AWARD NUMBER: W81XWH-15-2-0006

TITLE: Mechanisms of Resistance to Chemotherapies Targeting BRCA-
Mutant Breast Cancer

PRINCIPAL INVESTIGATOR:  Dr. Andre Nussenzweig

CONTRACTING ORGANIZATION: The Geneva Foundation
Tacoma, WA 98402

REPORT DATE: December 2015

TYPE OF REPORT: Annual Report

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;

Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and
should not be construed as an official Department of the Army position, policy or decision
unless so designated by other documentation.



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE
DECEMBER 2015 ANNUAL REPORT

3. DATES COVERED (From - To)
1 Dec 2014 - 30 Nov 2015

4. TITLE AND SUBTITLE

Mechanisms of Resistance to Chemotherapies Targeting BRCA-Mutant
Breast Cancer

5a. CONTRACT NUMBER

5b. GRANT NUMBER
W81XWH-15-2-0006

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)
Andre Nussenzweig, Ph.D.

5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

The Geneva Foundation
917 Pacific Ave, Suite 600
Tacoma, WA 98402

8. PERFORMING ORGANIZATION REPORT
NUMBER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)
Jamie Shortall

USAMRAA

1077 Patchel Street

Ft. Detrick, MD 21702

PH 301-619-2393

10. SPONSOR/MONITOR’S ACRONYM(S)
USAMRAA

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/ AVAILABILITY STATEMENT
Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

This research proposal for the BRCP Idea Expansion Award involves a detailed study of the underlying
mechanisms of drug resistance in BRCALl and BRCA2 deficient cells through the genetic manipulation of
the major players that mediate homologous recombination and non-homologous end joining DNA repair
pathways. These studies will serve as a foundational data set in determining the importance of DNA
repair pathways in acquiring resistance to breast and ovarian cancer chemotherapies. Because drug
resistance is an inescapable feature of all cancer treatments, an understanding of the causal
mechanisms of resistance will undoubtedly provide new opportunities and susceptible targets in cancer

therapies.

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION
OF ABSTRACT
a. REPORT b. ABSTRACT c. THIS PAGE
uu

18. NUMBER
OF PAGES

27

19a. NAME OF RESPONSIBLE PERSON

19b. TELEPHONE NUMBER (include area
code)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18




1. INTRODUCTION: Narrative that briefly (one paragraph) describes the subject, purpose and scope of the
research.

In ongoing work being performed in support of the BCRP Idea Expansion Award, we have hypothesized that
restoration of homologous recombination (HR) is a critical driver of chemo-resistance in BRCA1/2 mutated breast
cancers. Earlier work provided evidence for a novel mechanism for HR restoration, through the inactivation of
proteins functioning in an alternate DNA repair pathway called non-homologous end joining (NHEJ). Loss of
NHEJ proteins restored normal HR activity in BRCAL deficient cells and rendered these cells resistant to PARPI.
The major aim of this research is to understand how altering the balance between NHEJ and HR pathways can be
exploited to overcome the Achilles heel of acquired resistance in breast cancer treatment.

2. KEYWORDS: Provide a brief list of keywords (limit to 20 words).

53BP1: p53 Binding Protein 1

Brcal: Breast cancer type 1 susceptibility protein, tumor suppressor
Brca2: Breast cancer type 2 susceptibility protein, tumor suppressor
BRCT domain: BRCA1 Carboxy Terminal Domain

CD19: Cluster of Differentiation 19

CRE: Causes Recombination

DSB: Double Strand Breaks

H2AX- a variant of Histone 2A, a core chromatin protein HR: Homologous Recombination
9. MEFs: Mouse Embryonic Fibroblasts

10. NHEJ: Non-Homologous End Joining

11. PAL: PTIP-Associated protein 1

12. PARP: Poly ADP-Ribose Polymerase

13. PARPI: Poly ADP-Ribose Polymerase Inhibitor

14. PTIP: Pax Transactivation Domain-Interacting Protein

15. RAP80: Receptor-Associated Protein 80

16. RIF1: RAP1 Interacting Factor 1

17. RNF8: Ring Finger protein 8

18. RNF168: Ring Finger protein 168

19. RPA: Replication Protein A

20. TCGA: The Cancer Genome Atlas

N~ WNE

3. ACCOMPLISHMENTS: The PI is reminded that the recipient organization is required to obtain prior written
approval from the USAMRAA Grants Officer whenever there are significant changes in the project or its direction.

What were the major goals and objectives of the project?

What was accomplished under these goals?

What opportunities for training and professional development did the project provide?

How were the results disseminated to communities of interest?

What do you plan to do during the next reporting period to accomplish the goals and objectives?

What were the major goals of the project?
In this proposal, we outlined two major Specific Aims and Goals.

Overall, in Specific Aim 1, we proposed the use of a genetic approach to define interactions between NHEJ and HR
effectors that regulate DNA repair pathway selection (24 months). In specific Sub-Aim 1a, we intend to test the
hypothesis that elevated levels of chromatin bound 53BP1 converts wild type cells to a ‘BRCA-deficient’ state in the
context of drug sensitivity and genome stability. In specific Sub-Aim 1b, the importance of PTIP associated
proteins (PA1 and MLL4) and the functional domains within PTIP necessary for HR reconstitution are to be
evaluated by in vivo experimentation.

Overall, in Specific Aim 2, we proposed testing the contribution of the 53BP1 associated protein (PTIP) in
influencing repair pathway selection and to also computationally interrogate clinical data sets together with data



acquired from murine models to understand the mechanisms of chemo-resistance in BRCA1- and BRCA2-mutated
cancers (24 months). In specific Sub-Aim 2a, we are testing the hypothesis that PTIP can influence repair pathway
selection and drug sensitivity. In specific Sub-Aim 2b, we plan on using gene expression data and other genome-
wide data sets from clinical databases to implicate known (and novel) proteins involved in the regulation of
chemoresistance.

What was accomplished under these goals?

In order to address how interactions between NHEJ and HR proteins influenced repair pathway selection (Specific
Aim 1), we asked whether increased expression of RNF168, a RING domain E3-ubiquitin ligase or 53BP1 impacts
physiological NHEJ, such as immunoglobulin class switch recombination (CSR), versus mutagenic NHEJ (defined
as NHEJ conducted during S phase which typically results in genome instability). Predicated on the observation that
supra-physiological levels of the E3 ubiquitin ligase RNF168 results in the hyper-accumulation of 53BP1/BRCA1
which accelerates DSB repair, we asked whether increased expression of RNF168 or 53BP1 impacts physiological
versus mutagenic NHEJ. We found that the anti-resection activities of 53BP1 are rate-limiting for mutagenic NHEJ
but not for physiological CSR. An implication of our results is that deregulation of the RNF168/53BP1 pathway
could alter the chemosensitivity of BRCAL deficient tumors.

The work leading to the conclusions detailed above was published in May 2015: Ectopic expression of RNF168
and 53BP1 increases mutagenic but not physiological non-homologous end joining.

Zong D, Callén E, Pegoraro G, Lukas C, Lukas J, Nussenzweig A.

Nucleic Acids Res. 2015 May 26;43(10):4950-61. doi: 10.1093/nar/gkv336.

The Significant Results and Key Outcomes summarized below highlight data germane to Specific Aim 1 outlined
in this proposal.

Al. RNF168 and 53BP1 levels modulate PARP inhibitor-induced genome instability in BRCAL deficient cells
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established mouse embryonic
fibroblast (MEF) cell lines transduced with retroviral vectors encoding either wild-type RNF168 (RNF168WT) or a
RNF168 mutant (RNF168R57D) that is incapable of 53BP1 recruitment (Figure 2). Since efficient transduction of
MEFs with wild-type 53BP1 proved to be difficult due to its large size, we chose instead to overexpress 53BP1DB,
a construct that lacks the extreme C-terminal BRCT domain but behaves like wild-type 53BP1 in terms of DSB end-
protection, or a dominant negative fragment of 53BP1 (53BP1DN). We found that overexpression of RNF168WT in
BRCA1A11/A11 MEFs promoted the formation of conjugated ubiquitin and 53BP1 as well as RIF1 foci upon DNA
damage caused by PARP inhibition or ionizing radiation (Figure 3A). Thus, overexpression of 53BP1 itself can
bypass the control of its spreading on damaged chromatin, which is normally limited by the availability of
RNF168.



While PARPI treatment caused
substantial genome instability in
BRCAI1A11/A11 control cells
(MEFs infected with an empty
vector), PARPi-induced genome
instability was further increased by
1.5-2-fold following
overexpression of RNF168WT or
53BP1DB (Figure 3B and C).
Conversely, BRCA1A11/A11
MEFs overexpressing
RNF168R57D or 53BP1DN had
less PARPi-induced chromosomal
aberrations than control cells,
although in the case of
RNF168R57D the difference did
not reach statistical significance
(Figure 3B and C). Consistent
with these observations,
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Figure 2. Schematic depiction of the
retroviral vectors used in this study.
(A) The RNF168WT and
RNF168R57D differ in their ability to
specifically interact with and
ubiquitylate histone H2A due to a point
mutation in the RING domain. MIU,
motif interacting with ubiquitin. (B)
53BP1DB lacks the C-terminal BRCT
domain present in full-length 53BP1
while 53BP1DN consists only of the
minimal region required for foci
formation. 53BP1DB is functionally
wild-type with respect to end-
protection and CSR (28), whereas
53BP1DN acts as a dominant negative
mutant. OD, oligomerization domain;
UDR, ubiquitylation-dependent
recruitment.

overexpression of RNF168WT or 53BP1DB conferred PARPi hypersensitivity in BRCA1A11/A11 MEFs in a
colony formation assay whereas overexpression of RNF168R57D or 53BP1DN partially rescued long-term
clonogenic survival (Figure 3D). Taken together, these data show that the level of chromatin-bound RNF168 and
53BP1 dictates the extent of PARPi-induced genome instability and long-term survival in BRCAZ1-deficient cells.
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A2. RNF168 and 53BP1 antagonize long-range end resection and RPA phosphorylation in BRCA1-deficient
cells
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before it is actively
displaced by RADS51. Notably, overexpression of either RNF168WT or 53BP1DB in irradiated BRCA1A11/A11
MEFs further suppressed the chromatin loading of RPA compared to control cells (Figure 4A, B). Importantly, we
also noted that the cycling of BRCA1A11/A11 MEFs was not affected by overexpression of RNF168 or 53BP1, thus
ruling out the possibility that differences in cell cycle progression contributed to the observed differences in RPA
foci formation. DNA-PK-dependent RPA2 (S4, S8) phosphorylation was also significantly attenuated in
BRCAI1A11/A11 MEFs overexpressing RNF168WT or 53BP1DB (Figure 4C). In contrast the phosphorylation of
KAP-1, an ATM substrate that responds to DSBs, remained unchanged (Figure 4C). Interestingly, ATR-mediated
phosphorylation of CHK1 was not perturbed by RNF168WT or 53BP1DB overexpression (Figure 4D). Since

Figure 5: RNF168 uses 53BP1 to block RPA loading in
BRCAZ1-deficient cells.
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CHK1 activation by ATR requires only minimal resection, these results suggest that RNF168 regulates 53BP1
chromatin binding to antagonize long-range DSB end resection in BRCAZ1-deficient cells. Consistent with this
notion, RNF168WT failed to block RPA loading (Figure 5A) or to enhance PARPi sensitivity in BRCA1A11/A11
MEFs when 53BP1 was co-deleted (Figure 5B and C). By contrast, 53BP1DB overexpression re-imparted
susceptibility to PARPi-induced genome instability and decreased the survival of BRCA1A11/A1153BP1—/— MEFs
(Figure 5B and C).

In wild-type and 53BP1—/— MEFs, where BRCAL1 is fully operational, ectopic expression of 53BP1DB also led to
increased genome instability in response to PARPI treatment (Figure 6A). Moreover, we observed that 53BP1DB
suppressed RADS51 loading in wild-type MEFs, as evidenced by the reduced numbers and smaller sizes of RAD51
foci, although this effect was milder than in BRCA1-deficient MEFs. As a result, 53BP1DB overexpression partially
enhanced the toxicity of PARPI in wild-type MEFs (Figure 6A and C). Similarly, overexpression of RNF168WT
increased PARPi-induced genome instability and cytotoxicity in wild-type MEFs (Figure 6B and D). Taken
together, our data suggest that while a functional BRCAL1 pathway can fully counteract endogenous
RNF168/53BP1 during a normal S-phase DNA damage response, increased levels of RNF168 and 53BP1 can
still suppress HR, increase toxicity and limit long-range end resection in BRCAl-proficient cells.

A3. RNF168 and 53BP1 are not limiting factors during immunoglobulin class switch recombination

53BP1 promotes productive long-range NHEJ during CSR and VDJ recombination at least in part by blocking end
resection. A recent study found that increased 53BP1 spreading caused by stabilization of RNF168 accelerates
NHEJ; we therefore asked whether overexpression of exogenous RNF168 and/or 53BP1 might augment CSR.
However, we observed that overexpression of RNF168 or 53BP1 did not affect CSR in wild-type B cells. We also
tested whether exogenous RNF168 and/or 53BP1 might augment CSR in the context of a resection defect imparted
by BRCAL deficiency. Retroviral-mediated overexpression of RNF168WT led to enhanced chromatin loading of
53BP1 (Figure 7A). Despite this, however, overexpression of RNF168WT or 53BP1DB did not significantly
enhance CSR in BRCA1-deficient B cells (Figure 7B and C). Conversely, CSR was not reduced by enforced
expression of RNF168R57D (Figure 7B and C). Together, these data demonstrate that levels of chromatin-bound
53BP1 are not rate-limiting for physiological NHEJ during CSR (Figure 7D).

Overall Summary: Ectopic expression of RNF168 and 53BP1 increases mutagenic but not physiological non-
homologous end joining

We found that the requirements of 53BP1 in mutagenic repair of PARPi-induced DNA damage and physiological
NHEJ during CSR are dissimilar (Figure 7D). As it has been proposed that the anti-resection function of 53BP1 is
critical for CSR, we reasoned that further inhibiting end resection with exogenously overexpressed 53BP1 might



lead to

enhance | » B aman Figure 7: RNF168 and 53BP1 are not
d CSR. DAP 538P1  Merge limiti -
imiting factors during
To our immunoglobulin class switch
surprise, -4 recombination (CSR).
however (A) BRCAL™ ™" splenic B cells
. neither i transduced with re\t/\l}(r)viral vectors
RNF168 encoding RNF168 or RNF168  were
nor R:;;ga cultured in the presence of LPS/IL-
4/RP105 to stimulate CSR. On day 3,
53BP1 cells were irradiated with 2 Gy and fixed
had any g 1 h later. Samples were stained for 53BP1
Significa Breglaiiiai = EV , RNF168 WT p RNF168_R57D (red) and |maged at 63X magnlflcatlon
nt ) s o e | Y4 N @) BRCAL""™"" splenic B cells were
P —— < alpha-Tubulin 1] 2 1] & 1 = | transduced with retroviral vectors
Impact FEMase BT e I ding RNF168"", RNF168"
on CSR 2o e A . R e bl
em%lenc & P—_ LPS/IL-4/RP105 to stimulate CSR. Left
y when BrEal s y . _ panels: overexpression of RNF168 and
overexpr = o = [ f*“ 53BP1 were confirmed by western
essed. — alpha Tubulin 3] e blotting. The upper band in the 53BP1
Therefor By ey ! B blot c_orresponds to the endogenous
gl B i protein.
e, the ] 2 e, o Right panels: two-color flow cytometric
expressi analysis of 1gG, expression in B220-
onlevels | < 2 RNF168 positive cells on day 4; scatter plots for B
of £ ] wape = ‘, liiting cells overexpressing RNF168 and its
RNF168 3 empty vector counterpart were gated on
£ GFP. A representative experiment is

or s "°""‘""‘V w'"“ shown. (C) Frequency of IgG, expression
53BP1 % s . . ALL/ALL

. _'5 Ty s ‘ in B220-positive BRCAL B c_ells
proteins s ¥ Ok i —r} from three-four independent experiments.
are € Oy RNFiSs RNF18  53BP1 '“"‘ : (D) Model depicting the differential roles
Clearly " e o Ig class switching  PARPi-induced genome instability of 53BP1 an(_j RNF168 in phyS|0Iog|caI
more and mutagenic NHEJ.

than sufficient to handle all AID-generated breaks under physiological conditions. Since the levels of RNF168
render ubiquitin signaling rate-limiting when the number of DSBs exceeds 20-40, one possible explanation for these
findings is that PARPi-induced DSBs in BRCAL-deficient cells may far exceed the number of DSBs generated by
AID during CSR. The increased DSBs in PARPi-treated cells, in contrast to the fewer number of CSR-associated
breaks could saturate histone ubiquitylation. To date, the only known limiting factor for CSR is AID itself, which
when overexpressed causes supra-physiological accumulation of cleavage events at 1g switch regions, additional
substrates for 53BP1-dependent NHEJ and increased CSR. Taken together, these data showed that the anti-resection
activity of 53BP1 is limiting during mutagenic but not physiological NHEJ.

The Significant Results and Key Outcomes summarized below highlight data germane to Specific Aim 2 outlined
in this proposal.

B1. Replication fork protection by the prevention of nascent DNA strand degradation is strongly co-related
with chemoresistance in BRCAL/2-
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It is known that BRCAZ1/2-deficient cells
have a significantly reduced capacity to
repair DNA breaks (DSBs) and are
hypersensitive to DNA damaging agents
such as platinum salts and poly(ADP-
ribose) polymerase (PARP) inhibitors.
While these agents are clinically
effective, the majority of BRCA1/2-
mutant carcinomas acquire resistance to
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Figure 8: Loss of PTIP in BRCAL/2 deficient cells reduces genomic instability in
response to PARP1 and cisplatin (A, B)




these drugs. Besides reduced uptake of drugs, the only described mechanism that drives chemotherapeutic resistance

in BRCA1/2-deficient tumors is through the restoration of homologous recombination (HR). Preliminary work
related to the Aims outlined in this proposal, show that loss of the MLL3/4 complex protein PTIP protects
BRCAL/2-deficient cells from DNA damaging agents. However, PTIP deficiency remarkably does not restore HR
activity in BRCA2- deficient cells suggesting that chemoresistance and genomic stability can be re-established
independent of a functional HR pathway. Current studies suggest that replication fork protection by the

prevention of nascent DNA strands from
degradation is strongly co-related with the
observed drug resistance.

We and others had previously shown that PTIP
acts downstream of 53BP1 in promoting PARPI
toxicity in BRCAL-deficient cells. We, therefore,
examined the sensitivity of BRCAL/PTIP-deficient
cells to PARPI and cisplatin. Unexpectedly, while
BRCA1/53BP1-deficient cells are sensitive to
cisplatin, BRCA1/PTIP-mutant cells are
remarkably resistant to both PARPi and cisplatin
as evidenced by reduction in chromosomal
aberrations (Figure 8). While BRCAL functions
early during DSB resection, BRCA2 functions
later in HR by catalyzing RAD51 nucleo-filaments
at processed DSBs. We have generated
BRCAZ2/PTIP-doubly deficient B cells (CD19 CRE
BRCA2f/fPTIPf/f) and measured PARPi and
cisplatin induced chromosomal instability (Figure
8). Strikingly, in contrast to BRCA2/53BP1
mutants, which are hypersensitive to both DNA
damaging agents, BRCA2/PTIP-deficient cells
show resistance to both PARPI and cisplatin
(Figure 8). Interestingly, drug resistance in
BRCAZ2/PTIP-deficient cells cannot be attributed
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Figure 9: Loss of PTIP but not 53BP1 or RIF1 restores replication
fork protection in BRCAL/2 deficient B cells. A- schematic of
experiment. B-E, ratios of 1dU/CldU tracks (y-axis).

to restoration of RAD51 function or reactivation of HR, as BRCA2/PTIP deficient cells failed to form IR induced
RAD51 foci (not shown). Thus, defective HR is maintained in the BRCA2/PTIP double mutant cells.

The finding that loss of PTIP partially restores PARPI and cisplatin resistance in BRCAL/2-deficient cells but does
not rescue DSB-induced RAD51 foci formation suggests that PTIP may modulate DSB repair-independent function
of BRCA1/2. Recently, it was shown that BRCAL and BRCAZ2 protect stalled replication forks (RF) from Mrell-
mediated degradation independent of their roles in HR. We therefore hypothesized that PTIP might modulate RF
degradation. To directly test this, we monitored the stability of nascent replication tracks in cells defective in
BRCAL1/2. B cells were sequentially labeled with CldU (red) followed by 1dU-(green) labeling for 30 minutes each,
following which the actively RFs were stalled with HU (schema in Figure 9A). The relative shortening of the 2nd
IdU track after HU treatment serves as a measure of RF degradation (Figure 9A). WT cells showed a mean
IdU/CIdU fiber length ratio close to 1. However, BRCAL- and BRCA2-deficient B cells failed to maintain the
integrity of nascent DNA tracks during replication stalling with HU (Figure 9B-E).

Summary of Methodology Employed

Cell cultures, retroviral infection and flow cytometry

Resting B cells were isolated from spleen using anti-CD43 microbeads and stimulated to proliferate with 25 pg/ml
LPS, 5 ng/ml IL-4 and 0.5 pg/ml RP105. To overexpress RNF168, constructs encoding human RNF168WT or
RNF168R57D were subcloned into the pMX-PIE-IRES-GFP retroviral vector and used to transfect BOSC23 cells
along with the pCL-Eco helper virus. Retroviral supernatant was collected 40-48 h later for infection of MEFs and
B cells. Class switch recombination was assayed on days 3 and 4 using biotinylated anti-lgG1 and fluorochrome-
conjugated anti-B220 antibodies.



FISH analysis

Stimulated B cells and MEFs were arrested at mitosis with colcemid treatment and harvested for metaphase spreads.
Images were captured with an automated fluorescence microscope. One hundred metaphases were scored for the
presence of chromosomal aberrations.

Cell cycle analysis
Cells were fixed in 70% ethanol and stained with propidium iodide for flow cytometric analysis. ModFit LT was
used to assign cell cycle distribution.

Colony formation and growth competition assays

MEFs were treated with 1 pM PARPi (KU-0058948) either continuously for 10 days (wild-type, 53BP1—/—) or for
24 h followed by a 9-day post-incubation in drug-free medium (BRCA1A11/A11). Thereafter, culture dishes were
stained with 0.5% crystal violet and colonies containing >50 cells were counted. Due to poor colony forming ability
of BRCA1A11/A1153BP1—/— MEFs, a growth competition assay was used instead. To this end,
BRCA1A11/A1153BP1—/— MEFs stably transduced with retroviral vectors encoding RNF168WT or RNF168R57D
(GFP-positive) were mixed with non-transduced BRCA1A11/A1153BP1—/— MEFs (GFP-negative) at a 1:1 ratio.
Alternatively BRCA1A11/A1153BP1—/— MEFs stably transduced with retroviral vectors encoding 53BP1DB (GFP-
negative) were mixed with BRCA1A11/A1153BP1—/— MEFs stably transduced with the empty vector (GFP-
positive). Cells were treated or not with 1 uM PARPi continuously for 9 days. Samples were collected before (day
0) as well as after PARPI treatment on days 1, 3, 5, 7 and 9 for flow cytometric analysis. Relative proliferation was
calculated by normalizing the fraction of GFP-positive cells in PARPi-treated versus untreated samples collected on
the same day.

Immunofluorescence

For standard immunofluorescence studies, MEFs grown on coverslips were subjected to y-irradiation (cesium-137)
or treated with PARPI. At the indicated times post-treatment, cells were first pre-extracted (20 mM HEPES, pH 7.0,
50 mM NaCl, 3 mM MgCI2, 0.3 M sucrose, 0.2% Triton X-100) for 5 min on ice to remove nucleoplasmic proteins
and then sequentially fixed (4% paraformaldehyde), permeabilized (0.5% Triton X-100) and blocked (2% BSA).
Samples were incubated with primary antibodies recognizing HA-tag, RNF168, conjugated ubiquitin (FK2), 53BP1,
RIF1, RPA2, RAD51 followed by appropriate fluorochrome-conjugated secondary antibodies. DNA was
counterstained with DAPI. Foci images were captured with a fluorescence microscope at 63x magnification, unless
otherwise stated. High-throughput automated imaging was used to captured chromatin-bound RPA at 20x
magnification.

Immunoblotting

Whole cell extract (WCE) was resolved by SDS-PAGE and transferred onto nitrocellulose membranes. Samples
were incubated with primary antibodies recognizing RNF168, 53BP1, phospho-RPA2 (S4, S8), phospho-CHK1
(S317), RPA2 and a-tubulin. Following incubation with the appropriate horseradish peroxidase-linked secondary
antibodies, bands were visualized using enhanced chemiluminescence.

DNA fiber analysis

Asynchronous B-cells were labeled with 30 uM CldU, washed with PBS and exposed to 250 uM IdU. After
exposure to 1dU, the cells were washed again in warm PBS and treated or not with HU before collection. Cells were
then lysed and DNA fibers stretched onto glass slides. The fibers were denatured with 2.5 M HCI for 1 h, washed
with PBS and blocked with 2% BSA in phosphate buffered saline Tween 20 for 30 min. The newly replicated CldU
and 1dU tracks were revealed with anti-BrdU antibodies recognizing CldU and 1dU respectively. Images were taken
at 60xmagnification (Zeiss Axio Observer.Z1), and statistical analysis was carried out using GraphPad Prism.

What opportunities for training and professional development has the project provided?
The project has presented numerous opportunities for the Principal Investigator (Dr. Andre Nussenzweig) and two

post-doctoral fellows (Drs. Arnab Ray Chaudhuri and Dali Zong) to present their work in symposia at the NIH
and at national and international conferences (see details in Section 6 below).



How were the results disseminated to communities of interest?

Results were shared with the scientific community via informal discussions, posters and presentations at scientific
meetings and through publications in peer-reviewed journals

What do you plan to do during the next reporting period to accomplish the goals?

We will continue to pursue the goals outlined in Specific Aims 1 and 2, specifically focusing on dissecting the
mechanisms underlying replication fork degradation/protection in BRCA1/2-deficient cells.

4. IMPACT: This component is used to describe ways in which the work, findings, and specific products of the
project have had an impact during this reporting period. Describe distinctive contributions, major
accomplishments, innovations, successes, or any change in practice or behavior that has come about as a result
of the project relative to:

the development of the principal discipline(s) of the project;
other disciplines;

technology transfer; or

society beyond science and technology.

What was the impact on the development of the principal discipline(s) of the project?

Work in support of both Specific Aims of this proposal highlight mechanisms that can alter drug sensitivity or

resistance in BRCA-deficient tumors. We have also observed that deregulation of the RNF168/53BP1 pathway can

alter the chemosensitivity of BRCA1 deficient tumors (Specific Aim 1). We have also observed that PTIP-

deficiencies promote synthetic viability and drug resistance in BRCA-deficient cells without restoring HR (Specific

Aim 2).

What was the impact on other disciplines?

Nothing to Report
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Nothing to Report
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Nothing to Report
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symposia at the NIH and at national and international conferences.

1. Arnab Ray Chuadhuri: Visiting post-doctoral fellow

Invited Talks:

a. National Center for Biological Sciences, Bangalore, India-October 2015

b. Regional Center for Biotechnology, Gurgaon, India- September 2015
c. Indian Statistical Institute, Kolkata, India- September 2015



d. Workshop on Chromosome Biology organized by Center of Excellence in Chromosome Biology, NIH-
June 2014

Poster Presentations at Meetings:

a. Cold Spring Harbor Meeting for Eukaryotic DNA replication, New York, USA-September 2015
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j- Invited Speaker, Weill Cornell University, New York, 2015
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ABSTRACT

DNA double strand breaks (DSBs) formed during S
phase are preferentially repaired by homologous re-
combination (HR), whereas G DSBs, such as those
occurring during immunoglobulin class switch re-
combination (CSR), are repaired by non-homologous
end joining (NHEJ). The DNA damage response pro-
teins 53BP1 and BRCA1 regulate the balance be-
tween NHEJ and HR. 53BP1 promotes CSR in part
by mediating synapsis of distal DNA ends, and in ad-
dition, inhibits 5’ end resection. BRCA1 antagonizes
53BP1 dependent DNA end-blocking activity during
S phase, which would otherwise promote mutagenic
NHEJ and genome instability. Recently, it was shown
that supra-physiological levels of the E3 ubiquitin
ligase RNF168 results in the hyper-accumulation of
53BP1/BRCA1 which accelerates DSB repair. Here,
we ask whether increased expression of RNF168
or 53BP1 impacts physiological versus mutagenic
NHEJ. We find that the anti-resection activities of
53BP1 are rate-limiting for mutagenic NHEJ but not
for physiological CSR. As heterogeneity in the ex-
pression of RNF168 and 53BP1 is found in human
tumors, our results suggest that deregulation of the
RNF168/53BP1 pathway could alter the chemosensi-
tivity of BRCA1 deficient tumors.

INTRODUCTION

DSBs trigger ATM/ATR/DNA-PKcs-dependent phos-
phorylation of histone H2AX over a large chromatin do-
main, which serves as a molecular platform to concentrate
downstream signaling and repair factors (1). Among the
multitude of proteins that home to y H2AX-decorated chro-

matin are two RING-domain E3 ubiquitin ligases, RNF8§
and RNF168 (2-6). Together, RNF8 and RNF168 cat-
alyze a series of ubiquitylation events on substrates such
as H2A and H2AX, with the H2AK!/15 ybiquitylation
being particularly important for subsequent relocation of
53BP1 into foci (7-9). Stable binding of 53BP1 to DNA
ends channels DSB repair into non-homologous end join-
ing (NHEJ) in part by suppressing end resection (10), a pro-
cess that generates long stretches of single stranded DNA
needed for HR. It has been proposed that BRCA1/CtIP ex-
cludes 53BP1 and/or its cofactors RIF1/PTIP from chro-
matin surrounding DSBs specifically in S-G; to allow ex-
tensive end resection, while in Gy, 53BP1 and its cofac-
tor RIF1 blocks end resection (10-18). This ensures that
HR is maximally activated only when sister chromatids
are available to template faithful repair. In the absence of
functional BRCA1, DNA lesions occurring in S-phase that
are normally repaired through error-free HR are instead
channeled into mutagenic NHEJ, resulting in the forma-
tion of highly aberrant end joining products such as chro-
mosomal radials (10). Hence, BRCA1-deficiency confers
exquisite sensitivity toward chemotherapeutic agents that
damage DNA in S-phase cells, such as poly(ADP-ribose)
polymerase inhibitors (PARPi) (10,19-20), whereas com-
bined BRCA1/53BP1 deficiency rescues HR, resulting in
resistance to PARPI.

Immunoglobulin (Ig) class switch recombination (CSR)
is a physiological process in mature B cells that is criti-
cally dependent on the induction and repair of programmed
DSBs in G; (21-23). CSR is initiated by activation-induced
cytidine deaminase (AID), which generates multiple DSBs
at highly repetitive Ig heavy chain switch regions (23-25).
Rejoining of these DSBs requires 53BP1-dependent long-
range NHEJ and replaces Igp with a downstream con-
stant region (Igy, Ige or Iga) (26,27). Unlike mutagenic
NHEJ, which inappropriately joins resected DSBs, physio-
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logical NHEJ reactions in the context of 53BP1-dependent
CSR are typically more accurate wherein the majority of
repair junctions show only minimal nucleotide changes. In
the absence of 53BP1, however, AID-induced DSBs are
resected in an ATM/CtIP-dependent manner and subse-
quently repaired by an alternative homology-driven path-
way that generates non-productive intra-switch recombina-
tion (28-31). Notably, inhibition of ATM or CtIP activity
partially enhanced CSR in 53BP1-deficient B cells, suggest-
ing that end resection is an important negative regulator of
NHEJ that must be suppressed by 53BP1 to enable efficient
CSR (29,30).

RNF168 is a key upstream regulator of 53BP1 and was
reported to be critical for the HR defects caused by BRCA1
deficiency (32-34), suggesting that RNF168 inhibits re-
section by controlling 53BP1 recruitment to DNA dam-
age sites. In addition, RNF168 promotes CSR (35,36).
Recently, it was found that RNF168 stabilization led to
augmented 53BP1 spreading and accelerated repair of
clastogen-induced DSBs (37). This raises the possibility that
DSB repair during mutagenic NHEJ in S phase and/or
physiological CSR in G can be similarly enhanced by in-
creasing the expression of RNF168 and/or 53BP1. Here,
we demonstrate that amplification of 53BP1 spreading has
deleterious consequences for genome stability during S
phase yet does not influence NHEJ during CSR. Thus, the
requirements for DNA damage-induced histone ubiquityla-
tion during NHEJ-mediated CSR and misrepair of PARPi-
induced DNA damage are distinct. Finally, given the het-
erogeneous expression of RNF168 and 53BP1 in BRCAI-
deficient tumors, our data may have therapeutic implica-
tions for PARPI treatment and predicting tumor responses.

MATERIALS AND METHODS
Mice

BRCAVAID/f(AIL (NCI  mouse repository) and
BRCAVAID/(AIL) ;53BP]=/= (10) mice have been de-
scribed. All experiments with mice followed protocols
approved by the National Institutes of Health Institutional
Animal Care and Use Committee.

Cell cultures, retroviral infection and flow cytometry

Wild-type, BRCA1AN/ALL 53BP17/~ and
BRCA1211/A1153BP1~/~ mouse embryonic fibroblasts
(MEFs) have been described (10). Resting B cells were
isolated from spleen using anti-CD43 microbeads (Miltenyi
Biotec) and stimulated to proliferate with 25 pwg/ml LPS,
5 ng/ml IL-4 (both Sigma-Aldrich) and 0.5 wg/ml RP105
(BD PharMingen) (10). To overexpress RNF168, con-
structs encoding human RNF168%T or RNF168R%P (9)
were subcloned into the pMX-PIE-IRES-GFP retroviral
vector and used to transfect BOSC23 cells along with
the pCL-Eco helper virus. Retroviral supernatant was
collected 4048 h later for infection of MEFs and B cells as
previously described (38). pMX-PIE-based retroviruses en-
coding 53BP1P® and 53BP1PN have been described (11,28).
Class switch recombination was assayed on days 3 and 4
using biotinylated anti-IgG| and fluorochrome-conjugated
anti-B220 antibodies (BD PharMingen).
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FISH analysis

Stimulated B cells and MEFs were arrested at mitosis
with colcemid (Invitrogen) treatment and harvested for
metaphase spreads as described (38). Images were captured
with an automated fluorescence microscope (Axio Imager
Metasystems; Zeiss). One hundred metaphases were scored
for the presence of chromosomal aberrations.

Cell cycle analysis

Cells were fixed in 70% ethanol and stained with propid-
ium iodide for flow cytometric analysis. ModFit LT (Verity
Software House) was used to assign cell cycle distribution.

Colony formation and growth competition assays

MEFs were treated with 1 wM PARPi (KU-0058948, Axon
Medchem) either continuously for 10 days (wild-type,
53BP1~/7) or for 24 h followed by a 9-day post-incubation
in drug-free medium (BRCA12!'1/A11) Thereafter, culture
dishes were stained with 0.5% crystal violet and colonies
containing >50 cells were counted. Due to poor colony
forming ability of BRCA14!/A1153BP1~/~ MEFs, a
growth competition assay was used instead. To this end,
BRCA12!11/A1153BP]~/= MEFs stably transduced with
retroviral vectors encoding RNF168WT or RNF168R3D
(GFP-positive) were mixed with non-transduced
BRCA12!11/A1153BP1~/= MEFs (GFP-negative) at a
1:1 ratio. Alternatively BRCA14!!/A1153BP1~/~ MEFs sta-
bly transduced with retroviral vectors encoding 53BP1PB
(GFP-negative) were mixed with BRCA12!1/21153BP]~/~
MEFs stably transduced with the empty vector (GFP-
positive). Cells were treated or not with 1 wM PARPi
continuously for 9 days. Samples were collected before (day
0) as well as after PARPi treatment on days 1, 3, 5, 7 and
9 for flow cytometric analysis. Relative proliferation was
calculated by normalizing the fraction of GFP-positive
cells in PARPi-treated versus untreated samples collected
on the same day.

Immunofluorescence

For standard immunofluorescence studies, MEFs grown on
coverslips were subjected to vy-irradiation (cesium-137) or
treated with PARPi. At the indicated times post-treatment,
cells were first pre-extracted (20 mM HEPES, pH 7.0, 50
mM NaCl, 3 mM MgCl,, 0.3 M sucrose, 0.2% Triton X-
100) for 5 min on ice to remove nucleoplasmic proteins and
then sequentially fixed (4% paraformaldehyde), permeabi-
lized (0.5% Triton X-100) and blocked (2% BSA). Samples
were incubated with primary antibodies recognizing HA-
tag (Santa Cruz Biotechnology), RNF168 (Millipore), con-
jugated ubiquitin (FK2, Sigma-Aldrich), 53BP1 (Novus Bi-
ologicals), RIF1 (14), RPA2 (Cell Signaling Technologies),
RADSI1 (H-92; Santa Cruz Biotechnology) followed by ap-
propriate fluorochrome-conjugated secondary antibodies
(Invitrogen). DNA was counterstained with DAPI. Foci im-
ages were captured with a fluorescence microscope at 63 x
magnification, unless otherwise stated. High-throughput
automated imaging was used to captured chromatin-bound
RPA at 20x magnification. Integrated nuclear RPA inten-
sity was quantified using CellProfiler 2.0.
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Figure 1. The RNF168/53BP1 pathway is altered in a subset of BRCA1-deficient tumors. Mutation data for two TCGA studies were extracted from
cBioPortal (www.cbioportal.org) and used to generate oncoprints showing examples of RNF168/53BP1 pathway heterogeneity in BRCA1-deficient tumors
(39-58). Asterisks denote tumors where BRCA is mutated in one allele and deleted in the other. All other BRCA1-mutated tumors contain heterozygous

germline mutations.

Immunoblotting

Whole cell extract (WCE) was resolved by SDS-PAGE
(NuPAGE, Invitrogen) and transferred onto nitrocellulose
membranes. Samples were incubated with primary antibod-
ies recognizing RNF168 (Millipore), 53BP1 (Novus Bio-
logicals), phospho-RPA2 (5S4, S8), phospho-CHK1 (S317;
all from Bethyl Laboratories), RPA2 (Cell Signaling Tech-
nologies) and a-tubulin (Sigma—Aldrich). Following incu-
bation with the appropriate horseradish peroxidase-linked
secondary antibodies (GE Healthcare), bands were visual-
ized using enhanced chemiluminescence (GE Healthcare).

RESULTS

RNF168 and 53BP1 levels modulate PARP inhibitor-induced
genome instability in BRCA1 deficient cells

53BP1 has been shown to promote mutagenic NHEJ in
BRCA-deficient cells by blocking end resection, which
leads to PARPi hypersensitivity and tumorigenesis (10). For
both 53BP1 and its immediate upstream regulator RNF168
we found copy number variations, genetic mutations and/or
heterogeneous mRNA expression changes in a subset of
BRCA-deficient ovarian and breast tumors within the
TCGA database (39-42(Figure 1). We therefore sought to
determine whether modulating the chromatin loading of
RNF168 and/or 53BP1 would alter PARPI sensitivity. To
this end, we established mouse embryonic fibroblast (MEF)
cell lines transduced with retroviral vectors encoding ei-
ther wild-type RNF168 (RNF168%T) or a RNF168 mu-
tant (RNF168R57P) that is incapable of 53BP1 recruitment
(9) (Figure 2, Supplementary Figures S1A and Supple-
mentary Figure S2). Since efficient transduction of MEFs
with wild-type 53BP1 proved to be difficult due to its large
size, we chose instead to overexpress 53BP1PB, a construct
that lacks the extreme C-terminal BRCT domain but be-
haves like wild-type 53BP1 in terms of DSB end-protection
(28), or a dominant negative fragment of 53BP1 (53BP1PN)
(43) (Supplementary Figure S1B and C). As reported by

Gudjonsson et al. (37), we found that overexpression of
RNF168WT in BRCA14!/A1l MEFs promoted the forma-
tion of conjugated ubiquitin and 53BP1 as well as RIF1 foci
upon DNA damage caused by PARP inhibition or ioniz-
ing radiation (Figure 3A and Supplementary Figure S2).
Interestingly, enlarged 53BP1 foci were also observed in
BRCA121/AI MEFs overexpressing 53BP1PB (Figure 4B).
Thus, overexpression of 53BP1 itself can bypass the control
of its spreading on damaged chromatin, which is normally
limited by the availability of RNF168.

While PARPi treatment already caused substantial
genome instability in BRCA12!/211 control cells (MEFs
infected with an empty vector), PARPi-induced genome
instability was further increased by 1.5-2-fold following
overexpression of RNF168WT or 53BP1P® (Figure 3B
and C). Conversely, BRCA12!/A1l MEFs overexpressing
RNF168RP or 53BP1PN had less PARPi-induced chro-
mosomal aberrations than control cells, although in the case
of RNF168R57P the difference did not reach statistical sig-
nificance (Figure 3B and C). Consistent with these observa-
tions, overexpression of RNF168WT or 53BP1PB conferred
PARPi hypersensitivity in BRCA14!!/A1 MEFs in a colony
formation assay whereas overexpression of RNF168R>7P or
53BP1PN partially rescued long-term clonogenic survival
(Figure 3D). Taken together, these data show that the level
of chromatin-bound RNF168 and 53BP1 dictates the extent
of PARPi-induced genome instability and long-term sur-
vival in BRCA1-deficient cells. Therefore, we propose that
excessive spreading of either endogenous S3BP1 brought on
by increased RNF168-mediated H2A ubiquitylation or its
exogenously overexpressed counterpart 53BP1PB, impedes
HR.

RNF168 and S3BP1 antagonize long-range end resection and
RPA phosphorylation in BRCA1-deficient cells

BRCA1-mediated removal of 53BP1 is thought to be an
essential prerequisite for end resection and RADSI-
dependent HR (12,14-16,18). In agreement with
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this, 53BP1P® suppressed RADS51 foci formation in
BRCA14!/A1l MEFs (Supplementary Figure S3A). End
resection enables RPA to form foci along progressively
longer stretches of single-stranded DNA (ssDNA) before it
is actively displaced by RADS51 (44). A recent report found
that end resection can occur in the absence of functional
BRCAI but the process is slower and less efficient (45).
Notably, overexpression of either RNF168WVT or 53BP1PB

in irradiated BRCA12!Y/A1l MEFs further suppressed the
chromatin loading of RPA compared to control cells (Fig-
ure 4A, B and Supplementary Figure S3B). Importantly,
the cycling of BRCA121/A11" MEFs was not affected by
overexpression of RNF168 or 53BP1, thus ruling out the
possibility that differences in cell cycle progression con-
tributed to the observed differences in RPA foci formation
(Supplementary Figure S4). DNA-PK-dependent RPA2
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Figure 3. Overexpression of RNF168 or 53BP1 exacerbates PARP inhibitor-induced genomic instability and cytotoxicity. (A) BRCATAT/A cells were
treated with 1 wM PARPI for 24 h and processed for standard immunofluorescence. Left panel: cells were stained for 53BP1 (red) and imaged at 63 x
magnification. A representative experiment is shown. Right panel: the percentage of cells that contain >5 foci of 53BP1 from two independent experiments.
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Figure 4. RNF168 and 53BP1 block RPA foci formation and RPA2 phosphorylation. (A) BRCA121/A11 MEFs stably transduced with retroviral vectors
encoding RNF168WT or RNF168R37P were irradiated with 10 Gy and fixed 4 h later. Samples were processed for standard immunofluorescence. Left
panel: cells were co-stained for RNF168 (green) and RPA2 (red) and imaged at 63 x magnification. Note that the polyclonal anti-RNF168 antibody used
in this study recognizes only the exogenously expressed human RNF168. A representative experiment is shown. Right panel: the percentage of cells that
contain >10 RPA2 foci. (B) BRCA1211/A11 MEFs stably transduced with retroviral vectors encoding 53BP1PB or 53BP1PN were irradiated and processed
for standard immunofluorescence as in (A). Left panel: cells were co-stained for 53BP1 (green) and RPA2 (red) and imaged at 63x magnification. A
representative experiment is shown. Right panel: the percentage of cells that contain >10 RPA2 foci. The right panels in A and B show mean + SD of three
independent experiments. At least 200 cells were scored for each sample and treatment condition. (C) Similar to (A), except cells were harvested at the
indicated post-irradiation time points for western blot analysis. (D) Similar to (B), except cells were harvested at the indicated post-irradiation time points
for western blot analysis. A representative blot is shown in (C) and (D). Experiments were repeated three times. For (A) and (B), statistical significance was
determined with two-tailed unpaired Student’s z-test; *, P < 0.05 compared to empty vector-transduced cells.
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Figure 5. RNF168 uses 53BP1 to block RPA loading in BRCA1-deficient cells. (A) BRCA1411/21153BP1~/~ MEFs stably transduced with retroviral
vectors encoding RNF168WT or RNF168R7D were irradiated with 10 Gy and fixed 4 h later. Samples were processed for standard immunofluorescence.
Left panel: cells were co-stained for RNF168 (green) and RPA2 (red) and imaged at 20x magnification (optovar: 1.25x). A representative experiment
is shown. Right panel: the percentage of cells that contain >10 RPA2 foci. At least 100 cells were scored for each sample and treatment condition. (B)
BRCA1211/A1153BP | ~/= MEFs stably transduced with retroviral vectors encoding RNF168WT, RNF168R37P or 53BP1PB were treated with 1 wM PARPi
(24 h) and harvested for preparation of metaphase spreads. Histograms depict PARPi-induced chromosomal aberration load relative to empty vector-
transduced cells for two-three independent experiments. At least 100 metaphases were analyzed for each condition. (C) BRCA1211/A1153BP1 /= MEFs
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analysis. Relative proliferation is calculated by normalizing the fraction of GFP-positive cells in PARPi-treated versus untreated samples collected on the
same day. Data shown represents mean 4 SD of three independent experiments.

(S4, S8) phosphorylation was also significantly attenuated
in BRCA121/A11 MEFs overexpressing RNF168WT or
53BP1P® (Figure 4C). In contrast the phosphorylation
of KAP-1, an ATM substrate that responds to DSBs,
remained unchanged (Figure 4C). Interestingly, ATR-
mediated phosphorylation of CHK1 was not perturbed by
RNF168WVT or 53BP1PB overexpression (Figure 4D). Since
CHKI1 activation by ATR requires only minimal resection
(46,47), these results suggest that RNF168 regulates 53BP1
chromatin binding to antagonize long-range DSB end
resection in BRCAT1-deficient cells. Consistent with this
notion, RNF168WVT failed to block RPA loading (Figure
5A) or to enhance PARPi sensitivity in BRCA14!1/All

MEFs when 53BP1 was co-deleted (Figure 5B and C). By
contrast, 53BP1P® overexpression re-imparted susceptibil-
ity to PARPi-induced genome instability and decreased the
survival of BRCA14!/A1153BP1 /= MEFs (Figure 5B and
).

In wild-type and 53BP1~/~ MEFs, where BRCA is fully
operational, ectopic expression of 53BP1P® also led to in-
creased genome instability in response to PARPi treatment
(Figure 6A and Supplementary Figure S1D). Moreover,
53BP1PB suppressed RADS5]1 loading in wild-type MEFs,
as evidenced by the reduced numbers and smaller sizes of
RADS1 foci (Supplementary Figure S3C), although this ef-
fect was milder than in BRCA1-deficient MEFs. As a re-
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sult, 53BP1P® overexpression partially enhanced the tox-
icity of PARPi in wild-type MEFs (Figure 6A and C).
Similarly, overexpression of RNF168WT increased PARPi-
induced genome instability and cytotoxicity in wild-type
MEFs (Figure 6B and D). Taken altogether, our data sug-
gest that while a functional BRCA1 pathway can fully coun-
teract endogenous RNF168/53BP1 during a normal S-
phase DNA damage response, increased levels of RNF168
and 53BP1 can still suppress HR, increase toxicity and limit
long-range end resection in BRCA 1-proficient cells.

RNF168 and 53BP1 are not limiting factors during im-
munoglobulin class switch recombination

53BP1 promotes productive long-range NHEJ during
CSR and VDJ recombination at least in part by block-
ing end resection (11,26-28,31,48). A recent study found
that increased 53BP1 spreading caused by stabilization
of RNF168 accelerates NHEJ (37); we therefore asked
whether overexpression of exogenous RNF168 and/or
53BP1 might augment CSR. However, overexpression of
RNF168 or 53BP1 did not affect CSR in wild-type B cells
(Supplementary Figure S5). Next, we tested whether ex-
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ogenous RNF168 and/or 53BP1 might augment CSR in
the context of a resection defect imparted by BRCAT1 de-
ficiency. As expected (37), retroviral-mediated overexpres-
sion of RNF168"T led to enhanced chromatin loading
of 53BP1 (Figure 7A). Despite this, however, overexpres-
sion of RNF168WT or 53BP1P® did not significantly en-
hance CSR in BRCA1-deficient B cells (Figure 7B and C).
Conversely, CSR was not reduced by enforced expression
of RNF168R>P (Figure 7B and C). Together, these data
demonstrate that levels of chromatin-bound 53BP1 are not
rate-limiting for physiological NHEJ during CSR (Figure
7D).

DISCUSSION

End resection is a key determinant of DSB repair choice
in mammalian cells (44). It peaks in the S-G; phase of the
cell cycle, when sister chromatids are available to template
error-free repair by HR, but is actively suppressed by 53BP1
in G, where HR would be harmful (49-51). A critical func-
tion of BRCAT1 during S phase is to exclude 53BP1 and its
cofactors from chromatin surrounding DSBs allowing long-
range resection by nucleases (12-13,15). Loss of BRCAI,
which occurs in a significant proportion of human ovar-
ian and breast cancers, allows 53BP1 to aberrantly accumu-
late at DSB sites in S-G; and block resection, thereby im-
pairing HR and shifting the repair of replication-associated
DSBs into error-prone NHEJ, leading to the formation of
toxic repair intermediates and tumorigenesis (10,52). As
such, BRCA1-deficient tumors are exquisitely sensitive to
treatment with drugs that induce DSBs in S-phase, such
as PARPi (19). Conversely, loss of 53BP1 expression has
been implicated as a potential mechanism of acquired re-
sistance to PARPi in BRCA1-deficient tumors (53-55). We
found that a subset of BRCA1-deficient tumors within the
TCGA database show copy number variation, mutation
and/or mRNA expression changes in RNF168 or 53BP1
(Figure 1). Moreover, we have shown that overexpression
of RNF168 or 53BP1P® confers PARPi hypersensitivity in
BRCA1A/AIL cells by promoting 53BP1 spreading and
further suppressing the already sub-optimal resection ma-
chinery (Figures 3 and 4). These data indicate that hetero-
geneity in the RNF168/53BP1 pathway can be an impor-
tant and therapeutically relevant modifier of chemosensi-
tivity in BRCA1-deficient tumors.

Deregulation of the RNF168/53BP1 pathway is not lim-
ited to BRCA1-deficient tumors. For ovarian and breast
cancers that are wild-type for BRCAI, elevated expression
of 53BP1 is associated with decreased survival and lymph
node metastasis, respectively (56,57). A possible scenario is
that increased expression of S3BP1 per se promotes genome
instability by compromising the ability of HR to overcome
replication stress in rapidly cycling tumor cells. Consistent
with this, we found that overexpression of 53BP1 enhanced
the accumulation of chromosomal aberrations in wild-type
MEFs and led to a mild decrease in colony formation af-
ter PARPi treatment (Figure 6). However, PARPi-induced
cytotoxicity was more severe in BRCA 1-deficient cells rela-
tive to wild-type when 53BP1 was overexpressed (compare
Figures 3D and 6C). This is presumably because the extent
of damage in absolute terms is still relatively low and can
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thereby be tolerated in wild-type cells. Our data therefore
suggest that tumors with functional BRCA1 and elevated
RNF168/53BP1 levels may derive only limited benefit from
PARPi-based therapy. Nevertheless, 53BP1 overexpression
can increase mutagenic NHEJ by suppressing HR in both
WT and BRCA 1-deficient cells.

We found that the requirements of 53BP1 in mutagenic
repair of PARPi-induced DNA damage and physiological
NHEJ during CSR are dissimilar (Figure 7D). As it has
been proposed that the anti-resection function of 53BP1
is critical for CSR (28-29,31), we reasoned that further
inhibiting end resection with exogenously overexpressed
53BP1 might lead to enhanced CSR. To our surprise, how-
ever, neither RNF168 nor 53BP1 had any significant im-
pact on CSR efficiency when overexpressed. Therefore, the
expression levels of RNF168 or 53BP1 proteins are clearly
more than sufficient to handle all AID-generated breaks un-
der physiological conditions. Since the levels of RNF168
render ubiquitin signaling rate-limiting when the number of
DSBs exceeds 20-40 (37), one possible explanation for these
findings is that PARPi-induced DSBs in BRCA 1-deficient
cells may far exceed the number of DSBs generated by
AID during CSR. The increased DSBs in PARPi-treated
cells, in contrast to the fewer number of CSR-associated
breaks could saturate histone ubiquitylation. To date, the
only known limiting factor for CSR is AID itself (58), which
when overexpressed causes supra-physiological accumula-
tion of cleavage events at Ig switch regions, additional sub-
strates for 53BP1-dependent NHEJ and increased CSR.
Taken together, these data showed that the anti-resection
activity of 53BP1 is limiting during mutagenic but not phys-
iological NHEJ.
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Supplementary Data are available at NAR Online.
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