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ABSTRACT

Targeting PARP1 for synthetic lethality is a new strategy for breast cancers harboring
germline mutations in BRCA. However, these mutations are rare, and reactivation of BRCA-
mediated pathways may result in eventual resistance to PARPL inhibitor therapy. Alternative
synthetic lethality approaches targeting more common sporadic breast cancers and pre-
invasive ductal carcinoma in situ (DCIS) are desirable. Here we show that downregulation of
XRCC1, which interacts with PARP1 and coordinates base excision repair, is an early event
in human breast cancer pathogenesis. XRCC1-deficient DCIS were aggressive and associated
with increased risk of local recurrence. Human invasive breast cancers deficient in XRCC1
and expressing high PARP1 levels also manifested aggressive features and poor outcome.
The PARPL1 inhibitor Olaparib was synthetically lethal in XRCC1-deficient DCIS and
invasive breast cancer cells. We conclude that targeting PARPL1 is an attractive strategy for
synthetic lethality and chemoprevention in XRCC1-deficient breast cancers, including pre-

invasive DCIS.
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SIGNIFICANCE

Findings show that loss of XRCC1, which is associated with more malignant DCIS, can be
exploited by PARP inhibition, suggesting its application as a promising therapeutic and

chemoprevention strategy in XRCC1-deficient tumor cells.
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INTRODUCTION

Targeting poly-ADP-ribose polymerase (PARP) for synthetic lethality (SL) is an exciting
new strategy in BRCA germ-line mutated breast cancers (1). However, BRCA germ-line
mutated cancers are rare. In addition, reactivation of BRCA mediated pathways may result in
eventual resistance to PARP inhibitor therapy (1). Therefore alternative synthetic lethality
targets enabling the extension of this approach including in sporadic DNA repair-deficient
triple-negative breast cancers (TNBCs) and pre-invasive ductal carcinoma in situ (DCIS) (2)

is highly desirable.

XRCC1 (X-ray repair cross-complementing gene 1) is a critical factor in DNA base excision
repair (BER) and single strand break repair (SSBR) (3, 4). XRCC1 interacts with PARP1 and
coordinates BER/SSBR (5, 6). In addition, XRCCL1 is also involved in alternative non-
homologous end joining (alt-NHEJ) pathway for double-strand breaks (DSBs) (7) and
nucleotide excision repair (8). XRCC1 deficiency delays SSB rejoining thereby leading onto
SSBs, which if unrepaired, eventually to double-strand breaks (DSBs) (3, 4). In addition,
XRCC1 deficiency/mutation is associated with hyper-activation of PARP1 and ataxia but no
cancer predisposition was reported in these individuals (9, 10). Whether PARP1 targeting

will have translational application in XRCC1 deficient breast cancers is currently unknown.

In the current study, we show that XRCC1 deficient human invasive breast cancers with high
PARPL1 levels have aggressive pathology and worse survival. Pre-clinically, Olaparib is
synthetically lethal in XRCC1 deficient cells compared to XRCC1 proficient cell lines and
3D-spheroids. In patients with pre-invasive ductal carcinoma in situ (DCIS), XRCC1

deficiency is also linked to aggressive phenotype and recurrence. XRCCL1 depletion promotes
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invasion, epithelial-mesenchymal-transitions and increased sensitivity to Olaparib
monotherapy in MCF10DCIS cells. We conclude that PARP1 targeting in XRCC1 deficient

invasive cancers or DCIS is an attractive synthetic lethality and chemoprevention strategy.
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MATERIALS AND METHODS

Compounds, reagents, clonogenic assays, cell proliferation assays, confocal microscopy,
functional assays (FACS, cell cycle progression, apoptosis assays), invasion assay, migration
assay and 3D-spheroid assays are described in detail in supplementary materials and

methods.

Cell lines and culture: MDA-MB-231, MDA-MB-157 cells were purchased from American
Type Culture Collection (ATCC, Manassas, USA). Cell lines authentication was performed
by AuthentiFiler™ PCR Amplification Kit. MDA-MB-231 was cultured in minimum
essential amino acids medium supplemented with 10% FBS, 1% penicillin-streptomycin, 1%
L-glutamine and 1% non-essential amino acids. MDA-MB-157 was grown in IMDM medium
supplemented with 15%FBS and 1% penicillin/ streptomycin). Previously well-characterized
Chinese hamster (CH) ovary cells; CHO9 (wild-type), EM-C11 (XRCC1-mutant), EM-C12
(XRCC1-mutant) were a gift from Late Prof. M.Z. Zdzienicka. Cells were grown in Ham F-
10 media (supplemented with 10% FBS and 1% penicillin/streptomycin). MCF10DCIS cells
were cultured in Dulbecco's Modified Eagle's Medium -F12 supplemented with 10% horse
serum,5mg/ml insulin, Img/ml cholera toxin, and 100 ug/ml epidermal growth factor EGFR,
5mg/ml hydrocortisone and 1% penicillin-streptomycin. XRCC1-deficient HeLa SilenciX
cells and controls XRCC1-proficient HelLa SilenciX cells were purchased from Tebu-Bio

(www.tebu-bio.com). SilenciX cells were grown in Dulbecco's Modified Eagle's Medium

supplemented with 10% FBS, 1% penicillin/streptomycin, and 125 pg/mL hygromycin B. All
cell lines were tested for mycoplasma routinely every 3 months using mycoProbe
mycoplasma detection kit (R&D systems). All cell lines were used between 15 passages

window.
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Generation of XRCC1 knockouts using CRISPR/Cas-9 system: MDA-MB-231 and MCF-
10DCIS were transfected with oligonucleotides carrying gRNA silencing XRCCl1cloned in a
Plv-U6g-EPCG plasmid (Sigma, UK).Briefly; cells were seeded at 50- 60 % confluency in 6
well plates overnight. Cells were transfected with 2-3 pug of DNA using Lipofectamine
3000(Invitrogen, UK) in an Opti-MEM medium. Puromycin was used as a selection marker
for 14 days. MDA-MB-231 cells were selected in 10ug/ml and MCF-DCIS cells were

selected in 5ug/ml puromycin.

gRT-PCR analysis of epithelial-mesenchymal transition (EMT) gene expression: Real-
time PCR was performed using RT? Profiler EMT PCR Array for 86 EMT genes. The data
was analysed as per manufacturer’s recommendations
(https://www.giagen.com/us/shop/genes-and-pathways/data-analysis-center-overview-page/).

RPLPO was used for normalization of the data. All experiments were performed in duplicate.

XRCC1 expression in human invasive breast cancers and pre-invasive ductal carcinoma
in situ: The study was performed in a consecutive series of 1650 patients with primary
invasive breast carcinomas who were diagnosed between 1986 and 1999 and entered into the
Nottingham Tenovus Primary Breast Carcinoma series. All patients were treated in a single
institution and have been investigated in a wide range of biomarker studies (11-15).
Supplementary Table S1 summarizes patient demographics. Supplementary treatment data 1
summarizes various adjuvant treatments received by patients in this cohort. We also
evaluated an independent series of 281 ER-a negative invasive BCs diagnosed and managed
at the Nottingham University Hospitals between 1999 and 2007. All patients were primarily
treated with surgery, followed by radiotherapy and anthracycline chemotherapy. The

characteristics of this cohort are summarised in supplementary Table S2. Tumours were
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arrayed in tissue microarrays (TMASs) and immunohistochemically profiled for XRCC1 (15),
PARP1 (14) and other biological antibodies (Supplementary-Table S3) as previously

described (11-13).

A total of 776 patients with non-invasive pure DCIS (ductal carcinoma in situ) diagnosed
between 1987 and 2012 were identified from the National Health System (NHS) database of
the Nottingham University Hospitals. A cohort of 239 DCIS that co-exist with invasive breast
cancer (IBC) as well as 50 normal breast tissues was also identified. Patients’ demographics

are summarised in supplementary materials.

IHC scoring and statistical analyses for patient cohorts are described in detail in

supplementary methods.

Written informed consent from patients was obtained where applicable. The study was
conducted in accordance with the Declaration of Helsinki and ethical approval was obtained

from the Nottingham Research Ethics Committee (C202313).
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RESULTS

XRCC1-PARP1 co-expression and aggressive human breast cancers: We have
previously shown that loss of XRCC1 expression (16% of tumours) was significantly
associated with high grade, absence of hormonal receptors (ER-/PgR-/AR-), presence of
basal-like phenotypes, triple negative phenotypes and poor survival including in patients with
triple-negative breast cancers (TNBCs) (15). We have also demonstrated that PARP1
expression is linked to aggressive breast cancers (14). XRCC1 is known to interact with
PARP1 during BER (7). In addition, XRCC1 deficiency/mutation can also hyper-activate
PARPL1 (9). We, therefore, proceeded to investigate XRCC1-PARP1 co-expression in a large

clinical breast cancer cohort.

A total of 1011 breast tumours were suitable for XRCC1-PARP1 co-expression analyses
(Figure 1A). 451/1011 (44.6%) were XRCC1+/PARP1+, 61/1011 (6%) were XRCC1-
/[PARP1+, 396/1011(39.1%) were XRCC1+/PARP1- and 103/1011 (10.1 %) were XRCC1-
/[PARP1-. As shown in Supplementary Table S4, tumours that are XRCC1-/PARP+ are
likely to be high grade, high mitotic index, high pleomorphism, ER-/PR- and high-risk
Nottingham Prognostic Index (NPl >3.4) (all adjusted p values <0.0001). In the whole
cohort (n=997), XRCC1-/PARP+ tumours had the worst breast cancer-specific survival
(p<0.0001) (Supplementary Figure S1A). In ER+ breast cancers, XRCC1-/PARP+ tumours
had the worst survival outcome (p<0.0001) (Supplementary Figure S1B) including in
patients who had no endocrine therapy (p=0.015) (Supplementary Figure S1C) or endocrine
therapy (p<0.0001) (Supplementary Figure S1D). In TNBCs (n=356), similarly, XRCC1-

/PARP+ tumours had the worst survival outcome in the whole cohort (p=0.001, Figure 1B)

10
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including in patients who had no chemotherapy (p=0.003) (Figure 1C) or chemotherapy

(p=0.038) (Figure 1D).

Taken together, the data provides evidence that high PARP1 levels in XRCC1 deficient
tumours is not only associated with aggressive breast cancer but also suggests that targeting
PARP1 could be a promising personalized treatment strategy. To explore this possibility

further we conducted detailed pre-clinical studies.

Selective toxicity of Olaparib in XRCC1 deficient cells: We evaluated a panel of XRCC1
proficient and deficient Chinese hamster [CHO9 (Wild-type), EM-C12 (XRCC1 deficient)]
(Figure 1E), HelLa [control and XRCC1_KD silence X cells] (Figure 1E) and triple negative
breast cancer cells [MDA-MB-231 (XRCC1 proficient) and MDA-MB-157 (XRCC1
deficient)] (Figure 1E). We also generated XRCC1 knock-out (KO) MDA-MB-231 cells
using a CRISPR/Cas-9 system (Figure 1E). Olaparib sensitivity was investigated in
clonogenic survival assays. XRCCL1 deficient cells are highly sensitive to Olaparib treatment
compared to control XRCC1 proficient cells (Figure 1F, Figure 1G, Figure 1H and Figure
11). Interestingly, we observed a range of sensitivities to Olaparib across different cell lines.
We quantified relative XRCC1 and PARP1 protein levels in matched cell lines
(Supplementary Figure S2A and S2B). In MDA-MB-231 control XRCCL1 proficient cells,
the basal level of PARP1 was low. In MDA-MB-231_XRCC1_KO cells there was a higher
basal level of PARP1. In MDA-MB 157 cells that have low expression of XRCC1, PARP1
level was high. In contrast, in HeLa control and XRCC1 depleted cells, we did not observe
significant changes in PARP1 levels. Together the data suggest although XRCC1 depletion
may result in increased PARPL levels; it does not however, predict sensitivity to PARP

inhibitor therapy.
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We then investigated the mechanism of XRCC1 downregulation in MDA-MB-157 breast
cancer cells. As shown in Figure 1J, the gRT-PCR analysis indicated that XRCC1 mRNA
expression was significantly low in MDA-MB-157 cells compared to MDA-MB-231 cells.
Upon treatment with Azacytidine (a hypomethylating agent), XRCC1 mRNA expression
increased in MDA-MB-157 cells and was comparable to XRCC1 mRNA expression in MDA-
MB-231 cells (Figure 1K). Increased XRCC1 mRNA expression was associated with
increased XRCC1 protein level as shown by Western blotting (Figure 1L). Interestingly,
Azacytidine induced XRCC1 re-expression was associated with the development of
resistance to Olaparib therapy in MDA-MB-157 cells (Figure 1M). The data provide
supportive evidence that XRCC1 expression can influence Olaparib sensitivity in cancer
cells. To confirm a synthetic lethality relationship, we evaluated functional consequence of

PARP inhibition in XRCCL1 deficient and proficient cells.

Olaparib induces DSBs in XRCC1 deficient cells: XRCC1 deficiency leads to single-
strand breaks which promote binding and activation of PARP1. Subsequent PARylation of
PARP1 substrate proteins coordinates DNA repair. In addition, PARP1 autoPARYylation
results in its release from the DNA. PARPL1 inhibitors such as Olaparib not only inhibit the
catalytic activity of PARP1 but also ‘trap' PARP1 at the sites of DNA damage which leads to
persistent SSBs which, if unrepaired, ultimately result in accumulation of lethal DSBs in

cells.

We first conducted immunofluorescence studies to monitor PARP1 and yH2AX (a marker of
DSBs) levels following Olaparib treatment in XRCC1 deficient and proficient cells (Figure
2A). As expected basal levels of PARP1 is high in XRCC1 deficient breast cancer cells

(Figure 2A). Upon 24 hours of Olaparib treatment, PARPL1 level is sustained in XRCC1
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Downloaded from cancerres.aacrjournals.org on October 10, 2018. © 2018 American Association for Cancer
Research.


http://cancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on October 8, 2018; DOI: 10.1158/0008-5472.CAN-18-0633
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

deficient cells compared to proficient cells (Figure 2A). There was a significant increase in
yH2AX levels at 8 hours which dramatically increased at 24 hours in Olaparib treated
XRCC1 deficient cells compared to proficient cells (Figure 2A). We then validated by FACS
analysis. Cells were exposed to 10 uM of Olaparib for 24 hours and compared to untreated
control.  As shown in Figures 2B-2E, Olaparib treatment significantly increased
accumulation of yH2AX positive cells in XRCC1 deficient cells [EM-C12, HelLa
XRCC1_KD silence X cells, MDA-MB-231: XRCC1 KO cells and MDA-MB-157 cells]

compared to Olaparib treated XRCCL1 proficient cells and untreated controls.

Olaparib and cell cycle arrest in XRCCL1 deficient cells: Accumulation of DSBs, if
unrepaired, will result in cell cycle arrest. We initially investigated cell cycle progression
upon Olaparib treatment in an asynchronous population of cells. In EM-C12 Olaparib
treatment induced G1-phase arrest (Figure 2F) (see Supplementary Table S5 for
quantification). In HeLa XRCC1_ KD silence X cells, and MDA-MB-157 cells, Olaparib
treatment induced S-phase arrest (Figures 2G-2H) (see Supplementary Table S5 for
quantification). However, in MDA-MB-231: XRCC1_KO cells, Olaparib treatment induced
G2/M-phase arrest compared to control cells (Figures 21) (see Supplementary Table S5 for
quantification). We then synchronized cells by serum starvation for 16 hours. As expected, all
cell lines arrested at G1-phase (Figure 3A). The cell lines were then released in serum-
containing media with or without Olaparib treatment. At 24 hours, similar to asynchronous
population, we observed substantial accumulation of cells in S- phase upon Olaparib
treatment in HeLa XRCC1_KD silence X cells (Figure 3A, 3B) and MDA-MB-157 cells
(Figure 3A, 3C). In MDA-MB-231: XRCC1 KO cells, G2/M arrest was evident and

substantial compared to Olaparib treated control and untreated cells (Figure 3A, 3C).
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The data suggest that the cell cycle response in various cell lines may be influenced by
genetic backgrounds including p53 status. We profiled p53 (Supplementary Figure S2C) for
mutant p53, phosphorylated forms of p53 at Ser 46, Ser 20 and Ser 392 and acetylated form
of p53 at Lys 382. As shown in Supplementary Figure S2C, HeLa cells are wild type for p53.
MDA-MB-231 and MDA-MB-157 cells harbour activating p53 mutation. Nutlin-3, a potent
inhibitor of MDM2-p53 interaction can activate p53 mediated pathway in cells (16). To
determine if the cell cycle arrest observed in Olaparib treated XRCC1 deficient cells may be
influenced by p53, we monitored cell cycle progression in cells treated either with Nutlin
alone or with Nutlin / Olaparib combination. Olaparib alone resulted in S-phase arrest in
MDA-MB-157 cells (Figure 3A) but Olaparib/Nutlin combination lead to G2/M arrest in
MDA-MB-157 cells (Figure 3D). Interestingly, in MDA-MB-231 XRCC1 KO cells,
Olaparib alone resulted in G2/M arrest (Figure 3C) but Olaparib/Nutlin combination lead to
S-phase arrest in MDA-MB-231_XRCC1 KO cells. (Figure 3D). In HelLa cells, Olaparib
treatment resulted in S-phase arrest (Figure 2G) and with Olaparib/Nutlin combination the
cells remain arrested in S-phase (Supplementary Figure S2D). When p53 was depleted
using SiRNA in HeLa cells, Olaparib treatment resulted in G2/M arrest (Supplementary
Figure S2D). Taken together, the data provide evidence that cell cycle response to Olaparib
treatment in XRCC1 deficient cells is complex and p53 mediated pathway may not be
significantly involved in the cell cycle response. We then evaluated regulators of cell cycle
progression by western blotting in Olaparib treated and untreated cells (Supplementary
Figure S2E). In S-phase arrested HeLa XRCC1_KD silence X cells, we observed an increase
in the level of Cyclin E1 and a reduction in the level of p21 after Olaparib treatment. In
addition, Olaparib treatment also reduced the level of p21 in MDA-MB-157 cells leading
onto S-phase arrest. In G2/M arrested MDA-MB-231: XRCC1_KO cells, we observed an

increase in the level of p-Cyclin B1 upon Olaparib treatment. Together the data illustrates a
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complex cell cycle regulator response following Olaparib treatment in various XRCC1

deficient cells.

Olaparib and apoptosis in XRCC1 deficient cells: SSBs/DSBs, if unrepaired will lead to
cell cycle arrest and eventually induce apoptosis in cells. Accordingly, we observed
significant induction of apoptosis at 48 hours in Olaparib treated EM-C12, HelLa
XRCC1 KD silence X cells, MDA-MB-157 and MDA-MB-231: XRCC1 KO cells
compared to control and untreated cells (Figure3E-3H). To recapitulate an in vivo system,
we then generated 3D-spheroids of MDA-MB-231 control, MDA-MB-231 XRCC1 KO, and
MDA-MB-157 cells. Similar to control cells, untreated XRCC1 KO cells retain spheroid
forming capacity. However, upon Olaparib treatment in XRCC1 KO cells, there was not only
a reduction in spheroid size (Figure 31, 3J, and 3K) but also an accumulation of apoptotic

cells (Figure 3L).

Olaparib as a chemoprevention strategy in XRCC1 deficient breast ductal carcinoma in
situ (DCIS): Ductal carcinoma in situ (DCIS), a pre-invasive breast cancer, continues to
increase in incidence (17). The main aim of treatment is to prevent DCIS from progressing to
invasive cancer. Accordingly, surgery (mastectomy or wide local excision), with or without
adjuvant radiotherapy are the main treatment modalities. However, personalization of DCIS
therapy is an area of unmet need. For example, it is likely that a subset of low-grade DCIS
may never progress to invasive cancer. In a subset of high grade disease, despite surgery and
adjuvant radiotherapy may still recur. Therefore, development of biomarkers of aggressive
phenotype is highly desirable. Emerging data suggest that aggressive DCIS may result from
the accumulation of somatic mutations. We hypothesised that impaired DNA repair capacity

due to XRCC1 deficiency may be a key contributor to the development of high-grade DCIS.
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We evaluated XRCC1 expression (Figure 4A) in a cohort of 776 patients with DCIS
diagnosed between 1987 and 2012 at Nottingham University Hospitals (demographics
summarized in Supplementary Table S6). Whereas normal breast tissues have high levels of
XRCC1 expression, the XRCC1 level substantially reduced in DCIS and invasive breast
cancers (Figure 4B). The data provide clinical evidence that loss of XRCC1 expression
(observed in 54.3% of DCIS) is an early event during breast cancer pathogenesis. In addition,
high-grade DCIS (p=0.05), ER negativity (p=0.015) and older age (p=0.048) were also more
common in patients with XRCC1 deficient DCIS (Supplementary Table S7). Importantly,
the local recurrence-free interval was significantly reduced in patients with XRCC1 deficient
DCIS compared XRCC1 proficient DCIS (p=0.001) (Figure 4C). The clinical data, therefore,
provide evidence that low XRCCL1 expression is a biomarker of aggressive DCIS. To evaluate
the potential of Olaparib as a chemoprevention strategy in XRCC1 deficient DCIS we

proceeded to pre-clinical investigations.

MCF10DCIS breast cancer cell line was previously derived from a xenograft
originating from premalignant MCF10AT cells injected into SCID mice (18). Injection
of the MCF10DCIS cells into SCID mice results in a predominantly comedo ductal
carcinoma in situ phenotype (18, 19). We show robust levels of XRCC1 expression in
MCF10DCIS cells (Figure 4D). In contrast to MDA-MB-231, MCF10DCIS cells are as
expected non-invasive, a phenotype similar to MCF10A non-cancerous epithelial cells
(Figure 4E,). We then proceeded to generate MCF10DCIS_XRCC1_KO using CRISPR/Cas-
9 system (Figure 4F). XRCC1 _KO was associated with increased PARP1 levels compared
to control cells (Figure 4G). In contrast to control cells, MCF10DCIS_XRCC1_KO cells not
only acquired an invasive phenotype (Figure 4H, 41) but was also associated with up-

regulation of several genes involved in epithelial-mesenchymal transition (EMT) (Figure 41)
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(Supplementary Table S8). In addition, spindle-shaped cells with elongated cellular
processes and  diminished  cell-to-cell  contacts were more evident in
MCF10DCIS_XRCC1_KO cells (Figure 41).  Importantly, MCF10DCIS _XRCC1 KO
cells were very sensitive to Olaparib treatment (Figure 4J) compared to control cells.
Increased Olaparib sensitivity was associated with accumulation of YH2AX positive cells
(Figure 4K), G2/M cell cycle arrest (Figure 4L) and apoptosis (Figure 4M). To recapitulate
an in vivo system, we then generated 3D-spheroids of MCF10DCIS _XRCC1 KO cells and
MCF10DCIS control cells. Similar to control cells, untreated MCF10DCIS _XRCC1_KO
cells retain spheroid forming capacity (Figure 4N). However, Olaparib treatment strikingly
reduced viability and spheroid forming ability (Figure 4N). Taken together the data provide
evidence that XRCC1 deficient human DCIS are aggressive and Olaparib is synthetically

lethal in XRCC1 deficient MCF10DCIS cells.

Evaluation of Niraparib and Talazoparib sensitivity in XRCC1 deficient cells: The data
presented thus far suggest that the hypersensitivity observed in XRCC1 deficient cells may be
influenced by the effectiveness of the Olaparib to "trap" PARP proteins. However, to validate
this hypothesis we evaluated other clinically relevant PARP inhibitors including Niraparib
and Talazoparib that have increased ability to “trap” PARP. Talazoparib is about 100 more
potent than Niraparib for PARP trapping. Niraparib, in turn, traps PARP more potently than
Olaparib (1). As expected, XRCC1 deficient cells are sensitive to Niraparib (Supplementary
Figure 2F) and to Talazoparib (Figure 5A) compared to control cells. LD50 analysis
(Supplementary Table S9) revealed that at doses tested, Niraparib was five times more
potent than Olaparib. Talazoparib was twenty times more potent than Olaparib
(Supplementary Table S9). Given the impressive hypersensitivity to Talazoparib, we then

conducted detailed functional studies. Confocal studies revealed that nuclear PARP
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accumulation was evident within 4 hours of Talazoparib treatment, which substantially
increased at 16 hours and persisted at 24 hours in XRCCL1 deficient cells (Figure 5B and 5C).
YH2AX accumulation was also evident at 8 hours, 16 hours and 24 hours. We confirmed
DSB accumulation using YH2AX FACS (Figure 5D). Furthermore increased sensitivity to
Talazoparib was associated with G2/M cell cycle arrest (Figure 5E) and increased apoptosis
(Figure 5F). Importantly in 3D- spheroids experiments, we observed that XRCC1 deficient
3D- spheroids were sensitivity to Talazoparib, as evidenced by the substantial reduction in
spheroid size as well as increased apoptotic cells (Figure 5G, 5H and 51). Taken together, the
data provide additional validation that PARP ‘trapping’ is likely to contribute to the observed

PARP inhibitor sensitivity in XRCC1 deficient cells.
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DISCUSSIONS

XRCCL1 is a key scaffolding protein intimately involved in BER, SSBR, and alt-NHEJ (3, 4,
7). XRCCL1 loss promotes genomic instability (3, 4). XRCC1 interacts with PARP1 during
DNA repair (5, 6). A previous high throughput siRNA screen identified XRCC1 as a
synthetic lethality partner for PARP inhibition (20). Pre-clinically, Xrccl 7~ mouse embryonic
fibroblasts were shown to be hypersensitive to PARP inhibitor treatment compared to Xrccl
** mouse embryonic fibroblasts (21) suggesting that this approach could have clinical

relevance in human tumours including in breast cancers.

We have previously demonstrated that XRCC1 deficiency is linked to aggressive breast
tumours including in triple negative breast cancers (TNBC) (15). In the current study, we not
only show that high PARP1 levels in XRCCL1 deficient tumours is associated with aggressive
breast cancer but also provide compelling evidence that PARP1 targeting is suitable for
synthetic lethality application. A model for XRCC1 directed synthetic lethality has been
proposed previously (21). PARP1 binds to DNA repair intermediates such as single-strand
breaks and gets activated which in turn leads to the synthesis of PAR (poly-ADP-ribose)
polymers. PARP1 auto-PARylation recruits other BER factors (including XRCC1) at sites of
DNA damage resulting in efficient DNA repair. Inhibition of PARP1 catalytic activity (by
inhibitor) prevents auto-PARylation, impairs BER recruitment and stabilises binding of
PARP1 to DNA intermediate. DNA-bound immobilised PARP-1 disrupts replication fork
progression, leads to double-strand break (DSB) accumulation and DSB-mediated apoptosis.
In XRCC1 deficient cells with increased SSB accumulation, PARP inhibition mediated
accumulation of DSB is more pronounced compared to XRCCL1 proficient cells leading to

synthetic lethality (21). Accordingly, in XRCC1 deficient breast cancer cells treated with
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Olaparib, we observed nuclear PARP accumulation, increased YH2AX foci in the nucleus,
cell cycle arrest and induction of apoptosis. Interestingly, we also observed cytoplasmic
PARP and cytoplasmic YH2AX in Olaparib treated XRCC1 deficient cells. Although majority
of cellular PARP activity is localized to the nucleus, the cytoplasm has been shown
previously to have PARP activity (22) including in the mitochondria (23). Besides DNA
repair, PARP has recognised roles in mitochondrial homeostasis, oxidative stress and cell
death (23). Similarly, cytoplasmic YH2AX has also been reported (24). Jung et al have
shown that Tropomyosin- related kinase A mediated cytoplasmic YH2AX via JNK signalling
may have a role in apoptosis (24). We therefore speculate that the observed cytoplasmic
PARP and yH2AX may reflect their roles in apoptosis in Olaparib treated XRCC1 deficient
cells. Taken together the data provide the first translational evidence that PARP1 targeting
(e.g. Olaparib) may have a wider clinical application in XRCCL1 deficient sporadic breast
cancers. Interestingly, the cell cycle pattern observed in MDA-MB-231 control cells treated
with Olaparib was unexpected. A previous study (25) showed that PARP-1 promoted cell
proliferation by inhibiting Spl signaling pathway. PARP inhibitors significantly inhibited
proliferation of hepatoma cells and induced GO/G1 cell cycle arrest in hepatoma cells.
Inhibition of PARP-1 enhanced the expression of Spl-mediated checkpoint proteins
including p21 resulting in GO/G1 cell cycle arrest in that study. We observed a similar
phenotype in MDA-MB-231 control cells where Olaparib treatment induced G1 cell cycle

arrest (Figure 3C) and induction of p21 expression (Supplementary Figure S2E).

XRCC1 deficiency promotes aggressive invasive cancerous phenotypes. To test whether
XRCC1 also influences clinical outcomes in pre-invasive DCIS, we investigated XRCC1
expression in a large clinical cohort of human breast DCIS. In contrast to normal breast tissue

that had a high XRCCL1 expression, there was a dramatic reduction in XRCC1 levels in DCIS
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particularly those with high grade or ER-negative. Although the mechanism of XRCC1
downregulation in DCIS is currently unknown, the data suggest that loss of DNA repair could
be an early event in human breast cancer pathogenesis. More importantly, we also observed
that XRCC1 deficiency was also linked to increased risk of local recurrence. In a preclinical
MCF10DCIS model, we show that XRCC1 KO dramatically increased invasion associated
with up-regulation of markers of epithelial-mesenchymal-transition (EMT). Whether XRCC1
is directly or indirectly involved in up-regulation of several genes involved in EMT is
unknown but the data shown here would concur with previous studies in melanoma (26) and
clear cell renal cancer (27) cells where XRCC1 depletion was also shown to promote
invasion. A novel observation in the current study is that MCF10DCIS_ XRCC1_ KO cells
are extremely sensitive to Olaparib therapy. Interestingly, Olaparib maintenance almost
completely abolished the 3D-spheroid forming ability of MCF10DCIS_XRCC1_KO cells
compared to controls. The data provides the first promising evidence that Olaparib may have

a role in chemoprevention of XRCC1 deficient DCIS.

Impaired DNA repair drives mutagenicity, which can increase neo-antigen load and
immunogenicity. Whether PARP targeting in combination with immune checkpoint inhibitor
can improve therapeutic efficacy is currently an area of intense clinical investigation.
However, biomarkers that could predict such an approach are currently unknown. We
recently investigated XRCC1 and T-cell infiltration in invasive breast cancers (13). Tumours
that expressed low XRCC1 were associated with high CD8" tumour-infiltrating lymphocyte
(TILs) counts, aggressive phenotype and reduced survival. Importantly, PD-1" or PD-L1"
breast cancers with low XRCC1 were linked to aggressive cancers and reduced survival
including in ER™ breast cancers (13). As immune microenvironment (including PD-L1* TILs

infiltration) in DCIS can influence aggressive phenotypes (28, 29), we propose that PARP1
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targeting may be a promising personalized approach either alone or in combination with
immune checkpoint inhibitors in XRCC1 deficient invasive cancers and in pre-invasive

DCIS.
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Figure Legends

Figure 1: (A). Immunohistochemical expression of XRCC1 and PARPL in breast cancers.
XRCC1 & PARP1 co-expression and Kaplan-Meier curve for BCSS (breast cancer specific
survival) in TNBC (whole cohort) (B), TNBCs that received no chemotherapy (C) and
TNBCs treated with chemotherapy (D). (E) XRCC1 expression in various cell lines.
Clonogenic cell survival in Olaparib treated cells [(F) CHO9 and EMC12 cells, (G) HelLa
control and HeLa XRCC1 deficient cells, (H) 231 control and 157 cells and (I) 231 and
231:XRCC1_KO cells]. XRCC1 mRNA levels in 231 and 157 cells (J and K). (L) XRCC1
expression in 157 cells treated with Azacytidine (1.5uM). (M) Cell proliferation assay in cells
treated with Olaparib and Azacytidine compared Olaparib alone. All figures are

representative of three or more independent experiments.

Figure 2: (A) Immunofluorescence staining for PARP1 and yH2AX in 231control,
231:XRCC1_KO and 157 cells treated with Olaparib (10uM) are shown here. Quantification
of YH2AX positive cells by flow cytometry in: CHO9 & EMC12 cells (B), HeLa control &
HeLa XRCC1 deficient cells (C), 231 control & 157 cells (D) and 231 control & 231:
XRCC1_KO cells (E). Cell cycle analysis by flow cytometry in XRCCL1 proficient and
deficient cells treated with Olaparib (10 uM) in CHO9 & EMC12 cells (F), HeLa control &
HeLa XRCCL1 deficient cells (G), 231 control & 157 cells (H) and 231 control &
231:XRCC1_KO cells (I).All cell lines were plated overnight and treated with Olaparib(10
pUM) for 24 hours before harvesting for flow cytometry experiments as described in methods.

All figures are representative of three or more independent experiments.

Figure 3: (A) Cell cycle synchronization in various cell lines. FACS analysis in
synchronized HeLa control & HeLa XRCC1 deficient cells treated with Olaparib (10 uM)

(B), 231 control & 231:XRCC1 KO and 157 cells (C). (D) Cell cycle analysis in
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synchronized 231 control, 231:XRCC1_KO and 157 treated with Nutlin 3a (10 puM) and/or
Olaparib (10 uM) . Annexin V analysis by flow cytometry in: CHO9 & EMC12 cells (E),
HeLa control & HeLa XRCCL1 deficient cells (F), 231 control & 157 cells (G), and 231
control & 231:XRCC1_KO cells (H). All cell lines were plated overnight and treated with
Olaparib (10 uM) for 24 hours before harvesting for flow cytometry experiments as described
in methods. (I) Representative photo micrographic images of 3D spheres of 231 control,
231:XRCC1_KO and 157 cells untreated or treated with Olaparib (10 uM). Measurement of
spheres surface area in square pixels for :231 control untreated or treated with Olaparib (10
MM). (J) and 231:XRCC1 KO as well as 157 untreated or treated with Olaparib (10 uM).
(K). (L) Quantification of viable and dead cells is shown here. All figures are representative

of three or more independent experiments.

Figure 4: (A) XRCC1 expression in DCIS. (B) Box plot of XRCC1 expression in normal,
DCIS and invasive tumours. (C) Kaplan Meier curve showing association between XRCC1
and local recurrence. (D) XRCC1 expression in 231, MCF-7, MCF10DCIS and MCF10A cell
lines. (E) Photo micrographic images of cell invasion in MCF10A, MCF10DCIS and 231
cells as well as quantification data. (F) XRCCL1 expression in MCF10DCIS_KO cells or
controls. (G) PARP1 expression in MCF10DCIS_KO cells or controls. (H) Photo
micrographic ~ images of cell migration in  MCF10DCIS control and
MCF10DCIS_XRCC1 KO as well as quantification data. (I) Cell morphology of
MCF10DCIS_XRCC1_KO & MCF10DCIS control cells as well as EMT gene expression in
MCF10DCIS control and XRCC1_KO cells using RT?-PCR profiler is shown here. (J)
Olaparib sensitivity in MCF10DCIS control and MCF10DCIS_XRCC1 KO cells. (K)
Quantification of YH2AX positive cells in MCF10DCIS control and XRCC1_KO cells
treated with Olaparib (10 uM) for 24 hrs. (L) Cell cycle analysis in MCF10DCIS control and

MCF10DCIS_XRCC1_KO cells. (M) Annexin V analysis by flow cytometry in
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MCF10DCIS control and MCF10DCIS_XRCC1_KO cells. All cells were plated overnight
and treated with Olaparib(10 uM) for 24 hours before harvesting for flow cytometry
experiments as described in methods. (N) Photo micrographic images of Olaparib (10 uM)
treated MCF10 DCIS 3D spheres (see methods for details). All figures are representative of
three or more independent experiments. DCIS= ductal carcinoma in situ, IBC= invasive

breast cancer.

Figure 5: (A) Clonogenic cell survival in Talazoparib treated cells. (B) Immunofluorescence
staining for PARP1 and YH2AX in 231control, 231:XRCC1_KO cells untreated or treated
with Talazoparib (5uM). (C) Quantification of PARP and yH2AX nuclear fluorescence. (D)
Quantification of yYH2AX positive cells by flow cytometry in Talazoparib (5uM) treated cells.
(E) Cell cycle analysis by flow cytometry is shown here. (F) Quantification of apoptotic cells.
All cell lines were plated overnight and treated with Talazoparib (5 uM) for 24 hours before
harvesting for flow cytometry experiments as described in methods. (G) Photo micrographic
images of Talazoparib (5uM) treated 3D-spheroids. (H) Quantification of spheres surface

area by image j software. (I) Quantification of spheroids cell viability by flow cytometry.
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SUPPLEMENTARY MATERIALS AND METHODS

MATERIALS AND METHODS

Compounds and reagents: Olaparib (AZD2281) was kindly provided by AstraZeneca
Pharmaceuticals. Talazoparib and Niraparib were purchased from Selleckchem, UK. The
antibodies used in the current study are as follows; XRCC1 antibody clone (33-2-5)
(Thermofisher, UK), CyclinE1 (ab33911), p-CyclinB1 (ab55184), p21 (ab7960), Mutant p53
antibody (ab32049), (Abcam,UK) and p53 antibody panel (ab219089). Histone H2AX
phosphorylated at Ser'®® (yH2AX; 05-636; Millipore, UK) and PARP1 antibody (Cell
signalling, USA). Azacytidine and Nutlin 3a were purchased from Sigma, UK. Pre-validated
p53 siRNA was purchased from Invitrogen. Lipofecamine3000 reagent, Calcein AM and

Ethidium homodimer -1were purchased from Thermofisher, UK.

Generation of XRCC1 knockouts using CRISPR/Cas-9 system: MDA-MB-231 and MCF-
10DCIS were transfected with oligonucleotides carrying gRNA silencing XRCC1cloned in a
Plv-U6g-EPCG plasmid (Sigma, UK).Briefly, cells were seeded at 50- 60 % confluency in 6
well plates overnight. Cells were transfected with 2-3 ug of DNA using Lipofectamine
3000(Invitrogen, UK) in an Opti-MEM medium. Puromycin was used as a selection marker
for 14 days. MDA-MB-231 was selected in 10ug/ml and MCF-DCIS was selected in 5ug/ml

puromycin.

Clonogenic assays: 250 cells were seeded in 6- well plates overnight and the PARP1
inhibitors were added at the indicated concentrations. The plates were left in the incubator for
14 days, after incubation colonies were washed with PBS, fixed and stained with crystal

violet, acetic acid and methanol mixture and counted.



Cell Proliferation assays: The effect of XRCC1 re-expression on Olaparib sensitivity in
MDA-MB-157 cells was studied. 100 cells /well were seeded in 96-well plates, Left to adhere
overnight. Azacytidine was added for 48 hours and then cells were treated with different
doses of Olaparib for 3 days. Cell viability was measured by cell titer cell proliferation assay

(MTS) ( Promega, UK).

For Azacytidine studies, MDA-MB157 cells were treated with 1.5 uM Azacytidine for 48
and 72 hours. Levels of XRCC1mRNA were analysed by real-time PCR and XRCCL1 protein

expression was confirmed by western blot at indicated time points.

Cell synchronization and functional studies: Cells were seeded in 6- well plates overnight
then media were changed to serum-free media for 16 hours to synchronize all the cells at G1-
phase by serum starvation. The following day cells were released in complete media
supplemented with 10% FBS or media containing 10uM of Olaparib for 24 hours. For
studying p53 role in cell cycle regulation in response to Olaparib, cells were treated with
10uM Nutlin 3a for 48 hours. 16 hours prior to the end of the incubation, cells were
synchronized in serum-free media then released and treated with 10uM Olaparib or left
untreated for 24 hours. Cells were collected by trypsinization and washed with ice-cold PBS,
then fixed in 70% ethanol for 30 mins. After removal of the fixative solution by
centrifugation cells were labelled with phospho Histone (YH2AX) Ser139 FITC antibody.
Cells were then treated with RNase (5ug/ml) and propidium iodide (10ug/ml) (Sigma
Aldrich) to detect DNA in the cell cycle. For Apoptosis assay, cells were collected and

analysed by Flow cytometry using AnnexinV detection kit (BD Biosciences).

Confocal microscopy: Cells were seeded on the coverslips overnight then treated with
Olaparib or Talazoparib for the indicated time points. The cells were fixed with 4%
paraformaldehyde for 30 mins, permeabilized with 0.1% Triton (Thermofisher) for 30 mins

and blocked with 3% BSA for 1 hr. Cells were incubated with PARP1 and p- Histone
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(YH2AX) Ser139 antibodies for 1 hr at room temperature. Slides were prepared in duplicates.
Imaging was carried out using Leica SP2 confocal laser scanning microscope. Images were

analysed in ImageJ software. For analysis minimum of 100 cells per slide were counted.

Invasion and migration assays: Cells were seeded in the Upper chamber of polycarbonate
membrane inserts (8 um pore size), (Cell Biolabs,UK) in serum-free medium and left to
migrate toward 10% serum-containing medium for 24 hours. After 24 hours, medium
containing non- invasive cells were aspirated from the inserts and the inner was washed with
distilled water then stained with crystal violet for 10 minutes. Cells were extracted and 100
pL from each sample was transferred to a 96-well microtiter plate for measuring OD at
560nm. For migration assays, cells were seeded in 96 well plates containing a non- migratory
hydrogel spot area, left to adhere overnight and then hydrogel area was digested and cells
were left to migrate for 20 hours. Then the wells were washed three times, fixed and stained

as per manufacturer protocol. Cell migration images were analysed by ImageJ software.

gRT-PCR analysis of epithelial-mesenchymal transition (EMT) gene expression: Real-
time PCR was performed using RT? Profiler EMT PCR Array for 86 EMT genes. The data
was analysed as per manufacturer’s recommendations
(https://www.giagen.com/us/shop/genes-and-pathways/data-analysis-center-overview-page/).

RPLPO was used for normalization of the data. All experiments were performed in duplicate.

Generation of 3D spheroids: MDA-MB-231 control & XRCC1_ KO, as well as MCF-DCIS
control & XRCC1_ KO, were seeded in ultra-low attachment 6-well plates using the promo
cell serum-free cancer stem cells medium. After 14 days cells were fixed with formaldehyde
3.7% and stained with 2uM calcein AM and 1.5uM ethidium homodimer-1. Imaging was
carried out using Leica SP2 confocal laser scanning microscope. Spheroids surface area was

analysed in ImageJ software. At least 30 spheres were analysed per cell line. For MCF10-
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DCIS spheres, cells were seeded as described and then treated with 10 uM Olaparib from day
0. Olaparib was refreshed every 3 days. Images of the formed 3D spheres structures were

taken on day 14.

Human Invasive breast cancers: The study was performed in a consecutive series of 1650
patients with primary invasive breast carcinomas who were diagnosed between 1986 and
1999 and entered into the Nottingham Tenovus Primary Breast Carcinoma series. All
patients were treated in a single institution and have been investigated in a wide range of
biomarker studies (9, 10, 19, 22, 23). Supplemental Table S1 summarizes patient
demographics. Supplemental treatment data 1 summarizes various adjuvant treatments
received by patients in this cohort. We also evaluated an independent series of 281 ER-a
negative invasive BCs diagnosed and managed at the Nottingham University Hospitals
between 1999 and 2007. All patients were primarily treated with surgery, followed by
radiotherapy and anthracycline chemotherapy. The characteristics of this cohort are

summarised in supplementary Table S2.

The Reporting Recommendations for Tumor Marker Prognostic Studies (REMARK) criteria,
recommended by McShane et al (24), were followed throughout this study. This work was

approved by Nottingham Research Ethics Committee.

Tumours were arrayed in tissue microarrays (TMAS) and immunohistochemically profiled for
XRCC1 (9), PARP1 (10) and other biological antibodies (Supplementary-Table S3) as
previously described (19, 22, 23). Briefly, immunohistochemical staining for XRCC1 was
performed using the Bond Max automated staining machine and Leica Bond Refine
Detection kit (DS9800) according to manufacturer instructions (Leica Microsystems). Pre-
treatment of TMA sections was performed with citrate buffer (pH 6.0) antigen for 20

minutes. TMA sections were incubated for 15 minutes at room temperature with 1:200 anti-



XRCC1 mouse monoclonal antibody (Ab-1, clone 33-2-5, Thermoscientific, Fremont, CA,
USA) or with 1:1000 anti-PARP1 mouse monoclonal antibody (7D3-6, BD Pharmingen,
USA). The tumour cores were evaluated by three specialist pathologists blinded to the
clinicopathological characteristics of patients, in two different settings. There were excellent
intra and inter-observer agreements (k > 0.8; Cohen’s x and multi-rater « tests, respectively).
Whole field inspection of the core was scored and intensities of nuclear staining were
grouped as follows: 0 = no staining, 1 = weak staining, 2 = moderate staining, 3 = strong
staining. The percentage of each category was estimated (0-100%). H-score (range 0-300)
was calculated by multiplying the intensity of staining and percentage staining as previously
described (19, 22, 23). Low/negative XRCC1 (XRCC1-) expression was defined by mean of
H-score of <100. Low/negative PARP1 (PARP1-) expression was defined by mean of H-
score of <10 Not all cores within the TMA were suitable for IHC analysis due to missing
cores or absence of tumour cells. Data analysis was performed using SPSS (SPSS, version 17
Chicago, IL). Where appropriate, Pearson's Chi-square, Fisher's exact, Student's t and
ANOVA one way tests were used. Cumulative survival probabilities were estimated using the
Kaplan—Meier method, and differences between survival rates were tested for significance
using the log-rank test. Multivariate analysis for survival was performed using the Cox
proportional hazard model. The proportional hazards assumption was tested using standard
log-log plots. Hazard ratios (HR) and 95% confidence intervals (95% CI) were estimated for
each variable. All tests were two-sided with a 95% CI and a p-value < 0.05 considered
significant. For multiple comparisons, P values were adjusted according to the Benjamini-
Hochberg method (25).

Human ductal carcinoma in situ (DCIS): A total of 776 patients with pure DCIS diagnosed
between 1987 and 2012 were identified from the National Health System (NHS) database of

the Nottingham University Hospitals. A cohort of 239 DCIS that co-exist with invasive breast



cancer (IBC) as well as 50 normal breast tissues were also identified. Patients demographics
including tumor grade, tumor size, age, menopausal status, screening or symptomatic
presentation DCIS, histological type, presence of comedo necrosis, Paget's disease,
associated lobular carcinoma in situ (LCIS) as well as local recurrence and recurrence-free
interval (defined as time in months from diagnosis to the development of local recurrence)
were collected. All patients received surgery. TMAs were constructed as described
previously and immunostained for XRCC1. Not all cores within the TMA were suitable for
IHC analysis due to missing cores or absence of tumour cells. Nuclear expression of XRCC1
within tumour cells was scored using semi-quantitatively Histo-score (H score). Staining
intensity and percentage of stained nucleus and cytoplasm were considered. H score ranged
from 0-300, H score obtained by multiplying staining intensity by its proportion.
Low/negative XRCC1 (XRCC1-) expression was defined by median H-score of <120.
Correlation between XRCCL1 expression and different clinicopathological parameters was
performed using Chi-square and Mann Whitney tests. Survival analysis versus RFI was
performed used Kaplan Meier curves and compared by log-rank test. All tests were 2-tailed
p-value of <0.05 was considered as significant, statistical analysis was carried out by IBM-
SPSS statistical software version 21.0 (SPSS, Chicago, IL, USA). This study was approved

by the North West - Greater Manchester Central Research Ethics Committee (15/NW/0685).
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