClI, 2.5 mM MgCl,, 250 mM sucrose, 1 mM DTT) and frozen at —80°C.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ICL repair in Xenopus egg extract
(A) pICL schematic. ICL and cross-linked nucleotides are shown in blue. ChIP primer pairs

are shown for “ICL” (25-132 bp from ICL) and “FAR” (2523-2622 bp from ICL) loci. (B)
Model of ICL repair (Fu et al., 2011; Knipscheer et al., 2009; Long et al., 2011; Raschle et
al., 2008). Parental DNA strands are black, and nascent strands are gray, or red for
emphasis. CMG (replicative helicase complex comprised of Cdc45, MCM?7, and Sld5), Ub
(ubiquitin). See Figure S7 for revised model.
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Figure 2. Ubiquitin signaling is required for replicative helicase unloading
pICL was replicated in egg extract supplemented with buffer (+Buffer), 14 uM UbVS

(+UbVS), or 14 uM UbVS and 50 uM ubiquitin (+UbVS+Ub). Samples were analyzed by
agarose gel electrophoresis to determine the efficiency of (A) replication and (B) ICL repair
(described in Methods). (C-E) Protein recruitment to the ICL was analyzed by ChIP with the
indicated antibodies. (F) Schematic of leading strand intermediates from the rightward
moving fork as it bypasses the ICL. (G) Nascent strand products were analyzed by
denaturing polyacrylamide gel electrophoresis. (H-J) ICL recruitment was analyzed by ChIP
with the indicated antibodies. Note that the MCM7 ChIP signal starts high because MCM2-7
has already been loaded onto DNA at the 0 minute time point as a result of licensing in HSS
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extract (see Methods). All data shown was analyzed from a single experiment. See Figure S1
for primary gel data, ChlP recovery at the FAR locus, quantification of nascent strand
products, and experimental replicates.

Mol Cell. Author manuscript; available in PMC 2015 October 02.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Long et al. Page 20
& Mock ABRCA1
% ~-MCM7 0 15 30 60 90 150 240 0 15 30 60 90 150 240 (min)
>
Cdc45 e
® aBRCA1 * r
2 Converged Forks o - .
% “=RPA
4
0 20 40 60 80 100 120 aChk1 -P .... . - -“
B Time (min)
& 4r FANCD2-Ub
g Eg aFANCD2 --g..ﬂﬁ.-ﬁ.-’. T FancD2
S w0 /\ ~-BRCA1
2 o ) N BARD1
® 4 4 . Converged Forks
B 2 / \sl
c 37
0 20 40 60 80 100 120
C Time (min) E F
9 DNA Synthesis ™ ICL Repair
© 120 ~120 = = 120
2 100 ~*"BRCA1 5 100 P G100
s, / BRCA2 £ 80 8T e ~—Mock
Q &0 RAD51 o 60 N @ 60
>
'-g 40 ~=-FANCI g— 40 'g :1;), 40 - —+ABRCA1
@ 20 =*~FANCD2 o 20 ® D 20 -
o o £ o0 oL (e
0 20 40 60 80 100 120 E 0 60 120 180 240 o« 0 60 120 180 240
Time (min) Time (min) Time (min)
BRCA1 BRCA2 RAD51 FANCD2
—~ 25 —~ 1.4 —~ 20 —~ 5
Lo0! 9\:12 L6 e,
Tis | T o8 T2 £ ——Mock
210 R 3 08 3 2 —4—ABRCA1
o O 044 o o
@ 05 Q 02 o 04 o 1
o ] v [ [
0.0 0.0 0.0 0
0 60 120 180 240 0 60 120 180 240 0 60 120 180 240 0 60 120 180 240
Time (min) Time (min) Time (min) Time (min)
K 15 30 60 90 150 240 (min) L
< < )
Schematic 2 Converged Forks
S \ “ T, G 80
2 ' ) Q%s lU 2 e
%q: h £ —o—-Mock
% A WA\ = 40
\ " " N - - A\ g —+ABRCA1
A 318 A\ = 20
" \ ° o
X ) \ 1x Spot o 0 60 120 180 240
E Time (min)
ﬂ<n1 > Converged Forks
. . e L ] o ..

Figure 3. BRCAL has an early role at ICL-stalled forks
(A-C) pICL was replicated in egg extract and ICL recruitment of various proteins was

analyzed by ChIP. Samples were also analyzed for accumulation of ICL-stalled forks
(Converged Forks) by agarose gel electrophoresis. Relative recovery shown with data
normalized to peak accumulation. All data shown was analyzed from a single experiment
with Converged Forks duplicated in A and B, and BRCA1-ChlP duplicated in B and C. pICL
was replicated in mock-depleted (Mock) or BRCA1-depleted (ABRCAL) extract. Samples
from the same reaction were analyzed by: Western blot with the indicated antibodies (D),
agarose gel electrophoresis to determine the efficiency of replication (E) and ICL repair (F),
ChIP with the indicated antibodies (G-J), and two-dimensional agarose gel electrophoresis
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(2DGE) (K) to analyze accumulation of converged forks (open arrowhead, see schematic
and Figure 1B, i), which is quantified in (L). See Figure S2 for primary gel data, replicates
of ICL repair data, and ChIP recovery at the FAR locus.

Mol Cell. Author manuscript; available in PMC 2015 October 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Long et al. Page 22

A
RPA

<> 14
& 12 ——Mock - ICL
e Mock - FAR
3 ¢ -4 ABRCA1 - ICL
e ¢ ABRCA1 - FAR
[

0~

0 60 120 180 240

Time (min)

B
oy
2 Mock ABRCAT1
= ——118 -0-118
S —+—400 -4=400
2 1454 1454
< —8—2925 -a- 2925
) —=Anti-204 || =*= Anti-204
(7]

1454

Rightward Fork
2925 (with 118 ssDNA test primer shown)

Figure 4. Analysis of strand resection during ICL repair
Mock-depleted and BRCA1-depleted samples from Figure 3D-L were used to analyze: (A)

RPA recruitment by ChiIP, and (B) the presence of sSDNA by quantitative PCR (described in
Methods). The table indicates the distance in base pairs from the 3’ end of the Test primer to
the ICL (*07). The same information is also graphically indicated in (C). (D) Stalled fork
schematic showing the 118 ssDNA Test primer (wavy orange line), which is extended
(dashed orange line) after annealing to ssSDNA. Amplification of the extended Test primer
with Left and Right primers (red arrows) produces a 146 base pair product that is analyzed
by quantitative PCR.
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Figure 5. BRCAL1 depletion inhibits leading strand Approach and helicase unloading
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——Mock
-4~ ABRCA1

Mock-depleted or BRCA1-depleted samples from Figure 3 were analyzed by denaturing
polyacrylamide gel electrophoresis (A) and by ChIP with the indicated antibodies (B-D).
See Figure S3 for quantification of nascent strand products, ChlP recovery at the FAR locus,

and experimental replicates.
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Figure 6. The BRCA1-BARD1 complex is required to promote leading strand Approach and
helicase unloading

pICL was replicated in extracts that were partially depleted of BRCAL (Figure S4A), then
supplemented with buffer (+Buffer), wild-type RING peptide (+RINGWT), or RING peptide
containing two alanine insertions (+RINGAA). Samples from the same reaction were
analyzed by denaturing polyacrylamide gel electrophoresis (A) and by ChIP with the
indicated antibodies (B-C). See Figure S4 for quantification of nascent strand products,
ChIP recovery at the FAR locus, and experimental replicates.
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Figure 7. BRCAL1 and DNA polymerase independently promote helicase unloading
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pICL was replicated in egg extract for 12 minutes. The reaction was then split and
supplemented with buffer (+Buffer) or 50 uM aphidicolin (+Aphidicolin) to block
polymerase activity. Samples from the same reaction were analyzed by: (A) denaturing
polyacrylamide gel electrophoresis, (B) agarose gel electrophoresis to determine the
efficiency of replication, (C-E) ChIP with the indicated antibodies, (F) 2DGE to visualize
the accumulation of converged forks, and (G) agarose gel electrophoresis to determine the
efficiency of ICL repair. See Figure S5 for primary gel data, quantification of nascent strand
products, and ChIP recovery at the FAR locus. (H-J) pICL was replicated in mock-depleted
(Mock) or BRCA1-depleted (AB1) extract for 30 minutes. Each reaction was then split and
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supplemented with buffer or aphidicolin (+Aph) to block polymerase extension. Protein
recruitment to the ICL was analyzed by ChIP with the indicated antibodies. See Figure S6
for primary experimental data.
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