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BRCA1 is essential for homology-directed repair (HDR) of DNA
double-strand breaks in part through antagonism of the nonhomol-
ogous end-joining factor 53BP1. The ATM kinase is involved in
various aspects of DNA damage signaling and repair, but how ATM
participates in HDR and genetically interacts with BRCA1 in this
process is unclear. To investigate this question, we used the Brca15"%"
mouse model carrying a mutation in the BRCA1 C-terminal domain of
BRCA1. Whereas ATM loss leads to a mild HDR defect in adult somatic
cells, we find that ATM inhibition leads to severely reduced HDR in
Brca15">%% cells. Consistent with a critical role for ATM in HDR in this
background, loss of ATM leads to synthetic lethality of Brca75'>%%"
mice. Whereas both ATM and BRCA1 promote end resection, which
can be regulated by 53BP1, 53bp17 deletion does not rescue the HDR
defects of Atm mutant cells, in contrast to Brcal mutant cells. These
results demonstrate that ATM has a role in HDR independent of the
BRCA1-53BP1 antagonism and that its HDR function can become crit-
ical in certain contexts.

ATM | BRCA1 | homology-directed repair | homologous recombination |
olaparib

DNA double-strand break (DSB) is one of the most cytotoxic

types of DNA damage and poses a significant threat to genome
integrity. Two major DSB repair pathways exist in mammalian cells:
homology-directed repair (HDR) and nonhomologous end joining
(NHEJ) (1, 2). In NHEJ, DNA ends are minimally processed before
rejoining. By contrast, HDR initiates with resection of DNA ends to
generate single-strand DNA for RAD51-mediated strand invasion of
a homologous template. HDR is considered a relatively error-free
repair pathway, such that defects in HDR result in the use of more
error-prone repair mechanisms that predispose cells to genome in-
stability and tumorigenesis or cell death.

An essential HDR factor is the breast tumor suppressor BRCA1,
which promotes the initial end resection step of HDR, as well as
later steps (1, 3). HDR defects in BRCAl-deficient cells can be
suppressed by loss of 53BP1, an NHEJ protein that impedes end
resection (4-6). BRCA1 and 53BP1 operate antagonistically at
different cell cycle phases: 53BP1 and interacting proteins RIF1 and
PTIP counteract BRCA1 in G1 phase to limit end resection; by
contrast, BRCA1 suppresses 53BP1 function in S/G2 phases to
promote resection (3, 7). In addition to antagonizing 53BPI,
BRCAL1 binds to the resection factor CtIP and facilitates its activity,
although the mechanisms merit further investigation (8-11).

ATM kinase is the master regulator of the DNA damage sig-
naling and repair machinery in response to DSBs, and a suppressor
of lymphoid and mammary tumors (12, 13). In repair, ATM is
implicated in various aspects of NHEJ, e.g., in maintaining the
fidelity of the joining process (14, 15). ATM-mediated phosphor-
ylation is required for the proper functioning of 53BP1 in NHEJ (3,
7) and for the destabilization of BRCA1-PALB2 complex to pre-
vent HDR in G1 phase (16). Conversely, ATM is also proposed to
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participate in HDR (17, 18), e.g., by phosphorylating CtIP in co-
operation with cyclin-dependent kinase to stimulate end resection in
S/G2 phases (19-23). However, several studies have shown that
ATM is not essential for HDR in some contexts, €.g., mouse em-
bryonic stem (ES) cells (24-27). Further, unlike the severe pheno-
types of mice deficient in core HDR factors such as BRCA1 (28),
Atm nullizygous mice are viable (29, 30). Therefore, it remains an
open question whether ATM plays a significant role in HDR.

In this study, we examine the genetic interactions between ATM,
BRCAL1, and 53BP1 in mice using a hypomorphic mutant,
BrealS*F (Breal®"), carrying a mutation in the BRCA1 C-terminal
(BRCT) domain (31). We present evidence that ATM is critical
for the residual HDR in Breal®F cells, and that loss of ATM in
Breal®F mice leads to synthetic lethality, consistent with the em-
bryonic lethality of mouse mutants with severe HDR defects. In-
terestingly, unlike in the BrcaIS" mutant, the resection and HDR
defects in the A#m mutant cannot be rescued by 53bp! deletion.
These genetic analyses indicate that ATM has a role in HDR
independent of the BRCA1-53BP1 antagonism and, although
normally not essential for HDR, this role becomes critical when
certain functions of BRCAL are compromised.

Results

ATM Inhibition Reduces HDR in Brca7" Embryonic Stem Cells. Be-
cause BRCA1 and ATM have both been implicated in DNA end

Significance

The tumor suppressors BRCA1 and ATM have both been im-
plicated in the early steps of homologous recombination, also
termed homology-directed repair (HDR). However, how ATM
genetically interacts with BRCA1 in this process is unclear. In
mice carrying a breast cancer-derived mutation in the BRCA1
C-terminal (BRCT) domain, we find that ATM becomes essential
for supporting the residual levels of HDR necessary to repair a
DNA break. ATM-mediated HDR is not affected by the status of
53BP1, an antagonizing factor of BRCA1. ATM loss is associated
with synthetic lethality of BRCT mutant mice, which provides
insight into the therapeutic potential of utilizing ATM kinase
inhibitors in combination with PARP-inhibitor therapy for cer-
tain BRCA1-deficient tumors.

Author contributions: C.-C.C., E.M.K., and M.J. designed research; C.-C.C., EM.K., and
W.-F.Y. performed research; C.-C.C., E.M.K., and T.L. contributed new reagents/analytic
tools; C.-C.C., EEM.K,, W.-F.Y., T.L,, M.E.M,, J.C,, and M.J. analyzed data; and C.-C.C., EEM.K.,
and M.J. wrote the paper.

Reviewers: J.C., University of Texas MD Anderson Cancer Center; and L.Z., Massachusetts
General Hospital Cancer Center.

The authors declare no conflict of interest.
To whom correspondence should be addressed. Email: m-jasin@ski.mskcc.org.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1706392114/-/DCSupplemental.

PNAS | July 18,2017 | vol. 114 | no.29 | 7665-7670

n
1]
=
]
=
]
o



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1706392114&domain=pdf
mailto:m-jasin@ski.mskcc.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706392114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706392114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1706392114

L T

z

1\

BN AS  DNAS P

resection, for the first step of HDR, we investigated the genetic
interaction of the two proteins. Whereas complete loss of
BRCAL1 leads to cell lethality, mice expressing BRCA1 S1598F
(SF) are viable; this mutation ablates the interaction of the
BRCA1 BRCT domain with phosphoproteins (31) (Fig. 14).
HDR was substantially reduced in mouse BrcalS™5" ES cells, as
demonstrated using the direct repeat (DR)-GFP reporter assay
(more than fivefold) (31) (Fig. 1B). By contrast, HDR levels
were not significantly reduced in the Atm ™~ cells (Fig. 1B and SI
Appendix, Fig. S14), as previously reported (25-27), indicating
that ATM is not required for HDR in these cells. However, we
observed that HDR was reduced at an earlier time point (i.e.,
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Fig. 1. ATM inhibition reduces HDR in Brca?*"*f ES cells. (A) Mouse BRCA1
S1598F (SF) protein has a point mutation in the BRCT domain that disrupts the
interaction with phosphoproteins. (B) The DR-GFP reporter consists of two
copies of mutant GFP genes. A DSB introduced by I-Scel endonuclease in SceGFP
can be repaired by HDR using iGFP as a template and restore a functional GFP*
gene. HDR is substantially reduced in Brca1*F ES cells. HDR in Atm™" ES cells
has no significant difference from WT cells, however a ~40% reduction is seen
at an earlier time point (24 h posttransfection of an |-Scel-expression vector). All
error bars represent 1 SD from the mean. (n > 3). (C) ATMi (3 uM) treatment
suppresses HDR to a greater extent in Brca1*™* than in WT ES cells. (n = 5).
(D) Brca1s™*f ES cells show a further reduction in colony number upon the
combined treatment of olaparib (2 d) and ATMi (continuous). The fold is rela-
tive to the colony number of DMSO treatment. (n = 3). (E) ATMi-treated
Ctip*32%4~ ES cells are slightly more sensitive to olaparib compared with
Ctip™" cells; however, the level is not comparable to the hypersensitivity in
Brca1°™5F cells. *P < 0.05 vs. Ctip™~ (n = 4). CC, coiled coil; NLS, nuclear local-
ization signal.
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24 vs. 48 h after transfection), such that Atm ™~ ES cells showed a
delay in HDR, but eventually reached wild-type (WT) levels.

To examine the interaction between ATM and the BRCA1
mutant, ES cells were treated with an ATM inhibitor (ATMi)
KU-55933. ATMi treatment reduced HDR in both WT and
BrealS™SF cells; the reduction was greater in BrealS™" cells,
leading to an overall 19-fold reduction in HDR compared with
DMSO-treated WT cells (Fig. 1C). These differences were not re-
lated to changes in cell cycle distribution (SI Appendix, Fig. S1B).
Thus, ATM kinase activity supports HDR in Brcals"" cells.

We also examined the response of these ES cell lines to
olaparib, a poly(ADP ribose) polymerase inhibitor (PARPi),
treatment of which is synthetically lethal with HDR deficiency (32).
Transient olaparib exposure had little effect on WT ES cells at the
doses tested, but decreased colony formation of both mutants (Fig.
1D). Interestingly, Arm™~ ES cells showed a similar sensitivity as
BrealS™SF cells, despite only a kinetic delay in HDR in the DR-
GFP assay, suggesting additional repair deficiencies such as pro-
cessing of DNA ends at trapped PARP complexes (33). ATM
inhibition in BrealS"ST cells led to extreme sensitivity of these cells
to olaparib in colony formation assays (Fig. 1D and SI Appendix,
Fig. S1C), consistent with the exacerbated HDR defect.

The mouse Brcals" mutation encodes a protein that corre-
sponds to the familial breast cancer mutation S1655F, which dis-
rupts the interaction of the BRCT domain with a number of
phosphoproteins, including the resection factor CtIP (34). Pre-
vious studies have shown that phosphorylation of human CtIP at
residue S327 (S326 in mouse) mediates its interaction with BRCA1
(35). CtIP phosphorylation at this residue is not essential for end
resection but can stimulate the process (10).

We asked whether mouse cells expressing CtIP S326A, which is
deficient in binding BRCA1 (8), recapitulate Brcal®" mutant
phenotypes and have a similar dependence on ATM for HDR.
Unlike Breals™F ES cells, Ctip®*?°*~ ES cells showed no signif-
icant reduction in HDR, as reported previously (8) (S Aﬁpendix,
Fig. S1D), and ATMi treatment reduced HDR in Crip**2%Y/~ cells
to a similar extent as in Ctip*’~ cells (SI Appendix, Fig. SIE).
Further, Ctip532**~ cells showed only a mild sensitivity to olaparib
compared with Brcal®F cells and, whereas inhibition of ATM in
the olaparib-treated Ctip53?*Y'~ cells reduced survival more than
that in Crip*'~ cells, it was not equivalent to the extreme hyper-
sensitivity of the similarly treated Brcal"S¥ cells (Fig. 1E). Thus,
disruption of the interaction of CtIP with BRCA1 does not re-
capitulate the phenotype of Brcal5™F cells, including the degree
of dependence on ATM for HDR, and suggests that loss of in-
teraction of the BRCT domain with other or additional factors is
responsible for the phenotype of these cells.

Brca1’f Mutation Is Synthetically Lethal with Atm Nullizygosity.
Breal*"4!1 mice that express the exon 10-12 spliced product
of BRCALI with an intact BRCT domain die during embryo-
genesis (36), but loss of ATM or CHK2 rescues the embryonic
lethality (37). Presumably, unrepaired DNA damage triggers a
DNA damage response throu%h ATM-CHK?2 that confers a
survival disadvantage to Brcal*?""4!! embryos.

BreaI®™ " mice show a less penetrant phenotype than Brcal*//4!!
mice: Breal®™F mice can be recovered, but they were observed at
about half the expected Mendelian frequency at weaning (Fig. 24). To
determine whether the reduced survival of Breal*"" mice
could be rescued by dampening the DNA damage response or
whether the role for ATM in HDR becomes important in this
context, matings were performed to generate Atm~'~Brcal"S
and Chk27~Brcal™" mice. Heterozygous Atm deletion, as well
as heterozygous and homozygous deletion of Chk2, partially res-
cued the BrealS™" mice (Fig. 2.4 and B), indicating that a DNA
damage response reduces the survival of Brcal*F mice. How-
ever, we did not recover viable Atm ™" Brcal’™SF double mutants,
indicating that ATM is required for the survival of Brcal>™SF mice
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A Atm* Brca1s* x Atm**Breals7+ (Total: 463) *2 dead pups found at birth

Atm +/+ +/- -/-
Brcals | +/+ | SF/+ | SF/SF | +/+ | SF/+ | SF/SF | +/+ | SF/+ | SF/SF
Observed 33 72 16 63 157 44 31 47 *0

Expected | 28.9 57.9 28.9 57.9 | 115.8 | 57.9 28.9 57.9 28.9

B chk2vBrea1s x chk2*Brea1s7+ (Total: 183)

Chk2 +/+ +/- -/-
Breals | +/+ | SF/+ | SF/SF | +/+ | SF/+ | SE/SF | +/+ | SF/+ | SF/SF
Observed 15 28 1 31 51 18 11 22 6

Expected | 11.4 22.9 11.4 229 45.8 229 11.4 22.9 11.4

C Atm*/-Brcal5/*53bp1*/- x Atm*/-Brcal5/+53bp1*/- (Total: 483)

Brcalst SF/SF
53bp1 +/+ +/- /- Others
Atm H+ | 7 H+ | i +H+ | - i
Observed 5 8 0 11 33 3 7 18 5 393
Expected | 7.55 | 15.09 | 7.55 | 15.09 | 30.19 | 15.09 | 7.55 | 15.09 | 7.55 |362.25

Fig. 2. The Brca?*" hypomorphic allele shows synthetic lethality with Atm
nullizygosity. (A) Atm heterozygosity rescues the sub-Mendelian ratio of
Brca1°75F mice. However, no live Atm~"~Brca1*"*f double mutant mice are
recovered at weaning. (B) Heterozygous and homozygous deletion of Chk2
partially rescue the sub-Mendelian ratio of Brca1°7*F mice. (C) Heterozygous
and homozygous deletions of 53bp1 rescue the viability of Atm™~Brca157sF
double mutant mice.

(Fig. 24). These results suggest that the lethality associated with
complete loss of ATM is due to another function of ATM such as
in DNA repair, specifically HDR.

To approximate at what stage Afmm ™ "BrcalS"S' mice die,
timed matings were set up to harvest embryos. Atm™~Brcals™SF
embryos were underrepresented at midembryogenesis, although
at both embryonic days E9.5 (ST Appendix, Fig. S24) and E13.5
(SI Appendix, Fig. S2B) one double mutant was recovered; both
embryos appeared smaller than their single mutant littermates.
Mouse embryonic fibroblasts (MEFs) derived from the E13.5
embryo failed to proliferate in culture. Overall, our results indicate
that Afm nullizygous mutation leads to a synthetic, embryonic
lethality in the context of the Brcal! missense mutation, in con-
trast to the rescue of viability observed with the Brcal*' allele.
The difference between the two Brcal alleles may relate to the
BRCT domain, which is intact in the protein expressed from the
Breal*! allele (38).

HDR in Brca?*f Primary Mouse Fibroblasts Is Further Reduced by ATM
Inhibition. To investigate the mechanism of synthetic lethality, we
examined HDR in primary fibroblasts using mice containing an
integrated DR-GFP reporter and a doxycycline (Dox)-inducible
I-Scel endonuclease (27, 39). Primary ear fibroblasts from the
Breal*™™F and Atm™~ mice showed 3- and 2-fold reductions in
HDR, respectively (Fig. 3 A and B), whereas ATM inhibition of
WT cells reduced HDR by 1.6-fold (Fig. 3C). To take into account
animal variation in [-Scel expression, the percentage of GFP™ cells
was normalized to total DSB repair events (SI Appendix, Fig. S3A4),
which confirmed the fold reductions in HDR (SI Appendix, Fig. S3
B and C). Unlike the delay of HDR seen in Atm™~ ES cells, a
similar reduction in HDR in Afm™~ compared with control ear
fibroblasts was observed at all time points following DSB induction
(SI Appendix, Fig. S3D). Other somatic cell types from Asm ™~ mice,
i.e., splenic B cells and mammary epithelial cells, showed similarly
impaired HDR (SI Appendix, Fig. S3 E and F), as did a distinct Atm
mutant (30) (SI Appendix, Fig. S3G). Thus, loss of ATM causes a
defect in HDR in mouse primary adult somatic cells, as measured
by the DR-GFP reporter assay, although not to the same extent as
with the hypomorphic Brcal" allele (SI Appendix, Fig. S3 B and H).
Brcal®F heterozygosity did not significantly affect HDR when
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normalized in either fibroblasts or mammary cells (SI Appendix,
Fig. S3 B and H).

Although ATM deficiency by itself caused only a mild HDR
defect, ATM inhibition in Brcal®*F ear fibroblasts greatly ex-
acerbated their HDR defect, such that the overall reduction of
HDR relative to DMSO-treated WT cells was 14-fold (Fig. 3C).
The large HDR reduction in ATMi-treated BrcalSSF cells was
not related to changes in cell cycle distribution (SI Appendix, Fig.
S3I). Treatment of a CHK2 inhibitor slightly reduced HDR in
the BrealS"S¥ ear fibroblasts, but the extent was not significantly
different from that in WT or Atm ™~ cells (SI Appendix, Fig. S37),
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Fig. 3. ATM inhibition exacerbates HDR and SSA defects in Brca?*™ primary
cells. (A) Primary ear fibroblasts from Brca7**F mice have an ~3-fold reduction
in HDR compared with WT cells. /-Sce**: these mice are homozygous for the
TRE-I-Scel allele when indicated (n > 9). (B) Primary ear fibroblasts from Atm™-
mice have a 2-fold reduction in HDR (n > 10). (C) ATMi treatment reduces HDR
in Brca1°F ear fibroblasts to a greater extent than in WT cells (n > 3). (D) HDR
is ~8-fold lower in Brca?™f than in WT MEFs, whereas the reduction is only
~40% in Atm™~ MEFs. (E) ATMi treatment reduces HDR in Brca?1>7*F MEFs to a
greater extent than in WT MEFs. (F) The inducible I-Scel/DR-GFP system consists
of the DR-GFP reporter, a CMV-rtTA transactivator, and a doxycycline (Dox)-
inducible I-Scel transgene. I-Scel is induced by Dox treatment and introduces a
DSB in the DR-GFP reporter that if repaired by HDR, restores GFP expression.
The DSB can also be repaired via SSA if resection exposes complementary
strands in both SceGFP and iGFP, which then anneal to give rise to a shortened
reporter product. SSA events are detected using a specific primer set (blue) and
the intensity is normalized to the structurally intact reporter using primers
flanking SceGFP (blue forward, black reverse). (G) The relative levels of SSA are
reduced by ~2.5-fold in Atm™" ear fibroblasts compared with control cells (WT
or Atm*"). The SSA product is observed only when I-Scel is induced. Relative fold is
calculated between mutant and control cells on the same gel (n = 7). (H) Relative
levels of SSA in Brca1°*f ear fibroblasts are ~3-fold lower than in control cells, and
ATMi treatment further reduces SSA in Brca1*™" cells. *Brca1*"*F: Atm™"* or Atm*'~
(n = 8). All error bars represent 1 SD from the mean.
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consistent with the notion that the reliance on ATM in the
Breal®F mutant is related to its role in DNA repair.

We F})erformed a similar analysis in MEFs. In untreated
Breal’™F MEFs, the reduction in HDR was larger than in ear
fibroblasts, but was similar to ES cells (~8-fold; Fig. 3D and SI
Appendix, Fig. S3K), suggesting that BRCA1 has a more pro-
nounced role in HDR in embryonic cells than adult cells. Con-
versely, HDR was reduced to a somewhat lesser extent in Atm ™'~
MEFs and ATMi-treated WT MEFs (Fig. 3 D and E), indicating a
less critical role for ATM in embryonic cells. However, as with the
ear fibroblasts, the HDR defect in BrcalSF MEFs was further
exacerbated by ATMi treatment, such that the overall reduction in
HDR was 20-fold compared with WT cells (Fig. 3E). Overall,
these results demonstrate that ATM is critical for much of the
residual HDR in the Brcal™" cells, potentially accounting for
the synthetic lethality observed in double mutant mice.

ATM Kinase Inhibition Further Reduces SSA in Brca7" Mutant Cells.
Evidence suggests that both BRCA1 and ATM promote DNA
end resection (6, 20, 40). End resection is a common step for
HDR and another homology-based DSB repair pathway, single-
strand annealing (SSA), in which complementary single strands
generated by resection at sequence repeats anneal, resulting in a
deletion of the sequence between the repeats; thus, a defect in end
resection compromises both pathways (40). By contrast, defects in
downstream steps of HDR such as RADS]1 filament formation
increase SSA. Using a PCR-based assay with the DR-GFP re-
porter to quantify SSA (41) (Fig. 3F), we found that loss or in-
hibition of ATM reduced SSA by 2- to 2.5-fold in ear fibroblasts
(Fig. 3 G and H), as reported previously for mouse ES cells (42).
The decreased levels of SSA are comparable to our HDR results
and are consistent with a role for ATM in the end resection step of
DSB repair.

As with HDR, BrcalSFSF cells showed a threefold reduction in
SSA (Fig. 3H), similar to cells carrying the cognate human
BRCA1 mutation (4_2_ Notably, ATM inhibition further de-
creased SSA in Breal®F cells for an overall 10-fold reduction
compared with WT cells, indicating that both end resection-
dependent DSB repair pathways, HDR and SSA, rely heavily on
ATM in Brcal®" mutant cells.

53bp1 Deletion Does Not Restore HDR in ATM-Deficient Cells. The
NHE]J protein 53BP1 suppresses DNA end resection, such that loss
of 53BP1 significantly restores HDR in BRCA1-deficient cells (5, 6).
Thus, we hypothesized that loss of 53BP1 would rescue the sur-
vival of Atm-Brcal®" double mutant animals. As predicted, viable
Atm™ Breal*"$"53bp17~ mice were recovered (Fig. 2C). Interestingly,
53bpl heterozygosity also led to a rescue of A~ Brcal®™ " animals,
although partial. In Brcal SFISF fibroblasts and mammary cells, ho-
mozygous deletion of 53bpI fully rescued the HDR defect (Fig. 44
and SI Appendix, Fig. S4 A and B), indicating that the functions of
BRCT domain are involved in counteracting 53BP1 (44-46). In-
terestingly, in both cell types, heterozygosity for the 53bp! mutation
also led to a moderate increase in HDR (~50%) (Fig. 44 and SI
Appendix, Fig. S4 A and C). Thus, even partial loss of 53BP1 protein
increases HDR in the BreaI®" mutant setting,

We investigated whether 53bp] mutation would also rescue
HDR defects in A mutant cells as it does in Brcal mutant cells.
Importantly, Atm™~53bpl~~ ear fibroblasts showed the same
approximately twofold decrease in HDR as Atm™~ cells (Fig. 4B
and SI Appendix, Fig. S4D). The lack of rescue of the HDR defect
in Atm mutant cells by 53bpI loss indicates that ATM operates
separately from the BRCA1-53BP1 antagonism in HDR. Con-
sistent with this intergretation, HDR was approximately twofold
lower in Atm™"Brcal>"SF53bpI~'~ ear fibroblasts compared with
Breal"SF53bp17'~ cells (Fig. 4C and SI Appendix, Fig. S4E), in-
dicating that 53bpl loss specifically rescues the HDR defect
caused by the Breals" mutation but not that of the Afm mutation.
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Fig. 4. ATM promotes HDR independently of the BRCA1-53BP1 antagonism.
(A) HDR in Brca1575F ear fibroblasts is significantly increased by heterozygous
or homozygous deletion of 53bp1. *53bp1~~: Brcal™* or Brca?*™ (n > 3 ex-
cept n =2 for 53bp17~""). (B) Deletion of 53bp1 does not restore the HDR defect
in Atm™" ear fibroblasts (n > 4). (C) Loss of Atm in Brcal"*f53bp1~"~ ear fi-
broblasts reduces HDR by twofold (n = 2 for triple mutant). (D) ATMi treat-
ment reduces HDR in Brca1*7*f53bp1~"~ ear fibroblasts to a similar extent as in
WT or 53bp1~"~ cells (n > 3 except n = 2 for 53bp1~"~). (E) The levels of SSA in
both Atm™~53bp1~"~ and Atm™'~Brca1*"F53bp1~~ ear fibroblasts show the
similar twofold reductions as in Atm™" cells (n = 4 for Atm™~53bp1~"~and n =
2 for triple mutant). (F) In Brcal** cells, ATM has a minor role in HDR that
operates independently of the BRCA1-53BP1 antagonism. However, ATM
becomes essential for supporting the residual HDR in Brca1*™F cells and the
viability of Brca757*f mutant mice. All error bars represent 1 SD from the mean.

We also analyzed HDR in BrealS"5F'53bp 17~ ear fibroblasts treated
with the ATMi. HDR was significantly restored in Breal*"*"53bp1 ™"~
cells compared with BrcaI>™" cells, but treatment of ATMi still re-
duced it by ~30%, similar to the fold reduction in WT cells (Fig. 4D).
HDR in 53bp1~"~ cells was similarly reduced by the ATMi (SI Ap-
pendix, Fig. S4F). Thus, 53BP1 loss does not rescue the HDR defect
caused by either ATM loss or inhibition.

Mthou}gh sensitive to ATM inhibition, the level of HDR in the
Breal®"S53bpI*~ cells was still higher than in the BrealsfS
cells (% GFP* 1.8 vs. 0.9, Fig. 4D), indicating that 53bpl
heterozygosity is effective in partially restoring HDR in the
presence of the ATMi. Thus, it seems plausible that HDR in
Atm™ Breals™F53bpI*'~ mice may be restored above a threshold
level that permits their survival.

ATM Supports HDR and SSA Independently of the BRCA1-53BP1
Antagonism. To further examine the interaction of the Awm,
Breal’t, and 53bpI mutations in HDR, we examined RADS51 foci
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in primary ear fibroblasts (SI Appendix, Fig. S4 G and H). As seen
previously in other cell types, both Amm™~ and Breal"SF fibro-
blasts showed a significant decrease compared with WT in the
percentage of cells positive for RADS1 foci following ionizing
radiation (25% and 40% reduction, respectively) (17, 18, 20, 31),
whereas 53bpl~'~ cells showed a small increase (12%). In
BrealS"SF53bp1~'~ cells, RAD51 focus formation was signifi-
cantly rescued compared with BrealS™ST cells, approaching that of
WT cells (SI Appendix, Fig. S4G, a, ¢, and f).

Consistent with the lack of rescue of HDR by 53BP1 loss (Fig.
4B), the number of RADSI1 foci-positive Amm™=53bpl~~ cells
remained lower than WT cells (SI Appendix, Fig. S4G, a and e).
Interestingly, however, a small increase was noted for the Arm™~
53bp1~"~ compared with A ™" cells, although this increase did not
reach statistical significance (SI Appendix, Fig. S4G, b and e). It is
possible that more recombination complexes are able to form with
loss of 53BP1, which are not proficient at HDR (47); alternatively,
more foci may become visible due to increased resection lengths.
The Atm™"Breal®"$"53bp17~ triple mutant also demonstrated
reduced RADS51 foci-positive cells compared with BrealS"F53bp17~
(ST Appendix, Fig. SAG, f and h), further supporting a role for ATM
in generating end-resected intermediates for RADS1 filament for-
mation in cells with compromised BRCA1 and 53BP1 function.

These results suggest that ATM functions in HDR in-
dependently of 53BP1 and BRCAIl and that SSA in ATM-
deficient cells would also not be fully restored by S3BP1 loss.
Whereas 53bpl~'~ cells had an ~1.5-fold increase in SSA,
Atm™'=53bp1™"~ cells showed the same ~2-fold reduction as
Atm™'~ cells (Fig. 4E). Similarly, whereas SSA was restored in
BrcalS"$F53bp17/~ cells, it was reduced by ~2-fold in triple
mutant cells (Atm ™ Breal5"SF53bp1~~, Fig. 4E) and in ATMi-
treated double mutant cells (SI Appendix, Fig. S4I). These results
are consistent with a role for ATM in promoting resection-
dependent repair independently of the BRCA1-53BP1 antagonism.

Discussion

The epistatic relationship of BRCA1 and ATM in HDR is not well
understood in mice, in part because Brcal nullizygosity leads to
early embryonic lethality (28). However, the viability of the hypo-
morphic Breal®F allele with a missense mutation in the BRCT
domain (31) has allowed us to uncover synthetic lethality upon Asm
loss. The findings support a critical role for ATM in maintaining a
threshold level of HDR necessary for viability in the context of a
breast cancer-associated Brcal mutation.

Inhibition of ATM activity in Brcal5™ cells reduces HDR by
up to 20-fold relative to WT cells. As HDR proficiency is essential
for proliferation during mouse development (1), the contribution
of ATM to HDR in Brcal*"S* mice provides a mechanism for the
compromised viability of Afm-Brcal3" double mutant mice. Pre-
vious studies have demonstrated synthetic lethality of A#m mutant
mice with deficiency of other DNA damage response factors such
as H2ax (48). However, the mechanisms of synthetic lethality
appear to differ from what we report here. For example, Atm-
H2ax double mutant cells do not show a further reduction in HDR
compared with H2ax single mutant cells (26).

Whereas some studies have observed a role for ATM in HDR
(17, 18), other studies have not (24-27). Using a highly efficient
reporter system (39), we present evidence that primary somatic cells
of multiple tissue types from A#m mutant mice have an approxi-
mately twofold reduction in HDR following an I-Scel-induced
DSB. In contrast to somatic cells, our results show that ATM loss in
ES cells causes only a transient delay in HDR. The lack of a defect
at later time points in ES cells is consistent with findings from other
groups (25, 26). Given that mouse ES cells have unique properties
in DNA repair compared with more differentiated cell types (ref. 49
and references therein), it is possible that these cells have a reduced
dependence on ATM by using alternative mechanisms to initiate
HDR (50, 51) or simply a greater reliance on BRCAL.
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Although reduced HDR in Atm ™" cells could be associated with
a role for ATM in later steps of recombination (47, 52), the shared
defects in both HDR and SSA together with the reduced RPA
focus formation others observe (19, 20) argue that ATM loss im-
pacts early steps of recombination, such as regulating the end re-
section machinery or the removal of Ku from DNA ends (53).
ATM phosphorylates a network of end resection factors, e.g., CtIP,
MREI11, and EXOI, to initiate and also modulate the extent of
single-strand DNA generation (21-23, 54-56). HDR defects in Atm
mutant cells have also been related to indirect aspects of ATM
activity in chromatin relaxation (22, 57). A role for ATM in pro-
moting end resection in HDR during S/G2 may seem contradic-
tory, considering that ATM also functions in NHEJ: In G1 cells,
ATM both supports 53BP1 function (3, 7) and inhibits end re-
section through phosphorylation of H2AX to promote NHEJ (58).
Removing either 53BP1 or H2AX allows ATM-dependent re-
section to be observed (58-61), although G1 phase resection is not
expected to be productive for HDR, given other restrictive mech-
anisms (16). Importantly, although not usually essential in wild-type
cells, our results indicate that ATM becomes crucial for supporting
the residual end resection and HDR in BreaI®" hypomorphic cells,
which is likely critical for the survival of BrealS" mice.

Our genetic epistasis indicates that the HDR and SSA defects
in Atm™" primary cells cannot be rescued by 53bpl deletion,
distinguishing the function of ATM from the 53BP1-mediated
suppression of BRCA1 and HDR. Further, whereas 53bp1 loss
can restore HDR and SSA in Breal’™ST cells, as with other Brcal
mutant alleles, ATM deficiency in BrealS™F53bp1~'~ cells re-
duces both types of DSB repair to a similar extent as in WT or
53bp17'~ cells. Therefore, our findings support the notion that
ATM has a direct function in promoting end resection in-
dependently of the BRCA1-53BP1 mutual antagonism (Fig. 4F).
We do not rule out the possibility that the BRCA1S™ protein,
which maintains ATM-phosphorylation sites (62), requires ATM
phosphorylation to sustain its hypomorphic function in HDR, in
which case ATM may not be an entirely independent player but
may have cross-talk with BRCAI.

A number of mutations in the BRCT domain of BRCA1 have
been associated with breast cancer (https://research.nhgri.nih.gov/
projects/bic/), including S1655F equivalent to the mouse S1598F
mutation. It remains to be seen how tumors carrying these muta-
tions respond to DNA damaging agents upon ATM loss of func-
tion. The down-regulation of resection suppressors such as
53BP1 has been identified as a mechanism for the acquired re-
sistance to PARP inhibition in BRCA1-deficient mammary tumors
(63-66). Given that ATM still plays a role in HDR in these re-
sistant cells, we envision that inhibition of ATM kinase activity may
have therapeutic potential for certain types of BRCAI-deficient
cancers with acquired resistance to PARP inhibitor therapy.

Materials and Methods

Mouse Care. The care and use of mice were performed with the approval of
the Memorial Sloan Kettering Cancer Center (MSKCC) Institutional Animal
Care and Use Committee in accordance with institutional guidelines.

HDR and Sensitivity Assays. For HDR assays in primary cells, cells at passage
1 were treated with 1 pg/mL Dox to induce I-Scel. For ATM inhibition,
KU-55933 (Calbiochem) was added together with Dox and replenished at
24 h. The % GFP* cells was analyzed after 48 h by flow cytometry. SSA
analysis was performed as described (41). ES cells were electroporated with
an |-Scel expression vector and analyzed after 24 or 48 h by flow cytometry.
For drug sensitivity assays, cells were pretreated with 3 uM ATMi or DMSO
for 2 h, then treated with PARPi olaparib (synthesized in the MSKCC Organic
Chemistry Core Facility) in combination with ATMi or DMSO for 2 d, and
then treated with ATMi or DMSO alone for another 3-4 d.

Statistical Analysis. Statistical comparisons were calculated using Student’s

t test.
See also S/ Appendix and Dataset S1.
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