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1. INTRODUCTION:

Approximately 20% of high grade serous ovarian cancers harbor Cyclin E1 (CCNE1)
amplification and are associated with poor outcome and inferior responsiveness to
standard platinum chemotherapy. Given their intrinsic resistance to platinum,
management of CCNE1-amplified ovarian cancers is challenging. In this research, we
evaluate three novel strategies against CCNE1-amplified ovarian cancers that address
different aspects of CCNE1 biology. In the first aim, based on our preliminary data, we
hypothesize that HSP90-inhibitors may be effective against CCNE1-amplified ovarian
tumors because they suppress HR, downregulate BRCA1, and downregulate CCNE1.
In the second aim, based on our preliminary data and the fact that RB functions
downstream of cyclin E, we hypothesize that inhibition of FOXM1 and RB interaction is
an effective approach for targeting CCNE1-amplified ovarian tumors. Specifically,
suppression of FOXM1/RB interaction will lead to enhancement of RB/E2F interaction
and suppression of E2F-dependent oncogenic activity resulting in activity against
CCNE1-amplified cells. In the third aim, we hypothesize that miR-1255b, miR-148b*,
and miR-193b* may be effective against CCNE1-amplified ovarian tumors in
combination with platinum and PARPIis. Potential mechanisms for this effect include
suppression of HR and downregulation of BRCA1, RAD51 and BRCAZ2 that are relevant
for CCNE1-amplified ovarian tumors which are dependent on hyperactive HR and are
sensitive to suppression of BRCA1.

2. KEYWORDS:

Epithelial Ovarian Cancer, CCNE1 amplification, Homologous Recombination DNA
Repair, Platinum analogues, MicroRNAs, Heat shock protein 90 (HSP90) inhibitors,
Forkhead box protein M1 (FOXM1), Retinoblastoma (RB), Poly-ADP Ribose
Polymerase Inhibitors (PARP-inhibitors)

3. ACCOMPLISHMENTS:

What were the major goals and objectives of the project?

The major goal for Aim 1 is to determine the activity of HSP90 inhibitors in CCNE1-
amplified ovarian tumors.

The major goal for Aim 2 is to inhibit FOXM1 and RB interaction to suppress CCNE1-
amplified ovarian tumors.

The major goal for Aim 3 is to determine the activity of certain miRNA mimics in
combination with PARP-inhibitors or platinum against CCNE1-amplified ovarian tumors.



What was accomplished under these goals?

Since the starting of the award, substantial progress has been made toward achieving
the goals as outline in the application.

For AIM 1:
During the first year of the award we were able to achieve the following goals:

1) The HSP90-inhibitor 17-AAG has single agent activity against a number of
CCNE1-amplified cell lines

As proposed in Aim 1, we evaluated the activity of HSP90-inhibitor 17-AAG in various
CCNE1-amplified ovarian cancer lines (1), including OVCAR3, COV318 and in the
OVCARA4 cell line which harbors CCNE1 overexpression. To that end, cells were plated
at 1000 cells per well on a 96- well plate in sextuplicate and treated with 17-AAG at
indicated concentrations on the next day. After 5 days, cell viability was quantified by
Celltiter Glo.

As shown in Figure 1A, we noted significant activity of 17-AAG in OVCARS and
OVCARA4 cell lines with IC50 of 0.07 and 0.08uM respectively. 17-AAG was also active
in COV381 with an IC50 of 0.14uM, albeit less than OVCAR3 and OVCARA4. This is
consistent with our hypothesis that HSP90 inhibitors may have good single agent
activity against CCNE1 amplified and overexpressing lines.
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Figure 1. A) Activity of 17-AAG in OVCARS3, COV318 CCNE1 amplified and OVCAR4
CCNE1 overexpressing ovarian cancer lines. B) HSP90 inhibitor AT13387 suppresses
HR as assessed by the Direct Repeat-GFP (DR-GFP) reporter assay.

The inferior activity may be related to inherent resistance to 17-AAG which may relate to
mutations in HSP90 that affects the interaction with 17-AAG or overexpression of drug
efflux pump MDR1 or elevated baseline HSP70 levels. We are currently assessing
whether these mechanisms may contribute to this differential sensitivity of CCNE1-
amplified lines to 17-AAG.

2) HSP90-inhibition downregulates homologous recombination (HR) DNA repair

One of our hypothesis of how HSP90 may have activity against CCNE1 amplified cells
is based on the fact that CCNE1 amplified cells are hyperdependent on an intact HR
(2). Therefore, by downregulating HR, HSP90 inhibitors may induce lethality in CCNE1
amplified cells. In this regard, during this funding period, we assessed whether the
HSP90 inhibitor AT13387 suppresses HR using the Direct Repeat-GFP (DR-GFP)
reporter assay (3).



In this assay, there is measurement of HR-mediated repair of an I-Scel induced site
specific DSB. Specifically, 0.1 X 106 U20S cells carrying DR-GFP reporter were plated
on a 12-well plate overnight, treated with 17 AAG at indicated concentrations for 24 hrs,
and transfected with 500 ng of I-Scel expression plasmid or control vector using
Lipofectamine 2000. After 48 h, GFP-positive cells were assayed by FACScan.

As shown in Figure 1B, increasing concentrations of AT13387 reduced the efficacy of
HR DNA repair by approximately 70%, down to plateau of 30%. This is also being
confirmed using the RAD51 foci formation after ionizing radiation (IR) assay.

3) The HSP90-inhibitor AT13387 synergizes with DNA damage inducing agents
such as PARP-inhibitors against CCNE1-amplified cell lines

One of the key goals of Aim 1 was to also assess the activity of HSP9O0 inhibitors in
combination with platinum and PARP inhibitors in CCNE1-amplified cell lines.
During this funding period we assessed the combination of the novel PARP inhibitor
BMNG673 (talazoparib) (4) in combination with the HSP9O0 inhibitor AT13387.
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Figure 2. In vitro synergism between HSP90 inhibitor AT13387 and the PARP inhibitor
BMNG73 in OVCAR4 and OVCARS.



We have now assessed the combination talazoparib and AT13387 in OVCAR4 and
OVCARS3 which exhibit CCNE1 overexpression and amplification respectively using
colony formation assay. Cells were treated with the indicated (Figure 2) BMN673 and
AT13387 concentrations. As shown in Figure 2, in both cell lines, addition of small
concentrations of AT13387 enhanced the cytotoxicity of BMNG73, indicating synergism
between BMNG673 and AT13387. We plan to assess other PARPIs as well, including
olaparib.

For AIM 2:

The retinoblastoma protein (RB) is a tumor suppressor that functions
downstream of cyclin E1 (encoded by the CCNE1 gene) to regulate cell cycle, apoptosis
and differentiation through its direct binding to and inhibition of the E2F transcription
factor (5, 6). Disruption of RB and E2F interaction by viral oncogenic proteins such as
HPV-E7 leads to neoplastic transformation (7). HPV-E7 inhibits RB function through a
conserved LxCxE motif for high affinity RB binding (7, 8). Although RB pathway
including its upstream regulator cyclin E is often deregulated in EOC (9), genetic
alterations of the RB gene itself are relative rare in EOC (10-12). Notably, RB physically
interacts with FOXM1 (13, 14), a transcription factor with oncogenic activity in EOC (9).
Interestingly, the FOXM1 transcriptional network is significantly upregulated in EOC as
well (9). Thus, we sought to determine whether the interaction between RB and FOXM1
can be targeted in EOC. Since RB functions downstream of cyclin E, we expect that this
approach will be especially effective in CCNE1 amplified EOCs.
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Toward this goal, we first examined the expression of FOXM1 mRNA in a panel of EOC
cell lines by qRT-PCR. We used normal fallopian tube epithelial cells as a control.
Notably, OVCARS, a cell lines with known CCNE1 amplification showed the highest
levels of FOXM1 expression (Figure 3). Thus, we used OVCARS cells to perform the
subsequent functional studies. To determine the role of FOXM1 in OVCARS cells, we



developed a shRNA targeting the human FOXM1 gene. We validated the knockdown
efficiency fo shFOXM1 by both qRT-PCR and immunoblotting (Figure 4).

Supporting the notion FOXM1 is required for the proliferation of CCNE1 amplified EOC
cells. FOXM1 knockdown significantly suppressed the growth of OVCARS cells as
determined by both cell growth curve and colony formation assays (Figure 5).
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Figure 5. FOXM1 knockdown suppresses the growth of OVCAR3 cells.
Mean of three independent experiments with SD. (B)
Mean of three independent

OVCARS cells expressing shFOXM1 or controls.
Same as (A) but for colony formation assay.
experiments with SD.

(C) Quantification of (B).

The binding between FOXM1 and RB depends upon a LxCxE motif on FOXM1
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Figure 6. An inhibitor of FOXM1 and RB interaction that
inhibits the growth of CCNE1 amplified NIH-OVCAR3 EOC
cells. A) CCNE1 amplified NIH —OVCARS3 cells were treated
with 5 mM inhibitor 478726 or control inactive compound 77333
for 48 h. The indicated cells were used for co-
immunoprecipitation assay using an anti-FOXM1 antibody or a
control 1gG. The |IPed product were examined by
immunoblotting using the indicated antibodies. B) Same as A)
but examined cell growth using the indicated concentration of
inhibitor or control compound for 72 hours. Curves represent
cell numbers normalized to control treatment.

(13, 14). Notably, a class of
thiadiazolidinedione
compounds have previously
been identified that disrupt the
LxCxE motif mediated
interaction between HPV-E7
and RB (15). These
compounds are selectively
cytotoxic in HPV-positive cells
in intro and in vivo in mouse
models (15). The observed
effects correlate with its ability
to suppress the disruption of
RB/E2F complex by HPV-E7.
This leads to a restoration of
RB/E2F interaction and
suppression of E2F dependent

oncogenic activity. Since FOXM1’s interaction with RB is also dependent upon the
LxCxE motif (7, 8), we examined the effects of the RB/HPV-E7 disruption compound
478166 (or inhibitor 478726) on the interaction between FOXM1 and RB in EOC cells.
In CCNE1 amplified NIH-OVCARS cells (16), the interaction between FOXM1 and RB is
readily detectable (Figure 6A). Co-immunoprecipitation analysis revealed that the
interaction between FOXM1 and RB is substantially suppressed by inhibitor 478726

(A) Growth curves of



(Figure 6A). Since the disruption of interaction between HPV-E7 and RB by the inhibitor
leads to cell growth arrest in HPV positive human cancer cells (15), we examined
whether disruption of FOXM1 and RB also inhibits the growth of CCNE1 amplified NIH-
OVCARS cells. Indeed, we observed a dose dependent suppression of cell growth by
the inhibitor 478726 in these cells (Figure 6B). In summary, our preliminary data
identified a small molecule inhibitor that can disrupt the interaction between FOXM1 and
RB, which correlates with a dose-dependent growth inhibition in CCNE1 amplified EOC
cells.

In summary, we have demonstrated in Aim 2:
1) FOXM1 is necessary for the proliferation of CCNE1 amplified epithelial ovarian
cancer cells.
2) FOXM1 interacts with Rb in CCNE1 amplified epithelial ovarian cancer cells.
3) Characterized small molecule inhibitor that disrupts the interaction between
FOXM1 and Rb in CCNE1 amplified epithelial ovarian cancer cells.

For AIM 3:

During the first year of the award we were able to achieve the following goals:

1) Certain miRNAs including miR-1255b, miR-148b*, and miR-193b* inhibit HR
DNA repair

As proposed in Aim 3, we evaluated whether certain miRNAs may inhibit HR repair in
CCNE1 amplified cell lines. To achieve this we assessed the effects of mMiRNA mimics
for miR-1255b, miR-148b*, and miR-193b* and miR-182 in CCNE1 amplified OVCARS3
cells using the RADS1 foci formation after ionizing radiation (IR) assay.

Specifically, OVCARS cells were transfected with control miRNA mimic and the
indicated (Figure 7) miRNA mimics stained for RAD51 (green) and 4',6-diamidino-2-
phenylindole (DAPI) (blue) 6 h after exposure to IR. The images were captured by
fluorescence microscopy and RADS51 focus-positive cells (with > 5 foci) were quantified
by comparing 100 cells.

As shown in Figure 7, treatment with miRNA mimics for miR-1255b, miR-148b*, and
miR-193b* and miR-182, significantly reduced RAD51 foci formation after IR compared
to control miRNA mimic, suggesting that these miRNA mimics can indeed inhibit HR
repair in these CCNE1 amplified cells.

10
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Figure 7. miRNA mimics for miR-1255b, miR-148b*, and miR-193b* and miR-182 inhibit
HR repair in CCNE1 amplified OVCARS cells

2) These miRNAs synergize with platinum and PARP-inhibitors against CCNE1-
amplified cell lines, that is expression of these miRNAs sensitizes CCNE1-
amplified cells to platinum and PARP-inhibitors.

Another important goal of Aim 3, was to assess whether these miRNAs may synergize
with platinum and PARPis in CCNE1-amplified cells.

To achieve this, luminescence based viability assay was performed in OVCAR3 and
OVCARA4 ovarian cells. Cells were transfected with control miRNA, miRNA mimics for
miR-1255b, miR-148b* and miR-193b* or BRCA1 siRNA (positive control). All cells
were concomitantly treated with 1uM PARP inhibitor AZD2281 (Olaparib) and
increasing concentrations of cisplatin for 5-6 days before ATP quantification.
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Figure 8. miRNA mimics for miR-1255b, miR-148b* and miR-193b* enhance cytotoxicity
to cisplatin and olaparib.

As shown in Figure 8, miRNA mimics for miR-1255b, miR-148b* and miR-193b*
enhanced sensitivity to cisplatin and olaparib, more than the negative control and less
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than the positive control BRCA1 siRNA. These findings, together with our finding that
these miRNA mimics inhibit HR in CCNE1 amplified cells, support our hypothesis and
suggest a novel strategy for targeting CCNE1 amplified tumors. In the next funding
period, we plan to perform studies of miRNA mimics with additional PARP-inhibitors and
platinum agents, either alone or in combination, in CCNE1-amplified ovarian cancer
cells.
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What opportunities for training and professional development did the project
provide?

“Nothing to Report.”

How were the results disseminated to communities of interest?

“Nothing to Report.”

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

In the next reporting period:

For Aim 1, we plan to perform synergism studies of HSP90-inhibitors with additional
PARP-inhibitors and with platinum agents in CCNE1-amplified ovarian cancer cells. We
also intend to initiate tolerability studies of these agents in patient-derived xenografts
(PDX) models of CCNE1-amplified ovarian cancer.

For Aim 2, we plan to accomplish whether and how the inhibitor of FOXM1 and RB
interaction affects the growth of CCNE1-amplified epithelial ovarian cancer cells.

For Aim 3, we plan to perform synergism studies of miRNA mimics with additional
PARP-inhibitors and platinum agents in CCNE1-amplified ovarian cancer cells. We also
intend to evaluate possible targets of these miRNAs which explain their action of
suppressing HR DNA repair.

4. IMPACT:

“Nothing to Report.”

What was the impact on the development of the principal discipline(s) of the
project?
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“Nothing to Report.”

What was the impact on other disciplines?

“Nothing to Report.”

What was the impact on technology transfer?

“Nothing to Report.”

What was the impact on society beyond science and technology?

“Nothing to Report.”

5. CHANGES/PROBLEMS:

“Nothing to Report.”

Changes in approach and reasons for change

“Nothing to Report.”

Actual or anticipated problems or delays and actions or plans to resolve them

“Nothing to Report.”

Changes that had a significant impact on expenditures

“Nothing to Report.”

Significant changes in use or care of human subjects, vertebrate animals,
biohazards, and/or select agents

“Nothing to Report.”
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Books or other non-periodical, one-time publications.
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SUMMARY

Restoration of anti-tumor immunity by blocking PD-
L1 signaling through the use of antibodies has proven
to be beneficial in cancer therapy. Here, we show
that BET bromodomain inhibition suppresses PD-L1
expression and limits tumor progression in ovarian
cancer. CD274 (encoding PD-L1) is a direct target
of BRD4-mediated gene transcription. In mouse
models, treatment with the BET inhibitor JQ1 signifi-
cantly reduced PD-L1 expression on tumor cells and
tumor-associated dendritic cells and macrophages,
which correlated with an increase in the activity of
anti-tumor cytotoxic T cells. The BET inhibitor limited
tumor progression in a cytotoxic T-cell-dependent
manner. Together, these data demonstrate a small-
molecule approach to block PD-L1 signaling. Given
the fact that BET inhibitors have been proven to be
safe with manageable reversible toxicity in clinical
trials, our findings indicate that pharmacological
BET inhibitors represent a treatment strategy for
targeting PD-L1 expression.

INTRODUCTION

Tumors evade anti-tumor immunity by inhibitory pathways
that regulate the function of T lymphocytes, known as immune
checkpoints (Topalian et al., 2015). Programmed cell death
(PD)-1 protein is predominantly expressed on the surface of
T cells, while its ligands, such as PD-L1, are expressed on the
surface of both cancer cells and immune cells (Zou et al,
2016). Interaction between PD-1 and PD-L1 inhibits T cell activ-
ity, which reduces T cell-mediated cytolysis. Therefore, inhibiting
this interaction could result in increased anti-tumor immunity.
Indeed, blockade of immune checkpoints by antibodies has
demonstrated remarkable activity in several cancer types (Ma-
honey et al., 2015). For example, antibody-based blockage of
PD-1 and PD-L1 signaling is therapeutically beneficial in an ex-
panding list of malignancies (Zou et al., 2016). Despite these
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anti-tumor benefits, checkpoint blockade using these antibodies
is associated with unique adverse effects known as immune-
related adverse events (irAEs) due to nonspecific immunologic
activation (Naidoo et al., 2015). Prolonged immunosuppression,
often required to treat irAEs, predisposes patients to infections.

PD-L1 is associated with prognosis in several cancer types.
PD-L1 expression predicts a better prognosis in ovarian cancer
(Webb et al., 2016), which remains the most lethal gynecological
malignancy in the developed world. Blockade of PD-1/PD-L1
signaling enhances the amplitude of anti-tumor immunity in
ovarian cancer (Abiko et al., 2013; Cubillos-Ruiz et al., 2009).
PD-L1 expression correlates with clinical response to anti-
PD-1/L1 therapy (Zou et al., 2016). Despite the importance
of PD-L1 in tumor immunity, the regulation of PD-L1 expression
remains poorly understood. DNA hypomethylating agents such
as azacytidine increase PD-L1 expression in non-small-cell
lung cancer (Wrangle et al., 2013). This suggests that chromatin
modifiers, including writers, readers, and erasers (i.e., epigenetic
mechanisms), play a critical role in regulating PD-L1 expression.
Whether agents that target epigenetic regulators could be used
to inhibit PD-L1 signaling remains to be explored.

The bromodomain and extraterminal (BET) protein BRD4
directly binds to acetylated lysine on histone tails and other nu-
clear proteins to promote gene transcription by RNA polymerase
Il (Pol ll) (Filippakopoulos and Knapp, 2014). Specific BET inhib-
itors have been developed. Clinical trials in hematopoietic malig-
nancies have demonstrated the anti-tumor activity of BET inhib-
itors with a manageable toxicity prolife (Filippakopoulos and
Knapp, 2014). Here, we show that inhibition of BRD4 suppresses
PD-L1 expression and increases cytotoxic T cell activity to limit
tumor progression in vivo in ovarian cancer models. Our findings
establish an immune checkpoint targeting approach by repur-
posing existing pharmacological BET inhibitors.

RESULTS

BET Inhibitors Suppress PD-L1 Expression

Given the importance of targeting PD-L1 in anti-tumor immunity
and the poorly understood nature of its regulation, we evaluated
a panel of 24 small-molecule inhibitors known to target epigenetic
regulators (obtained from The Structure Genomics Consortium) to
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identify “hits” that suppress the expression of PD-L1. As upregu-
lation of PD-L1 is known to play a critical role in ovarian cancer
(Abiko et al., 2013), we focused on epithelial ovarian cancer
(EOC) celllines. To identify suitable cell models for the small-mole-
cule screen, we examined PD-L1 expressionin a panel of EOC cell
lines: PEO1, OVCAR3, OVCAR10, PEO4, and Kuramochi. PEO1
and OVCARS3 cells express high levels of PD-L1 (Figures S1A
and S1B) and were used for the screen. To limit the potential
bias introduced by variation in growth inhibition induced by the
small-molecule inhibitors, we established a growth inhibition
curve for each small-molecule inhibitor. We used the established
IC5 (inhibitory concentration 20%) value of each small-molecule
inhibitor (Table S1). The highest dose tested (20 uM) was used for
those inhibitors whose IC,g was not achieved (Figure 1A; Table
S1). Using flow-cytometric (fluorescence-activated cell sorting;
FACS) analysis, we measured the fold change in PD-L1 expres-
sion based on mean fluorescence intensity for each of the 24 in-
hibitors (Figure 1B). This analysis identified a list of five inhibitors
that significantly suppressed PD-L1 expression in PEO1 cells.
Similar analyses in OVCARS cells revealed a list of four inhibitors
that significantly suppressed PD-L1 expression (Figure S1C).
The top three “hits” for reducing PD-L1 expression in both cell
lines are BET inhibitors: JQ1, Bromosporine, and PFI-1 (Figures
1B and S1C). Inhibition of PD-L1 was specific to BET inhibitors,
but not bromodomain inhibitors in general, because other bromo-
domain inhibitors such as SGC-CBP30 did not significantly
reduce PD-L1 expression (Figure 1C).

Interferon-gamma (IFNvy) induces PD-L1 expression. As a sec-
ondary screen, we determined the effects of the same panel of
epigenetic inhibitors on PD-L1 expression in cells treated with
IFN«y (Figure 1D). This screen revealed that only the same three
BET inhibitors significantly suppressed PD-L1 expression in
the presence of IFNy stimulation (Figures 1D-1F). BET-inhibi-
tor-induced suppression of PD-L1 was not due to changes in
IFNv secretion because EOC cell lines did not secrete detectable
levels of IFNy, and JQ1 did not affect the secretion of IFNy (data
not shown). Thus, we identified BET inhibitors as suppressors of
PD-L1 expression.

BET Inhibition Reduces PD-L1 Expression at the
Transcriptional Level in a Dose- and Time-Dependent
Manner

As JQ1 is clinically applicable (known as TEN-010 in clinical
trials), we performed further validation on this inhibitor. We
demonstrated that JQ1 treatment decreased PD-L1 expression
with or without IFNy stimulation (Figures 2A and S2A). JQ1
reduced PD-L1 expression in a dose-dependent manner
(Figure 2B). Similar dose-dependent suppression of PD-L1
expression was also observed in IFNvy-stimulated cells (Fig-
ure 2B). We also observed a time-dependent suppression
of PD-L1 expression by JQ1, where suppression of PD-L1
expression was observed 24 hr post-treatment (Figures 2C
and S2B). Notably, expression of CD274, the gene encoding
PD-L1, was reduced in a dose- and time-dependent manner
that mirrors PD-L1 downregulation induced by JQ1 (Figures
2D, 2E, and S2C). This indicates that suppression of PD-L1
expression by JQ1 occurs at the transcriptional level. Notably,
JQ1 reduced PD-L1 expression at a dose (e.g., 20 nM) that did
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not affect the growth of treated cells (Figures S2D and S2E).
This suggests that the observed reduction in PD-L1 expression
is not a consequence of growth inhibition induced by JQ1 (Fig-
ures 2B and 2E; Figures S2D and S2E). Therefore, we conclude
that JQ1 reduces PD-L1 expression at the transcriptional level in
a dose- and time-dependent manner.

CD274 Is a Direct Target Gene of BRD4

BRD4 is often amplified in ovarian cancer and is a major target of
JQ1 (Baratta et al., 2015; Goundiam et al., 2015). To determine
whether genetic knockdown of BRD4 directly regulates PD-L1
expression, BRD4 was knocked down using three individual
shRNAs (short hairpin RNAs), termed shBRD4s (Figures 3A
and 3B). All three shBRD4s efficiently knocked down BRD4
expression and decreased PD-L1 expression (Figures 3A-3D).
Similar results were observed in multiple EOC cell lines (Figures
S3A-S3C). The observed decrease in PD-L1 expression was
rescued by the expression of a shBRD4-resistant wild-type
BRD4 (Figures 3E and 3F). In addition, BRD4 knockdown also
reduced PD-L1 expression in IFNy-stimulated cells (Figure 3G).

Next, we profiled the global changes in mRNA expression
induced by JQ1 or shBRD4 in PEO1 cells by QuantSeq (GEO:
GSE81698). Notably, CD274 expression was downregulated
~4-fold by both JQ1 and shBRD4 in this analysis (Figure S3D).
Pathway enrichment analysis on significantly changed genes re-
vealed biological processes, including lymphocyte chemotaxis
and inflammatory response (Table S2).

We next determined whether BRD4 correlates with PD-L1
expression in EOC. Using a panel of EOC cell lines, we observed
a trend toward a positive correlation between BRD4 and PD-L1
expression (Figure 3H). We examined whether BRD4 and CD274
expression is positively correlated in EOC specimens. We
used a published database that profiled gene expression in 53
cases of laser capture and microdissected (LCM) high-grade
serous EOCs (Mok et al., 2009). Indeed, there was a significant,
positive correlation between BRD4 and CD274 in EOCs (Fig-
ure 3l, p < 0.0001).

Next, we determined whether CD274 is a direct target gene
of BRD4. BRD4 chromatin immunoprecipitation (ChIP) followed
by next-generation sequencing (ChlP-seq) in OVCAR3 cells
revealed that BRD4 is enriched at the CD274 gene promoter
(Figure S3E). ChIP analysis showed a significant association
of BRD4 with the CD274 promoter, which was decreased with
JQ1 treatment (Figures 3J and S3F). Notably, JQ1 treatment
did not significantly reduce acetylated H3 levels at the CD274
promoter (Figure 3K). The observed JQ1-mediated suppression
of PD-L1 correlated with decreased association of RNA Pol I
with the CD274 promoter (Figure 3L). Next, we determined
whether upregulation of PD-L1 expression by IFNy correlates
with increased association of BRD4 at the CD274 promoter.
Indeed, IFNy treatment enhanced the association of BRD4
with the CD274 promoter, which was reduced by JQ1 treatment
(Figure 3M). This was not due to the upregulation of BRD4 by
IFNY, because we did not observe an increase in BRD4 protein
expression in cells treated with IFNy (Figure 3N). Together, these
data support the notion that CD274 is a direct target gene of
BRD4, which is subject to JQ1-mediated repression at the tran-
scriptional level (Figure 30).
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Figure 1. BET Inhibitors Suppress PD-L1
Expression in Ovarian Cancer Cells

(A) Flow diagram of experimental design.

(B) Plot of the ratio of PD-L1 expression on PEO1
cells treated with doses of the indicated epigenetic
inhibitors or vehicle controls as detailed in Table
S1.*p < 0.04; **p < 0.0001.

(C) Representative changes in PD-L1 expression
determined by FACS on PEO1 cells treated
with the indicated BET inhibitors. SGC-CBP30
was used as a negative control.

(D) Same as in (B) but for IFNy-stimulated
(20 ng/ml, 24 hr) PEO1 cells. *p < 0.02; **p < 0.002.
(E) Representative changes in PD-L1 expression
determined by FACS on PEO1 cells stimulated
with IFNy (20 ng/ml, 24 hr) and treated with the
indicated BET inhibitors. SGC-CBP30 was used
as a negative control.

(F) Venn diagram of “hits” that suppress PD-L1
expression from the three indicated screens.
Error bars represent SEM of three independent
experiments. See also Figure S1 and Table S1.
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Figure 2. BET Inhibitor JQ1 Suppresses PD-
L1 Expression at the Transcriptional Level
(A) PEO1 cells stimulated with or without IFNy
(20 ng/ml, 24 hr) were treated with or without
200 nM JQ1 for 72 hr. PD-L1 expression was
determined by FACS.
(B) PEO1 cells with or without IFNy (20 ng/ml,
24 hr) stimulation were treated with indicated
doses of JQ1 for 72 hr. PD-L1 expression was
determined by FACS.
(C) PEO1 cells were treated with 200 nM JQ1. PD-
L1 expression was determined by FACS at the
indicated time points.
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The BET Inhibitor JQ1 Limits Tumor Progression in a
Cytotoxic T Cell-Dependent Manner
Besides tumor cells, PD-L1 is expressed on tumor-associated
immune cells, such as regulatory dendritic cells (DCs) and mac-
rophages in ovarian cancer (Scarlett et al., 2012). Notably, PD-L1
expression on both DCs and macrophages and the tumor cells is
important for evading anti-tumor immunity (Zou et al., 2016).
Therefore, we determined that JQ1 decreased PD-L1 expression
on mouse bone-marrow-derived DCs (BMDCs) (Figure S4A).
To determine the effects of BET inhibitors on PD-L1 expres-
sion and anti-tumor immunity in vivo, we utilized the ID8-
Defb29/Vegf-a syngeneic mouse model. This model recapitu-
lates the aggressive inflammatory microenvironment of human
ovarian carcinomas, and PD-L1 signaling is critical for cancer
progression in this model (Cubillos-Ruiz et al., 2009). For in vivo
experiments, the injected mice were allowed to develop ascites
for 7 days and treated with 50 mg/kg JQ1 or vehicle control twice
weekly for 18 additional days (Figure 4A). PD-L1 expression on
both immune and tumor cells from peritoneal washes was exam-
ined. Indeed, there was a significant decrease in PD-L1 expres-
sion on immune cells such as DCs and macrophages isolated
from JQ1 treated mice compared with controls (Figures 4B
and 4C). PD-L1 expression on the tumor cells was also signifi-
cantly reduced by JQ1 treatment (Figures 4B and 4C). Notably,
the observed JQ1-mediated reduction in PD-L1 expression on
tumor cells was overcome by overexpressing CD274 in tumor
cells (Figures 4D and S4B). As a control, CD274 overexpression
in tumor cells did not affect the suppression of PD-L1 expression
by JQ1 in DCs (Figure S4C). This indicates that the observed
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T T (D) PEO1 cells were treated with 200 nM JQ1.
mRNA expression of CD274 (encoding PD-L1)
was determined by qRT-PCR at the indicated time
points. *p < 0.05.

" (E) PEO1 cells were treated with the indicated
doses of JQ1 for 72 hr, and CD274 (encoding
PD-L1) mRNA expression was determined by
qRT-PCR. *p < 0.05.

Error bars represent SEM of three independent

experiments. See also Figure S2.

12 24 48 72

reduction in PD-L1 by JQ1 in vivo is due
to its suppression of endogenous PD-L1
instead of an indirect effect. The dose of
JQ1 used was significantly lower than
those of previous studies (Filippakopou-
los et al., 2010), which did not signifi-
cantly reduce the percentage of CD8" cytotoxic T cells (Figures
S4D and S4E). Therefore, we can achieve a dose of JQ1 that
suppresses PD-L1 expression on both immune cells, such as
DCs and macrophages, and tumor cells without affecting the
survival of cytotoxic T cells.

Next, we determined the effects of JQ1 on CD8* cytotoxic
T cell activity. We observed an increased number of tumor-asso-
ciated T cells that secreted Granzyme B, as determined by
enzyme-linked immunospot (ELISpot) analysis in JQ1-treated
mice compared to controls (Figures 4E and 4F). Similar results
were also obtained with an independent syngeneic mouse
model using the UPK10 cell line (Figures S4G and S4H). Consis-
tently, JQ1 treatment increased the percentage of IFNy-produc-
ing CD8* cytotoxic T cells (Figures 4G and 4H). Together, these
findings support the notion that JQ1 treatment suppresses
PD-L1 expression on both immune and tumor cells in vivo and
increases CD8" cytotoxic T activity.

We next determined the effects of JQ1 treatment on tumor
growth in vivo. JQ1 significantly suppressed tumor growth in
an orthotopic ID8-luciferase syngeneic mouse model (Figures
41, 4J, and S4l). Significantly, the observed tumor-suppressive
effects are CD8" T cell dependent because antibody-mediated
depletion of CD8* T cells abrogated the therapeutic benefit of
JQ1 treatment (Figures 41 and 4J). In addition, JQ1 treatment
significantly improved the survival of mice receiving adoptively
transferred tumor-reactive T cells in an orthotopic UPK10 synge-
neic mouse model (Figure 4K). Together, these data support the
notion that BET inhibition limits the progression of ovarian cancer
in a CD8™ cytotoxic T cell-dependent manner.
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Figure 3. CD274 Is a Direct Target Gene of BRD4

(A) PEO1 cells expressing shBRD4 or control were examined for BRD4 expression by gRT-PCR. *p < 0.05.

(B) Same as in (A) but examined for the expression of BRD4 protein by immunoblotting.

(C) Same as in (A) but examined for CD274 mRNA expression by gRT-PCR. *p < 0.05.

(D) Same as in (A). PD-L1 expression was determined by FACS.

(E) PEO1 cells expressing shBRD4 (#3) that targets the 3 UTR region of the human BRD4 gene with or without simultaneous expression of a wild-type BRD4 open
reading frame. BRD4 and Vinculin expression was determined by immunoblot.

(F) Same as in (E) but examined for PD-L1 expression by FACS.

(G) PEOT1 cells expressing shBRD4 (#3) or control with or without IFNy (20 ng/ml, 24 hr) stimulation were examined for PD-L1 expression by FACS.

(H) Expression of BRD4, PD-L1, and B-actin were examined in the indicated ovarian cancer cell lines or normal human ovarian surface epithelial (HOSE) cells by
immunoblot.

(I) Correlation between BRD4 and CD274 expression was determined by Spearman statistical analysis in 53 cases of laser capture and microdissected high-
grade serous ovarian cancer specimens.

(legend continued on next page)
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DISCUSSION

Several BET inhibitors are now in clinical development for a
number of cancer types (Filippakopoulos and Knapp, 2014).
Although anti-PD-L1 antibody therapy is generally well tolerated,
it is known to trigger irAEs—in particular, with prolonged treat-
ment (Naidoo et al., 2015). Missing from immunotherapy are
traditional small-molecule drugs that may offer several unique
advantages (Adams et al., 2015). Our findings raise the possibil-
ity of targeting PD-L1 using BET inhibitors. BET inhibitors
suppress macrophage inflammatory responses and attenuate
systematic inflammatory processes (Belkina et al., 2013; Nico-
deme et al., 2010). Thus, it is possible that BET inhibitors may
quell the inflammatory response without eliminating the anti-tu-
mor immune response.

PD-L1-positive myeloid cells play a key role in human ovarian
cancer (Curiel et al., 2004). BET inhibitors affect PD-L1 expres-
sion in both tumor cells and in myeloid DCs and macrophages
(Figures 4 and S4). Therefore, BET inhibitors suppress PD-L1
expression in both host antigen-presenting cells and tumor cells.
Compared with immune-associated PD-L1, oncogenic PD-L1
and its role in tumor immunity remain poorly defined (Zou
et al.,, 2016). Interestingly, BET inhibitors suppress PD-L1
expression in tumor cells with or without IFNvy stimulation (Fig-
ures 2 and S2). Thus, this mechanism may couple oncogenic
and immune-associated PD-L1 regulation.

Identification of potential biomarkers that predict the response
to anti-PD-L1 therapy in cancer remains a clinical challenge (Me-
lero et al., 2015). In particular, patients who positively respond to
anti-PD-L1 therapy despite a lack of PD-L1 expression highlight
the complex regulation of PD-L1 in cancer (Brahmer et al., 2015).
Our findings establish that BRD4 is a critical regulator of PD-L1
expression, as BRD4 inhibition blocks the IFNy-induced upregu-
lation of PD-L1 (Figures 2 and 3). This suggests that BRD4
expression may dictate how well PD-L1 can be induced in
response to signals from the tumor microenvironment.

BRD4 is localized to 19p13.1. This BRD4 locus is often ampli-
fied in ovarian cancer (Goundiam et al., 2015). In fact, ovarian
cancer shows one of the highest BRD4 amplification rates in all
cancer types based on The Cancer Genome Atlas (TCGA) data-
base (data not shown). BRD4 expression positively correlates
with CD274 expression in ovarian cancer specimens (Figure 3l).
However, the existence of tumors with high BRD4 expression
and low CD274 expression suggests that additional cell-intrinsic
or -extrinsic mechanisms may also regulate CD274 expression.
Nonetheless, it will be interesting to correlate the response to
anti-PD-L1 blockade therapy with BRD4 ampilification or expres-
sion. Notably, BRD4 also promotes survival and proliferation of
ovarian cancer cells (Baratta et al., 2015). Therefore, BET inhib-
itors may have dual anti-tumor effects on both tumor cells as well
as the tumor-promoting immune environment.

Our findings demonstrate that BET inhibitors suppress PD-L1
expression, which correlates with an increase in cytotoxic T cell
activity. A limitation of the study is that BET inhibition affects the
expression of other genes in addition to CD274 (Figure S3; Table
S2). Changes in the expression of other genes could also
contribute to the observed anti-tumor effects. However, we pre-
viously demonstrated that decreased PD-L1 in myeloid cells,
smaller than those elicited by JQ1, are sufficient to have anti-tu-
mor immune responses (Cubillos-Ruiz et al., 2009). Therefore,
our data support the notion that downregulation of PD-L1 plays
a significant role in the observed anti-tumor immune response
induced by JQ1. Given the demonstrated broad applicability of
PD-L1 blockade therapy in human cancer, we anticipate our
findings to have far-reaching implications for developing future
combinatory cancer therapies.

EXPERIMENTAL PROCEDURES

In Vivo Syngeneic Mouse Model

All animal protocols described in this study were approved by the Institutional
Animal Care and Use Committee (IACUC) at The Wistar Institute. Six- to eight-
week-old female wild-type C57BL/6 mice were purchased from Charles River
Laboratories. ID8 cells were provided by K. Roby (Department of Anatomy and
Cell Biology, University of Kansas) and retrovirally transduced to express
Defb29 and Vegf-a (Conejo-Garcia et al., 2004). Mouse ovarian tumor
UPK10 cells were described previously (Scarlett et al., 2012). The ID8-
Defb29/Vegf-a intraperitoneal (i.p.) tumor model was generated as previously
described (Conejo-Garcia et al., 2004). Briefly, 2 x 10 ~70% confluent ID8-
Defb29/Vegf-a cells were injected into the peritoneal cavity of mice and al-
lowed to establish tumors. After 1 week, mice were randomized into two
groups and treated twice a week with 50 mg/kg JQ1 or vehicle control by
i.p. injection for 3 weeks.

For anti-CD8 antibody treatment, 2 x 10° luciferase-expressing ID8 cells were
orthotopically transplanted into C57BL/6 mice by i.p. injection. The transplanted
tumors were allowed to establish for 22 days. The mice were then randomized
and treated intraperitoneally with 50 mg/kg JQ1 twice a week with or without
an anti-CD8 antibody, 500 g per mouse, once a week. Tumor growth was fol-
lowed by non-invasive imaging, as previously described (Bitler et al., 2015), us-
ing an IVIS Spectrum. Images were analyzed using Live Imaging 4.0 software.

Tumor-Reactive T Cell-Adoptive Immunotherapy

T cells from tumor-free mice were primed with tumor-antigen-pulsed BMDCs as
described previously (Nesbeth et al., 2009). Briefly, BMDCs were pulsed over-
night with -y-irradiated (10,000 rad) and UV-treated (30 min) UPK10 tumor cells
at a ratio of 10:1 (dendritic cells:tumor cells). Tumor-antigen-pulsed BMDCs
were then co-cultured with T cells at a 1:10 (BMDC:T cell) ratio in the presence
of interleukin 2 (IL-2; 10 U/ml) and interleukin 7 (IL-7; 1 ng/ml) (both from Pepro-
Tech) for 7 days. Female C57BL/6 mice (6-8 weeks old) were intraperitoneally in-
jected with 2 x 10% UPK10 tumor cells and treated intraperitoneally with JQ1 or
vehicle control on day 5 and day 12. 1 x 108 tumor-antigen-primed T cells were
transferred into tumor-bearing mice on day 7 and day 14 post-tumor challenge.

Statistical Analysis

GraphPad Prism Version 5.0 was used to perform statistical analyses. The Stu-
dent’s t test was used to determine p values of raw data. A p value <0.05 was
considered as significant.

(J-L) PEO1 cells were treated with or without 200 nM JQ1 for 24 hr. The cells were subjected to ChIP analysis using antibodies against BRD4 (J), H3Ac (K), or Pol Il
(L). An isotype-matched IgG was used as a negative control. The association with the CD274 gene promoter was quantified by gPCR. p > 0.05; *p < 0.05.
(M) Same as in (J), but for PEO1 cells with or without IFNy (20 ng/ml, 24 hr) stimulation were treated with JQ1. *p < 0.05.

(N) Same as in (M) but examined for BRD4 and B-actin protein expression by immunoblot.

(O) A model for BRD4-mediated regulation of PD-L1 expression.

Error bars represent SEM of three independent experiments. See also Figure S3 and Table S2.
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Figure 4. JQ1 Decreases PD-L1 Expression and Limits Tumor Progression in a Cytotoxic T Cell-Dependent Manner In Vivo

(A) Flow diagram of experimental design. These experiments were repeated three times.

(B) 2 x 10° total cells from peritoneal wash were subjected to staining using antibodies against CD45.2-PE/Cy7, CD11c-APC/Cy7, F4/80-PerCP/Cy5.5, MHCII-
PE, and PDL1-APC. PD-L1 expression was determined by FACS. CD45.2-PE/Cy7-negative cells were gated as tumor cells. Among CD45.2-PE/Cy7-positive
cells, MHCII and CD11c double-positive cells were gated as dendritic cells, while MHCII- and F4/80-positive cells were gated as macrophages.

(C) Quantification of PD-L1 expression in indicated cell populations.
(D) C57BL/6 mice were injected intraperitoneally with ID8-Defb29/Vegf-a cells

with or without CD274 overexpression. Mice were randomized and treated with

50 mg/kg JQ1 twice every week for 18 days or vehicle controls. Cells from peritoneal wash were subjected to analysis for PD-L1 expression using the same

approach as detailed in (B). Shown is PD-L1 expression in tumor cells (CD45.2-

five mice in each of the indicated groups were combined for FACS analysis.

PE/Cy7 negative) from the indicated groups. Due to low cell numbers, cells from

(legend continued on next page)
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Abstract

The emergence of tumor cells with certain stem-like char-
acteristics, such as high aldehyde dehydrogenase (ALDH)
activity due to ALDH1A1 expression, contributes to chemo-
therapy resistance and tumor relapse. However, clinically
applicable inhibitors of ALDH activity have not been reported.
There is evidence to suggest that epigenetic regulation of stem-
related genes contributes to chemotherapy efficacy. Here, we
show that bromodomain and extraterminal (BET) inhibitors
suppress ALDH activity by abrogating BRD4-mediated
ALDH1A1 expression through a super-enhancer element and
its associated enhancer RNA. The clinically applicable small-

Introduction

Chemotherapeutic drugs, such as cisplatin, have had a major
impact on the therapeutic management of many tumors, and in
particular in epithelial ovarian cancer (EOC; ref. 1). However,
chemotherapy resistance is a major cause of cancer morbidity and
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molecule BET inhibitor JQ1 suppressed the outgrowth of
cisplatin-treated ovarian cancer cells both in vitro and in vivo.
Combination of JQ1 and cisplatin improved the survival of
ovarian cancer-bearing mice in an orthotopic model. These
phenotypes correlate with inhibition of ALDH1A1 expression
through a super-enhancer element and other stem-related
genes in promoter regions bound by BRD4. Thus, targeting
the BET protein BRD4 using clinically applicable small-mol-
ecule inhibitors, such as JQ1, is a promising strategy for
targeting ALDH activity in epithelial ovarian cancer. Cancer
Res; 76(21); 6320-30. ©2016 AACR.

mortality. For example, although EOC, in particular high-grade
serous carcinoma (HGSC), initially respond well to platinum-
based chemotherapy, relapse often occurs with decreased chemo-
therapy sensitivity (2). The hypothesis that this occurs due to
cancer stem-like cells (CSC) remains controversial. However,
there is substantial evidence in the literature that cells with CSC
characteristics contribute to chemotherapy resistance and tumor
relapse (3). Putative EOC CSCs are typically characterized by
increased aldehyde dehydrogenase (ALDH) activity with concom-
itant upregulation of ALDH1A1 (4-6). ALDH activity is function-
ally important in EOC, as suppressing ALDH activity by knocking
down ALDH1A1l has been shown to sensitize EOC cells to
chemotherapy (4). In addition, a population of normal ovarian
stem cells also has increased ALDH activity (7), further supporting
its functioning in putative ovarian CSCs. Despite the mounting
evidence on the critical role of ALDH1A1 in regulating CSCs (8),
the molecular mechanisms underlying its regulation remain
poorly understood. Notably, clinically applicable inhibitors of
ALDH activity or ALDH1A1-targeting approaches have not been
reported.

Recent genome-wide next-generation sequencing studies in
human cancers have revealed frequent alterations in genes and
proteins that are critical in regulating the epigenetic landscape of
chromatin (9, 10). This suggests that proteins encoded by these
genes may be cancer therapeutic targets. Accordingly, small-mol-
ecule inhibitors targeting chromatin-regulating epigenetic
enzymes have been developed (11). The bromodomain and
extraterminal (BET) family of proteins recognize acetylated lysine
on histones through their bromodomains (12). BET proteins
control the transcription of their target genes either directly by
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recruiting transcriptional machinery or indirectly through involv-
ing enhancer elements in a lineage and context-specific manner
(12). Highly specific BET inhibitors are in clinical trials (13).
Pharmacologic inhibitors of BET proteins have shown efficacy in
the clinic in a number of pathologies, most notably in cancer.
There is evidence to suggest that epigenetic regulation of stem-
related genes contributes to chemotherapy efficacy (14, 15). Using
unbiased approaches, here, we have identified BET inhibitors as
suppressors of ALDH activity that potentiate the antitumor effects
of cisplatin in EOC.

Materials and Methods

Cell lines and epigenetic small-molecule screen

Human EOC cell lines were obtained from ATCC within 3 years
and were reauthenticated by The Wistar Institute's Genomics
Facility at the end of the experiments within last 3 months using
short tandem repeat profiling using AmpFLSTR Identifiler PCR
Amplification Kit (Life Technologies) and cultured as described
previously (16). The Structural Genome Consortium generously
provided the epigenetic compound library. OVCAR3 cells
were plated in 384-well plates and treated with serial dilutions
(0-20 umol/L) of 24 epigenetic compounds with or without IC,,
cisplatin. Data were analyzed with GraphPad (Prism).

In situ 3C assay

In situ chromosome conformation capture (3C) samples were
prepared as described previously with modifications (17). Briefly,
cells (5 x 10°) were cross-linked with 1% formaldehyde and
quenched by 2.5 mol/L glycine. Cells were collected and resus-
pended in Hi-C lysis buffer (10 mmol/L Tris-HCl pH 8.0, 10
mmol/L NaCl, 0.2% NP-40) with proteinase inhibitor (Sigma).
The cell suspension was incubated on ice, washed with Hi-C
buffer, resuspended in 0.5% SDS, and incubated at 65°C for 5
minutes. After quenching the SDS, chromatin was digested over-
night by Mbol and then ligated. Ligated DNA was purified using
Wizard SV Gel and PCR Clean-Up System (Promega). Quantita-
tive PCR was performed by using Quantitect Probe PCR Master
Mix (Qiagen) with custom probe and primers as described
previously (18). Probe and primer sequences are indicated in
Supplementary Table S1.

Nascent RNA sequencing and chromatin immunoprecipitation
sequencing

For nascent RNA sequencing (RNA-seq), cells were incubated
with 0.5 mmol/L ethidium uridine (EU) and treated with
125 nmol/L JQ1 or vehicle control for 40 minutes. Total RNA
was extracted with TRIzol reagent and RNeasy Mini Kit. The EU-
labeled RNAs were biotinylated and precipitated by using the
Click-it Nascent RNA Capture Kit (Life Technologies) following
the manufacturer's instructions. Briefly, 5 ug EU-labeled RNA was
biotinylated with 0.25 mmol/L biotin azide in Click-it Reaction
Buffer. Biotinylated RNAs were ethanol precipitated and resus-
pended in ultrapure water. Biotinylated RNAs were incubated with
Dynabeads MyOne Streptavidin T1 magnetic beads in Click-it
RNA and subjected to library preparation. Libraries for RNA-seq
were prepared with Ovation Human FFPE RNA-Seq Multiplex
System 1-8 (NuGEN) and sequenced on an Illumina NextSeq 500.

For chromatin immunoprecipitation sequencing (ChIP-seq),
cells were cross-linked with 1% formaldehyde for 10 minutes,
followed by quenching with 125 mmol/L glycine for 5 minutes.

www.aacrjournals.org
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Fixed cells were resuspended in cell lysis buffer (10 mmol/L
Tris-HCI, pH 7.5, 10 mmol/L NaCl, 0.5% NP-40) and incubated
on ice for 10 minutes. The lysates were washed with MNase
digestion buffer (20 mmol/L Tris-HCl, pH 7.5, 15 mmol/L
NaCl, 60 mmol/L KCl, 1 mmol/L CaCl,) once and incubated
for 20 minutes at 37°C in the presence of 1,000 gel units of
MNase (NEB, M02478S) in 250 uL reaction volume. After adding
the same volume of sonication buffer (100 mmol/L Tris-HCI,
pH 8.1, 20 mmol/L EDTA, 200 mmol/L NaCl, 2% Triton X-100,
0.2% sodium deoxycholate), the lysates were sonicated for 5
minutes (30 seconds on/off) in a Diagenode Bioruptor and
centrifuged at 15,000 rpm for 10 minutes. The cleared super-
natant equivalent to 2-4 x 10° cells was incubated with 2 pg of
anti-BRD4 antibody (Bethyl, A301-985A) on a rocker overnight.
Bound chromatin was eluted and reverse cross-linked at 65°C
overnight. For next-generation sequencing, ChIP-seq libraries
were prepared from 10 ng of ChIP and input DNAs with the
Ovation Ultralow DR Multiplex system (NuGEN). The ChIP-seq
libraries were sequenced in a 51 base pairs paired end run using
the Illumina HiSeq 2000.

In vivo orthotopic xenograft mouse model

The Institutional Animal Care and Use Committee (IACUC) at
The Wistar Institute (Philadelphia, PA) approved all animal
protocols described in this study. NOD/scid gamma (NSG) mice
were injected intraperitoneally with OVCARS3 luciferase cells (5 x
10°). Tumors were allowed to establish for 3 weeks and random-
ized into four groups: control (n = 12), JQ1 (n = 11), cisplatin
(n=12), and cisplatin/JQ1 (n = 13). Tumor growth was followed
by noninvasive imaging as described previously (19). Briefly,
tumors were visualized by injecting luciferin (4 mg/mice i.p.)
resuspended in PBS, and imaged with an IVIS Spectrum. JQ1 was
resuspended in 10% 2-hydroxypropyl-B-cyclodextrin solvent
(Sigma-Aldrich) as described previously (20). Cisplatin was pur-
chased from SelleckChem and dissolved in PBS. Mice were treated
daily with intraperitoneal injections of vehicle controls and/or
JQ1 (20 mg/kg) and/or biweekly with cisplatin (750 ug/kg).
Tumor cells collected from peritoneal washes were incubated
with ammonium chloride to lyse erythrocytes and then used for
the ALDEFLUOR assay and stained with PE-anti-mouse CD45
(BD Biosciences) antibody to exclude mouse-derived hematopoi-
etic cells. Survival of tumor-bearing mice was evaluated on the
basis of IACUC criteria.

Analysis using primary human ovarian tumors

For analyzing ALDH activity, the protocol for using the
primary human ovarian tumor specimen was approved by the
Wistar Institute Institutional Review Board (IRB). For expres-
sion of enhancer RNA (eRNA), BRD4 and ALDHIAI, the
protocol using human ovarian tumor specimens was approved
by the IRB at The M.D. Anderson Cancer Center (Houston,
Texas). RNA was extracted from 26 high-grade serous ovarian
tumors using the mirVana RNA Isolation Kit (Thermo Fisher
Scientific) according to the manufacturer's protocol. Analysis
of RNA levels was performed on a 7500 Fast Real-Time PCR
System (Applied Biosystems) with SYBR Green-based real-
time PCR using the primers as detailed in Supplementary
Methods. Expression of B-actin was used as a housekeeping
gene control. Analysis was performed using the 7500 Real-
Time PCR software.

Cancer Res; 76(21) November 1, 2016
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Figure 1.
BET inhibition decreases ALDH enzymatic activity and suppresses ALDHIAT expression. A, plot of ratio of th

in vivo in an intraperitoneal xenograft model using OVCARS3 cells. Percentages of ALDH activity-positive cel
indicated treatment groups are indicated. Please see Materials and Methods for experimental details. G, qua
examined for ALDHIAT mRNA expression by gRT-PCR. Mean of three independent experiments with SEM. *,
ALDHIAT protein expression by immunoblotting.
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e quantified ALDH-positive cells OVCAR3 cells
treated with the IC,q dose of the indicated epigenetic inhibitors or vehicle controls. For epigenetic inhibitors whose IC,o dose was not achieved, the highest dose
tested (20 umol/L) was used in the assay. Error bars, SEM of three independent experiments. B, representative changes in ALDH activity in OVCAR3 cells
treated with the indicated positive "hits" identified in the evaluation. DEAB-treated cells were used as a negative control for ALDH activity. C, OVCAR3 cells were
treated with the indicated doses of the BET inhibitor JQ1, and ALDH activity was measured by FACS. The percentages of positive cells are indicated. D, same as C, but
for primary ovarian cancer cells isolated from a serous histosubtype ovarian tumor. E, same as C, but for the BET inhibitor I-BET-762. F, JQ1 inhibits ALDH activity
Is collected from peritoneal washes of the
ntification of F. Error bars, SEM. H, same as C, but

P < 0.03. 1, same as C, but examined for
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JQ1 synergizes with cisplatin, which correlates with inhibition of ALDH activity. A, synergy analysis for JQ1 and cisplatin in the indicated ovarian cancer cell lines.
Cells were treated with the indicated concentration of JQ1and cisplatin for 72 hours. The combination index (CI) value was calculated. Combination index values: <1,
synergism; 1, additive effect; >1, antagonism. Error bars, SEM and n = 3. B, logarithmic combination index plot of JQ1 (200 nmol/L) is generated in combination with
cisplatin in cisplatin-resistant CP70 ovarian cancer cells. C, OVCAR3 cells treated with 125 nmol/L JQ1, 250 nmol/L cisplatin, or in combination for 12 days were
assayed for colony formation. D, quantification of C. Mean of three independent experiments with SEM E, same as C, but cells were only treated for 72 hours
and examined for the percentage of ALDH activity-positive cells by FACS. F, same as E, but examined for ALDHIAT expression by immunoblotting. G, same as E, but
examined for the indicated markers of apoptosis. H, ALDHIAT protein expression in FACS-sorted ALDH activity-positive and negative cells determined by
immunoblotting. I, sphere formation by the indicated ALDH activity-negative cells or ALDH activity-positive cells treated with or without JQ1. Scale bar, 40 um.

J, quantification of I. Mean of three independent experiments with SEM.
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Bioinformatics and statistical analysis

For ChIP-seq, alignment was done versus hgl9 version of
human genome using bowtie algorithm. BRD4 ChIP-seq for
vehicle control-treated cells was compared versus input and
versus JQ1 using HOMER algorithm with "-histone" option. FDR
<1% was set as a significance threshold. RNA-seq data were
aligned using bowtie2 algorithm, and RSEM was used for esti-
mating number of reads for each gene. EdgeR was used to test for
differential expression and FDR <10% was used as a significance
threshold unless stated otherwise. Ingenuity Pathway Analysis
software was used to test gene sets for enrichment of cellular
functions and canonical pathways, and Ingenuity Knowledge Base
was used to create regulation and protein-protein interaction
network for stem-related genes. Differences in percentage between
different classes were tested using Fisher exact test, with P < 0.05
used as a significance threshold. H3K4Me1l and H3K27Ac broad
peaks were downloaded from ENCODE for GM12878, H1-hESC,
HSMM, HUVEC, K562, NHEK, and NHLF cell lines for overlap
with BRD4 peaks. To determine the effect of combination treat-
ment, CI (combination index) values were calculated by using
Compusyn software (21). CIs <1, 1, and >1 represent synergism,
additive effect, and antagonism, respectively.

Results

BET inhibitors suppress ALDH activity and inhibit ALDH1A1
expression

As ALDH activity regulates the putative ovarian CSCs and
stem-related genes are subjected to epigenetic regulation (4-6,
14, 15), we evaluated a panel of 24 small-molecule inhibitors
known to target epigenetic regulators obtained from The Struc-
ture Genomics Consortium on their ability to suppress ALDH
activity (Fig. 1A; Supplementary Table S2). We examined the
expression of ALDH1A1, the major determinant of ALDH
activity (4, 8), in a panel of high-grade serous EOC cell lines
(Supplementary Fig. S1A and S1B; ref. 22). We performed the
evaluation of ALDH activity in OVCAR3 cells because these
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shBRD4 #2

cells have high ALDH1A1 expression (Supplementary Fig. S1B).
To limit the potential bias introduced by different growth
inhibition potential among the small-molecule inhibitors, we
established a growth inhibition curve for each small-molecule
inhibitor and based the dose of each small-molecule inhibitor
on the established IC,, value (Supplementary Table S2). The
highest tested dose (20 pmol/L) was used for those inhibitors
whose IC,o was not achieved. Validating our experimental
design, a previously reported positive regulator of ALDH activ-
ity, an HDAC inhibitor, was identified (23). We identified four
small-molecule inhibitors that significantly suppressed ALDH
activity (Fig. 1A and B). Notably, all three BET inhibitors in the
panel scored as "hits" that significantly suppressed ALDH
activity. As JQ1 is clinically applicable (known as TEN-010 in
clinical trials), we performed further validation on this inhib-
itor. We validated that JQ1 decreased ALDH activity in a dose-
dependent manner (Fig. 1C and Supplementary Fig. S1C) and
in primary EOCs (Fig. 1D). Similar results were also obtained
by using I-BET 762, another BET inhibitor that is now in clinical
development (Fig. 1E). We further validated that JQ1 decreases
ALDH activity of EOC cells in vivo in an orthotopic xenograft
mouse model (Fig. 1F and G). As a positive control, cisplatin
increased ALDH activity in vivo as reported previously (4).
Notably, both ALDH1A1 mRNA and ALDH1A1 protein levels
were decreased by JQ1 treatment in a dose-dependent manner
in multiple cell lines (Fig. 1H and I and Supplementary Fig.
S1D and S1E). This suggests that JQ1 decreases ALDH activity
by suppressing ALDH1A1 expression at the transcriptional
level.

BRD4 inhibition suppresses ALDH activity and inhibits
ALDH1A1 expression

As high ALDH activity is implicated in chemotherapy response
(8), we determined whether BET inhibitors synergize with cis-
platin by inhibiting ALDH activity. Indeed, JQ1 displayed a
synergistic effect with cisplatin in multiple EOC cell lines
(Fig. 2A). In addition, JQ1 displayed a synergistic effect with
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cisplatin in the in vitro-derived cisplatin-resistant EOC cell line
A2780 CP70 (Fig. 2B). Furthermore, in colony formation assays,
JQ1 significantly suppressed the outgrowth of EOC cells after
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cisplatin treatment in multiple EOC cell lines (Fig. 2C and D and
Supplementary Fig. S2A and S2B). This correlated with inhibition
of ALDH activity (Fig. 2E) and suppression of the upregulated
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Figure 4.

JQ1suppresses stem-related genes. A, diagram of the strategies used for identifying direct BRD4 target genes as an overlap between BRD4 differentially occupied
genes and genes differentially expressed in response to JQI. A total of 8,049 BRD4-binding sites showed significant reduction after JQ1 treatment (FDR < 1%).
A total of 129 genes were significantly altered by JQ1 (FDR < 10%). Twenty-one of 44 direct BRD4 target genes whose expression was affected by JQ1 are stem
related, which are all downregulated by JQ1. B, regulation and protein-protein interaction network for stem-related genes identified in A. C, enrichment
analysis of direct BRD4 target genes shows a significant enrichment of stem-related genes among direct BRD4 target genes affected by JQ1 (21/51 affected stem-
related genes were BRD4 direct targets compared with 282/1,196 of all genes changed, identified on the basis of the significance threshold of P< 0.05). D, BRD4 ChIP-
seqg and nascent RNA-seq tracks from control and JQ1-treated cells were aligned using bowtie and bowtie 2 algorithm. L/F, HEST, and WNT5A genomic locus ChIP-seq
and nascent RNA-seq are displayed. E, validation of LIF, HEST, and WNT5A mRNA downregulation by JQ1. Relative mRNA expression level of the indicated
stem-related genes was measured by gRT-PCR with or without 125 nmol/L JQ1treatment for 24 hours. n = 3;*, P< 0.001. F, JQ1 reduces the association of BRD4 and
Pol Il with the promoters of the indicated stem-related genes. ChIP analysis of OVCAR3 cells treated with control vehicle or JQ1 (125 nmol/L) using antibodies against
BRD4 or RNA Pol Il for the human L/F, HEST, and WNT5A gene promoter. An isotype-matched IgG was used as a control (n = 3; *, P < 0.05). Error bars, SEM.
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Figure 5.

BRD4 regulates ALDHIAT expression through a super-enhancer and its associated enhancer RNA. A, flow diagram of the strategies used for identifying the putative
super-enhancer for ALDHIAT gene. B, BRD4 ChIP-seq and nascent RNA-seq tracks from control and JQ1-treated cells were aligned. The putative super-enhancer loci

ALDH1A1 Expression (AC,)

are displayed together with enhancer histone marks H3K4Mel and H3K27Ac tracks from ENCODE database from the indicated cell lines. C, validation of

downregulation of the eRNA and ALDHIAT mRNA by JQ1. OVCAR3 cel

Is were treated with or without 125 nmol/L JQ1 for 24 hours, and the expression of

ALDHIAT mRNA and the eRNA expression was determined by qRT-PCR. (Continued on the following page.)
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ALDH1A1 induced by cisplatin (Fig. 2F and Supplementary Fig.
S2C). We observed an increase in apoptotic markers, such as
cleaved caspase-3, cleaved lamin A and cleaved PARP p85 and
Annexin V in the cells treated with JQ1 and cisplatin in combi-
nation compared with either treatment alone (Fig. 2G and Sup-
plementary Fig. S2D and S2E). Notably, JQ1 significantly
decreased anchorage-independent sphere formation in ALDH-
positive cells, a characteristic of putative ovarian CSCs (24), to a
degree that is comparable with those observed in ALDH-negative
cells (Fig. 2H-]).

The BET family is composed of BRD2, BRD3, BRD4, and the
testis-specific BRDT proteins (12). BRD4 is often amplified in
EOC (25). BRD4 amplification predicts a worse overall/disease-
free survival in EOC patients (26). Consistent with a previous
report (27), we showed that BRD4 is expressed in both EOC cell
lines and primary high-grade serous EOC specimens, and BRD4
knockdown suppressed the growth of EOC cells (Supplementary
Fig. S3A-S3D). Notably, cisplatin did not affect BRD4 expression
(Supplementary Fig. S3E). BRD4 knockdown by multiple shRNAs
and in multiple EOC cell lines suppressed ALDH1A1 expression
and consequently decreased ALDH activity (Fig. 3A-D and Sup-
plementary Fig. S3F-S3I). The oncogene ¢-MYC is a well-estab-
lished target gene of BRD4 (27). JQ1l-induced suppression of
ALDH activity and ALDH1A1 downregulation is not a conse-
quence of c-MYC downregulation, as c-MYC knockdown did not
affect either ALDH1A1 expression or ALDH activity (Supplemen-
tary Fig. S3] and S3K). In contrast to BRD4 knockdown, knock-
down of BRD2 or BRD3 did not suppress ALDH activity (Sup-
plementary Fig. S3L and S3M), suggesting that BRD4 plays a
major role in the observed suppression of ALDH activity by BET
inhibitors, such as JQ1.

BRD4 targets the promoters of stem-related genes

BRD4 transcriptionally regulates its target gene expression (12).
BRD4 is also known to regulate lineage-specific gene expression
through enhancer elements (28-30), which contributes to the
observed specificity and selectivity of BET inhibitors. We deter-
mined whether the observed phenotypes induced by JQ1 are due
to changes in BRD4 target gene expression. Nascent transcript
RNA-seq in OVCARS3 cells treated with or without JQ1 for 40
minutes was performed to identify early changes in the gene
expression that are likely directly dependent on BRD4 inhibition
(Fig. 4A). In addition, BRD4 ChIP followed by next-generation
sequencing (ChIP-seq) analysis was performed in OVCARS3 cells
treated with or without JQ1 to identify genome-wide changes in
BRD4 association induced by JQ1 (Fig. 4A and Supplementary
Fig. S4A and S4B). The nascent RNA-seq and ChIP-seq data are

Targeting ALDH Activity with BET Inhibitors

available in the Gene Expression Omnibus database (accession
number GSE77568). ChIP-seq analysis indicated that BRD4
predominantly occupied promoter regions within 1 kb from
transcription starting sites (Supplementary Fig. S4A and S4B).
Cross-referencing of the RNA-seq and BRD4 ChIP-seq revealed
that BRD4 direct target genes regulated by JQ1 treatment are
significantly enriched for putative stem-related genes (Fig. 4B-
C; Supplementary Fig. S4C and S4D). We validated three genes
known to be implicated in CSCs, namely LIF (31), HES1 (32), and
WNT5A (33), as direct BRD4 targets that are downregulated by
JQ1 (Fig. 4D-E and Supplementary Fig. S4E). This observation
correlated with a decrease in the association of BRD4 and RNA
polymerase II with the promoter regions of these genes after JQ1
treatment (Fig. 4F). These results support the notion that JQ1 may
affect putative ovarian CSCs by regulating BRD4 binding to the
promoters of the identified stem-related genes.

BRD4 regulates ALDH1A1 expression through a super-
enhancer element and its associated eRNA

JQ1 decreased ALDHIAT mRNA expression (Fig. 1). How-
ever, JQ1 did not affect BRD4 binding to the ALDHI1AI
promoter region (Supplementary Fig. S5A). This suggests that
JQ1 regulates ALDHIA transcription through a distal regula-
tory element. As BRD4 is known to regulate super-enhancer
elements (28-30), we examined the role of JQ1 in regulating
super-enhancers through BRD4 (Fig. 5A). To do so, we focused
on BRD4-binding regions that were enriched at least 4-fold
compared with input DNA and were significantly reduced by
JQ1 treatment (>2-fold, P < 0.05). In addition, we prioritized
the list by focusing on BRD4-binding regions that spanned >10
kb and with no known genes located within at least 100 kb. We
then overlapped these regions with ENCODE ChIP-seq data
and considered only BRD4-binding regions that overlapped
with the enhancer H3K4Mel/H3K27Ac histone marks. Our
prioritization resulted in a list of 11 candidate BRD4-binding
sites similar to those previously described for super-enhancers
(Supplementary Table S3; ref. 28). Interestingly, one of the
potential super-enhancers is 491 kb upstream of the ALDH1A1
gene (Supplementary Table S3). On the basis of RNA-seq
analysis, this region is bidirectionally transcribed into RNA
albeit with low reads (Fig. 5B), which is also a known feature of
super-enhancers (34, 35). We validated that JQ1 treatment
decreased the expression of the RNA transcribed from the
super-enhancer element (eRNA; Fig. 5C). This decrease in
eRNA expression significantly correlated with the decrease in
ALDH1A1 mRNA expression (Fig. 5C). We validated that the
super-enhancer region is enriched in BRD4 and Pol II binding,

(Continued.) D, same as C, but validated for a decrease in the association of BRD4 and Pol Il with the enhancer locus by ChIP analysis. An isotype-matched IgG
was used as a control. n = 3; *, P < 0.0001. E, validation of H3K27Ac and H3K4Mel enhancer histone marks' association with the enhancer loci by ChIP analysis.
n=3;* P<0.002. F, BRD4 knockdown reduces the levels of eRNA expression and suppresses ALDHIAT expression. OVCAR3 cells were infected with
lentivirus encoding the indicated shBRD4 or control. Drug-selected cells were examined for the expression of BRD4 mRNA, eRNA, and ALDHIATmRNA by gRT-PCR.
n=3;* P<0.0001. G, knockdown of the eRNA suppresses ALDHIAT expression. OVCAR3 cells were transfected with two independent siRNAs to the eRNA for 72
hours, and expression of the eRNA and ALDHIAT mRNA was determined by gRT-PCR. n = 3; *, P < 0.002. H, same as G, but examined for ALDH activity. The
percentage of ALDH-positive cells is indicated. I-K, positive correlation between BRD4 and eRNA (1), between eRNA and ALDHIAT (J), or between BRD4 and
ALDHIAT (K) in a panel of 26 cases of HGSOC. Expression of BRD4, eRNA, and ALDHIAT was determined by gRT-PCR, and correlation was determined by Spearman
statistical analysis. L, diagrams of ALDHIAT genomic regions with its enhancer (black box). Arrowheads, position of primers used for detection of chromatin
looping; stick bars, Mbol enzyme digestion sites (a-h). Constant primer at the anchor point is also indicated. TSS, ALDHIAT gene transcription-starting site.

M, 3C-quantitative PCR analysis of the looping events between the enhancer and the ALDHIAT promoter region were detected at f and g sites, which were reduced by
JQ1 (125 nmol/L) treatment for 24 hours. The relative cross-linking frequency was normalized to the closest Mbo1 digestion site El. x-axis, distance from
ALDHIAT transcription start site (TSS).
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another feature of super-enhancers (Fig. 5D; ref. 35). Further-
more, we validated the enrichment of H3K27Ac and H3K4Me1l
epigenetic histone modifications in the putative super-enhanc-
er regions (Fig. 5E). Finally, knockdown of BRD4 expression
was sufficient to decrease the eRNA expression, which corre-
lated with the decrease in ALDHIA1 mRNA (Fig. 5F). To
directly determine whether the eRNA regulates ALDHI1A1
mRNA expression, we knocked down the eRNA expression
using siRNAs (36, 37). Knockdown of the eRNA downregu-
lated ALDH1A1 mRNA expression (Fig. 5G), which correlated
with a decrease in ALDH activity (Fig. 5H). Notably, there was
a significant positive correlation between BRD4, eRNA, and
ALDH1A1 expression in a panel of 26 cases of HGSC speci-
mens (Fig. 5I-K). This further highlights the established reg-
ulation of eRNA by BRD4 and subsequent ALDH1A1 expres-
sion by eRNA.

An important component of enhancer function is the for-
mation of chromatin looping, allowing enhancer and promot-
er interaction (36, 38, 39). We directly examined chromatin
looping between the super-enhancer and ALDHIAI gene pro-
moter using 3C in cells with or without JQ1 treatment. We
observed a robust association between the super-enhancer and
the promoter region of the ALDHI1A1 gene (Fig. 5L and M).
Remarkably, JQ1 treatment abrogated the chromatin looping
between the super-enhancer and the promoter of ALDHI1AI

A

gene (Fig. 5M). These results support the notion that JQ1
regulates transcription of ALDH1A1 through the newly iden-
tified super-enhancer.

JQ1 inhibits expression of ALDH1A1 and its associated eRNA
induced by cisplatin in vivo and combination of JQ1 and
cisplatin improves survival

BET inhibitors have been proven safe in patients (40).
ALDH-positive cells contribute to tumor progression and
relapse after initial response to chemotherapy (3, 8). To
determine the effects of BET inhibitor on tumor relapse after
cisplatin treatment, we orthotopically transplanted luciferase-
expressing OVCARS3 cells into the peritoneal cavity of immu-
nocompromised NSG female mice. The injected cells were
allowed to grow for 3 weeks to establish tumors. We randomly
assigned mice into four groups and treated mice with vehicle
control (n = 12), cisplatin (750 pg/kg every 2 weeks, n = 12),
JQ1 (20 mg/kg daily, n = 11), and a combination of cisplatin
and JQ1 (n = 13) by intraperitoneal injection for an additional
4 weeks. Doses of JQ1 and cisplatin used were determined on
the basis of suppression of ALDH1A1 expression by JQ1 and
regression of ovarian tumor in a pilot experiment (Supple-
mentary Fig. S6A-S6E). Notably, the survival of the combi-
nation-treated mice was significantly extended compared with
mice treated with cisplatin alone (Fig. 6A). We followed the
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The combination of JQ1 and cisplatin improves survival of tumor-bearing mice. A, combination of JQ1 and cisplatin improves survival of tumor-bearing mice.
Kaplan-Meier survival curves of mice in the indicated groups posttreatment were plotted using Prism software. n = 7 for the indicated groups except in the
combination group, n = 8. B, quantification of tumor growth in the indicated groups after stopping drug treatment. C, same as A. Tumors from the indicated
treatment groups were examined for eRNA expression by gRT-PCR at the end of the treatment. D, same as C. Tumors were sectioned and subjected to
immunohistochemical staining using antibodies against ALDH1A1. Scale bar, 100 um. E, a model for the mechanism underlying the observed synergy

between BET inhibitor and cisplatin.
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tumor outgrowth/relapse in mice treated with cisplatin with or
without JQ1 combination after stopping drug treatment.
Indeed, the outgrowth of the tumors in the combination
treatment group was significantly slower compared with the
cisplatin only treatment group (Fig. 6B). RNA from tumors
harvested from the control and the three different treatment
groups was utilized for qRT-PCR analysis. We observed that
eRNA expression was induced by cisplatin alone (Fig. 6C),
whereas JQ1 treatment suppressed the cisplatin-induced eRNA
expression (Fig. 6C). This correlated with changes in ALDH1A1
expression in these treatment groups (Fig. 6D and Supplemen-
tary Fig. S6F). ALDH1A1 mRNA expression was also signifi-
cantly downregulated in JQ1-treated tumors (Supplementary
Fig. S6G). In addition, stem-related genes, such as LIF and
WNT5A, were downregulated in JQ1/cisplatin-treated tumors
(Supplementary Fig. S6H). However, BRD4 expression was not
significantly changed in treatment groups (Supplementary Fig.
S6I). Together, we conclude that a combination of JQ1 and
cisplatin improves the survival of EOC-bearing mice, which
correlates with the suppression of expression of ALDH1A1 and
its eRNA.

Discussion

Here, we found that BET inhibitors suppress ALDH activity.
This correlates with the suppression of ALDH1A1 expression by a
BRD4-regulated super-enhancer and downregulation of its
encoded eRNA (Fig. 6E). BET inhibitors are now in clinical
development and are safe. This suggests that BET inhibitors can
be repurposed to target ALDH activity for improving platinum-
based chemotherapy by inhibiting tumor relapse, a major
challenge in the clinical management of EOC. Notably, BRD4
amplification/overexpression is often mutually exclusive with
"BRCAness" in EOC (25). Thus, there is an even greater need for
novel therapeutic strategies for this patient population given the
limited therapeutic options available (2). Our experiments clearly
show that BET inhibitors, an existing class of epigenetic targeting
drugs, target ALDH activity, potentiate the tumor suppression
induced by cisplatin, and improve survival of EOC-bearing mice
in vivo. These findings will facilitate the rapid evaluation of this
new strategy in the clinic for EOC.

BRD4 is a general transcriptional regulator that controls
global gene expression patterns (12). Investigation of genes
hypersensitive to BET inhibition revealed that such genes
typically exhibit BRD4 occupancy at super-enhancer elements
(28-30). This raises the possibility that BET inhibition is
selective in gene regulation and thus confers relative specificity
in a cell context-dependent manner. Our findings revealed that
in response to JQ1 treatment, BRD4 assumes a key role in
transcriptional control of the ALDHI1A1 gene through regulat-
ing its super-enhancer and the associated eRNA. Although
BRD4 plays a key role in regulating ALDHIA1 transcription,
there are potentially other mechanisms than BRD4 expression
levels that regulate ALDH1A1 expression (12). BRD4 plays a
key role in CSCs by selectively regulating the ALDHI1A1 super-
enhancer. In this context, BET inhibitors may selectively target
CSCs by their effect on the ALDHI1AI super-enhancer. In
addition to suppressing ALDH1A1 expression and ALDH activ-
ity, JQ1 also directly suppresses the expression of stem-related
genes through reducing BRD4's association with their promo-
ters (Fig. 4). Thus, the mode of action of BET inhibitors is

www.aacrjournals.org
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multifaceted and likely involves a broad range of changes in
transcription and the associated signaling pathways (Fig. 6E).
Given the established role of ALDH1A1 in ovarian CSCs (4),
our data support the idea that the BRD4-regulated ALDH1A1
super-enhancer plays a key role in the observed phenotypes
induced by BET inhibitors.

Our studies demonstrate that targeting BRD4 activity through
the use of clinically applicably BET inhibitors represents a novel
strategy for targeting ALDH activity. This correlates with suppres-
sion of ALDH1A1 expression via a BRD4-regulated super-enhanc-
er and its associated eRNA. Given that there is currently no
clinically applicable ALDH activity inhibitor, we expect our find-
ing to have far-reaching implications for developing future ther-
apeutic strategies using epigenetic targeting BET inhibitors in
cancers such as EOC.
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Abstract

Approximately 50% of epithelial ovarian cancers (EOCs) exhibit defective DNA repair via
homologous recombination (HR) due to genetic and epigenetic alterations of HR pathway genes.
Defective HR is an important therapeutic target in EOC as exemplified by the efficacy of platinum
analogues in this disease, as well as the advent of poly-ADP ribose polymerase inhibitors which
exhibit synthetic lethality when applied to HR deficient cells. Here, we describe the genotypic and
phenotypic characteristics of HR deficient EOCs, discuss current and emerging approaches for
targeting these tumors, and present challenges associated with these approaches focusing on
development and overcoming resistance.

INTRODUCTION

Epithelial ovarian cancer (EOC) remains the most lethal gynecologic malignancy and the
fifth most frequent cause of cancer-related mortality in women in United States (1).
Approximately 75% of EOC patients are diagnosed with advanced disease which is curable
only in a minority of the cases resulting in a modest 5-year overall survival rate of 20-30%
(2, 3). The standard of care management of EOC consists of primary surgical cytoreduction
followed by platinum-based chemotherapy (3, 4). Platinum analogues have been used to
treat ovarian cancer since the late 1970s when clinical trials demonstrated that cisplatin was
capable of achieving almost double the overall response rates and the number of complete
responses compared with non-platinum agents (5, 6). Since then, platinum agents (initially
cisplatin, then carboplatin which is better tolerated but equally effective (7)) have
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constituted the backbone of chemotherapy used in EOC and have defined the comparison
arms for the majority of the clinical trials conducted in this disease. However, despite
important advancements in the efficacy of platinum chemotherapy achieved by
incorporation of taxanes (8) in the 1990s and by administration of chemotherapy via the
intraperitoneal (IP) route (9) in early 2000, the plateau of the survival curve has not changed
appreciably (3, 8, 10-12), suggesting that alternative approaches are urgently needed.

Platinum analogs induce intrastrand and interstrand cross-links (ICLs) between purine bases
of the DNA. ICLs are extremely deleterious lesions that covalently tether both duplex DNA
strands and pose formidable blocks to DNA repair (13). Repair of ICLs is dependent on both
Fanconi Anemia (FA) and BRCA proteins, which act in a common DNA repair pathway
(also referred to as the Fanconi Anemia/BRCA pathway) that involves homologous
recombination (HR) (14, 15) (Figure 1). The striking platinum sensitivity of EOC tumors is
thought to be related to an underlying defect in HR-mediated DNA repair, particularly in
those with high grade serous histology (approximately 70% of all EOCs). In this regard, a
plethora of genetic studies, and most recently The Cancer Genome Atlas (TCGA) project,
have consistently shown that high grade serous ovarian cancers (HGSOCSs) are characterized
by frequent genetic and epigenetic alterations of HR pathway genes, most commonly
BRCAL and BRCA2 genes (16, 17). Defective HR is an important therapeutic target in
EOC, as exemplified by the central role of platinum agents in the management of this
disease as well as the advent of poly-ADP ribose polymerase inhibitors (PARPIs), a novel
class of anticancer agents which exhibit synthetic lethal effects when applied to cells with
defective HR (18-21). In this review, we discuss the molecular alterations and clinical
phenotype of HR deficient EOCs, describe current and emerging approaches for targeting
HR deficient ovarian cancers, and present the challenges associated with these approaches
focusing on development and overcoming drug resistance.

HR PATHWAY ALTERATIONS IN EOC

Approximately 50% of HGSOCs exhibit genetic or epigenetic alterations in the FA/BRCA
pathway (Figure 2) (16). Although these alterations are most commonly encountered in high
grade serous histology, nonserous histologies including clear cell, endometrioid and
carcinosarcomas have also been shown to harbor such alterations (22). Germline BRCA1
and BRCA2 mutations are the most common alterations, and are present in 14-15% of all
EOCs (23, 24) and as high as 22.6% of HGSOCs (16, 23, 24) while somatic BRCAL1 and
BRCAZ2 mutations have been identified in 6—7% of high grade serous EOCs (16, 25).
Although in the TCGA dataset there was a similar incidence of germline and somatic
BRCAL and BRCA2 mutations, BRCAL mutations are more commonly observed (60% of
all BRCA mutations) in other datasets (23, 24). Importantly, 81% of BRCA1 and 72% of
BRCA2 mutations are accompanied by heterozygous loss (26) indicating that both alleles
are inactivated, as predicted by Knudson’s two-hit hypothesis. The majority of germline and
somatic BRCAL/2 mutations are frameshift insertions or deletions, while missense
mutations are rare; mutations have been identified in all functional domains of BRCA1
(RING, coiled coil and BRCT domains) and BRCA2 (BRC, DNA binding, oligonucleotide-
binding folds, and tower domains) genes (27).
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Epigenetic silencing via promoter hypermethylation occurs for BRCAL, but not BRCAZ2, in
EOC. BRCA1 promoter hypermethylation has been reported in approximately 10-20% of
HGSOCs and is mutually exclusive of BRCA1/2 mutations suggesting that there is strong
selective pressure to inactivate BRCA via either mutation or epigenetic silencing in this
disease (26, 28, 29). Other HR pathway alterations include mutations in several FA genes
(mainly PALB2, FANCA, FANCI, FANCL and FANCC), in core HR RAD genes such as
RAD50, RAD51, RAD51C and RADS54L, and in DNA damage response genes involved in
HR such as ATM, ATR, CHEK1 and CHEK?2 (Figure 2). Interestingly, pathogenic germline
RAD51C and RAD51D mutations have been identified in families with both breast and
ovarian tumors but not in families with breast cancer (30, 31). RAD51C was also
epigenetically silenced via promoter hypermethylation in about 2% of the cases in the
TCGA dataset.

Defective HR in EOC may also occur via alterations in non-bona fide HR genes which are
known to modulate the HR pathway and indirectly cause HR deficiency. PTEN deficiency
has been reported to be synthetically lethal with PARP inhibition and one of the proposed
mechanisms is transcriptional downregulation of RAD51(32, 33). A focal deletion region at
10¢23.31 that includes only PTEN has been found in approximately 7% of high grade serous
EOCs; these tumors exhibit homozygous PTEN deletion which is also associated with
downregulation of PTEN at the mRNA level (26). Furthermore, several studies have
reported both overexpression and amplification of EMSY as another mechanism of HR
deficiency in as high as 17% of high grade sporadic EOC (34). EMSY was identified in a
yeast two-hybrid screen to interact with the transactivation domain of BRCA2 leading to
inhibition of its transcriptional activity (34). EMSY also colocalizes with BRCA2 at DNA
damage sites and interacts with several chromatin remodeling proteins. However, EMSY is
located at 11913, a region known to be amplified in multiple cancers which contains a
multiple different oncogenes including LRRC32 (GARP), and PAK112(35). Additionally,
EMSY amplification has been associated with worse outcome (35); a finding that would be
inconsistent if it caused HR deficiency. For these reasons, although EMSY alterations are
commonly cited as a mechanism underlying deficient HR, its role remains controversial.
Unlike PTEN and EMSY, the association between inactivating mutations of CDK12 and HR
deficiency is clearly established (36, 37). CDK12 is one of the only 9 significantly mutated
genes in ovarian cancer (3% of cases in the TCGA dataset) and is known to promote the
transcription of several HR pathway genes including BRCAL. Inactivation of CDK12 leads
to suppression of HR via reduced expression of BRCA1 and other HR genes, and confers
PARPI sensitivity.

It is important to underscore that there may be additional mechanisms underlying defective
HR in EOC. Overexpression of specific miRNAs which induce HR deficiency have been
identified in breast cancer (such as mir-182 which targets BRCA1)(38) and analogous
miRNAs have also been identified in ovarian cancer (such as miR-1255b, miR-148b* and
miR-193b* which target BRCA1, BRCA2 and RAD51)(39). Finally, alterations in other
DNA repair pathways such as nucleotide excision repair (NER) and mismatch repair
(MMR) have been reported in up to 8% and 3% of high grade serous EOCs respectively
(Figure 2) (40).
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CLINICAL PHENOTYPE OF HR DEFICIENT EOC

Several studies have highlighted a distinct clinical phenotype associated with HR-deficient
cancers, especially those with BRCA1/2 mutations. Patients with germline BRCA1/2
mutations are associated with the hereditary breast/ovarian cancer syndrome, which is
characterized by familial clustering of breast and ovarian tumors (41). This syndrome has
also been linked to germline mutations in other HR genes such as BARD1, BRIP1,
MRE11A, NBN, RAD50, CHEK2, ATM, PALB2, RAD51C and RAD51D although the
exact penetrance of these genes in terms of breast and/or ovarian cancer remains unknown
(22). Large studies have also consistently demonstrated that patients with BRCA1/2-mutated
ovarian cancers exhibit significantly improved overall survival compared to patients with
non-BRCA mutated tumors; this effect is more pronounced for BRCA2 mutation carriers
who exhibit even longer survival compared to BRCAL carriers (26, 42, 43). Interestingly,
the survival advantage of BRCAL carriers was shown to be dependent on the location of the
mutation; worse survival was observed as the mutation site moved from 5 to 3’ end of the
BRCAL gene (42). Unlike BRCA1/2 mutations, EOCs with epigenetic silencing of BRCA1
through promoter hypermethylation appear not to respond as favorably to platinum and not
to exhibit improved survival suggesting that different mechanisms of HR deficiency may
confer distinct clinical phenotypes (26, 44). The survival advantage of BRCA-mutated
tumors is at least partly related to their enhanced responsiveness to platinum based
chemotherapy although a more indolent natural history due to intrinsic biologic differences
compared to non BRCA mutated tumors may also play a role. In this regard, although
available data suggest that HR deficiency may be both a predictive factor of response to first
line platinum chemotherapy and a prognostic factor in EOC, it is unclear whether the
prognostic significance of HR deficiency in EOC is solely due to its association with
increased sensitivity to chemotherapy or due to other independent factors. For example,
several lines of evidence indicate that BRCA1/2-mutated tumors may harbor more tumor-
infiltrating lymphocytes and thus be more immunogenic compared to HR proficient EOCs,
which may relate to a greater number of mutations observed in these tumors (45, 46). In this
regard, the increased immunogenicity of HR deficient tumors may explain their prognostic
significance independent of their predictive association with response to 1st line
chemotherapy. Whether additional mechanisms may explain the improved survival of HR
deficient tumors independently of their enhanced sensitivity to chemotherapy remains to be
determined.

BRCAZ1/2 mutated tumors are also associated with higher grade (grade 2 or grade 3), poorly
differentiated or undifferentiated tumors, higher stage (stage 111 or 1V) at presentation, and
serous histology (as opposed to endometrioid, clear cell or mucinous histologies)(23, 24, 42,
47). Finally, in terms of pattern of recurrence, BRCA1/2-mutated tumors are more likely to
develop visceral metastases (parenchymal liver, lung, adrenal, spleen and brain metastases)
and this effect appears more prominent for BRCA1-mutated tumors (23, 48). These clinical
features may be at least partly related to the high degree of genomic instability that is
characteristic of BRCAL/2-mutated tumors.
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BIOMARKERS OF HR DEFICIENCY

Development of a robust biomarker which adequately captures the diverse genetic and
epigenetic mechanisms of HR deficiency and is compatible with formalin fixed and paraffin
embedded (FFPE) specimens remains elusive. Several approaches have been proposed,
including application of gene expression profiles of BRCAness (49) or DNA repair (50),
evaluating BRCA1 protein expression by immunohistochemistry (51), and assessing the
wider tumor genome nucleotide sequences and mutational spectrums, or ‘sequence scars’,
that may be characteristic of defective DNA repair via HR (52). Targeted mutational
profiling of HR genes using next-generation sequencing has also been evaluated. BROCA is
a targeted capture and massively parallel sequencing assay which accurately identifies all
types of mutations of key HR genes including single-base substitutions, small insertions and
deletions, and large gene rearrangements (22, 53). Identification of HR gene mutations by
BROCA is highly predictive of improved primary response to platinum chemotherapy and
longer overall survival in EOC (22). Alternative multigene, next generation sequencing
assays are also offered in several cancer centers in the US and routinely include assessment
of core HR genes (54).

HR deficient tumors exhibit large (>15Mb) sub-chromosomal deletions and harbor allelic
imbalance extending to the telomeric end of the chromosomes with or without changes in
overall DNA copy number. Recently, three quantitative metrics of these structural
chromosomal aberrations have been developed using single nucleotide polymorphism (SNP)
array data. These include: i) the whole genome tumor loss of heterozygosity (LOH) score
(55), ii) the telomeric allelic imbalance (TAI) score (56) and iii) the large-scale state
transitions (LST) score which quantifies chromosomal breaks between adjacent regions of at
least 10 Mb (57). All three scores are highly correlated with alterations in BRCA1/2 and
other HR pathway genes in ovarian cancer, and with sensitivity to platinum and PARP-
inhibitors (58). These scores have been implemented either alone or in combination with
targeted sequencing approaches such as the BROCA assay to achieve better sensitivity in
capturing HR deficiency (58). Of note, genomic LOH was recently shown to correlate well
with response to the PARPI rucaparib in a phase 2 clinical trial in EOC (ARIEL2).
Specifically, among the women without the BRCA 1/2 mutations, those with high genomic
LOH had an overall response rate of between 32-40%, while those without LOH had an
overall response rate of just 8% (59).

A major limitation of these assays is that they are largely insensitive to reversion of HR
deficiency which may occur upon development of resistance to platinum and PARP-
inhibitors. When reversion of HR deficiency to HR proficiency occurs, the cumulative
defects that had occurred in the cancer genome as the result of the original HR deficiency do
not reverse; therefore these assays still interpret these HR proficient tumors as HR deficient.
This phenomenon has been observed in BRCA1/2 mutated cell lines with BRCA1/2
reversion mutations which restore BRCA1/2 and HR function; these lines are still
interpreted as HR deficient by the aforementioned assays (55). One way to overcome this
problem is by development of dynamic, functional biomarkers of HR deficiency, whereby
the HR pathway is mechanistically evaluated by directly assessing RAD51 foci formation
via immunofluorescence or by assessing other DNA repair complexes via
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immunohistochemistry (60-62). The challenge of functional biomarkers of HR deficiency is
that they require the cancer specimen to be exposed to some form of DNA damage (i.e.,
radiation or chemotherapy) ex vivo before the RAD51 foci or other DNA repair complexes
can be evaluated. This requirement precludes use of FFPE specimens, increases the
technical complexity, and limits the reproducibility of these assays. Overall, there is
currently no prospectively validated biomarker of HR deficiency that has been incorporated
in clinical practice, and this remains an active area of investigation.

TARGETING HR DEFICIENT TUMORS

a. Conventional chemotherapy

A number of conventional chemotherapy agents that are used routinely in the management
of EOC exhibit significant cytotoxicity against HR deficient tumors. Platinum analogues,
which have formed the backbone of first line chemotherapy of EOC for more than 30 years,
induce ICLs which are highly lethal against tumors with defective HR (Figure 1). The
integral role of platinum based chemotherapy in the clinical management of EOC is further
evident by the fact that management of relapsed disease is stratified based on the platinum
free interval (i.e. the time between completion of platinum-based treatment and the detection
of relapse; PFI>=6 months is assigned as platinum sensitive and PFI<6 months as platinum
resistant disease). Clinically, patients with BRCAZL/2-mutated tumors are associated with
significantly higher response rates and prolonged progression-free survival after platinum
based chemotherapy (26, 42, 63). These patients commonly exhibit good responses after
retreatment with platinum upon development of recurrence and many of them end up
receiving multiple lines of platinum chemotherapy. Of note, the enhanced sensitivity of
BRCA-mutated tumors to platinum agents challenges the traditional clinical definition of
platinum resistance because many of these patients respond well to platinum rechallenge
even within 6 months from the end of first line platinum therapy (23).

The high correlation between HR deficiency and response to platinum chemotherapy is also
highlighted by the fact that development of platinum resistance is commonly related to
restoration of proficient HR via various mechanisms (discussed in more detail below).
Platinum sensitivity has been used as a clinical surrogate of HR deficiency and clinical trials
of PARPIs have used platinum sensitivity as an eligibility criterion for selecting patients that
are enriched for HR deficient tumors that would respond to PARPis (64, 65). However, it is
important to underscore that platinum sensitivity may also result from defective nucleotide
excision repair, and in that case it does not necessarily translate into PARPI sensitivity (40).

Non-platinum cytotoxic agents that induce double strand breaks have also been shown to be
active against HR deficient tumors. Topotecan, a semisynthetic water-soluble camptothecin
(CPT) analogue is FDA approved for recurrent ovarian cancer and has demonstrated
response rates ranging from 13%-33% in phase Il trials depending on platinum sensitivity
(66, 67). In a phase 111 trial, topotecan demonstrated an overall objective response rate (CR
+PR) of 17.0% (28.8% in platinum sensitive and 6.5% in the platinum resistant/refractory
disease)(66). Topotecan inhibits the religation step of the breakage/reunion reaction of
topoisomerase | (Topl) resulting in accumulation of topotecan-Topl-DNA covalent
complexes which are converted to DNA double-strand breaks (DSBs) when replication forks
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encounter the single-strand breaks (SSBs). Studies in yeast have demonstrated that the DSBs
induced by Topl inhibitors are repaired by HR during S phase (68); the nonhomologous end
joining (NHEJ) pathway is significantly less involved in repair of Topl inhibitor induced
DSBs (69).

Similar to Topl inhibitors, topoisomerase Il (Topll) inhibitors such as doxorubicin and
etoposide are also more active in HR deficient cells and are routinely used in the
management of relapsed EOC (pegylated liposomal doxorubicin (PLD) is also FDA-
approved for this indication)(66, 67, 70). Topll (Top2a and b) cleave both strands of one
DNA duplex simultaneously and form transient tyrosyl-DNA cleavage complex
intermediates to allow another duplex to pass through the Topll-linked DSB; Topll
generates DSBs in cycling cells especially during mitosis phase, in which both HR and
NHEJ are available for repair (69). Etoposide and doxorubicin are Topll poisons which
inhibit the religation step of the breakage/reunion reaction of Topll and trap the TopllI
cleavage complex intermediates. Etoposide is a non-intercalating drug which acts mainly as
a Topll trap, while doxorubicin is an intercalator which not only traps Topll but also kill
cells by intercalation and generation of oxygen radicals (71). Although etoposide and
doxorubicin are more active in HR deficient cells, one striking difference from Topl
inhibitors, is that the NHEJ pathway is significantly more involved in repair of DSBs
induced by Topll than Topl inhibitors. Consistent with their enhanced activity in HR
deficient cells, the activity of both etoposide and doxorubicin is much higher in the platinum
sensitive compared to the platinum resistant setting (66, 70). Furthermore, treatment of
BRCA-associated EOC patients with PLD has been shown to result in higher response rates,
longer time to treatment failure and improved overall survival compared with non-BRCA
mutated patients (72).

Finally, HR deficient cells are also sensitive to antimetabolites which induce base lesions
and/or replication fork stalling such as gemcitabine. Gemcitabine is a nucleoside analog,
whose metabolites (diphosphate and triphosphate nucleosides) facilitate incorporation of
gemcitabine nucleotide into DNA which blocks further extension of the nascent strand and
causes stalling of replication forks. Furthermore, gemcitabine irreversibly inhibits the
ribonucleotide reductase enzyme leading to cell’s inability to produce the
deoxyribonucleotides required for DNA replication and repair, and thus inducing apoptosis.
Gemcitabine is currently FDA approved in combination with carboplatin, for the treatment
of EOC that has relapsed at least 6 months after completion of platinum-based therapy (i.e.
in platinum sensitive disease)(73). However, gemcitabine has also been studied and is one of
the standard treatment options as a single agent in platinum resistant disease, although the
response is less in that setting (74),

b. PARP-inhibition as a synthetic lethal strategy against HR-deficient cancers

i. Mechanism of action of PARPis—HR deficient cells have been shown to be
extremely sensitive to poly(ADP ribose) polymerase (PARP) inhibitors (PARPis)(18, 75,
76). Different aspects of PARP1 biology have been proposed to explain the synthetic lethal
interaction between PARPI and HR deficiency, but the mechanistic basis is incompletely
understood (77).
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Since PARP1 was originally shown to be essential for base excision repair (BER) (78, 79),
preventing the repair of DNA single strand breaks by PARPis (SSBs, normally repaired by
BER) would convert them into the more cytotoxic double strand breaks (DSBs) that are
normally repaired by HR (80). In that scenario, an HR-proficient cell will repair these DSBs
by HR, whereas these lesions will remain unrepaired and cause cytotoxicity in HR deficient
cells (Figure 3(1)) (81, 82). However, some findings do not fit with this model; for instance,
knockdown of XRCC1, a downstream effector of PARP1 in BER, does not affect the
survival of HR-deficient cells suggesting that BER activity is not critical for HR-deficient
cell survival (83).

Another proposed explanation for the PARPi-HR synthetic lethality pertains to the role of
PARP1 in limiting classical-NHEJ (C-NHEJ) repair activity (83, 84). C-NHEJ is error-prone
and induces genomic instability, which is believed to be particularly deleterious for HR-
deficient cells (Figure 3(11)). Thus, PARPi-mediated inhibition of PARP1 would promote C-
NHEJ and genome instability. Experimental evidence supporting this model are found in
studies showing that the genomic instability induced by PARPI treatment in HR-deficient
cells is reduced by concomitant inhibition of DNA-PK, a critical factor of C-NHEJ (18, 83).
Several C-NHEJ proteins such as Ku70, Ku80, and DNA-PKcs, bind to poly(ADP ribose)
polymers that are generated by PARP enzymes, and these interactions are critical for
suppressing C-NHEJ (85-89); furthermore, PARP1 and Ku80 compete for DNA ends in
vitro (83). Even though the role of PARPL in limiting C-NHEJ is now well established, the
link between PARPi-mediated C-NHEJ activation and the HR-deficient/PARPI synthetic
lethal interaction remains to be fully elucidated.

It has also been suggested that the extreme sensitivity of HR-deficient cells to PARPi might
result from the trapping of PARP1 at sites of endogenous damage (Figure 3(111))(90). When
DNA damage activates PARP1(91), the PAR-dependent recruitment of additional repair
proteins (92-94) simultaneously reduces PARP1 affinity for DNA (95), thereby ensuring
tight control of the repair process. Since mutant PARP1 that is unable to synthesize
poly(ADP ribose) polymers has been shown to be trapped on DNA and to inhibit DNA
repair (95), PARPi-mediated inactivation of PARP1 may likewise induce PARP1 trapping
and inhibition of DNA repair. Accordingly, recent studies have demonstrated that PARPi-
mediated trapping of PARP1-DNA complexes showed higher cytotoxicity than unrepaired
SSBs caused by knockdown of PARP1 (90). This mechanism may explain the cytotoxic
effect of certain drug combinations such as PARPi and temozolomide or topotecan (96-98),
and is believed to account for the observation that PARP1 knockdown selectively kills HR-
deficient cells (18, 76, 83), as these PARP-trapping-induced DNA lesions are thought to be
mostly toxic in an HR-deficient setting.

An alternative model might provide an explanation for the cytotoxicity of PARPIs in certain
BRCA1-deficient cells. DNA damage activates PARP1 (91), which in turn poly(ADP-
ribosyl)ates or PARylates many proteins at DNA break sites to orchestrate repair (93).
During the HR process, BRCAL is recruited to damage sites by the PAR- and BRCA1-
binding protein BARD1 (99). Indeed, the BARD1 PAR-binding domain is critical for
BRCAL1 localization to DNA damage sites, particularly when the additional mode of
BRCAL recruitment through yH2AX binding is impaired (for instance in certain BRCA1
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mutated tumors). While this model (Figure 3(1V)) may explain the PARPI hypersensitivity
of certain BRCA1-mutated tumors, it cannot be expanded to other HR-deficient contexts to
serve as a global mechanism for PARPI sensitivity.

A clue in this regard, is the recent finding that HR-deficient cells are dependent on the
alternative end joining (alt-EJ) DSB repair pathway for survival. Inhibition of proteins
functioning in alt-EJ, such as PARP1 or the polymerase Pol6, is synthetically lethal with
defective HR. Thus, the HR-deficiency/PARPI synthetic lethality likely stems from the
simultaneous loss of HR and alt-EJ (Figure 3 (V), also discussed below)(100, 101). Finally,
some PARRPIs likely inhibit all PARP family members and the observed synthetic lethality
could arise from a compound effect, not solely that of PARP1 inhibition.

ii. PARP inhibitors in the clinical management of HR deficient ovarian cancers
—PARRPIs, including olaparib (AZD2281), rucaparib (CO338, AG014699 and
PF01367338), veliparib (ABT888), niraparib (MK4827) have been extensively studied in
EOC (102). Iniparib was also initially evaluated but it is now clear that it exhibits very low
PARP inhibition in vitro, and its mechanism of action in vivo remains to be elucidated. All
aforementioned PARPIs inhibit PARP-1 and PARP-2 in vitro at nanomolar concentrations
but differ in their ability to trap PARP1 and PARP2 on the DNA SSB sites; niraparib and the
newer PARPi BMNG673 exhibit higher potency in trapping PARPs than olaparib and
rucaparib, while ABT-888 is the least potent of all PARPIs in terms of its PARP trapping
ability (90). In December 2014, olaparib was granted accelerated approval by the U.S. FDA
for use in EOC patients with germline BRCA1/2 mutations who have received three or more
chemotherapy regimens based on the results of an international single-arm trial which
demonstrated an objective response rate (ORR) of 34% and a median duration of response
of 7.9 months (19, 103-105). Olaparib was previously approved in Europe (in October
2014) by the European Medicines Agency (EMA) for a different indication, i.e. for use in
the maintenance treatment of patients with platinum-sensitive relapsed BRCA-mutated
(germline and/or somatic) high-grade serous EOC who had a complete or partial response to
platinum-based chemotherapy. This approval by the EMA was based on a randomized,
double blind, phase 2 clinical trial which showed that olaparib maintenance therapy
significantly prolonged progression-free survival, compared to placebo, in patients with
BRCA-mutated (germline or somatic) ovarian cancer with a hazard ratio of 0.18(65, 106).
Strikingly, 40% of patients with BRCA-mutated tumors that were treated with olaparib
derived long term benefit, without developing progressive disease for at least 3 years after
randomization. Furthermore, exposure to olaparib did not decrease subsequent sensitivity to
platinum or other chemotherapies in BRCAL/2-mutated tumors; upon development of
PARPI resistance, subsequent response to platinum based chemotherapy has been reported
to be as high as 40% by RECIST (107). Randomized phase I1I trials of maintenance
niraparib, rucaparib and olaparib are currently ongoing in patients with high grade serous
ovarian cancer who had demonstrated a response and platinum sensitivity for both the
ultimate and the penultimate platinum regimens (Table 1).

PARPIs have also demonstrated activity in non-BRCA mutated EOC patients although they
are not approved for these patients in any setting, either in the US or Europe. This is
consistent with the fact that HR deficiency may occur in EOC via multiple mechanisms in
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the absence of BRCAL1/2-mutations (Figure 2). In the aforementioned phase Il study of
olaparib maintenance, patients whose tumors lacked a BRCA1/2 mutation also derived a
benefit from olaparib with hazard ratio for PFS of 0.53(65, 106). Furthermore, in a Phase |1
study of high-grade serous EOC with unknown/non-mutated BRCA status, olaparib was
associated with a 24% ORR and a 30% combined RECIST or CA125 response rate (105).
Olaparib sensitivity was higher in platinum-sensitive compared with platinum-resistant non-
BRCA-mutated tumors; 50% of non-BRCA-mutated platinum sensitive tumors responded to
olaparib as compared to only 4% of non-BRCA-mutated platinum resistant tumors
suggesting that platinum sensitivity may be a good surrogate of HR deficiency and PARPI
response among non-BRCA-mutated EOCs. A similar correlation between olaparib and
platinum sensitivity has also been found for BRCA-mutated tumors but the difference is less
pronounced (105) (60% among platinum sensitive vs 33% among platinum resistant BRCA-
mutated tumors) suggesting that platinum resistance cannot be used as an exclusion criterion
for PARPI therapy in BRCA-mutated cancers because these tumors may be PARPI sensitive
even if they are platinum resistant. PARPI studies investigating candidate biomarkers of
PARPI response are currently being performed in non-BRCA-mutated EOCs.

Finally, combinations of PARPis with conventional chemotherapy such as platinum
compounds and topoisomerase inhibitors have been explored in BRCA-mutated EOCs
(108-110). Given that PARPIs inhibit base excision repair which is partly responsible for
repair of the damage caused by these chemotherapy agents, addition of PARPis may
potentiate the action of these agents. However, when PARPIs are combined with
chemotherapy, achievement of full dose chemotherapy has been challenging because of the
overlapping myelosuppression of PARP inhibitors and chemotherapy (111). In a recently
reported randomized, open-label, phase 2 study, in patients with platinum-sensitive,
recurrent, high-grade serous ovarian cancer who had received up to three previous courses
of platinum-based chemotherapy, olaparib plus paclitaxel and carboplatin (at lower than
standard doses) followed by maintenance olaparib monotherapy significantly improved
progression-free survival versus paclitaxel plus carboplatin alone (given at their standard
doses) with the greatest clinical benefit in BRCA-mutated tumors (PFS hazard ratio 0.22),
and had an acceptable and manageable tolerability profile (109). PARPIs are currently not
part of the initial standard of care chemotherapy regimen for BRCA-mutated EOC (which
still remains a platinum and taxane doublet), although clinical trials are exploring their
incorporation into first line chemotherapy (Table 1).

c. Inhibition of the Pol@6-dependent alternative end-joining (Alt-EJ) pathway as a synthetic
lethal strategy against HR-deficient cancers

Recent observations indicate that PARP1 functions in a pathway required for the repair of
DNA DSBs, referred to as error-prone alternative end joining (alt-EJ) or microhomology-
mediated end-joining (MMEJ) (112). Furthermore, recent studies have shown that HR-
deficient ovarian and breast tumors have a compensatory increase in the Polo/PARP1-
mediated alt-EJ pathway that appears to occupy a key role for their survival and
proliferation (100, 101). The importance of this pathway in addition to classical NHEJ (C-
NHEJ) is now increasingly appreciated (113).
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Early evidence for alt-EJ came from studies in yeast and mammalian cells deficient in C-
NHEJ that were still able to repair DSBs via end-joining (114, 115) and by the observation
that mice deficient in C-NHEJ still exhibited chromosomal translocations and V(D)J
recombination (116, 117). Molecular characterization of alt-EJ revealed that the
XRCC1/DNA ligase 111 complex and PARP1 were involved (85, 118, 119). Initially, alt-EJ
was considered merely a backup repair pathway for C-NHEJ for end-joining of
chromosomal DSBs (119-121), but subsequent studies have demonstrated that alt-EJ might
have a role in repairing chromosomal DSBs, depending on the biological context, such as
HR deficiency (100, 101). However the use of alt-EJ for repairing DSB poses a particular
threat to genomic stability because of its predilection for joining DNA breaks on different
chromosomes, generating chromosomal translocations (122-124). Indeed, fill-in synthesis in
alt-EJ is likely mediated by the Pol6 polymerase, which is error-prone and likely produces
point mutations, as well as random insertions and deletions (indels) (125)(126). Indeed, up-
regulation of budding yeast Pol6 appears to generate random deletions or insertions of 20—
200 base pairs (127, 128). Thus, the use of alt-EJ, which could be indicative of an HR-
defect, is likely to leave a mutational signature comprising indels at sites of microhomology.
Characterization of such a mutational signature may ultimately define a biomarker of HR
deficiency (127).

The alt-EJ genetic signature likely hinges upon Pol8, which has two distinct functions in
DNA repair. First, PolO prevents RAD51 assembly on ssDNA, and thus toxicity in HR-
deficient cells. This function is mediated by the RAD51-binding domain and is distinct from
the polymerase domain. Second, Pol6 mediates PARP1-dependent alt-EJ replication rescue
though its polymerase domain. Cells expressing a mutant Pol6 polymerase exhibit reduced
survival when BRCAL is knocked down. Given the synthetic lethal interaction between HR
deficiency and inhibition of Pol0 (40, 101), it is important to determine which Pol0
function(s) (RAD51 binding vs polymerase) should be targeted to efficiently impair the
survival of HR-deficient cells (Figure 3(V1)). Although both the RAD51-binding motifs and
the polymerase domain of Polf contribute to the survival of HR-deficient cells, the exact
relative contribution of each domain remains to be elucidated in order to induce selective
killing of HR deficient tumors.

d. Cell cycle and DNA damage checkpoint inhibitors against HR deficient tumors

Checkpoint signaling facilitates the coordination between DNA damage response and cell
cycle control to allow ample time for repair and prevent permanent DNA damage produced
by replication and mitosis. Two of the PI3K-related protein kinases (PIKKSs), Ataxia-
telangiectasia mutated (ATM) and Ataxia-telangiectasia and Rad3-related (ATR), occupy a
central role in signaling DNA damage to cell cycle checkpoints and DNA repair pathways
(129). The ATM-CHK?2 pathway primarily responds to double strand breaks (DSBs) to
induce G1 arrest via phosphorylating and activating CHK?2 and p53, while the ATR-CHK1
pathway triggers S and G2 phase arrest. ATM promotes HR by recruiting BRCAL to DSBs
but can also antagonize BRCA1 and promote NHEJ by recruiting p53 binding protein 1
(53BP1), and these antagonistic functions are cell cycle regulated. ATR is activated by DNA
single-strand—double-strand junctions that arise as intermediates in nucleotide excision
repair (NER), by replication stress which is defined as the slowing or stalling of replication
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fork progression, and at resected DSBs. ATR triggers the intra-S phase and the G2
checkpoints via phosphorylation of CHK1 at Ser345 and Ser317 leading to its activation
(130). Activated Chk1 in turns phosphorylates WEE1 (which activates this kinase) and cell
division cycle 25 (CDC25A and CDC25C) phosphatases (which inhibits them) to inhibit cell
cycle progression through the coordinated suppression of cyclin-dependent kinase activity
(131). ATR and CHK1 also phosphorylate a number of proteins involved in HR and ICL
repair, including BRCA2, RAD51, FANCD2 and FANCE. Importantly, there is significant
crosstalk between the ATM/Chk2 and ATR/Chk1 pathways, and they share many substrates
(1312).

Abrogation of cell-cycle checkpoints leads to accumulation of DNA damage and cellular
death, and this approach has shown significant promise as anticancer strategy. HR deficient
EOCs are p53 mutated (which is also case for almost all high grade serous cancers) and have
lost G1 checkpoint control which makes them hyper-dependent on the S and G2 checkpoints
to prevent DNA damage triggering cell death (26, 132). In this regard, targeting the S and
G2 checkpoints by inactivation of the ATR/CHK1/WEE1 pathway will inhibit the DNA
damage-induced G2 checkpoint arrest leading to mitotic catastrophe and cell death (132).
HR deficient tumors are even more sensitive to combinations of checkpoint inhibitors with
DNA damaging chemotherapy drugs because they are both deficient in repairing the DNA
damage caused by chemotherapy as well as susceptible to abrogation of S and G2
checkpoints.

Importantly, even in the absence of cytotoxic chemotherapy, unrepaired endogenous DNA
damage in HR deficient EOC cells may sensitize them to checkpoint inhibition (132). In this
regard, it has been shown that FA deficient tumor cells are hypersensitive to inhibition of
CHKZ, which is more pronounced when combined with platinum therapy (133). DNA repair
through the FA pathway occurs primarily during S phase of the cell cycle and FA tumor
cells acquire extensive DNA damage in S phase. These lesions persist throughout the
remainder of the S and G2 phase, ultimately activating the G2/M checkpoint; increased
accumulation of cells in the G2 phase of the cell cycle is a useful diagnostic feature of FA
cells and correlates with the hyperactivation of the G2/M checkpoint (134). FA pathway
deficient cancer cells have a greater requirement for CHK1 function than DNA repair
proficient cells thereby supporting the presence of a therapeutic window that could be
exploited in treating DNA repair deficient cancers with CHKZ1 inhibitors, while sparing
toxicity in normal, DNA repair proficient cells (133). Although FA deficient cells are
hypersensitive to cisplatin, addition of a CHKZ1 inhibitor further increases cytotoxicity to a
significant degree. Besides abrogation of G2 and S checkpoints, it has been shown that FA
deficient cells are hypersensitive to ATM inhibition suggesting that ATM and FA pathways
also function in a compensatory manner to maintain genome integrity (135). As with CHK1
inhibition, the selectivity of ATM inhibition alone for FA deficient cells is modest, but the
effect of combining ATM inhibition with platinum is significantly augmented in FA
deficient cells (135). Importantly, a synthetic lethal interaction also exists between the ATM
and ATR signaling pathways, i.e. ATR inhibitors exhibit significant antitumor activity in
ATM-deficient but not ATM-proficient backgrounds (136). Taken together, between the 3
pathways, i.e. ATM, ATR and FA pathways, synthetic lethal interactions exist between all
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individual pairs i.e. all FA/ATM, FA/ATR and ATR/ATM combinations are synthetically
lethal.

Several approaches to inhibit the ATR/CHK1/WEE1 pathway including ATR inhibitors
(such as VX-970 and AZD6738), WEEL1 inhibitors (such as AZD1775) and CHK1 inhibitors
(GDC-0425 and LY2606368) are currently in early clinical trial evaluation in EOC. Of note,
AZD1775 has already shown clinical activity as monotherapy in BRCA-mutated tumors
(137). In these trials, these agents are combined with chemotherapy, primarily drugs that
cause replication stress, such as antimetabolites (particularly nucleoside analogues that cause
replication arrest, such as gemcitabine), topoisomerase | poisons and DNA crosslinking
agents, such as platinum agents. However, although cell cycle checkpoint inhibition offers
the advantage of selective cytotoxicity by exploiting molecular alterations (p53 mutations,
HR defects) that are present only in tumors cells, there is always concern for toxicity
especially when they are combined with chemotherapy. In this regard, phase I trials of
combinations of these agents with chemotherapeutic agents have started at lower doses of
chemotherapy which are being escalated to assess for safety. Overall, abrogation of the S
and G2 checkpoint via inhibitors of the ATR/CHK1/WEE1 pathway in combination with
chemotherapy appears to exert a synthetic lethal interaction with HR deficient EOCs and
may thus be an attractive therapeutic strategy against these tumors.

MECHANISMS OF RESISTANCE IN HR DEFICIENT EOCs

In BRCA1/2-mutated tumors, the most common acquired mechanism of resistance to
cisplatin or PARPIs is secondary intragenic mutations restoring the BRCAL or BRCA?2
protein functionality (Figure 4) (138, 139). Restoration of BRCA1/2 functionality occurs
either by genetic events that cancel the frameshift caused by the original mutation and
restore the open reading frame (ORF) leading to expression of a functional nearly-full-
length protein, or by genetic reversion of the inherited mutation which also restores full-
length wild-type protein. These genetic events were originally observed in BRCA2- and
BRCAZ1-mutated cancer cells under selective pressure due to exposure to cisplatin or
PARPIs, and were associated with secondary genetic changes on the mutated allele that
restored a functional protein and conferred platinum and PARPI resistance (Figure 4) (140-
143). This mechanism of resistance is highly clinically relevant for patients with BRCA-
mutated EOC who are treated with platinum-based therapy; 46% of platinum resistant
BRCA-mutated EOCs exhibit tumor-specific secondary mutations that restore the ORF of
either BRCAL or BRCA2(144). Similar observations have been made in biopsies from
olaparib-resistant tumors in which acquisition of secondary BRCA2 mutations restored a
functional BRCAZ2 protein (145). Of note, multiple reversion events in BRCAL/2 genes have
also been reported as a mechanism of platinum resistance in a recent study of whole-genome
characterization of chemoresistant ovarian cancer (146). Strikingly, in one patient with
BRCA2-mutated EOC, 12 independent BRCAZ2 reversion events were identified with
multiple reversion events occurring even in individual tumor deposits. Furthermore, in the
same study (146), reversal of BRCA1 promoter methylation has also been reported in one
patient as a mechanism of platinum resistance. In that case, the primary sensitive sample
showed extensive promoter methylation and low BRCAL expression, while the sample from
the relapsed disease had lost BRCA1 methylation and BRCAL gene was expressed at
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comparable levels to homologous recombination proficient tumors. Of note, a specific rather
than generalized patter of altered methylation was noted at relapse in this patient. Even
though BRCA mutations remain the strongest predictor for sensitivity to PARPIs, not every
mutation will result in the same functional defect and response to these agents. Analysis of
BRCAL1 missense mutations suggests that the conserved N- and C-terminal domains are
most important for the response to HR-deficiency targeted therapies (147). Specifically,
tumors carrying the BRCA1-C61G mutation which disrupts the N-terminal RING domain
responded poorly to platinum drugs and PARPIs, and rapidly developed resistance (148).
Similarly, Brcal21VA11: n53=/= mouse mammary tumors, which only express the BRCA1-
A11 isoform (generated by the exon 11 splicing) can acquire resistance to cisplatin (149,
150) showing that some hypomorphic BRCA alleles, although unable to prevent tumor
development, can affect response to therapy. Interestingly, mutations in the BRCA C-
terminal (BRCT) domain of BRCAL commonly create protein products that are subject to
protease-mediated degradation as they are unable to fold. HSP90 may stabilize the BRCT
domain of these mutant BRCAL proteins under PARP inhibitor selection pressure (151); the
HSP90-stabilized mutant BRCAL proteins can efficiently interact with PALB2-BRCA2-
RAD51, form RADS51 foci and confer PARP inhibitor and cisplatin resistance. Treatment of
resistant cells with the HSP90 inhibitor 17-dimethylaminoethylamino-17-
demethoxygeldanamycin reduced mutant BRCAL protein levels and restored their
sensitivity to PARP inhibition (151).

Since PARPIs function by blocking the enzymatic action of PARP enzymes, another
possible mechanism of PARPI resistance may be decreased expression of PARP enzymes
(Figure 4). This mechanism of resistance may be particularly relevant to the PARP-trapping
mechanism of action of PARPis. A mutagenesis screen designed to identify mechanisms of
resistance to PARPIs revealed PARP1 loss-of-function as a potent mechanism of resistant to
olaparib in mouse embryonic stem cells and in human tumors cells (152). Accordingly,
PARP1 levels have also been shown to be low in human cancer cell lines that have acquired
resistance to the PARPI veliparib (96). Taken together, these observations suggest the
possibility that tumor-specific mutation or inhibition of PARP1 (for instance, by epigenetic
silencing or increased turnover of the protein) would result in resistance and disease
progression, a hypothesis that has not yet been validated in patients.

Several mechanisms of resistance involving reacquisition of DNA end resection capacities
have also been described. Discovery of these mechanisms came from the observation that
the requirement of BRCA1 for HR can be alleviated by concomitant loss of 53BP1. 53BP1
blocks CtIP-mediated DNA end resection via downstream effectors like Rif1 and PTIP
(153-158) and thus commits DNA repair to C-NHEJ (159, 160). Loss of 53BP1 partially
restores the HR defect of Brcal-deleted mouse embryonic stem cells and reverts their
hypersensitivity to DNA-damaging agents (159, 160). However, a deficiency in Ligase 1V,
another component of the C-NHEJ pathway, does not rescue cell proliferation or HR defect
in Brcal-deficient cells. Authors showed that loss of 53BP1 but not Ligase IV was able to
promote ssDNA formation competent for RPA phosphorylation. These data suggest that loss
of 53BP1 but not Ligase IV promotes activation of DNA end resection. This discordance
might explain why combined deficiencies in Brcal/53BP1 but not Brcal/Ligase IV reverse
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the HR defect in Brcal-deficient cells (159). Recently, an ShRNA screen for hairpins
promoting survival of BRCA1-deficient mouse mammary tumors to PARPI identified REV7
and 53BP1 as the top hits (161). REV7 was shown to promote C-NHEJ by inhibiting DNA
end resection downstream of Rifl. Loss of REV7 in BRCAL-deficient cells induces CtIP-
dependent end resection, leading to HR restoration and PARPI resistance (161, 162). Even
though there is little evidence of such resistance mechanisms in human EOCs, a mouse
model of BRCAL-associated breast cancer demonstrated low 53BP1 expression in a few
olaparib-resistant BRCA1-deficient mouse tumors, suggesting that an acquired change in
53BP1 expression could occur in vivo as a resistance mechanism (163). In BRCA1-mutant
cells, loss of 53BP1 confers resistance to PARPi. However, whether loss of 53BP1 confers
cross-resistance to cisplatin is still elusive to date. In Brcal-deficient cell lines, ShRNA-
mediated loss of 53BP1 fully abolished the cisplatin sensitivity (160). However, in the
olaparib-resistant BRCA1-deficient mouse tumors, the HR restoration conferred by 53BP1
loss is only partial (measured by RADS51 foci formation), and may explain the lack of cross-
resistance to cisplatin (163).

Further studies are necessary to fully address whether 53BP1 loss in vivo can also confer
resistance to cisplatin, to assess whether loss of REV7 also confers resistance to platinum
therapy and whether these resection-dependent resistance mechanisms (described only in
BRCA1-deficient cells so far) may also be relevant to other HR-deficient settings such as
BRCA2 mutated cells.

Apart from the mechanisms of resistance intrinsic to the DNA damage response,
pharmacological effects that alter the cellular response to PARPis may also be relevant.
Several studies have shown that PARPi responses may be modified by ATP-binding cassette
(ABC) transporters (164). Increased expression in tumor cells of ABC transporters, such as
the P-glycoprotein (PgP) efflux pump (also known as multidrug resistance protein 1
(MDRZ1) or ATP-binding cassette sub-family B member 1 (ABCB1)) have been implicated
in reducing the efficacy of many compounds by enhancing their extracellular translocation
(Figure 4). In a genetically-engineered mouse model for BRCAL1-mutated breast cancer,
PARPI resistance was mediated via upregulation of the Abcbla and Abcblb genes encoding
PgP pumps. Of note, up-regulation of ABCB1 gene through promoter fusion and
translocation involving the 5’ region of the gene (most frequently with SLC25A40 gene)
was found in approximately 8% of HGSOC recurrence samples in another study (146).
Although not relevant to platinum analogues, this mechanism of resistance may be relevant
to PARPI resistance and other drugs such as etoposide, paclitaxel and doxorubicin.
Furthermore, resistance to PARPI could be reversed by coadministration of PgP inhibitors
arguing that upregulation of PgP may be a clinically relevant and druggable acquired
mechanism of PARPI resistance (165, 166). Of note, PgP can be inhibited in clinic (such as
with tariquidar) (165); furthermore novel PARPIs (such as AZD2461) have been developed
that have lower affinity to PgP thereby circumventing this mechanism of PARPI resistance
(163, 167).

Extensive tumor desmoplasia has also been suggested as a mechanism of resistance in a
BRCA1 mutated tumor without BRCAL reversion (146). In that case, an extensive
desmoplastic stromal reaction was observed at autopsy; tumor desmoplasia has been
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associated with chemoresistance and suboptimal drug uptake in pancreatic cancer and may
have accounted for resistance despite persistence of HR deficiency due to the BRCA1
mutation. In another study, loss of the nucleosome remodeling factor CHD4 was found to be
associated with cisplatin resistance in BRCA2 mutated tumors (168). Restoration of
cisplatin resistance was independent of HR but correlated with restored cell cycle
progression, reduced chromosomal aberrations, and enhanced DNA damage tolerance. Of
note, BRCA2 mutant ovarian cancers with reduced CHD4 expression significantly
correlated with shorter progression-free survival and shorter overall survival (168).

Interestingly, in a genetically engineered mouse model for BRCAL-deficient tumors, in
which genetic reversion was made impossible by the large intragenic BRCA1 deletion, no
acquired platinum drug resistance was observed (169). This raises the question whether
mechanisms other than genetic BRCAL/2 reversions can result in resistance to platinum-
based chemotherapy in patients (170).

Finally, besides the aforementioned resistance mechanisms, an important question relates to
the nature of resistance of residual tumor cells which may respond again to platinum drugs
(i.e. recurrence of disease that responds again to platinum chemotherapy). Several
approaches have been attempted to target these residual cells that are not killed by first line
chemotherapy. First, maintenance chemotherapy, i.e. continuing chemotherapy after
achievement of complete clinical remission to first line chemotherapy has been widely
studied but no chemotherapy regimen has been associated with an improved overall survival
or cure rate in that setting (171). Second, increasing dose intensity approaches have also
been attempted, including increasing the dose of platinum, combining platinum agents,
increasing the number of cycles of chemotherapy, or using high dose chemotherapy also
incorporating alternative DNA cross-linking agents such as melphalan and
cyclophosphamide in combination with bone marrow transplantation or with peripheral
blood stem cell support; all these approaches failed to improve outcome compared to
standard chemotherapy (172). The only dose intensity approach that has been associated
with improved survival was administration of chemotherapy via the intraperitoneal route
which is capable of achieving high local concentrations of chemotherapy with acceptable
systemic side effects (10). However, definitive data regarding comparison of IP
chemotherapy versus IV dose dense chemotherapy (GOG252 study) are still pending.

In conclusion, understanding the mechanisms of resistance to PARPIs in HR deficient EOCs
is critical in order to identify approaches that may overcome resistance and/or minimize the
emergence of secondary resistant clones.

OVERCOMING DENOVO AND ACQUIRED HR PROFICIENCY

The promise of platinum agents and PARPIis in the management of ovarian cancers is
tempered by the fact that HR-proficient tumors do not respond to these agents, suggesting
that as many as 50% of ovarian patients (i.e. those with tumors which are de novo HR
proficient) do not benefit from these drugs. Furthermore, even the 50% of EOCs, which are
initially HR-deficient, eventually become HR-proficient as a result of development of
resistance to platinum or PARPis. Combination of platinum or PARPis with agents that
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inhibit HR may therefore represent an effective strategy to sensitize HR proficient tumors to
platinum and PARPIs, and thus potentially expand use of these agents into EOCs with
denovo or acquired HR proficiency. Multiple strategies designed to selectively disrupt HR in
cancer cells and sensitize them to PARPIs or platinum have been evaluated both
preclinically as well as in early clinical trials in EOC (Figure 5). Such strategies include
combinations of platinum and PARPiIs with i) CDK1 inhibitors (inhibition of CDK1 induces
HR deficiency via inhibition of phosphorylation of BRCA1 by CDK1 (173, 174)), ii) with
PI3K or AKT inhibitors (inhibition of PI3K pathway leads to ERK activation/
phosphorylation, increased activation of ETS1 and suppression of BRCA1/2 expression and
of HR (175, 176)), iii) CDK12 inhibitors (abrogation of CDK12 leads to downregulation of
HR genes as discussed above), iv) HDAC inhibitors (which induce coordinated down-
regulation of HR pathway genes (177)) and v) HSP90 inhibitors (which induce HR
deficiency because multiple HR proteins including BRCA1 are HSP90 clients (178) and
they may also overcome HSP90-mediated stabilization of BRCAL1 mutant proteins as a
mechanism of PARPI resistance (151)). Preclinical evaluation has demonstrated that
CDK1-, CDK12-, PI3K-, AKT-, HDAC- and HSP90-inhibitors are able to inhibit HR and
sensitize HR proficient cells to PARPis and/or platinum. Of note, phase | clinical evaluation
of olaparib with PI3K inhibitors (BYL719 or BKM120) or the AKT inhibitor (AZD5363) in
ovarian and breast cancers provided evidence of response in patients who were expected to
have HR proficient tumors thereby providing proof of principle for this approach.

Interestingly, in a randomized, open-label, phase 2 study, the combination of olaparib plus
cediranib (which is a VEGFR1, VEGFR2 and VEGFR3 inhibitor) significantly improved
PFS in recurrent platinum sensitive EOC compared to olaparib alone, and the greatest
benefit was observed among patients without BRCA1/2 mutations (64). Although a number
of mechanisms may explain this result, this finding may also indicate that there is greater
synergism between these two drugs in the setting of HR proficient tumors. In this regard,
VEGFR3 inhibition has been shown to downregulate BRCA gene expression, reverse
chemotherapy resistance and restore chemosensitivity in resistant cell lines in which a
BRCA2 mutation had reverted to wild type (179). It is therefore possible that cediranib may
be enhancing the response to olaparib in HR proficient tumors via inhibition of HR (due to
VEGFR3 inhibition).

An important challenge for the clinical development of these combinations of HR inhibitors
with PARRPIs is the potentially low therapeutic window between normal and cancer cells and
thus the risk of enhanced toxicity. Therefore, careful Phase | evaluation of these
combinations will be required, with increased focus on proof of mechanism
pharmacodynamic studies. Nonetheless, thus far, the clinical trials of olaparib combinations
with PI3K pathway inhibitors have not shown any alarming signals besides the expected
non-overlapping toxicities of these agents.

CONCLUSIONS

Approximately 50% of EOCs exhibit defective DNA repair via HR and represent a distinct
EOC subtype with unique clinical characteristics that have important implications for
management. Germline and somatic BRCA1/2 mutations are the most common mechanisms
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of HR deficiency but multiple alternative mechanisms also contribute to this phenomenon in
EOC. HR deficiency explains the enhanced sensitivity of EOC to platinum based
chemotherapy and is an important therapeutic strategy in this disease. The striking activity
of PARPis in HR deficient EOCs highlights the potential of synthetic lethality as anticancer
strategy and is first molecular targeted therapy approved in this disease. Additional,
potentially non-cross resistant, synthetic lethal approaches such as inhibition of Alt-EJ
pathway and cell cycle checkpoint inhibition are exciting novel approaches against HR
deficient cancers.

Although PARPIs are now FDA approved in patients with BRCAL/2-mutated EOCs,
patients with HR deficient/non-BRCA-mutated tumors do not have access to these agents
outside a clinical trial. This highlights the importance of development of a robust and
prospectively validated biomarker of HR deficiency that is capable to identify non-BRCA-
mutated patients who may benefit from these agents. Another challenge is denovo and
acquired resistance which are often encountered in clinic and have tempered the enthusiasm
for the potential of PARPis in HR deficient EOCs. Understanding the mechanisms of PARPI
resistance and their relation to platinum resistance may aid the development of novel non-
cross resistant therapies and may help optimize the sequence of how these agents are
incorporated in the clinical management of HR deficient EOC. Finally, combinations of
PARPis with agents that inhibit HR are exciting strategies to sensitize HR proficient tumors
to platinum and PARPIs, and thus potentially expand use of these agents into EOCs with
denovo or acquired HR proficiency. Initial reports from the clinical evaluation of these
combinations provide clinical proof of principle for this approach without prohibitive
toxicities.
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STATEMENT OF SIGNIFICANCE

Defective DNA repair via homologous recombination is a pivotal vulnerability of
epithelial ovarian cancer, particularly of the high grade serous histologic subtype.
Targeting defective HR offers the unique opportunity of exploiting molecular differences
between tumor and normal cells, thereby inducing cancer-specific synthetic lethality; the
promise and challenges of these approaches in ovarian cancer are discussed in this
review.
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Figure 1. Cooperation of the Fanconi Anemia (FA) and BRCAL1/2 proteinsin a common | CL
repair pathway

Stalling of replication forks on DNA ICLs induces lesion recognition by the FANCM—
FAAP24-MHF1/2 complex and subsequent recruitment of the FA core complex, which in
turn recruits the mono-ubiquitinated FANCD2-FANCI to the ICL region. FANCM also
initiates checkpoint response, which phosphorylates multiple FA proteins. Ubiquitinated
FANCD?2 acts as a landing pad for recruiting several nucleases to coordinate nucleolytic
incisions. Unhooking the DNA leaves the cross-linked nucleotides tethered to the
complementary strand, which are bypassed by TLS polymerases. DNA incisions create a
DSB, which is then repaired by HR. Downstream FA proteins such as BRCA1, BRCAZ2, and
PALB2 promote RAD51-dependent strand invasion and resolution of recombinant
intermediates.
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Figure 2. Approximately 50% of high grade serous EOC have alterationsin HR repair genes
Frequency of genetic and epigenetic changes involving HR pathway genes or non-HR

pathway genes that modulate HR pathway. FA/BRCA pathway alterations have been
experimentally found to be associated with HR deficiency (HR deficient tumors on the
right). PTEN deletion and EMSY amplification have been reported to confer HR deficiency
but data are evolving (Possibly HR deficient tumors on the bottom). Tumors with cyclin E1
(CCNEZ1) amplification are enriched for HR proficiency (HR proficient tumors on the | eft)
and are associated with inferior outcome and response to platinum based chemotherapy.
Among the remaining tumors, some may be HR deficient via miRNA upregulation or other
unknown mechanisms.
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Figure 3. Mechanisms of synthetic lethality between PARP1 or POLQ inhibition and HR

deficiency

Inhibition of PARP1 activity in BER (I) and C-NHEJ (l1) is toxic in HR-deficient cells and
explains the observed PARPi-HR synthetic lethality. (111) PARPi’s induce PARP1 trapping
on DNA lesions which is highly toxic in HR-deficient cells. (V) PAR-mediated recruitment
of the BARD1-BRCAL complex is impaired by PARPI, resulting in the persistence of DNA
lesions that are toxic to HR-deficient cells. (V) Inhibition of PARP1/Pol0-mediated Alt-EJ is
toxic in HR-deficient cells. (V1.1) Under physiological conditions, Pol® expression is low
and its impact on the repair of DNA double-strand breaks (DSB) is limited. Pol limits
RAD51-ssDNA filament assembly and subsequent HR activity; at the same time, it
promotes alt-EJ through its polymerase domain.. (V1.2) Upon an HR defect, Pol© expression
increases substantially and channels DSB repair into alt-EJ. (V1.3) In the case of an HR
defect, inhibition of Pol6 causes cell death through the persistence of toxic RAD51
intermediates and inhibition of alt-EJ.
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Mechanisms of PARPi Cisplatin
resistance
Genetic reversion resistant resistant
Epigenetic reversion resistant resistant
Hypomorphic alllele resistant resistant
Loss of PARP1 resistant sensitive
expression
; sensitive
Loss of end resection resistant (53BP1);
regulation ? (REV7)
TLS Activation resistant resistant
PGP drug efflux resistant sensitive
Extensive stromal : *
resistant resistant
reaction

Desmoplastic stroma

Figure 4. Mechanisms of PARPI resistancein HR deficient cells
Known mechanisms conferring PARPI resistance in tumors cells and cross-resistance to

cisplatin are indicated. An acquired genetic reversion of the original truncating mutations
restores functional protein expression inducing PARPI resistance. Alternatively, acquired
epigenetic reversion of BRCA1 promoter hypermethylation can restore normal BRCA1
protein expression levels conferring PARPI resistance. Hypomorphic alleles, such as
BRCA1-C61G or BRCA1-A11, are unable to prevent tumor development but confer
resistance to PARPi. Tumor cells may also become PARPI resistant through loss of PARP1
expression. Rescue of DNA end-resection in BRCAZ1-deficient tumors through loss of
53BP1 or REV7, increases HR capacity and confers resistance to PARPI. Loss of CHD4, a
negative regulator of translesion synthesis (TLS), enhances DNA damage tolerance and
induces PARPI resistance. Increased in P-glycoprotein (PGP)-mediated efflux, notably
through ABCBL1 upregulation (via fusion with SLC25A40) reduces intracellular PARPI
concentrations inducing resistance. Desmoplastic stromal reaction is associated with reduced
drug uptake conferring chemoresistance. (*: Although this mechanism has been described
for cisplatin it might also apply for PARPI).
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Figure 5. PARPi combinations against HR proficient tumors
Rationale behind use of specific PARPi combinations as a strategy against HR proficient

tumors. Specifically, use of agents that inhibit HR such as CDK1- or HSP90 inhibitors may

render HR proficient tumors into HR deficient and thus sensitize them to platinum or
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PARPIs. The proposed mechanism of HR suppression and the clinical status of these PARPI
combinations are presented in the right panel.
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ABSTRACT

Immune checkpoint inhibitors (e.g., anti-PD-1 and anti-PD-L1 antibodies) have
demonstrated remarkable efficacy against hypermutated cancers such as melanomas
and lung carcinomas. One explanation for this effect is that hypermutated lesions
harbor more tumor-specific neoantigens that stimulate recruitment of an increased
number of tumor-infiltrating lymphocytes (TILs), which is counterbalanced by
overexpression of immune checkpoints such as PD-1 or PD-L1. Given that BRCA1/2-
mutated high grade serous ovarian cancers (HGSOCs) exhibit a higher mutational
load and a unique mutational signature with an elevated number of larger indels up to
50bp, we hypothesized that they may also harbor more tumor-specific neoantigens,
and, therefore, exhibit increased TILs and PD-1/PD-L1 expression. Here, we report
significantly higher predicted neoantigens in BRCA1/2-mutated tumors compared to
tumors without alterations in homologous recombination (HR) genes (HR-proficient
tumors). Tumors with higher neoantigen load were associated with improved overall
survival and higher expression of immune genes associated with tumor cytotoxicity
such as genes of the TCR, the IFN-gamma and the TNFR pathways. Furthermore,
immunohistochemistry studies demonstrated that BRCA1/2-mutated tumors exhibited
significantly increased CD3+ and CD8+ TILs, as well as elevated expression of PD-1
and PD-L1 in tumor-associated immune cells compared to HR-proficient tumors.
Survival analysis showed that both BRCA1/2-mutation status and number of TILs were
independently associated with outcome. Of note, two distinct groups of HGSOCs, one
with very poor prognosis (HR proficient with low humber of TILs) and one with very
good prognosis (BRCA1/2-mutated tumors with high number of TILs) were defined.
These findings support a link between BRCA1/2-mutation status, immunogenicity
and survival, and suggesting that BRCA1/2-mutated HGSOCs may be more sensitive
to PD-1/PD-L1 inhibitors compared to HR-proficient HGSOCs.
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INTRODUCTION

Immune checkpoint inhibitors (e.g., anti—-PD-1 and
anti-PD-L1 antibodies) have demonstrated remarkable
efficacy against hypermutated cancers such as melanomas,
lung carcinomas and those with underlying mismatch
repair-deficiency [1-3]. One explanation for this effect
is that tumors with higher mutational loads harbor more
tumor-specific neoantigens that stimulate recruitment of an
increased number of tumor-infiltrating lymphocytes (TILs)
which is counterbalanced by overexpression of immune
checkpoint modulators, such as PD-1 or PD-L1 [4-7].
In support of this, recent analyses of TCGA data have
implicated neoantigen load in driving T cell responses
[8], and some have identified novel associations between
specific genomic alterations such as polymerase ¢ (POLE)
mutations or microsatellite instability (MSI) and increased
immune infiltrates and expression of immune checkpoints
in hypermutated tumors [9, 10].

Approximately 50% of high grade serous ovarian
cancers (HGSOCs) harbor genetic and epigenetic
alterations in gene members of the homologous
recombination (HR) DNA repair pathway, most commonly
in BRCA1 and BRCA2 genes [11, 12]. BRCA1/2-mutation
status is a favorable prognostic factor in this disease [11,
13, 14], which may be traditionally thought to be primarily
due to the enhanced responsiveness of BRCA1/2-mutated
tumors to platinum-based chemotherapy. However, it
is possible that alternative intrinsic biologic properties
of BRCAI1/2-mutated HGSOCs (e.g., increased
immunogenicity) contribute to the improved outcomes
observed in these patients. In this regard, it has been
shown that HR deficient HGSOCs (including those with
BRCA1/2-mutations) depend on alternative, low fidelity
mechanisms for double-strand break (DSB) repair, such
as the Pol0/PARPI-mediated alternative end-joining
(alt-EJ) pathway [15, 16]. DSB repair via alt-EJ utilizes
microhomology at rearrangement junctions to rejoin DSBs
and is mediated by the error-prone Pol6 polymerase, which
produces point mutations as well as random insertions
and deletions (indels) at sites of microhomology [17].
Not surprisingly, BRCA1/2-mutated HGSOCs have been
shown to possess a higher number of mutations compared
to non-BRCA1/2-mutated tumors [18], with an elevated
number of larger indels (up to 50 bp) with overlapping
microhomology at breakpoint junctions [19]. Given their
higher mutational load and unique mutational signature,
we hypothesized that BRCA1/2-mutated tumors may
harbor more tumor-specific neoantigens, and, therefore,
increased tumor-infiltrating lymphocytes (TILs) [7] as
well as demonstrate increased expression of the immune
checkpoint modulators, PD-1 and PD-L1I.

In this study, we formally evaluated the association
of BRCA1/2-mutation status with neoantigen load, number
of TILs and expression of PD-1 and PD-L1 in HGSOC.
Furthermore, given that both BRCA1/2-mutation status and

number of TILs are known favorable prognostic factors
in this disease, we assessed whether BRCA1/2-mutated
HGSOC:s are independently associated with survival after
adjusting for neoantigen load or number of TILs.

RESULTS

HR deficient HGSOCs exhibit higher neoantigen
load compared to HR proficient tumors

Initially, we compared the neoantigen load between
BRCA1/2-mutated HGSOCs versus all remaining tumors
in the TCGA dataset. Prediction of neoantigen load
was performed using sequencing data from the ovarian
TCGA dataset which included whole-exome sequencing
data from 316 HGSOCs [11]. 71 of 316 samples were
excluded from our analysis because they were comprised
of only single-end reads using the SOLiD platform and
thus not amenable to accurate HLA typing. Inference of
HLA type was successfully performed for the remaining
245 of HGSOCs, and prediction of neoantigen load was
performed using a pipeline based on the NetMHCpan
[20, 21] tool that predicts MHC class I binding peptides.
We predicted neoepitopes individual to each tumor arising
from tumor-specific somatic mutations that could generate
peptides predicted to bind to personal HLA alleles.

There was no statistically significant difference in
the neoantigen load between BRCA 1/2-mutated (germline
and somatic) HGSOCs (n = 54) versus all remaining non-
BRCA1/2-mutated tumors (n = 191) (p = 0.15, Figure 1A).
However, it is now well established that some non-
BRCA1/2-mutated tumors may still be HR deficient due
to alterations in other HR genes. Therefore, we divided
non-BRCA1/2-mutated tumors into two cohorts: 1) non-
BRCA1/2 mutated HGSOCs with HR pathway alterations
(HR-deficient/non-BRCA 1/2-mutations cohort, n = 69)
and 2) non-BRCA1/2-mutated HGSOCs without known
alterations in the HR pathway (non-BRCA1/2-mutated
and HR proficient cohort, » = 122). The HR-deficient/
non-BRCA1/2-mutated cohort included HGSOCs with
mutations in Fanconi Anemia (FA) genes, mutations in
core HR RAD genes (including RAD50, RADS1 and
RADS54L), mutations in DNA damage response genes
involved in HR such as ATM and ATR, homozygous
deletion of PTEN, amplification or mutation of EMSY,
and promoter hypermethylation of BRCA1 or RADSIC.

We observed a higher neoantigen load in the
BRCA1/2-mutated subset (median: 51, range: 11-199)
compared to the HR-proficient subset (median: 37.5,
range: 2—196) (two-sided #-test, p = 0.008, Figure 1B).
Furthermore, the HR-deficient/non-BRCA1/2-mutated
subset (median: 51, range: 7-279) harbored a higher
neoantigen load compared to the HR-proficient subset
(two-sided #-test, p = 0.003, Figure 1B).Collectively,
the neoantigen load of the combined group of HR
defective tumors (BRCA1/2 mutated plus HR defective
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/wt BRCA) (n = 123) was significantly higher than that
of HR proficient tumors (n = 122), median 51 vs 37.5
respectively, p = 0.001 (Figure 1C). Conversely, there
was no statistically significant difference in neoantigen
load between BRCA1/2-mutated and HR-deficient/non-
BRCA1/2-mutated subsets (two-sided #-test, p = 0.76) or
between BRCA 1-mutated versus BRCA2-mutated tumors
(two-sided #-test, p = 0.32, Figure 1D). To summarize,
HR deficient tumors, either BRCA1/2-mutated or non-
BRCA1/2-mutated, demonstrated significantly higher
neoantigen loads than HR proficient tumors (i.c. those
without BRCA1/2-mutations and without any other HR
pathway gene alterations).

Lower neoantigen load is associated with inferior
overall survival in the TCGA dataset

We evaluated the prognostic significance of
neoantigen load in the TCGA dataset. Strikingly, tumors
with the lowest quartile (Figure 1E) or lowest quintile
(Figure 1F) of neoantigen load in the TCGA dataset

A B

T

were associated with significantly lower overall survival
(OS) compared to the remaining tumors. There was no
association of neoantigen load with disease free survival
(DFS) using any cut-offs. As was previously reported
[11], BRCA1/2-mutated tumors were associated with
improved OS in the TCGA dataset. Importantly, in a
multivariate analysis including BRCA1/2-mutation status
and neoantigen load, BRCA1/2-mutation status retained
its prognostic significance independently of neoantigen
load (Supplementary Table 1). However, neoantigen load
did not retain its prognostic significance after adjusting
for BRCAI1/2-mutation status in the TCGA dataset
regardless of the cut-off (i.e. both using low quartile and
low quintile), Supplementary Table 1.

Furthermore, we interrogated the TCGA dataset to
determine whether tumors with high neoantigen load also
exhibited greater expression of immune genes associated
with tumor cytotoxicity. Specifically, we evaluated the
expression of genes in the TCR signaling pathway (CD3G,
CD3D, CD3E, LCK, LCP2, CD247, HLA-DPB1, HLA-
DOB, ITK, PTPRC), the IFN-gamma pathway (STAT®,
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Figure 1: Neoantigen load in BRCA1/2-mutated, non-BRCA1/2-mutated/HR-deficient and HR proficient cohorts, and
association with outcome in the TCGA dataset. (A) Predicted neoantigen load in BRCA1/2-mutated (n = 54) vs all remaining
non-BRCA1/2-mutated tumors (n = 191). (B) Predicted neoantigen load in BRCA1/2-mutated (n = 54), HR deficient/non-BRCA1/2-
mutated (n = 69) and HR proficient tumors (n = 122). (C) Predicted neoantigen load of HR-deficient (n = 123) vs HR-proficient (n = 122).
(D) Predicted neoantigen load of BRCA1- versus BRCA2-mutated tumors. (E) Tumors in the lowest quartile of neoantigen load were
associated with significantly lower overall survival compared to the remaining tumors. Of the 60 tumors in the lower quartile, 20 were HR
deficient and 40 were HR proficient. (F) Tumors in the lowest quintile of neoantigen load were associated with significantly lower overall
survival compared to the remaining tumors. Of the 47 tumors in the lower quintile, 19 were HR deficient and 28 were HR proficient.
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TFF3, PRKCA, TGFBR2, PIM1, PRKCH, PRKCQ, IRF4)
and the TNFR pathway (TRAF1, PRF1, MAPKAPK3,
TNFRSF1B, CCM2, GZMB, BIRC3, MAP3K14), and
we assessed whether they were differentially expressed
between tumors with high neoantigen load versus those
with low antigen load (lowest quartile). Indeed, we
found that several genes were statistically significantly
differentially expressed between tumors with high
neoantigen load versus those with low antigen load (HLA-
DOB p =0.05, GZMB p =0.011, CD3G p <0.001, CD3E
p = 0.027, CD3D p < 0.001, CD247 p = 0.003, PRF1
p = 0.018, LCP2 p = 0.007, LCK p = 0.023, ITK p =
0.012, IRF4 p = 0.001, PTPRC p = 0.026). Strikingly, each
of these genes were upregulated in the tumors with high
neoantigen load compared to those with low neoantigen
load. Furthermore, PD-L1 was upregulated in the tumors
with high neoantigen load compared to those with low
neoantigen load (p = 0.03).

BRCA1/2-mutated HGSOCSs harbor increased
CD3+ and CD8+ TILs compared to HR
proficient HGSOCs

Based on our findings from the neoantigen prediction
analysis in the TCGA dataset (Figure 2A), we assessed
whether there was any difference in TILs between BRCA1/2-
mutated and HR proficient HGSOC:s in a separate cohort

of patients referred to our institution. This cohort included
two groups of patients, a BRCA1/2-mutated group and an
HR proficient group. The BRCA1/2-mutated group was
comprised of 37 HGSOCs (29 with BRCA1 and 8 with
BRCA2 mutations) with BRCA1/2 germline mutations
identified by genetic testing (Figure 2B). The HR-proficient
group (i.e., tumors without HR alterations) comprised
16 ovarian cancers which were identified in a two-step
process (Figure 2B). First, Next Generation Sequencing
(NGS) was performed to exclude tumors with mutations
in HR genes, and this analysis identified 17 such tumors.
These 17 tumors were subsequently evaluated for BRCA1
expression to exclude the possibility of BRCA1 promoter
hypermethylation by immunohistochemistry, a method
which has been previously reported to have a sensitivity of
86% and specificity of 97% for detecting loss of BRCA1
protein expression [22]. As a result of this testing, 1 tumor
was found to have staining in less than 5% of tumor cells
with the presence of a strong internal control (Figure 3),
which was excluded from the HR-proficient (HR intact)
group. Interestingly, review of the NGS data for this case
demonstrated that this tumor had a single copy deletion of the
BRCAL gene, suggesting that BRCA1 loss was likely due
to single copy deletion of BRCA1 and epigenetic silencing
of the complementary allele. Ultimately, the HR proficient
group consisted of 16 tumors without mutations in HR
pathway genes and without BRCA1 loss by IHC.

A TCGA Dataset
(n = 245)
.

v
HR-Deficient,

Non-BRCA1/2 Tumors HR Intact Tumors
(n=69) (n=122)

¥

Prediction of neo-antigen load, in silico

BRCA1/2-Mutated Tumors
(n=54)

B BRCA1/2-Mutated Tumors HR Intact Tumors

Genetic Testing for BRCA1/2 Germline
Mutations

Targeted Next-Gen Sequencing

Tumors with the following mutations were
excluded: ATM, ATRX, BRCA1, BRCA2,
BRIP1, CHEK2, FANCA, FANCC,
FANCD2, FANCE, FANCF, FANCG,
NBN, PTEN, and U2AF1. Tumors with
mutations in the NER and MMR pathways
were also excluded.

O
v
M BRCA1 Immunohistochemistry
v v
n =37 n=16

BRCA1/2-Mutated Cohort HR Intact Cohort

v

Immunohistochemistry for CD3, CD4, CD8, CD20, PD-1, and PD-L1

Figure 2: Outline of our study cohorts. (A) Prediction of neoantigen load in the TCGA dataset. (B) Determination of BRCA1/2-
mutated and HR proficient subsets in our institutional cohort. The BRCA1/2-mutated group was comprised of 37 HGSOCs with BRCA1/2
germline mutations (29 with BRCA1 and 8 with BRCA2 mutations) identified by genetic testing (left). The HR-proficient (HR intact) group
(i.e. group without HR alterations) comprised 16 ovarian cancers which were identified in a two-step process (right). First, NGS excluded
tumors with mutations in HR genes and this analysis identified 17 such tumors. Tumor was excluded based on absent BRCA1 expression
by immunohistochemistry.
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Immunohistochemistry (IHC) in the two patient
groups demonstrated that BRCA1/2-mutated tumors
exhibited a significantly higher number of CD3+ TILs
(mean 42.9 vs 20.7, p = 0.001, Figure 4A and 4B)
and CD8+ TILs (34.5 vs 15.2, p = 0.002, Figure 4A
and 4D) compared to HR-proficient tumors. Figure 4A
shows the IHC staining of a representative BRCA1/2-
mutated tumor with CD3+ and CD8+ TILs, as well as
a representative HR-proficient case with reduced CD3+
or CD8+ TILs. There was no statistically significant
difference in CD4+ or CD20+ TILs between BRCA1/2-
mutated and HR-proficient tumors (Figure 4C and 4E),
but we observed a substantially higher CD8/CD4 ratio
in BRCA1/2-mutated versus HR-proficient tumors (3.3
vs 1.2, p = 0.003). There was no statistically significant
difference in CD3+ and CD8+ TILs between BRCA1
and BRCA2 mutated tumors (p = 0.13 and p = 0.63
respectively).

A

BRCA1/2-mutated HGSOCs harbor increased
PD-1 and PD-L1 expression compared to HR
proficient HGSOCs

We then evaluated PD-1 and PD-L1 expression
both in the intraepithelial and peritumoral immune cells
of BRCAI1/2-mutated versus HR-proficient tumors
by immunohistochemistry (Figure 5A). Expression of
PD-1 in intraepithelial and peritumoral lymphocytes
was significantly more frequent in BRCA1/2-mutated
compared to HR-proficient HGSOCs (p = 0.003 and
p = 0.005 respectively, Figure 5B). Furthermore, PD-L1
expression in intraepithelial and peritumoral immune cells
was also more frequently observed in BRCA1/2-mutated
tumors compared to the HR-proficient tumors (p = 0.016
and p = 0.019 respectively, Figure 5B). However, within
tumor cells, PD-L1 expression was not found to be
different between the two cohorts (Figure 5B). Of note,

—g ",

Figure 3: Results of BRCA1 immunohistochemistry. (A) Positive BRCAI IHC in a representative case. BRCA1 expression was
positive by IHC in 16 of the 17 tumors without HR alterations identified by NGS. (B) BRCA1 IHC was negative in one tumor that did not
harbor HR alterations by NGS. Focal BRCA1 positivity was present in lymphocytes. Interestingly, review of the NGS data for this case
demonstrated that the tumor had a single copy deletion of the BRCA1 gene, suggesting that BRCA1 loss in this tumor was likely due to
single copy deletion of BRCA1 and epigenetic silencing of the complementary allele. (C) Corresponding area of tumor on H & E stain
demonstrates the presence of intratumoral lymphocytes. (D) The presence of intraepithelial lymphocytes was confirmed by a CD3 THC.
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there was a significant correlation between CD3+ and both
CD8+ and PD-1 positive TILs in tumors from both cohorts
(Supplementary Figure 1, both p < 0.001).

Prognostic significance of BRCA1/2-mutation
status and number of CD3+ TILs

As expected from previous studies [11, 13, 14],
BRCA1/2-mutated tumors exhibited improved OS
compared to HR-proficient HGSOCs (p = 0.012) in
our institutional cohort (Figure 6A). Furthermore, as
has been previously reported, the number of CD3+
TILs was associated with survival [23]. Specifically,
HGSOCs with equal or above the median number
of CD3+ TILs (i.e. > 35 CD3+ TILs/HPF) exhibited
improved OS compared to tumors with below the
median number of CD3+ TILs (i.e. < 35 CD+3 TILs/
HPF) (Figure 6B, p = 0.046). The best discrimination
for OS in our cohort was achieved using a cut-off of 13
CD3+ TILs/HPF, whereby tumors with > 13 TILs/HPF
exhibited significantly higher OS compared to tumors
with < 13 TILs/HPF (Figure 6C, p < 0.001). A similar
association was observed between CD3+ TILs and DFS
in our cohort (Supplementary Figure 2). Importantly, in
multivariate analysis consisting of BRCA1/2-mutation
status and CD3+ TILs, both BRCAI1/2-mutation
status (HR = 0.315, 90% C.I. 0.103-0.964, p = 0.043)
and CD3 + TILs (HR = 0.147, 90% C.I. 0.05-0.436,

p =0.001) remained independently associated with OS.
Based on the number of TILs and BRCA1/2-mutation
status, we defined a very good prognostic group
(BRCA-mutated tumors and high CD3+ count, median
OS 229.2 months) and a very poor prognostic group
(HR-proficient tumors and low CD3+ count, median
OS 20.6 months); the remaining tumors (either BRCA-
mutated with low CD3+ count or with HR proficient
with high CD3+ count) exhibited intermediate OS
(median OS 56.3 months) (Figure 6D).

DISCUSSION

BRCA1/2-mutated HGSOCs are HR deficient and
depend on the error-prone Pol6/PARP1-mediated alt-
EJ pathway for double-strand break repair [15, 16]. As
a result, BRCA1/2-mutated HGSOCs possess a higher
number of mutations [18, 24] with larger indels (up to
50 bp) and overlapping microhomology at breakpoint
junctions [19]. Given their elevated mutational load
and unique mutational signature, we hypothesized that
BRCA1/2-mutated tumors may harbor more tumor-
specific neoantigens, and therefore demonstrate,
increased tumor-infiltrating lymphocytes (TILs) [7],
as well as increased expression of immune checkpoint
modulators PD-1 and PD-L1. Indeed, according to our
neoantigen prediction analysis in the TCGA dataset,
BRCA1/2-mutated HGSOCs exhibit significantly higher
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Figure 4: CD3+, CD4+ CD8+ and CD20+ intraepithelial lymphocytes in BRCA1/2-mutated vs HR proficient tumors.
(A) Photomicrographs of representative BRCA1/2-mutated and HR-intact tumors depicting H & E staining and immunohistochemistry
for CD3, CD4, CD8 and CD20. (B) Quantification and comparison of CD3+ TILs from BRCA1/2-mutated and HR intact tumors.
(C) Quantification and comparison of CD4+ TILs from BRCA1/2-mutated and HR intact tumors. (D) Quantification and comparison of
CD8+ TILs from BRCA1/2-mutated and HR intact tumors. (E) Quantification and comparison of CD20+ TILs from BRCA1/2-mutated

and HR intact tumors.
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neoantigen load compared to HR proficient HGSOC:s (i.e.
tumors without any HR pathway alterations). Of note,
HR deficient HGSOCs that were not BRCA1/2-mutated
(i.e. the HR deficient/non-BRCA1/2-mutated cohort) also
harbored significantly higher neoantigen load compared
to HR proficient tumors. The comparatively higher
neoantigen load of HR deficient HGSOCs (regardless
of whether they were BRCAI1/2-mutated or not) is
likely related to the unique mutational signature of HR
deficient tumors, which is present regardless of whether
HR deficiency is due to BRCA1/2-mutations or other HR
alterations [19]. In this regard, within HR deficient tumors,
we observed similar neoantigen load between BRCA1/2-
mutated tumors and those with alternative HR alterations
(HR-deficient/non-BRCA1/2-mutated cohort), as well as
a similar neoantigen load between BRCA1- and BRCA2-
mutated tumors.

In addition to a low neoantigen load, HR-proficient
tumors exhibited significantly lower numbers of CD3+ and

CD8+ TILs, as well as lower expression of the inhibitory
immune checkpoint modulators, PD-1 and PD-LI,
compared to BRCA1/2-mutated tumors. This observation
is consistent with the hypothesis that an elevated
neoantigen load leads to an increased number of TILs
that are counterbalanced by overexpression of immune
checkpoint modulators [4—6]. Although PD-L1 expression
in tumor-infiltrating immune cells was different between
HR-proficient and BRCA1/2-mutated tumors, PD-L1
expression in cancer cells was not different. It is important
to underscore that PD-L1 expression in tumor-infiltrating
immune cells does not always correlate with PD-L1
expression in cancer cells. As such, response to anti-
PD-L1 antibody MPDL3280A has been previously shown
to correlate with tumor-infiltrating immune cell PD-L1
expression but not expression of PD-L1 in tumor cells [25].
Collectively, our findings suggest that BRCA1/2-mutated
HGSOCs may be more sensitive to PD-1/PD-L1 inhibitors
compared to HR-proficient HGSOC:s.

PD-L1
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Figure 5: PD-1 and PD-L1 expression in the intraepithelial and peritumoral immune cells of BRCA1/2-mutated versus
HR-proficient tumors. (A) Photomicrographs of representative BRCA1/2-mutated and HR-intact tumors depicting H & E staining and
immunohistochemistry for PD-1 and PD-L1. Photomicrographs depict cases from each study group that were scored as positive. (B) Bar
graphs illustrating the number of tumors with increased PD-1 and PD-L1 positive intraepithelial and peritumoral immune cells, as well as
the number of tumors positive for PD-L1 in tumor cells of BRCA1/2-mutated and HR intact cases.
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Additionally, we noted that the number of CD3+
TILs significantly correlated with the number of PD-
1-positive lymphocytes (Supplementary Figure 1),
suggesting that, in this setting, the number of CD3+ cells
could be used as a surrogate marker of PD-1 positivity.
However, further investigation is required to determine
if the number of TILs can predict responsiveness to
anti-PD-1 or anti-PD-L1 immunotherapies. Similar to
the neoantigen load prediction in the TCGA dataset, we
observed no difference in the number of TILs between
BRCAI1- and BRCA2-mutated tumors in our patient
cohort. Although previous studies have demonstrated that
BRCA1 HGSOCs exhibit increased number of TILs [24,
26-28], our findings suggest that the same also applies
for BRCA2-mutated HGSOCs. Most importantly, our
study is the first to indicate that HGSOCs without HR
alterations (HR proficient HGSOCs) represent a unique
subset of tumors with lower neoantigen load, lower
number of TILs and lower PD-1 and PD-L1 expression.

Finally, given that elevated TILs is a well-
documented favorable prognostic factor in HGSOC
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[23, 29], our findings suggest that enhanced
immunogenicity may also explain the improved OS
of BRCA1/2-mutated tumors. Importantly, BRCA1/2-
mutation status was independently associated with OS
after adjusting either for neoantigen load in the TCGA
dataset or for number of TILs in our patient cohort, a
finding that suggests that alternative factors that are
intrinsic to BRCA1/2-mutated tumors (such as enhanced
response to platinum chemotherapy among other
possibilities) may also contribute to the improved OS
of these tumors, independently of their association with
elevated number of TILs. Strikingly, BRCA1/2-mutated
tumors with elevated TILs were associated with the best
prognosis in our patient cohort while tumors that were
both HR-proficient-tumors and had low number of TILs
exhibited the worst prognosis (Figure 6D).

In contrast to the number of TILs, neoantigen load
was significantly associated with OS but not PFS. It is
possible that an association between neoantigen load
and PFS may exist but was not observed in the TCGA
dataset. Of note, only patients with neoantigen load in the
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Figure 6: Association of CD3+ TILs and BRCA1/2-mutation status with survival in our institutional cohort. (A) Overall
survival of patients with BRCA1/2-mutated (red) versus HR intact (HRP, blue) tumors. (B) Overall survival of patients with tumors
containing above median number of CD3+ TILs/HPF (red) versus the remaining tumors (blue). (C) Overall survival of patients with
tumors containing > 13 CD3+ TILs/HPF (red) versus those containing < 13 CD3+ TILs/HPF (blue). (D) Overall survival of patients with
BRCA1/2-mutated tumors with a high number of TILs (> 13 TILs/HPF) (red), HR proficient tumors (HRP) with a low number of TILs
(< 13 TILs/HPF) (blue), and BRCA1/2-mutated tumors with low TILs or HRP tumors with high TILs (green).
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lower quartile or quintile had lower OS, suggesting that
additional factors are likely responsible. Furthermore,
it is important to underscore that PFS is a marker of
outcome that reflects more the responsiveness to first
line chemotherapy and less the biological aggressiveness
of the disease is (which is more globally reflected by
0OS). Therefore, lower neoantigen load may reflect more
aggressive disease and thus inferior OS but not necessarily
worse response to first line chemotherapy.

In conclusion, our findings support a link between
BRCA1/2-mutation status, immunogenicity and improved
survival in HGSOC, and support inclusion of BRCA1/2-
mutations and other HR alterations as exploratory
biomarkers in immunotherapy trials in this disease.
Furthermore, our study suggests that BRCA1/2-mutated
HGSOCs may be more sensitive to PD-1/PD-L1 inhibitors
compared to HR-proficient HGSOC:s.

MATERIALS AND METHODS

Prediction of HLA type and neoantigen load

Inference of HLA type was performed by applying
the POLYSOLVER (POLYmorphic loci reSOLVER) tool
[30] to whole-exome sequencing (WES) data generated
from The Cancer Genome Atlas (TCGA) consortium as
previously described [31]. Polysolver has previously
been validated on a set of 253 HapMap samples with
experimentally determined HLA genotypes, where it was
found to have ~97% mean overall accuracy at the protein-
coding level [31]. In brief, this algorithm selects and aligns
putative HLA reads to an imputed library of full-length
genomic HLA allele sequences. The alignments then
serve as a basis for the inference step that incorporates
the number and base qualities of aligned reads, the
empirical library insert size distribution and population-
based allele frequencies. For prediction of neoantigen
load, we used previously curated lists of somatic
mutations (somatic single nucleotide variants and somatic
insertions and deletions) for each of these samples (Sage
Bionetworks’ Synapse resource: http://www.synapse.
org/#!synapse:syn1729383 and Lawrence et al. [32])
from which individual-specific HLA-binding peptides
were identified by a neoantigen prediction pipeline [30]
that uses detected somatic mutations in the individual.
Binding affinities of all possible 9 and 10-mer mutant
peptides to the corresponding POLYSOLVER-inferred
HLA alleles were predicted using NetMHCpan (v2.4)
[21]. All predicted binders with an affinity <500 nM were
used to evaluate the neoantigen load.

Next generation sequencing

In order to identify tumors without HR alterations,
HGSOC samples were subjected to targeted Next-
Generation sequencing (NGS) assay (OncoPanel),

performed at the Center for Advanced Molecular
Diagnostics (Department of Pathology, Brigham and
Women’s Hospital) [33]. This assay has been extensively
validated and is used as a CLIA-approved clinical
molecular test in our institution without any additional
sequencing assays to validate the findings. FFPE samples
were digested in proteinase K overnight and DNA
was isolated according to the manufacturer’s protocol
(QlAamp DNA Mini Kit, QIAGEN, Gaithersburg,
MD, USA). All cases with at least 50 ng of DNA (up to
200 ng) were subjected to next-generation sequencing
(NGS) of the complete exons of 275 oncogenes and
tumor suppressor genes. Ninety-one intronic regions
across 30 genes were also included for the evaluation
of structural rearrangements. Targeted sequences were
captured using a solution-phase Agilent SureSelect hybrid
capture kit (Agilent Technologies, Inc, Santa Clara, CA,
USA), and massively parallel sequencing was performed
on an [llumina HiSeq 2500 sequencer (Illumina, Inc,
San Diego, CA, USA). Mutation calls were made using
Mutect and GATK software (Broad Institute, Cambridge,
MA, USA) and gene-level copy number alterations at
the level of individual genes were assessed using VisCap
Cancer (Dana Farber Cancer Institute, Boston, MA, USA).
Tumors were assessed for mutations in the following HR-
pathway genes: ATM, ATRX, BRCA1, BRCA2, BRIP1,
CHEK?2, FANCA, FANCC, FANCD2, FANCE, FANCF,
FANCG, NBN, PTEN, and U2AF1. Additionally, tumors
with mutations in the nucleotide excision repair (NER) and
mismatch repair (MMR) pathways were excluded from
the HR-proficient cohort. We thus identified 17 tumors
without mutations in one or more of these HR pathway
genes.

BRCA1 immunohistochemistry

The 17 tumors identified via NGS were subsequently
evaluated for BRCA1 by immunohistochemistry to
assess for BRCAI loss due to epigenetic silencing.
Immunohistochemistry for BRCA1 was performed in
a manner previously described [22]. The sensitivity
and specificity for BRCA1 immunohistochemistry has
previously been established and found to detect BRCA1
mutations and promoter hypermethylation with 86%
sensitivity and 97% specificity [22].

Immunohistochemistry and evaluation of tumor
associated lymphocytes

Paraffin-embedded, formalin-fixed tissue blocks
of chemotherapy-naive biopsy and resection specimens
were retrieved from the Brigham and Women’s Hospital
Department of Pathology archives. For all cases, [HC was
performed for CD3, CD4, CD8, CD20, PD-1, and PD-L1
slides using standard protocols (Supplementary Table 2).
TILs were defined as intraepithelial lymphocytes (i.e. cells

www.impactjournals.com/oncotarget

13595

Oncotarget



that were clearly located within tumor epithelium rather
than peritumoral stroma). Photomicrographs were taken of
three areas enriched for intraepithelial CD3+ lymphocytes
(40X objective) with blinding to mutational status. For
the analysis of all markers, areas of acute inflammation
and necrosis were avoided. Photomicrographs of the
corresponding tumor location were obtained for CD4 and
CDS stains. Counts of intraepithelial lymphocytes were
performed manually with blinding to mutation status,
and the average was determined from counts of three
high power fields (HPFs), as previously described [9]. A
separate photomicrograph was obtained in an area enriched
for CD20+ intraepithelial lymphocytes. The number of
intraepithelial PD-1 positive lymphocytes was determined
as the average count from three HPFs. For statistical
analyses, an average of 1 or greater PD-1-positive cells
per HPF was considered positive. Peritumoral T-cells were
scored using a semi-quantitative system (minimal (0), mild
(1+), moderate (2+), and marked (3+)), with a score of
mild or greater used as a cutoff for elevated peritumoral
lymphocytic response. PD-L1 in intraepithelial and
peritumoral immune cells was also evaluated using a
semi-quantitative scoring system (negative (0), mild
(1+), moderate (2+)). Tumor cell expression of PD-L1
was evaluated in a semi-quantitatively as above, similar
to methods previously described. [34] Positive tumor
expression of PD-L1 was defined as greater than or equal
to 5% of tumor cells with PD-L1 positivity.

Statistical analyses

Statistical comparisons of lymphocyte counts
between BRCAI1/2-mutated and HR-intact tumors
were performed using unpaired, two-tailed Student’s
t-test, Fisher’s exact test, and Spearman correlations in
GraphPad Prism (v5). Kaplan-Meier survival curves and
multivariate Cox regression analyses were performed
using SPSS software.
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Abstract

High-grade serous ovarian carcinomas (HGSOCs) with BRCA1/2 mutations exhibit improved
outcome and sensitivity to double-strand DNA break (DSB)-inducing agents [i.e. platinum and
Poly(ADP-ribose) polymerase inhibitors (PARPIs)] due to an underlying defect in homologous
recombination (HR). However, resistance to platinum and PARPIs represents a significant barrier
to the long-term survival of these patients. Although, BRCA1/2-reversion mutations are a
clinically validated resistance mechanism, they account for less than half of platinum resistant
BRCAL1/2-mutated HGSOCs. We uncover a resistance mechanism by which a microRNA,
miR-622 induces resistance to PARPiIs and platinum in BRCA1-mutant HGSOCs by targeting the
Ku complex and restoring HR-mediated DSB repair., Physiologically, miR-622 inversely
correlates with Ku expression during the cell cycle, suppressing non-homologous end joining and
facilitating HR-mediated DSB repair in S-phase. Importantly, high expression of miR-622 in
BRCA1-deficient HGSOC:s is associated with worse outcome after platinum chemotherapy,
indicating microRNA-mediated resistance through HR rescue.
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INTRODUCTION

Approximately 15-20% of patients with epithelial ovarian cancer (EOC) harbor germline
(10-15%) or somatic (6-7%) BRCAL or BRCA2 mutations(TCGA, 2011). Furthermore,
epigenetic silencing of BRCA1 via promoter hypermethylation occurs in approximately
10-20% of EOCs. Due to the underlying defect in DNA repair via homologous
recombination (HR), patients with BRCA1/2-inactivated EOCs exhibit enhanced sensitivity
to platinum analogues and other cytotoxic drugs that induce double strand DNA breaks
(DSBs) such as the poly-ADP ribose polymerase inhibitors (PARPis)(Fong et al., 2009). Of
these drugs, olaparib was granted accelerated approval by the U.S. FDA for use in EOC
patients with germline BRCA1/2 mutations (Fong et al., 2009). However, a substantial
fraction of these patients do not respond or eventually develop resistance to these agents
suggesting that de novo and acquired platinum and PARPI resistance is a significant clinical
problem in HR-defective EOCs. The most common mechanism of resistance to these agents
in BRCA1/2-mutated tumors is secondary intragenic mutations restoring BRCA1 or BRCA2
protein functionality; 46% of platinum resistant BRCA-mutated EOCs exhibit tumor-
specific secondary mutations that restore the ORF of either BRCAL or BRCA2(Norquist et
al., 2011).

The interplay of the two major mechanistically distinct DSB repair pathways, HR and non-
homologous end joining (NHEJ) (Chapman et al., 2012b; Ciccia and Elledge, 2010) is also
critical for resistance to platinum and PARPis. Surprisingly, the sensitivity of BRCA1-
mutant tumors to PARP inhibitors is almost completely abolished by loss of the NHEJ factor
53BP1 (Bouwman et al., 2010; Bunting et al., 2010; Chapman et al., 2012a), which also
correlates with the restoration of competent HR. Furthermore a recent small hairpin (sh)
RNA screen for hairpins promoting survival of BRCA1-deficient mouse mammary tumors
to PARPI identified 53BP1 and REV7, a factor implicated in NHEJ, as the top hits (Boersma
etal., 2015; Xu et al., 2015). However, unlike BRCA1/2 reversion mutations, these
resistance mechanisms have not been shown to be clinically relevant for patients with
BRCAL1/2-inactivated EOCs. However, it is feasible that the NHEJ pathway may be relevant
for PARPI resistance in EOCs, and other NHEJ factors may contribute to the resistant
phenotype.

Here, we uncover mechanism of resistance to PARPi and platinum in BRCA1-mutated
EOCs that involves miRNA-mediated regulation of NHEJ. Specifically, we have identified a
miRNA, miR-622 that regulates the expression of the Ku-complex and specifically
suppresses NHEJ during S-phase. Consistent with this effect, overexpression of miR-622
rescues the HR-deficiency of BRCAL-mutant ovarian tumor lines and induces resistance to
PARPI and platinum-based drugs. Furthermore, expression of miR-622 in two cohorts of
patients with BRCA1-inactivated EOCs correlates with reduced disease-free survival after
platinum-based therapy, suggesting direct clinical relevance in patients with EOC
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RESULTS
miR-622 ‘desensitizes’ BRCAL1 mutant cells to PARP inhibitors/platinum-based therapy

Recently, we used PARPI sensitivity as a marker for HR-deficiency to conduct a functional
screen for identifying miRNAs that down-regulate HR in a breast cancer line, MDA-
MB231(Choi et al., 2014). We characterized the miRNAs (miR-1255b, miR-193b* and
miR-148b*) that suppress HR by down-regulating the expression of BRCA1, BRCA2 and
RADS51. Strikingly, in that screen, six miRNAs (miR-644, miR-492, miR-613, miR-577,
miR-622 and miR-126*)(Choi et al., 2014) demonstrated a surprising trend of inducing
PARPI resistance. Our original screen was conducted in a BRCA-proficient breast tumor
line MDA-MB231 and we assessed the impact of these mMiRNAs on PARPI sensitivity in
MDA-MB231. Considering the BRCA mutant cells are responsiveness to PARPI, and
therefore we also examined the impact of these miRNAs in a BRCA1-mutant breast line,
MDA-MB436. There was no significant impact of miR-644, miR-492, miR-613, miR-577
and miR-126* on PARPI sensitivity in MDA-MB231 and MDA-MB436 cells (Supp Fig.
1A), however miR-622 significantly induced resistance to the clinical grade PARP
inhibitors, olaparib and veliparib, specifically in the MDA-MB436 cells (Supp Fig. 1B).
Furthermore, we tested the impact of miR-622 on PARPI sensitivity on the BRCAl-mutant
EOC line, UWB1.289 and found that overexpression of miR-622 caused resistance to both
PARPIs, olaparib and veliparib (ABT-888) (Fig. 1A). Interestingly, miR-622 expression also
caused resistance to the platinum-based chemotherapeutic agents, carboplatin and cisplatin
in the BRCA1-mutated UWB1.289 cells (Fig. 1A). Importantly, restoring BRCA1
expression in UWB1.289 cells completely negates the impact of miR-622 on PARPI
sensitivity and also sensitivity to platinum drugs (Supp Fig. 1C). In order to exclude the
possibility that the Brcal-mutant lines MDA-MB436 and UWB1.289 have acquired other
unaccounted mutations which may contribute to the phenotype induced by miR-622, we
expressed miR-622 in BRCAZ1-null mouse embryonic fibroblasts (MEF) and assessed
sensitivity to olaparib and cisplatin. Consistent with our previous results, miR-622
significantly ‘desensitized’BRCA1-/-MEFs to both drugs (Fig. 1B) but did not impact the
sensitivity of their wild type counterparts (Supp Fig. 1D). Together, these data suggest that
the impact of miR-622 on PARPI and platinum-based therapy is specific to the loss of
BRCAL.

Expression of miR-622 correlates with response to platinum chemotherapy in BRCA1-
inactivated EOCs

To evaluate the association between miR-622 expression and platinum response in EOCs
with BRCAL inactivation, we assessed data from the ovarian TCGA dataset(TCGA, 2011).
In that dataset, 89 EOCs (all HGSOCs) exhibited BRCALl-inactivation; 38 EOCs harbored
BRCA1-mutations (out of 316 EOCs that underwent whole exome sequencing) while 51
tumors (out of 489 tumors with DNA promoter methylation data) harbored BRCA1
epigenetic silencing via promoter hypermethylation. All patients underwent surgery
followed by platinum based chemotherapy. We evaluated the association between miR-622
expression and platinum response using various cut-offs for low versus high miR-622
expression. In all cases, we consistently found that tumors with higher miR-622 expression
were associated with inferior response to first line platinum based chemotherapy and worse
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survival. Specifically, using median miR-622 expression as a threshold to classify BRCA1-
inactivated EOCs as exhibiting high versus low miR-622 expression, we found that BRCA1-
inactivated tumors with high expression of miR-622 were associated with worse disease-free
survival (DFS) (median DFS 14.7 vs 19.8 months respectively, log rank p = 0.03) and
overall survival (OS) (median OS 39 vs 49.3 months respectively, log rank p = 0.03)
compared with tumors with low miR-622 expression (Fig. 1C). Conversely, there was no
association between miR-622 expression and outcome, DFS or OS in the remaining tumors
in TCGA dataset, i.e. those without BRCA1 mutations and without BRCAL promoter
hypermethylation (data not shown). This trend was particularly evident in tumors with the
highest miR-622 expression, i.e. those whose mir-622 expression was in the highest quintile.
Specifically, BRCAl-inactivated tumors whose expression levels for miR-622 were in the
highest quintile were associated with worse DFS (median DFS 13.7 vs 18.1 months
respectively, log rank p = 0.005) and OS (median OS 35.3 vs 48.3 months respectively, log
rank p = 0.001, Fig. 1D).

Furthermore, we compared tumors with the highest miR-622 expression versus those with
the lowest miR-622 expression. Specifically, when comparing the top 5, 10 or 15 tumors
with the highest miR-622 expression with the lowest 5, 10 or 15 tumors respectively, we
consistently found that the tumors with the highest miR-622 expression were associated with
inferior response to first line platinum chemotherapy, i.e. worse DFS and OS compared to
the tumors with the lowest expression (Fig. 1E and Supp Fig. 1E).

Given the absence of other miRNA expression datasets with sizeable numbers of ovarian
tumors with BRCAL1-mutations or BRCAL promoter hypermethylation, we explored the
correlation between miR-622 and outcome in tumors with low BRCAL expression in a
different, clinically annotated ovarian cancer dataset (Shih et al., 2011). This dataset
included miRNA and mRNA expression data from 60 patients with newly diagnosed FIGO
stage 111 or 1V tumors with serous histology, including 3 tumors with BRCA1 mutations. As
shown in Supplement Figure 1F, we found similar correlation between high miR-622
expression and inferior outcome to first line platinum based chemotherapy.

miR-622 impacts NHEJ mediated repair of DSBs

The NHEJ pathway is composed of at least two branches: the well-studied classical NHEJ
(C-NHEJ) and the poorly understood alternative end-joining (A-EJ)(Deriano and Roth,
2013). The molecular details and biological function of A-NHEJ remains largely
unclear(Deriano and Roth, 2013). Loss or depletion of factors promoting C-NHEJ (such as
53BP1) or essential for C-NHEJ (such as Ku70) induces PARPI resistance in BRCA1-
deficient mouse cells (Bunting et al., 2012; Bunting et al., 2010). To test whether miR-622
indeed impacts NHEJ, we assayed for C-NHEJ and A-NHEJ mediated repair of the yeast
endonuclease, 1-Scel-induced DSBs using the EJ5-GFP reporter and EJ2-GFP reporter,
respectively. These are integrated fluorescence-based reporters (Bennardo et al., 2008) that
allow for efficient quantification of the two distinct NHEJ pathways at targeted DSBs. We
observed that miR-622 significantly impedes C-NHEJ (Fig. 2A), and enhances A-NHEJ
(Fig. 2B). This is consistent with studies showing that depletion of C-NHEJ factors increases
the frequency of A-NHEJ (Fattah et al., 2010). Depletion of 53BP1 and Ku70 induces

Cell Rep. Author manuscript; available in PMC 2016 January 28.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choi et al.

Page 5

PARPI resistance in BRCA1-mutant cells by restoring HR-mediated repair of DSBs and
significantly enhancing genomic stability after PARPI treatment (Bunting et al., 2012;
Bunting et al., 2010). Consistent with its impact on NHEJ, we observe that expression of
miR-622 in BRCA1—/—MEFs causes a significant decrease in the level of genomic
instability (chromosomal aberrations) induced by olaparib treatment (Fig. 2C). To address
the mechanism by which miR-622 promotes genome integrity in BRCA1 mutant cells, we
tested whether its expression could cause an increase in irradiation-induced Rad51 foci, a
measure of the HR-pathway. We found that expression of miR-622 in UWB1.289 cells
caused a statistically significant increase in Rad51 foci (Fig. 2D). Importantly, none of these
effects are due to alterations in the cell cycle caused by the miR-622 mimics (Supp Fig. 2A).

miR-622 regulates expression of the Ku complex

To investigate the mechanism by which miR-622 influences NHEJ and impacts PARP
inhibitor sensitivity we used a candidate-based approach whereby all genes implicated in
NHEJ were screened for miRNA recognition elements (MREs) of miR-622 using the PITA
algorithm. This algorithm is unique in allowing G:U wobbles or seed mismatches, and
identifies base pairing beyond the 5'end of the miRNA, predicts the sites not restricted to the
3'UTR of mRNA and identifies non-canonical MREs for specific miRNA/mRNA
combinations(Lal et al., 2009). Using this algorithm, miR-622 was predicted to target the
transcripts of 53BP1, Ku70, Ku80, APTX and APLF (Supp Fig. 3). We assessed the impact
of over-expressing miR-622 in UWB1.289 cells on the mRNA level of these genes and
observed a significant reduction in the transcripts of 53BP1, Ku70 and Ku80 (Fig. 3A).
Subsequently, we determined the impact of these miRNAs on the protein level of their
putative targets. Over-expressing miR-622 reduces the protein levels of Ku70 and Ku80 in
UWB1.289 cells. The basal expression of the Ku proteins is lower in MEFs, and the impact
of miR-622 on Ku70 and Ku80 in BRCA1—-/—MEFs is even more pronounced (Fig. 3B). On
the contrary, there was no detectable impact of miR-622 on 53BP1 in the UWB1.289 cells.
To test for association of miR-622 with the Ku70 and Ku80 transcripts we captured miRNA-
mRNA complexes using streptavidin-coated beads from cells transfected with biotinylated
forms of the miRNA mimics (Lal et al., 2011; Orom and Lund, 2007). The amount of Ku70,
Ku80 and 53BP1 transcripts was measured in the pull-downs, and the enrichment was
assessed relative to pull-down with biotinylated control mimic and also with GAPDH.
Consistent with our previous results, miR-622 selectively pulled-down Ku70 and Ku80
transcripts but not the 53BP1 transcript (Fig. 3C). To verify further that Ku70 and Ku80 are
targets of miR-622 and confirm that the interaction is mediated by the predicted MREs we
used luciferase reporter assays. The predicted MREs (Fig. 3D) were cloned in the 3'UTR of
the luciferase gene, and expression monitored in cells transfected with the miR-622 mimic
(Fig. 3E). As anticipated, there was significant decrease in luciferase activity, and this was
‘rescued’ by point mutations that disrupt base pairing between miR-622 and their
corresponding MREs in Ku70 and Ku80 (Fig. 3F). Together these results suggest that
miR-622 regulates the expression of the Ku complex by direct interaction with Ku70 and
Ku80 transcripts.
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miR-622 causes resistance to PARP inhibitor and cisplatin by down-regulating expression
of the Ku proteins

We examined the impact of Ku downregulation (using siRNAs) or inhibition (dominant
negative Ku(He et al., 2007)) on olaparib and cisplatin sensitivity in parallel with miR-622
over-expression in UWB1.289 cells (Fig. 4A) and in BRCA1-/—MEFs (Fig. 4B). We
observe that depletion/inhibition (efficacy of sSiRNAs shown in Supp. Fig. 4) of the Ku
complex and over-expression of miR-622 have a comparable effect on de-sensitizing
BRCA1-deficient cells to both olaparib and cisplatin. To determine whether the effect of
miR-622 on olaparib and cisplatin sensitivity was indeed mediated via Ku suppression we
utilized mouse Ku70 cDNA and rat Ku80 cDNA that lack miR-622 MREs. Next,
UWB1.289 cells were co-transfected with miR-622 and mouse Ku70 cDNA or rat Ku80
cDNA. The Ku expression constructs lacking the miR-622 MREs ‘rescued’ the expression
of these genes in the presence of miR-622 mimic further validating the predicted MREs
(Fig. 4C, right panel). Furthermore, individual expression of the Ku proteins partially
‘rescued’ the impact of miR-622 on olaparib and cisplatin sensitivity (Fig. 4C, left panel).

Ku80 protein and mRNA expression levels are available in primary EOCs in the ovarian
TCGA, and were correlated with miR-622 expression. Consistent with our results, there is
statistically significant inverse correlation of miR-622 with both Ku80 protein and mRNA
expression in BRCA-inactivated EOCs from the TCGA dataset. Specifically, among the 89
EOCs with either BRCA1 mutations (n=38) or BRCAL promoter hypermethylation (n=51),
miR-622 expression levels were statistically significantly inversely correlated with Ku80
RNA expression levels (p = 0.019) and Ku80 protein levels (p=0.029) as determined by
reverse phase protein array (RPPA) in the TCGA dataset (Fig. 4D). This correlation was
further confirmed in the independent cohort of EOC patients discussed above; specifically
miR-622 expression levels were statistically significantly inversely correlated with Ku80
RNA expression levels (p = 0.05) (Fig. 4E). There was no Ku80 protein expression data in
that dataset.

Physiological Relevance of miR-622 mediated suppression of the Ku complex

To explore the physiological relevance of the interactions of miR-622 with Ku70 and Ku80
transcripts we assessed their expression during cell cycle, specifically during the G1to S
transition. Synchronizing, UWB1.289 cells (profiles shown in Supp Fig. 5A) we observe
that mMRNA levels of Ku70 and Ku80 are reduced in the S-phase relative to the G1 phase
(Fig. 5A). Interestingly, miR-622 inversely correlates with Ku70 and Ku80 transcripts, and
is significantly up-regulated as cells move into the S-phase. Antagonizing miR-622 induces
a specific increase in Ku70 and Ku80 transcripts (Fig. 5B) in the S-phase. To further
confirm the cell cycle phase specificity of this phenotype avoiding the artifacts of
synchronization, and in a diploid cell line with relatively few genomic abnormalities, we
utilized the Fucci system(Sakaue-Sawano et al., 2008) to visualize the G1 phase (MKO2-
CDT1-RFP) and S-phase (Geminin-GFP) in hTERT-immortalized retinal pigment epithelial
cell line (RPE-1) cells. The G1 cells and S/G2 phases were separated and isolated using
fluorescence-activated cell sorting (FACS) selection. Consistent with the previous results
miR-622 expression inversely correlated with the Ku70 and Ku80 transcripts (Fig. 5C) and
inhibition of miR-622 in RPE-1 caused a significant increase in Ku70 and Ku80 transcripts
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in the S-phase (Fig. 5D). To further elucidate the cell-cycle based impact of miR-622 on the
Ku proteins we utilized the luciferase assays (as in Fig. 3). We confirmed that antagonizing
endogenous miR-622 in S-phase significantly increases luciferase activity of constructs with
miR-622 recognition elements in the Ku70 and Ku80 transcripts, and this was negated by
point mutations that disrupt base pairing between miR-622 and their corresponding binding
sites in these transcripts (Supp Fig.5B).

Recruitment of the MRN (Mrel11-Rad50-Nbs1) complex is the first step in HR. From the
functional standpoint there is a competitive interplay between the Ku complex and MRN
complex(Balestrini et al., 2013; Foster et al., 2011). Specifically the over-expression of Ku
proteins reduces recruitment of Mrell to DSBs in the S/G2 phase when HR is the preferred
DSB repair pathway(Clerici et al., 2008). Therefore we examined the Mrell foci in the S-
phase of irradiated cells transfected with miR-622 antagomirs. Consistent with increased Ku
levels antagonizing miR-622 causes a significant decrease in Mrel1l foci (Fig. 5E).
Furthermore the subsequent step in HR, which is resection of broken DNA ends and RPA2
foci formation is also reduced by antagonizing miR-622 (Fig. 5F). Importantly, antagonizing
miR-622 does not impact the IR induced generation of DSBs (monitored by y—-H2AX, Fig.
5E and 5G). Together, these results strongly suggest that miR-622 plays a role in the optimal
expression of the Ku complex during the cell cycle, and potentially facilitates the initiation
of HR-mediated DSB repair in the S phase.

DISCUSSION

There is tight regulation of the DSB repair pathways during the cell cycle as HR is restricted
to the S/G2 phase and NHEJ is pre-dominant in G1 but has moderate activity throughout the
cell cycle. Importantly, the choice of DSB repair pathways during cell cycle is critical for
maintaining genomic stability. A decisive factor in this choice is competition between DNA
end protection (necessary for NHEJ) and DNA end resection (necessary for HR). Depletion
of end protecting factors (such as 53BP1) allows DNA end resection in the G1 phase,
thereby impairing NHEJ and causing genomic instability (Helmink et al., 2011),(Escribano-
Diaz et al., 2013). Conversely ectopic expression of BRCAL in the G1 phase via the
inhibition/deletion of miRNAs suppressing BRCAL also allows DSB end resection leading
to unrepaired DSBs (Choi et al., 2014; Dimitrov et al., 2013). During the S/G2 phase of the
cell cycle the relatively error-free HR pathway is preferred, and NHEJ needs to be restricted.
The mechanism via which the NHEJ pathway is restricted in the S-phase remains unknown.
Here, we uncover regulation of this step by miR-622. We find that miR-622 plays an
important role in maintaining the balance between HR and NHEJ repair pathways during the
cell cycle by regulating optimal expression of the Ku complex. The Ku complex is pivotal in
pathway choice as it competes with the MRN complex to capture broken DSB ends, and
divert it towards the C-NHEJ pathway. MiR-622 suppresses NHEJ through targeting of the
Ku-complex during S phase, and enhances initiation of HR-mediated DSB repair in the S
phase by facilitating the recruitment of Mrell. Therefore ectopic over-expression of
miR-622 can limit NHEJ, and boost the HR pathway.

Another important finding of our study is that this role for miR-622 in maintaining balance
between DSB repair pathways may mediate resistance to PARPis and platinum agents in
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BRCALl-inactivated tumors. Elucidating mechanisms of platinum and PARPI resistance in
BRCA-deficient EOCs is critical in order to identify approaches that suppress denovo and
emerging resistant clones. Pharmacological effects that alter the cellular response to PARPis
including increased expression of ABC transporters, such as the P-glycoprotein (PgP) efflux
pump, have been associated with PARPI resistance in BRCA1-mutated breast and ovarian
cancer, but their clinical relevance for platinum resistance remains unclear. Furthermore,
although a number of resistance mechanisms have been described (Konstantinopoulos et al.,
2015), only secondary BRCA1/2 mutations restoring BRCA1/2 protein functionality have
been validated in multiple EOC patient cohorts. It is noteworthy that most of these models
systems have not investigated ovarian carcinomas thereby undermining their clinical
relevance. In this regard, our study highlights a mechanism of PARPI resistance in BRCA1-
deficient EOC patients involving miR-622 overexpression, and represents an extension of its
physiological role in maintaining the balance of DSB repair pathways.

Importantly, unlike 53BP1 loss which confers only PARPI resistance, this resistance
mechanism confers resistance to both platinum and PARPis. Although miRNA expression
has been recently implicated in mediating HR deficiency and response to platinum and
PARPIs (Liu et al., 2015), here we implicate a miRNA in exactly the opposite, i.e. mediating
PARPI and platinum resistance by rescuing HR deficiency. Strikingly, the clinical relevance
of this resistance mechanism was evident in two different ovarian cancer datasets whereby
overexpression of miR-622 was associated with inferior outcome after platinum
chemotherapy in BRCA1-inactivated tumors. Of note, the expression of miR-622 was also
inversely correlated with protein and mMRNA expression levels of Ku80 thereby clinically
validating our experimental observations that the association of miR-622 with worse
outcome may indeed be related to its targeting of the Ku complex. In conclusion, our work
suggests a role for miR-622 in regulating the balance between HR and NHEJ in cell cycle
and highlights a potential role of this miRNA as a biomarker of responsiveness to platinum
and PARPis in BRCAl-inactivated EOCs. Furthermore, miR-622 may be a promising target
for augmenting PARPi and platinum response in BRCA1-inactivated EOCs.

MATERIALS AND METHODS
Viability Assay

Viability assays were done as previously described (Choi et al., 2014).

Ovarian Cancer datasets and statistical analysis

Association of miR-622 expression levels with outcome (OS and DFS) was assessed in two
clinically annotated ovarian cancer datasets with miRNA expression data. First, we accessed
expression data from the ovarian TCGA dataset which included 38 tumors with BRCA1-
mutations (out of 316 EOCs that underwent whole exome sequencing) and 51 tumors (out of
489 tumors with DNA promoter methylation data) with BRCA1 epigenetic silencing via
promoter hypermethylation. Promoter hypermethylation was assessed using the same
criteria described in the ovarian TCGA dataset publication. The second dataset included
expression data from 60 patients with newly diagnosed FIGO stage Il or IV tumors, all with
serous histology (Shih KK et al. Gynecol Oncol 2011). The t test and the Fisher exact test
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were used to analyze the clinical and experimental data. Correlation between miR-622 and
Ku80 expression levels was assessed using the Pearson's correlation coefficient.
Significance was defined as a p<0.05; all reported p values are two sided. OS and DFS
curves were generated by the Kaplan-Meier method, and statistical significance was
assessed using the log-rank test.

Non-homologous End Joining Reporter Assay

NHEJ reporter assays were performed as the HR assays done previously (Choi et al., 2014)
by using U20S cells carrying a single copy of the recombination substrate with two tandem
I-Scel sites.

Chromosome Breakage Analysis

Brcal-/- MEF cells were transfected with indicated miRNA mimics for 24 hours followed
by treatment with or without the indicated concentrations of PARP inhibitor (Olaparib) for
24, 48 or 72 hours. Cells were exposed to 100 ng/ml colcemid for 2 hours followed by
treatment with a hypotonic solution (0.075M KCI) for 20 minutes and fixed with 3:1
methanol/acetic acid solution. Slides were stained with Wright's stain and =50 metaphase
spreads were scored for aberrations.

Immunofluorescence

Immunofluorescence in UWB1.289 and RPE1 Fucci cells were done as previously described
(Lee et al., 2010) using RAD51 (Santa Cruz #sc-8349), y-H2AX (Cell Signaling #9718S),
RPA2 (Abcam #ab2175) and Mrel11 (Novus Biologicals #NB100-142)

RNA Isolation and Quantitative Real-Time PCR

Total RNA was prepared and expression was analyzed by qRT-PCR as described previously
(Moskwa et al., 2011).

Gene-specific primers used for gRT-PCR are as follows:

53BP1-F-1, GTCATTGAGCAGTTACCTCAG, R-1, GGGAATGTGTAGTATTGCCTG;
53BP1-F-2, ATGGTGGAGACCCATGATCC, R-2, GTCTTCTGGGGACTGGCAAC,
KU70-F-1, GTTGATGCCTCCAAGGCTATG, R-2, GCACCTGGATTATCCAGCTC,;
KU70-F-2, AATTCAGGTGACTCCTCCAG, R-2, TGAAGTGCTGCTGCAGCAC; KU80-
F-1, AAGCAAAATCCAACCAGGTTCT, R-1, GAATTGCAGGGAGATGTCACA,
KU80-F-2, ACTCTGATCACCAAAGAGGAA, R-2, TGGCAGCTCTCTTAGATTCC;
APTX-F, TGGAAGCAGTTGTGATTGGG, R, CACCATGTGGAGAACCTGG; APLF-F,
GAAGCCAAATCTATGGTGCTA, R, CTTCATCAAGCACTTGACTGT

Immunoblots

The immunoblots were done as described previously (Lee et al., 2010; Moskwa et al., 2011)
with 53BP1 (Cell Signaling Technology #4937), Ku70 (Santa Cruz #sc-1486), Ku80
(Thermo Scientific #PA5-17454) and a-tubulin (Sigma #T5168) antibodies.

Cell Rep. Author manuscript; available in PMC 2016 January 28.
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Immunoprecipitation of miRNA Targets

Immunoprecipitation of miRNA target with biotinylated miR-622 was done with UWB1.289
cells as previously described (Choi et al. 2014).

Luciferase Assay

The wild type (WT) or mutant (Mt) miRNA recognition elements (MREs) of target genes
were synthesized as oligonucleotide sequences, annealed and cloned in psiCHECK?2
(Promega) downstream to Renilla luciferase. Luciferase assay in UWB1.289 cells using WT
and Mt MRE constructs was done as described previously (Moskwa et al., 2011). The
oligonucleotide sequences are as follows:

KU70-MREL1-F,
TCGAAAGCAATGAATAAAAGACTGGGAAGAAGCAATGAATAAAAGACTGG, R,
GGCCCCAGTCTTTTATTCATTGCTTCTTCCCAGTCTTTTATTCATTGCTT,; KU70-
MRE2-F,
TCGAACCAAGCACTTCCAGGACTGAGAAGACCAAGCACTTCCAGGACTGA, R,
GGCCTCAGTCCTGGAAGTGCTTGGTCTTCTCAGTCCTGGAAGTGCTTGGT; KU70-
MRE1+2-F,
TCGAAAGCAATGAATAAAAGACTGGGAAGACCAAGCACTTCCAGGACTGA, R,
GGCCTCAGTCCTGGAAGTGCTTGGTCTTCCCAGTCTTTTATTCATTGCTT; KU80-
MRE1-F,
TCGAAGCTAAAAAATTAAAGACTGAGAAGAGCTAAAAAATTAAAGACTGA, R,
GGCCTCAGTCTTTAATTTTTTAGCTCTTCTCAGTCTTTAATTTTTTAGCT,; KU80-
MRE2-F,
TCGATTTATGAAGAGCATAGACTGCGAAGTTTATGAAGAGCATAGACTGC, R,
GGCCGCAGTCTATGCTCTTCATAAACTTCGCAGTCTATGCTCTTCATAAA; KU80-
MRE1+2-F, R,
GGCCGCAGTCTATGCTCTTCATAAACTTCTCAGTCTTTAATTTTTTAGCT.

The oligonucleotides for mutant MREs are as follows:

Mt KU70-MRE1+2-F,
TCGAAAGGTTGGAATAAATCTGACGGAAGAGGTAGCTGGAGCATCTGACA, R,
GGCCTGTCAGATGCTCCAGCTACCTCTTCCGTCAGATTTATTCCAACCTT; Mt
KU80-MRE1+2-F,
TCGAACGAAATTAAAGTATCTGACAGAAGTTTATGAAGTCGATTCTGACC, R,
GGCCGGTCAGAATCGACTTCATAAACTTCTGTCAGATACTTTAATTTCGT.

Cell Cycle Synchronization and Sorting

Cell synchronization was performed in UWB1.289 cells as previously described in Choi et
al. (Choi et al., 2014). Cells transfected with miR-622 antagomir with rat Ku70 or moue
Ku80 cDNA (gift from Andre Nussenzweig at National Cancer Institute) were similarly
synchronized 48 hrs after transfection. RPE1 Fucci cells were sorted by using BD
FACSAria based on fluorophore expression according to cell cycle (RFP-G1 phase, GFP-
S/IG2/M phase).

Cell Rep. Author manuscript; available in PMC 2016 January 28.
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miRNA Target Prediction

We used a candidate-based prediction approach using PITA (http://genie.weizmann.ac.il/
pubs/mir07/mir07_data.html), to analyze the Human DNA Repair Gene list (http://
sciencepark.mdanderson.org/labs/wood/dna_repair_genes.html#Human%20DNA%20Repair
%20Genes) which resulted in a list of DDR genes predicted as targets of miRNAs of our
interest. Predicted targets are listed in Supplementary Figure 2 and further validated as
explained in the manuscript.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. miRNA mediated resistance to PARP inhibitors and platinum in BRCA1 mutant cells
(A, B) Viability assays to examine the impact of miR-622 on drug sensitivity. BRCA1-null

UWB1.289 cells (A) or BRCA1-deficient MEF cells (B) were transfected with control
mimic or miR-622 mimic and treated with vehicle or indicated drug before measurement of
viability by luminescence-based ATP quantification. Curves were generated from 3
independent experiments. (C) Association between miR-622 expression levels and DFS and
OS in tumors with BRCA1 mutation and BRCA1 promoter hypermethylation in the TCGA
dataset based on 50% cut-off. Tumors with BRCA1 mutations and BRCAL promoter
hypermethylation with above median expression levels of miR-622 were associated with
worse DFS (left panel, log rank p = 0.03) and OS (right panel, log rank p = 0.03). (D)
Association between miR-622 expression levels and DFS and OS in tumors with BRCAL
mutation and BRCA1 promoter hypermethylation in the TCGA dataset based on 20% cut-
off. Tumors with BRCA1 mutations and BRCA1 promoter hypermethylation whose
expression levels for miR-622 were in the highest quintile were associated with worse DFS
(left panel, log rank p = 0.005) and OS (right panel, log rank p = 0.001). (E) DFS and OS in
the 10 tumors with the highest mir-622 expression versus the 10 tumors with the lowest
miR-622 expression in the TCGA dataset (tumors with BRCA1 mutation and BRCA1
promoter hypermethylation). The 10 tumors with the lowest mir-622 expression were
associated with worse DFS (left panel, log rank p = 0.001) and OS (right panel, log rank p =
0.03) compared to the 10 tumors with the highest mir-622 expression.
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Figure 2. Impact of miR-622 on genome stability and NHEJ repair pathways
(A, B) Measurement of C-NHEJ (A) or A-NHEJ (B) mediated repair of I-Scel induced site

specific DSBs. Cells carrying a single copy of the recombination substrate with two tandem
I-Scel sites were transfected with control mimic, miR-622 mimic, Ku70 siRNA or Ligase4
SiRNA before transfection with I-Scel or control vector. In 48 hrs, GFP positive cells were
analyzed by flow cytometry. (C) Analysis of genomic instability in metaphases. BRCA1-/-
MEF cells were transfected with control miRNA mimic or miR-622, treated with 100nM
PARP inhibitor, and measured for abnormal chromosomes in metaphase. (n=50
metaphases). (D) Analysis of HR-mediated repair by RAD51 focus formation. UWB1.289
cells were transfected with control miRNA mimic or miR-622, stained for RAD51 (green),
vH2AX (red) and 4/,6-diamidino-2-phenylindole (DAPI) (blue) 6 hrs after exposure to 10Gy
IR. The images were captured by fluorescence microscopy and RAD51 focus-positive cells
(with > 20 foci) were quantified by comparing 100 cells
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Figure 3. Identifying and validating targets of miR-622
(A-B) Expression of DDR genes is impacted by miR-622. UWB1.289 cells were transfected

with control mimic or miR-622 mimic and mRNA levels of predicted DDR genes were
analyzed by gRT-PCR using gene-specific primers and normalized to GAPDH (A). Cell
lysates were then analyzed by immunoblot for factors which had statistically significant
reduction in mRNA in cells transfected with miR-622 (B). Images were quantified by
ImageJ software and the mean + SD of 3 independent experiments is graphically shown. (C)
Interaction of target transcripts with miR-622. UWB1.289 cells were transfected with
biotinylated-control mimic or biotinylated miR-622 mimic. The immunoprecipitated RNA
was analyzed by gRT-PCR using gene-specific primers and normalized to GAPDH. (D)
Predicted MREs were obtained from PITA algorithm (http://genie.weizmann.ac.il/pubs/
mir07/mir07_prediction.html) and their mutants were generated by mutating nucleotides
providing complementarity to corresponding miRNAs. CDS (coding sequence) means the
region in the gene where MRE is located. (I) Luciferase reporter assay to assess direct
interaction of miR-622 with target genes. Individual or combinations of predicted miRNA
recognition sites (MRESs) for each putative target transcript of miR-622 were cloned into the
luciferase reporter vector and transfected in UWB1.289 cells along with miR mimics.
Renilla luciferase activity of the reporter was measured 48 h after transfection by
normalization to an internal firefly luciferase control. (J) Luciferase reporter assay for wild-
type or mutant MREs for miRNA-622 targets was performed in the same way as described
in Figure 21. (A-H) Mean + SD of 3 independent experiments is shown and statistical
significance is indicated by * (p<0.05).
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Figure 4. Correlating the impact of miR-622 and its target, the Ku complex
(A, B) Viability assays to examine the impact of miR-622 on targets. Control mimic,

miR-622 mimic, Ku70 siRNA, Ku80 siRNA or dominant negative Ku70 were introduced to
UWB1.289 cells (A) or BRCA1l-deficient MEF cells (B). Transfected cells were treated with
vehicle or indicated drug before viability measurement as explained in Figure 1. (C) Impact

of miR target rescue. UWB1.289 cells were transfected with control mimic or miR-622
mimic with or without rat Ku70 cDNA or mouse Ku80 cDNA and treated with vehicle or
indicated drug before viability measurement as explained in Figure 1. Expression of
introduced genes was examined by immunoblot. (D) Correlation between miR-622
expression levels and Ku80 RNA expression levels and Ku80 protein levels in the TCGA
dataset. miR-622 expression levels were statistically significantly inversely correlated with
Ku80 RNA expression levels (p = 0.019) and Ku80 protein levels (p=0.029). (E) Correlation
between miR-622 expression levels and Ku80 RNA expression levels in a different ovarian
cancer miRNA dataset. miR-622 expression levels were statistically significantly inversely
correlated with Ku80 RNA expression levels (p = 0.05) in a different ovarian cancer dataset.
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Figure 5. Impact of miR-622 on DSB repair during cell cycle
(A-D) Expression of miR and target transcripts in synchronized cells. (A) UWB1.289 cells

were synchronized with mimosine and the relative amount of miR-622 or target mRNA for
G1- or S-phase was determined by gRT-PCR (normalized to RNU1). (B) UWB1.289 cells
were transfected with control ANT or miR-622 ANT and subsequently synchronized with
mimosine. Expression of target mMRNA was assessed by qRT-PCR in the G1 and S-phase
(normalized to GAPDH). (C) RPEL Fucci cells were sorted according to cell cycle-based
fluorophore expression and the relative amount of miR-622 or target mRNA for G1- or S-
phase was quantified by gRT-PC. (D) RPEL Fucci cells were transfected with control ANT
or miR-622 ANT and sorted for cell cycle. Expression of target mMRNA was assessed by
gRT-PCR in the G1 and S-phase. (A-D) Mean + SD of 3 independent experiments is shown
and statistical significance is indicated by * (p<0.05). (E-G) Impact of miR-622 inhibition
on recruitment of DSB proteins. RPE1 Fucci cells were transfected with control ANT or
miR-622 ANT and irradiated with 5 Gy (for yH2AX and Mrel1l, 3 hours after IR) or 10Gy
(for RPA2, 4 hours after IR) IR. Cells were stained for Mrell (red) (E), RPA2 (red) (F) or
yH2AX (red) (G) and 4/,6-diamidino-2-phenylindole (blue). The images were captured by
fluorescence microscopy and Mrell, RPA2 or yH2AX focus-positive cells (with > 20 foci
or >50 foci) at S phase (green) were quantified by comparing 100 cells.
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