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Abstract

Brcal is required for DNA repair by homologous recombination (HR) and normal embryonic
development. Here we report that deletion of the DNA damage response factor 53BP1 overcomes
embryonic lethality in BrcaZ-nullizygous mice, and rescues HR deficiency, as measured by
hypersensitivity to PARP (polyADP-ribose polymerase) inhibition. However, Brcal,53BP1
double-deficient cells are hypersensitive to DNA interstrand cross-links (ICLs), indicating that
BRCAL has an additional role in DNA cross-link repair that is distinct from HR. Disruption of the
non-homologous end-joining (NHEJ) factor, Ku, promotes DNA repair in Brcal-deficient cells;
however deletion of either Kuor 53BP1 exacerbates genomic instability in cells lacking
FANCDZ, a mediator of the Fanconi Anemia pathway for ICL repair. BRCA1 therefore has two
separate roles in ICL repair, whereas FANCD?2 provides a key activity that can not be bypassed by
ablation of 53BP1 or Ku.

Introduction

In mammalian cells, homologous recombination (HR) and non-homologous end joining
(NHEJ) are the two major pathways involved in the repair of DNA double-strand breaks
(DSBs) (Kass and Jasin, 2010). HR is initiated by DNA end resection, which involves the
production of recombinogenic 3’ single-stranded DNA by the action of several proteins
including BRCAL, Mrell, CtIP, Exol and Blm (Gravel et al., 2008; Sartori et al., 2007;
Stracker and Petrini, 2011; Yun and Hiom, 2009). Following end resection, single-stranded
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DNA is stabilized by binding of replication protein A (RPA). Rad51 subsequently replaces
RPA on single-stranded DNA, enabling strand invasion at an intact homologous DNA
region, which is used as a template for repair (Kass and Jasin, 2010). In contrast to HR,
NHEJ directly re-ligates broken DNA. This process is initiated by the Ku70/Ku80 (Ku)
heterodimer which binds directly to the break and recruits the catalytic subunit of the DNA-
dependent protein kinase (DNA-PKcs), stabilizing and aligning the ends (Getts and Stamato,
1994; Rathmell and Chu, 1994; Taccioli et al., 1994). End rejoining is then completed by
activities of the XRCC4/DNA ligase 1V (Lig4) complex (Critchlow and Jackson, 1998).

The importance of double-strand break (DSB) repair in mammalian cells is demonstrated by
the tumor predisposition in humans and mice associated with mutation of the HR gene,
Brcal. Rescue of homologous recombination in BrcaZ-deficient mice, which can be
achieved by deletion of the DNA damage response factor, 53BP1, causes a significant
reduction in genomic instability and tumor incidence (Bouwman et al., 2010; Bunting et al.,
2010; Cao et al., 2009). Although 53BP1 is not a core NHEJ component, it is required for
V(D)J recombination, class switch recombination and fusion of uncapped telomeres, all of
which are dependent on NHEJ (Difilippantonio et al., 2008; Dimitrova et al., 2008; Manis et
al., 2004; Ward et al., 2003). Rescue of homologous recombination in BrcaZ-deficient cells
by deletion of 53BP1 correlates with a significant increase in exonuclease-mediated
resection of DNA double-strand breaks (Bothmer et al., 2011; Bunting et al., 2010),
highlighting the importance of regulation of DNA end resection in determining DSB repair
pathway choice.

Besides its essential role in repairing DSBs that occur spontaneously during DNA
replication, HR is also important for repair of DSBs that arise during processing of DNA
interstrand cross-links (ICLs) (Kee and D'Andrea, 2010). ICLs, which are produced by the
reaction of certain metabolites and drugs with DNA, activate a repair pathway comprising at
least 15 gene products. Mutation of any of these genes causes the human disease, Fanconi
Anemia (FA), which is associated with pancytopenia, tumor predisposition and
hypersensitivity to DNA crosslinking agents (Kee and D'Andrea, 2010; Wang et al., 2007).
Several recent reports have indicated that genomic instability in FA cells is dependent on the
activity of NHEJ factors (Adamo et al., 2010; Pace et al., 2010). For example, it was
reported that loss of Ku in FANCC-mutant chicken or human cells relieved their sensitivity
to agents that cause ICLs. Furthermore, the activity of NHEJ has been shown to negatively
affect DNA repair in cells lacking the HR factor, BRCA2 (Patel et al., 2011).

To gain further insight into how DNA repair involving BRCAL1 or factors of the FA pathway
is affected by the activity of NHEJ proteins, we have tested the effects of deleting Kvor
53BP1in Brcal- and FANCDZ2-deficient mice. Surprisingly, we find that 538P1 deletion
does not affect the sensitivity of Brcal-deficient cells to DNA cross-linking agents, despite
the previous finding that HR is restored in Brcal,53BP1 double-deficient cells (Bouwman et
al., 2010; Bunting et al., 2010). By contrast, Ku depletion reduces-but does not abrogate-the
sensitivity of Brcal-deficient cells to both PARP (polyADP-ribose polymerase) inhibitor
and cisplatin, suggesting important differences in the roles of Ku70/80 and 53BP1 in
response to ICLs. Contrary to the case with Brcal-deficient cells, we found that deletion of
either Ku80 or 53BP1 causes an increase in the sensitivity of FANCDZ/~ cells to DNA
cross-linking drugs. Thus, loss of NHEJ proteins can either cause additive repair defects, or
suppression of repair defects in response to ICLs.

Mol Cell. Author manuscript; available in PMC 2013 April 27.
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Results

Genomic instability and cell death in Brcal-deficient cells after PARP inhibitor treatment is
dependent on Ku and 53BP1

To investigate how Ku contributes to genomic instability in Brcal-deficient cells, we
knocked down Ku70 in Brca142/A11 mouse embryonic fibroblasts (MEFs). The Brca1411
allele encodes a mutant isoform of Brcal lacking exon 11, which encodes ~50% of the WT
protein (Xu et al., 1999b). As we found previously in primary Brca1412A11 lymphocytes,
Brca1A1/A11 \IEFs are highly sensitive to PARP inhibitor, an agent that is toxic to cells
deficient in HR (Bunting et al., 2010) (Figure S1A). We identified a shRNA (Ku70.1) that
significantly ablated Ku70 expression in Brca141/A11 \EFs, as determined by Western
blotting (Figure 1A). We found that in Brca1412/A11 ce|ls, knockdown of Ku70 caused a
significant decrease in the level of genomic instability (chromosome and chromatid breaks,
radial chromosomes and translocations) induced by PARP inhibitor treatment (Figure 1B)
and improved proliferation relative to cells expressing a control shRNA (Figure 1C). To
further test the importance of Ku70 in modulating the degree of genomic instability in
Brcal-deficient cells, we prepared cells carrying a stably integrated retroviral construct
expressing rat Ku70 (rKu70). Overexpression of Ku70 in these cells led to an increase in
genomic instability in Brca141/A11 and Brca141/A11 538p1~/~ MEFs (Figure 1D, Figure
S1B). Altogether, these results suggest that Ku contributes to genomic instability in
BrcalA1/ALL ge||s,

As reported previously, deletion of 538P1 reduced the level of genomic instability in
Brca1A1/A11 ce|ls (Figure 1B) and significantly increased the proliferation of these cells in
the presence of PARP inhibitor (Figure S1A). Knockdown of Ku70 further reduced the
number of chromosome aberrations observed in Brca141/A11 538p1~/~ cells (Figure 1B),
indicating that both Ku70 and 53BP1 contribute to genomic instability in BrcaZ-deficient
cells.

Brca1A1/A11 and Breai-null mice die /n utero (Ludwig et al., 1997; Xu et al., 1999b).
However, embryonic lethality in Brca142/A11 mice can be overcome by additional deletion
of 53BP1 (Cao et al., 2009). To test whether deletion of Kucould enable an equivalent
rescue of embryonic lethality in Brca1412/411 mice, we bred Brca1414* mice to Ku80*/~
animals. Whereas we were able to obtain Brcal**Ku807~ and Brca141¥* Ku80~~ pups, we
found that Brca1412/A11 K80~ double-deficient mice did not survive to birth (Table 1).
We were also unable to obtain Brca141/A11K;80~~ embryos at E13.5 (Table 1). Thus, in
contrast to deletion of 53BF1, targeting of Ku is not sufficient to overcome the embryonic
lethality phenotype seen in Brca1412/A11 mice,

53BP1 deletion does not affect the sensitivity of Brcal-deficient cells to cisplatin

Platinum-based drugs such as cisplatin and carboplatin are clinically important agents for
the treatment of breast cancer (Cobleigh, 2011). We tested Brca141/A11 gng
Brca1A1/A11538p1~/~ cells to determine their sensitivity to cisplatin. Whereas
Brca1A1/A11538p1~/~ cells were resistant to PARP inhibitor (Figures 1B, Figure S1A), we
found that Brca141/411538p1~/~ cells were just as sensitive as Brcal41/A11 g the effects
of cisplatin. This equivalent sensitivity was seen by measurements of both genomic
instability in lymphocyte metaphases, and colony formation assays using MEFs (Figures 2A
and 2B). The high sensitivity of Brca142/A11538p1~~ cells to cisplatin was unexpected,
because HR is restored to near WT levels in these cells (Bunting et al., 2010).

Genomic instability in cells treated with cisplatin arises from the ability of cisplatin to form
mutagenic intra- and interstrand DNA cross-links (Kee and D'Andrea, 2010; Wang, 2007).
To determine whether intra- or interstrand cross-links were responsible for cisplatin toxicity

Mol Cell. Author manuscript; available in PMC 2013 April 27.
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in Brea1A1/ALL gnd Brea141/A11538p17/~ cells, we tested two additional agents that
produce a high proportion of DNA interstrand cross-links: nitrogen mustard and mitomycin
C (Figures S2A and S2B). Brca1411/A11 ce|ls were hypersensitive to both of these drugs,
and 53BP1 deletion did not affect sensitivity in either case (Figures S2A and S2B). Thus,
even though HR proceeds efficiently, Brca1412/411538P17~ cells are hypersensitive to a
variety of drugs that induce DNA interstrand cross-links.

The sensitivity of Brca141/A11538pP1~~ cells to ICLs indicates that BRCAL has a function
in ICL repair that is separate from its known role in HR. To examine this further, we
measured the assembly of nuclear Rad51 foci in cells treated with MMC. Rad51
nucleoprotein assembly is considered to be an essential step in DNA repair by HR (Kass and
Jasin, 2010). We observed that, as is the case with ionizing radiation, Brca141#/411 ce|ls
showed defective Rad51 foci formation after MMC treatment but Brecaz41/411538p1~/~
cells showed Rad51 foci formation at close to wild-type levels (Figure S2C). As
Brca1A11/A1153p1~/~ cells are nonetheless highly sensitive to DNA cross-linking agents
(Figures 2A and 2B), these data indicate that BRCA1 has a role in DNA cross-link repair
that is independent of its previously known role in mediating Rad51 loading at DNA break
sites.

Rescue of embryonic lethality in Brcal-null mice by 53BP1 deletion

To ensure that our results were not specific to cells with the hypomorphic Brcaz44 allele,
we tested the effect of cross-linking drugs in BrcaZ-null cells. Brecal nullizygosity has a
much more severe phenotype than the Brca1422/A11 mytation, with embryonic lethality at
E5.5-E8.5 in Brcal™~ mice compared to E12.5-E18.5 in Brca141/A11 homozygotes
(Ludwig et al., 1997; Xu et al., 1999b). Furthermore, whereas Brca141/A11553#~ animals
are viable, embryonic lethality in BrcaZ-null animals cannot be overcome by deletion of p53
(Xu et al., 2001). Consistent with this, we found that it was not possible to generate
Brcal™~53BP1** or Brcal™~53BP1%~ pups (Table 1). Strikingly, however, double-null
Brcal™~53BP17~ pups were obtained at a frequency only slightly lower than the expected
Mendelian ratio (Table 1). 5381 deletion, in contrast to p53 deletion, is therefore able to
rescue embryonic lethality in mice that are null for Breal.

Brcal™~53BP17~ mice appeared normal in all respects except that males were sterile and
had small testes (Figure S3A). As was the case with Brca1412/A11538p1~/ cells,
Brcal™~53BP17~ cells showed resistance to PARP inhibitor (Figure S3B) but were
hypersensitive to cisplatin and mitomycin C (Figures S3C—F). Hypersensitivity to DNA
cross-linking drugs is therefore a common feature of BrcaZ-null and Brea1412/A11 ce|ls that
cannot be rescued by 53BP1 deletion. Male specific sterility in Brcal™”~53BP17~ mice
further supports an HR-independent role for BRCA, in this case during spermatogenesis.
Female mice, by contrast, showed normal ovaries and were fertile, suggesting a differential
requirement for BRCAL in male and female gametogenesis. Although Brcal-deficient mice
were previously shown to have a defect in mammary development (1et al., 1999a), we
observed no difference in mammary ductal morphogenesis in female WT, 538P17~ or
Brcal™~53BP17~ mice at pregnancy day P8.5 (Figure S3G).

Cisplatin cytotoxicity in BRCA1-deficient and WT cells is dependent on Ku

As Ku depletion improved the survival of Brca141/A11 ce||s treated with PARPI (Figure
1C), we tested whether Ku similarly modulated their sensitivity to ICLs. Unlike 53BP1
deletion, we found that Ku70 depletion reduced genomic instability in Brca141/411 MEFs
treated with cisplatin, and enhanced their proliferative ability in short-term growth assays as
well as in long-term clonogenic colony formation assays (Figures 2C and 2D, Figure S2D).
Ku70 depletion was also able to improve the growth of Brca141/A11 538p1~/~ MEFs
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bunting et al.

Page 5

treated with cisplatin as measured by colony formation (Figure 2E). Interestingly, we
noticed that Ku70 depletion also enabled WT cells to proliferate better after treatment with
cisplatin (Figure 2E). This is consistent with a previous report, which showed that deletion
of Ku80 afforded increased survival in WT cells treated with cisplatin (Jensen and Glazer,
2004). Furthermore, improved growth in Ku70-deficient cells after cisplatin treatment
correlated with reduced genomic instability (Figure 2F). These findings demonstrate that the
presence of Ku sensitizes WT, Brca141/A1L and Brca141/411538p17/~ cells to the
cytotoxic effects of cisplatin.

Ku antagonizes HR without significantly affecting DSB resection

Rad51 loading at sites of DNA double-strand breaks is a critical step in repair of DNA
damage by HR, and deletion of 53B8FP1 in Brcal-deficient cells was previously shown to
increase the proportion of cells with Rad51 foci following DNA damage (Bouwman et al.,
2010; Bunting et al., 2010). To address the mechanism by which Ku depletion promotes
genome integrity in Brca141/411 ce||s, we tested whether knockdown of Ku70 could cause
an equivalent increase in irradiation-induced Rad51 foci. We found that although Rad51 foci
formation was reduced in Brca141/A11 ce||s relative to WT, knocking down Ku70 caused a
statistically significant (P=0.0005) increase in Rad51 foci (Figure 3A), consistent with an
increase in DNA repair by HR in the absence of Ku70 (Pierce et al., 2001). An increase in
the proportion of irradiated cells exhibiting Rad51 foci after Ku knockdown was also seen in
WT and Brca141/A11538p1~~ cells, although in these cases the increase did not reach the
level of statistical significance.

Exonuclease resection of DNA double-strand breaks is considered to be a critical step in
HR, because it generates single-stranded DNA that allows loading of RPA and Rad51
around the break site. To test the extent to which 53BP1 and Ku regulate resection of DNA
double-strand breaks, we performed anti-RPA chromatin immunoprecipitation in B cells
from WT, 53BP17~and Ku70~~ mice. Stimulation of B cells with LPS and 1L4 generates
multiple DSBs centered around the immunoglobulin heavy chain (IgH) Sy, Sy1, Sy3 and
Se switch regions (Nussenzweig and Nussenzweig, 2010). RPA loads at the site of DNA
double-strand breaks following exonuclease resection, hence a greater enrichment of DNA
sequences in the anti-RPA ChIP fraction indicates a greater amount of DSB resection
(Yamane et al., 2011). 538P17/~ B cells showed a significantly increased extent of pull-
down of IgH sequences in the anti-RPA ChlP fraction (Figure 3B), consistent with enhanced
resection in these cells. This result is in accordance with previous reports, which suggested
that loss of 53BP1 increases the extent of resection of DNA DSBs (Bothmer et al., 2010;
Bunting et al., 2010; Difilippantonio et al., 2008). In comparison to 538P17~ cells,
however, Ku70”~ cells showed only a minor increase in resection relative to WT, as
measured by RPA ChIP at IgH (Figure 3B).

To further test the role of NHEJ factors in the regulation of DSB resection, we pulsed WT,
53BP17~ and Ku70-depleted MEFs with BrdU to enable the measurement of single-
stranded DNA at ionizing radiation-induced DSBs. We adapted an existing non-denaturing
BrdU immunofluorescence protocol for measurement of DSB resection (Sartori et al., 2007)
to allow quantification of the amount of resection in a population of cells by flow cytometry
(Figure 3C). Notably, we found that 538P17~ cells showed a statistically significant
increase in resection after irradiation compared to WT cells (Figures 3C and 3D). In
contrast, Ku70-knockdown cells did not significantly increase resection compared to cells
expressing a control ShRNA. By staining for DNA content in the sample population, we
observed that resection was significantly more extensive in cells in the S/G2 phases of the
cell cycle (Figure S4A), consistent with previous findings (Huertas, 2010). Taken together,
these results indicate that whereas 53BP1 has a major role in regulating resection of DNA
DSBs, Ku plays a more limited role in this process. The increase in Rad51-dependent HR
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seen in Ku-deficient cells after DNA damage (Figure 3A) therefore arises from a mechanism
other than increased resection (see discussion).

BRCA1 mediates FANCD2 foci formation after treatment with cross-linking agents

The sensitivity of Brca141/A11538p1~~ cells to DNA cross-linking agents (Figures 2A and
2B, Figures S2A and S2B) strongly suggests that BRCA1 provides an activity that is
required for DNA cross-link repair that is separate from its function in HR. FANCD2
ubiquitylation and recruitment to sites of DNA cross-links are considered to be essential
steps in cross-link repair (Huang and D'Andrea, 2010; Knipscheer et al., 2009; Long et al.,
2011). We therefore tested whether these steps are normal in Brca1412/411 gnd
Brca1411/A11538p1~/~ cells. BRCA1 was previously reported to be dispensable for
FANCD?2 ubiquitylation, but required for FANCD?2 foci formation after DNA damage
(Garcia-Higuera et al., 2001; Vandenberg et al., 2003). We found that FANCD?2
ubiquitylation, as measured by Western blotting, was not significantly altered in either
Brca1A1/A11 or Brea1A1l/AL1538p1~/~ cells (Figure 4A). By contrast, the number of cells
showing FANCD?2 foci after treatment with cisplatin or mitomycin C was reduced in both
Brca1A1/A11 gnd Brea1A1/411538p1~/~ cells (Figure 4B). Reduced FANCD2 foci in these
cells was not caused by reduced growth rate, as Brca1412/A11 Brca1A11/A11538p1~/~ and
WT controls showed a similar cell cycle distribution (Figure S4B).

We found that depletion of Ku mitigates the toxic effects of DNA cross-linking agents
(Figures 2C-F). We therefore extended our approach by testing whether FANCD?2 foci are
affected by the presence of Ku70. We found that depletion of Ku70 restored the formation
of FANCD?2 foci after cisplatin or MMC to a level equivalent to that seen in WT cells
(Figure 4B). We conclude that Ku70/80 affects recruitment or retention of FANCD?2 at sites
of DNA cross-link repair.

Deletion of 53BP1 or Ku exacerbates genomic instability in FANCD2-deficient cells

Hypersensitivity to DNA cross-linking agents is a key diagnostic test for genetic deficiency
in components of the Fanconi Anemia (FA) pathway (Wang, 2007). Cells from FA patients,
or knockout mice with deficiencies in the FA pathway, are unable to repair DNA interstrand
cross-links, and tend to accumulate genomic instability with an increased risk of
tumorigenesis (Kee and D'Andrea, 2010; Wang, 2007). Recent studies have reported that
hypersensitivity of human and chicken DT40 cells to interstrand cross-linking agents can be
rescued by knockdown, deletion or inhibition of NHEJ factors such as Ku, Lig4 or DNA-
PKcs (Adamo et al., 2010; Pace et al., 2010). To test whether it was possible to prevent
genomic instability in FA cells by genetic ablation of DNA damage response factors, we
bred mice that were double-null for the key FA pathway component, FANCDZ (Kee and
D'Andrea, 2010; Wang, 2007), and either 53BP1 or Ku80. Consistent with the reported
sensitivity of FANCDZ™ cells to DNA cross-linking agents (Houghtaling et al., 2003),
cells from FANCDZ™~ mice were hypersensitive to cisplatin and mitomycin C (Figures 5A
and 5B). We found that 53BP1 deletion in FANCD27~ cells led to increased sensitivity to
cisplatin (Figure 5A). Similar results were observed with mitomycin C treatment, which
induced higher levels of genomic instability in FANCD27-53BP17" cells relative to
FANCDZ™~ (Figure 5B). To examine the impact of 538P1 loss in vivo we examined
hematopoietic stem cells (HSCs). FANCDZ™~ mice have hematopoietic defects including a
50% reduction in the frequency of both HSCs and common lymphoid progenitors (CLPs)
(Zhang et al., 2010). Quantification of HSC and CLP frequencies in double-mutant mice
revealed that these defects were equivalent in the combined absence of FANCD2 and 53BP1
(Figures S5A and S5B). Thus, loss of 53BP1 renders FANCDZ2-deficient cells more
sensitive to DNA cross-linking agents, and does not alleviate the severity of hematopoietic
defects in mouse models of Fanconi Anemia.

Mol Cell. Author manuscript; available in PMC 2013 April 27.
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Although Ku80™~ and FANCDZ™~ mice are viable, we were not able to obtain live mice
that were double-null for FANCDZ2and Ku80 (n= 98 pups screened), suggesting that Ku
deficiency also exacerbates developmental defects in the absence of FANCDZ2. This
observation is consistent with a previous report, which showed that cells deficient in both
FANCDZ2and the NHEJ factor DNA-PKcshad a diminished capacity to repair DNA
damage compared to either single mutant (Houghtaling et al., 2005). Although we could not
obtain double-null pups, we were able to isolate FANCDZ”~Ku80™~ MEFs, and we tested
these for their ability to repair interstrand cross-links induced by cisplatin and mitomycin C.
We found that, as compared to FANCD27~ cells, FANCDZ2~Ku80~~ double-knockout
MEFs showed increased chromosomal damage in response to either cisplatin (Figure 5C) or
mitomycin C (Figure 5D). Colony formation assays with FANCD27~Ku80™~ MEFs
revealed that these cells grew significantly worse than FANCD27~ single knockout cells
after treatment with cisplatin or mitomycin C (Figures 5E and 5F). These results indicate
that FANCD2 provides an essential activity for repair of interstrand cross-links in murine
cells that cannot be rescued by deletion of either 538P1 or Ku. Indeed, the increased
severity of the phenotypes observed after combining deficiency in FANCDZ2 with loss of
either 53BP1 or Ku suggests that NHEJ partially compensates for FANCDZ deficiency in
cisplatin-induced ICL repair.

Discussion
Efficiency of ICL repair is modified by BRCA1 and Ku70/80

Our study reveals that the requirements for BRCA1 in Rad51 nucleoprotein assembly
(Bhattacharyya et al., 2000) and FANCD2 retention at DNA damage sites (Vandenberg et
al., 2003) represent two distinct activities of the BRCAL protein. We propose that during
ICL repair, BRCAL functions early at the cross-link excision step, and later, during HR.
53BP1 only affects the function of BRCA1 during the later HR stage. Deletion of 53BP1
therefore has no effect on the hypersensitivity of Brcal-deficient cells to agents that cause
ICLs. In contrast, Ku affects both steps where BRCAL is active, hence deletion of Ku
reduces the hypersensitivity of Brcal-deficient cells to both PARP inhibitors and DNA
cross-linking agents. We summarize these results in a model showing the impact of BRCA1
and NHEJ factors in repairing different types of DNA damage (Figure 6).

Increased DSB resection associated with 53BP1 deletion does not improve ICL repair

Treatment with PARP inhibitor stabilizes single-strand breaks (Figure 6a), which are
converted to double-strand breaks during DNA replication following collapse of the
replication fork at a single-strand break (Bryant et al., 2005; Farmer et al., 2005). According
to our model, the double-strand break formed by this process can be directed to either HR or
NHEJ. The key rate-limiting step is resection of the DSB, which commits repair to HR
(Figure 6b). 53BP1 deletion significantly increases resection; hence in the absence of
53BP1, error-free HR becomes the principal repair pathway (Figure 6c). Cisplatin or MMC
treatment produces ICLs. These ICLs cause replication fork collapse, but in this case, the
double-strand break is not immediately available for HR, because the homologous template
must first be repaired by translesion synthesis (TLS) and nucleotide excision repair (NER)
(Figures 6g—i). Increased resection of DSBs mediated by ablation of 53BP1 may not be
beneficial to ICL repair, and if so, only at a late stage when TLS and NER are complete. On
the other hand, DSBs produced as a consequence of FANCD2-dependent endonuclease
action at DNA cross-links can be inappropriately joined to other DSBs present in the cell by
the action of Ku-dependent NHEJ prior to commitment to HR (Figure 6). Deletion or
knockdown of Ku therefore promotes error-free repair at the sites of ICLs by inhibiting
potentially mutagenic repair by NHEJ.

Mol Cell. Author manuscript; available in PMC 2013 April 27.
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Ku deletion does not rescue the embryonic lethality observed in Brcal-deficient mice. This
also represents a significant difference compared to deletion of 538P1, which rescues the
embryonic lethality of homozygous Brca1412/A11 or Breaz-null mice (Table S1) (Bunting et
al., 2010). Failure of Ku deletion to rescue the embryonic lethality of Brcal-deficient mice
correlates with the minor impact on DSB resection that is achieved by targeting Ku relative
to 53BP1 (Figure 3B-D). This difference in DSB resection likely reflects the distinct nature
of the interaction between these repair factors and DNA. Whereas Ku binds directly to
exposed DNA ends, 53BP1 binds to a histone mark that is present in the entire chromatin
area around the double strand break (Botuyan et al., 2006; Huyen et al., 2004). Any impact
that Ku has on resection is therefore likely to be in the immediate vicinity of the DNA end,
whereas 53BP1 is capable of impacting resection throughout a much larger chromatin
domain. We hypothesize that the ability to bypass the requirement for BRCA1 in
mammalian development requires a large extent of recombinogenic single-stranded DNA
during replication, which is afforded by 538F1 deletion, but not by Ku deficiency. In
summary, although both Ku and 53BP1 antagonize HR, the impact of these factors in
repairing various types of lesions is distinct because Kupromotes mutagenic repair by NHEJ
whereas 53BP1 inhibits DNA end processing.

Differing requirements for BRCA1 and FANCD2 in upstream ICL repair

Our finding that Brcal”~53BP17~ cells are HR competent but still hypersensitive to ICLs
suggests that in addition to its established role in HR, BRCAL has an upstream role in
processing ICLs prior to DSB repair by HR (Figure 6f). BRCA1 has previously been
reported to regulate the accumulation of FANCD?2 into repair foci (Garcia-Higuera et al.,
2001; Vandenberg et al., 2003). We found that FANCD?2 foci are still impaired in
BrcalA1VAl153BP1~/~ cells (Figure 4B), which may explain why loss of 53BP1 does not
reduce the sensitivity of BrcaZ-deficient cells to DNA cross-linking agents. The requirement
of BRCAL1 for optimal retention of FANCD?2 at the sites of ICL repair may be dependent on
the reported ability of BRCA1 to promote chromatin unfolding (Ye et al., 2001), which may
facilitate foci formation by monoubiquitylated FANCD?2. Alternatively, BRCA1 may
regulate signaling pathways downstream of DNA damage (such as ATR activation) (Yarden
et al., 2002) or transcriptional events required for ICL repair (Aiyar et al., 2005; Zhu et al.,
2011).

Depletion of Ku70/80 was able to reverse the defect in FANCD2 accumulation in Brcal-
deficient cells (Figure 4B), suggesting that Ku70/80 and BRCAL have antagonistic effects in
regulating FANCD2 accumulation. Although the exact mechanism by which loss of Ku
increases FANCD2 accumulation is unclear, one possibility is that Ku binding to DNA ends
produced either by endonuclease excision of DNA cross-links or by replication fork
regression displaces FA gene products that are required for faithful repair at the cross-link
site. Alternatively, Ku binding to DNA ends may prevent the action of a putative nuclease
activity recently reported to be associated with FANCD?2 (Pace et al., 2010).

Whereas FANCDZ-deficient cells treated with DNA cross-linking agents accumulate
additional genomic instability in the absence of Ku, Brcal-deficient cells show improved
genomic stability and survival when Ku is depleted (Figures 2C-E, Figures 5C-D). These
data suggest that the role of BRCAL in upstream ICL processing is not essential; BRCA1
rather has an accessory role in mediating optimal FANCD2 accumulation, as in the absence
of BRCA1, FANCD?2 foci after DNA cross-linking are reduced but not absent (Figure 4B).
In contrast, FANCD?2 is an essential player in ICL repair, and a deficiency in FANCD?2 can
therefore not be compensated by deletion of 538P1 or Ku.

Two recent reports indicated that deletion of Ku promotes survival and restores genome
integrity in cells deficient in the FA pathway (Adamo et al., 2010; Pace et al., 2010).
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Nevertheless, discordant results were obtained when testing the effects of various NHEJ
mutants. For example, in chicken cells, it was found that loss of DNA ligase IV (L/g4) in
FANCC-mutant cells caused additive repair defects whereas loss of Ku suppressed the
repair defects (Pace et al., 2010). The difference between our data and previously reported
results may reflect the fact that DT40 cells used in earlier studies utilize HR for repair at a
much higher frequency than other cell types, suggesting that different mechanisms could
regulate DSB repair pathway choice in different model systems (Buerstedde and Takeda,
1991). Moreover, the function of FA proteins in mice and humans may be distinct, as
several mouse models do not typically exhibit as severe congenital and hematopoietic
abnormalities and cancer predisposition as in human patients. Nevertheless, based on our
data on Ku deficiency and a corresponding study with DA/A-PKcs™~ mice crossed with
FANCDZ~ (Houghtaling et al., 2005) (Table S1), we do not believe it will be possible to
relieve the FA phenotype by targeting NHEJ.

Secondary mutations in 53BP1 and Ku as potential contributors to chemoresistance

Methods

Mice

PARP inhibitors have shown considerable promise as targeted therapies for tumors with
deficiencies in BRCA1 or BRCAZ2, and recent profiling of ovarian tumors has indicated that
up to 50% of such cancer cases could be amenable to treatment with PARP inhibitors based
on the presence of mutations that affect HR (TCGA-Network, 2011). Chemo resistance may
arise in cancer cases treated with PARP inhibitor because of the presence of secondary
mutations that reduce the sensitivity of HR-deficient tumor cells to PARP inhibition. We
propose that mutations in 538P1 and Ku70/80 are candidates for altered drug sensitivity in
HR-deficient tumors, and that characterization of the status of these genes is likely to have
prognostic value in planning treatment with PARP inhibitors or platinum-based
chemotherapy.

Mice carrying the Brca1411 allele were obtained from the NIH mouse repository. Brcal-
and Ku80-null mice were obtained as described (Ludwig et al., 1997; Nussenzweig et al.,
1996).

shRNA and growth assays

shRNA constructs were obtained from Open Biosystems. 24 hours after lentiviral infection,
stable integrants were selected with puromycin. Western blotting was performed using anti-
Ku70 mouse monoclonal antibody (mab-Ku70, 3114-500, Abcam used at 1:500). For
overexpression, Rat Ku70 was subcloned (Yang et al., 1996) into the pMX retroviral vector
for infection into passage-immortalized MEFs. For short-term growth assays, cells were
grown continuously with PARP inhibitor or for 24 hours in the presence of cisplatin.
Proliferation was assayed after 5 days with CellTiterGlo (Promega) according to the
manufacturer’s instructions. For colony formation, cells were grown for 14 days, then fixed
with methanol and stained with crystal violet. Metaphase preparation and telomere FISH
was as described (Callen et al., 2007). PARP inhibitor (KU55993) was obtained from Astra
Zeneca.

Native BrdU detection and RPA ChIP

Exponentially growing cells were pulsed with 1uM 5-bromo-2’-deoxyuridine (BrdU, Sigma)
for 36 hrs, irradiated (30Gy, 2hrs recovery at 37°C); then fixed with methanol at —20°C for
20 minutes. Cells were blocked in 3% BSA in PBS for 30 mins, then stained with anti-BrdU
monoclonal antibody for 1hr. Before analysis, propidium iodide was added to a final
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concentration of 20ug/ml. RPA ChlIP was performed as previously described (Yamane et al.,
2011).

Highlights
1. DNA crosslink repair is regulated by two separate activities of BRCA1

2. Ku antagonizes HR by promoting NHEJ whereas 53BP1 inhibits DNA end
resection

3. 53BP1 deletion rescues embryonic development in BRCA1-nullizygous mice

4. Ku deletion exacerbates development defects and instability in FANCD2~/ =
mice

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ku expression correlates with genomic instability and reduced proliferation in Brcal-
deficient cells treated with PARP inhibitor

(A) Ku70 expression in cells expressing Ku70 shRNAs. First lane (GFP) shows expression
of Ku70 in cells expressing a control sShRNA specific for GFP. The GFP and KU70.1
shRNAs were selected for integration into Brca1412/A11 MEFs. (B) Average genomic
instability observed in metaphase spreads from MEF cells treated overnight with 1uM PARP
inhibitor (C) Proliferation of MEFs growing in the presence of 1uM PARP inhibitor, relative
to untreated cells. (D) Genomic instability in metaphases from MEFs overexpressing rat
Ku70. Error bars show standard deviation in each case. See also Figure S1.
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Figure 2. Reduced genomic instability and increased survival of Brcal-deficient cells with Ku70

knockdown after cisplatin treatment

(A) Frequency of radial chromosome formation in lymphocytes of the indicated genotypes
after overnight treatment with 5uM cisplatin. (B) Colony formation in MEFs treated for 2
hrs with cisplatin. (C) Genomic instability in MEFs expressing stably integrated ShRNA
against either GFP or Ku70, treated overnight with 5uM cisplatin. (D) Growth of
BRCA1ALVALL cells with stably integrated Ku70 shRNA in the presence of cisplatin.
Cisplatin was applied for 24 hrs and growth assayed with CellTiter-Glo after a total 5 days.
(E) Colony formation of MEF lines treated for 2hrs with cisplatin. (F) Genomic instability in
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control (WTshGFP) or Ku70 knockdown MEFs after overnight treatment with 5uM
cisplatin. Error bars show standard deviation in each case. See also Figure S2.
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Figure 3. Effect of 53BP1 and Ku on Rad51 foci and DSB resection
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(A) Quantification of Rad51 immunofluorescence in mouse embryonic fibroblasts of the
indicated genotypes. Cell expressing either control ShRNA against GFP or ShRNA against

Ku70 were irradiated (5Gy, 4hrs recovery) and stained with anti-Rad51 antibody. The

average percentages of cells (+/- standard deviation) with more than 5 nuclear foci from
three experiments are shown. (B) Anti-RPA ChIP-Seq in B cells. B cells were stimulated to
undergo class switch recombination in vitro. Chromatin from B cells was harvested 48 hrs
post-stimulation and used for RPA ChIP. RPA read count (normalized by the total library
size per million) is shown at the IgH locus. (C) Non-denaturing anti-BrdU
immunofluorescence in MEFs treated with ionizing radiation (30Gy, 2 hrs recovery),
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measured by flow cytometry. Resection is measured by detection of exposed BrdU (x-axis).
(D) Quantification of mean BrdU fluorescence intensity of the irradiated population shown
in (C), normalized to the untreated population. Average +/- standard deviation from 5
experiments. See also Figure S4.
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Figure 4. FANCD2 ubiquitylation and damage foci in Brcal-deficient cells

(A) Western Blot showing FANCD2 ubiquitylation in WT, Brca1411/A11 gng
Brca141/A11538p1~/~ MEFs with and without cisplatin (CDDP) treatment.
Brca141/A11538p1~/~ MEFs expressed either control SARNA or shRNA against Ku70. (B)
FANCD?2 foci analysis in MEFs treated with either cisplatin or mitomycin C. Cells with
more than 10 FANCD2 foci were scored as positive. Mean +/- SEM shown. See also Figure
S3.
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Figure 5. Genomic instability in metaphases from cells treated overnight with drugs to induce

DNA interstrand cross-links (ICLs)

(A) Genomic instability in B cells from WT, FANCDZ7~and FANCDZ2~53BP1~~ mice
treated overnight with 5uM cisplatin. (B) Genomic instability in B cells from WT,
FANCDZ”~and FANCDZ7~53BP1~~ mice treated overnight with 250 nM mitomyin C
(MMC). (C) Total genomic aberrations in metaphases from FANCDZ™~and FANCDZ7~
Ku80™~ mouse embryonic fibroblast cells after overnight treatment with 5uM cisplatin. (D)
Genomic instability in metaphases from FANCD27~and FANCDZ”~Ku80™" after
overnight treatment with 250nM MMC. (E) Colony forming assay in WT, FANCDZ™~ and
FANCDZ7~Ku80”~ MEFs treated with cisplatin. (F) Colony forming assay WT,

Mol Cell. Author manuscript; available in PMC 2013 April 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bunting et al.

Page 21

FANCDZ™~ and FANCDZ2,Ku80 double-knockout MEFs treated with mitomycin C. (Mean
+/- standard deviation shown.) See also Figure S5.
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Figure 6. Model for repair of DNA double-strand breaks (DSBs) induced by PARP inhibitor or
DNA cross-linking agents
(a) Treatment with PARP inhibitor stabilizes spontaneous DNA single-strand breaks, which

are converted to DSBs during DNA replication (Bryant et al., 2005; Farmer et al., 2005). (b)
DNA DSBs can be repaired either by NHEJ or HR. (c) 5" — 3" exonuclease resection
commits repair to the error-free HR pathway. 53BP1 antagonizes double-strand break
resection. (d) Ku70/80 can potentially join the DSB to a second DNA end present in the
cells to cause chromosome rearrangements. (€) Treatment with cisplatin or MMC generates
interstrand DNA cross-links. (f) Interstrand cross-links cause replication fork stalling and
collapse. Accumulation of FANCI/D2, dependent on BRCAL, recruits endonucleases that
cut DNA on either side of the interstrand cross-link to generate a double-strand break (g).
(h) Trans-lesion synthesis (TLS) and (i) nucleotide excision repair (NER) re-generate duplex
DNA on one sister chromatid, enabling homology-dependent repair of the DNA DSB. (j)
Aberrant joining mediated by Ku70/80-competes with normal repair and can potentially
generate chromosome rearrangements leading to cancer or cell death.
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