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Abstract

Purpose: PARP inhibitors (PARPi) are primarily effective against

BRCA1/2-mutated breast and ovarian cancers, but resistance due to

reversion of mutated BRCA1/2 and other mechanisms is common.

Based on previous reports demonstrating a functional role for

DNMT1 in DNA repair and our previous studies demonstrating

an ability of DNA methyltransferase inhibitor (DNMTi) to resen-

sitize tumors to primary therapies, we hypothesized that combining

a DNMTi with PARPi would sensitize PARPi-resistant breast and

ovarian cancers to PARPi therapy, independent of BRCA status.

Experimental Design: Breast and ovarian cancer cell lines

(BRCA-wild-type/mutant) were treated with PARPi talazoparib

and DNMTi guadecitabine. Effects on cell survival, ROS accumu-

lation, and cAMP levels were examined. In vivo, mice bearing either

BRCA-proficient breast or ovarian cancer cells were treated with

talazoparib and guadecitabine, alone or in combination. Tumor

progression, gene expression, and overall survival were analyzed.

Results: Combination of guadecitabine and talazoparib syner-

gized to enhance PARPi efficacy, irrespective of BRCA mutation

status. Coadministration of guadecitabine with talazoparib

increased accumulation of ROS, promoted PARP activation, and

further sensitized, in a cAMP/PKA-dependent manner, breast and

ovarian cancer cells toPARPi. In addition,DNMTi enhancedPARP

"trapping" by talazoparib. Guadecitabine plus talazoparib

decreased xenograft tumor growth and increased overall survival

in BRCA-proficient high-grade serous ovarian and triple-negative

breast cancer models.

Conclusions: The novel combination of the next-generation

DNMTi guadecitabine and the first-in-class PARPi talazoparib

inhibited breast and ovarian cancers harboring either wild-

type– or mutant-BRCA, supporting further clinical explo-

ration of this drug combination in PARPi-resistant cancers.

Clin Cancer Res; 24(13); 3163–75. �2018 AACR.

Introduction

PARP1 is a ubiquitous nuclear enzyme (1) that responds to

DNA damage by poly-ADP-ribosylating (PARylating) target pro-

teins including PARP1 itself. PARylation permits PARP1 engage-

ment of the damaged DNA site to stabilize DNA repair complexes

(2). A critical role for PARP1 in tumor progression through

regulation of intracellular ROS- and oxidation-induced DNA

damage has been demonstrated, enhancing both cancer prolifer-

ation and chemoresistance (2, 3). PARP1 has also been demon-

strated to crosstalk with and compensate for proteins involved in

double-strand break (DSB) repair including known tumor sup-

pressors BRCA1 and BRCA2 (4). Dependence on PARP1 for DSB

repair in epithelial ovarian cancer and breast cancer harboring

mutated BRCA genes has been demonstrated, resulting in exqui-

site sensitivity to inhibitors of PARP enzymatic activity due to

synthetic lethality (5).

PARP inhibitors (PARPi) for treating breast cancer and ovar-

ian cancer have recently been approved by the FDA. Olaparib

(Lynparza; olaparib tablets) was approved to treat patients with

metastatic breast cancer who have a "BRCA" gene mutation.

Lynparza and rucaparib (Rubraca) were approved to treat ovar-

ian cancer patients with mutated BRCA1/2 who received three

or more chemotherapy treatments or as maintenance treatment

regardless of BRCA status (6, 7). Most recently, niraparib

(Zejula) was also approved for maintenance treatment of wom-

en with recurrent ovarian cancer who experienced a complete or

partial response to platinum-based chemotherapy, independent

of BRCA status. However, initially, responsive breast cancer

and ovarian cancer eventually develop PARPi resistance due to
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reversion of mutated BRCA genes (8) and other mechanisms

(9–11), and this class of drug has proven to be ineffective

in women with intrinsic or acquired chemoresistance (8, 9).

Furthermore, as the vast majority of breast and ovarian tumors

are BRCA-proficient, additional approaches for improving

PARPi efficacy in these diseases are necessary.

DNA methyltransferase 1 (DNMT1) belongs to a family of

enzymes responsible for maintaining cellular DNAmethylation

patterns in the context of CpG dinucleotides (12). Aberrant

DNMT1 activity has been associated with DNA hypermethyla-

tion, tumor suppressor gene silencing, and chemoresistance

in ovarian and other cancer types (13, 14). Mechanistically,

DNMT inhibitors (DNMTi), such as 5-azacytidine (Vidaza)

and 5-aza-20-deoxycytidine (decitabine and guadecitabine),

are cytosine analogues that require incorporation into repli-

cating DNA to promote DNA hypomethylation, through

formation of DNMT–DNA adducts, and subsequent DNMT

degradation (15). Besides epigenetic regulation, upon activa-

tion by deoxycytidine kinase, DNMTis increased intracellu-

lar ROS accumulation, and subsequent PARP activation

was required for DNA repair (16, 17). In addition, preclinical

studies have demonstrated increased efficacy of DNMTis

when combined with other cancer therapies (reviewed in

ref. 14), and recent clinical trials showed DNMTi resensitized

platinum-resistant ovarian cancer to carboplatin resulting in

patient benefit (18, 19).

Based on previous reports demonstrating a functional role for

DNMT1 in DNA repair (DDR; refs. 20, 21) and our previous

studies demonstrating DNMTis ability to resensitize tumors to

primary therapies (22, 23), we hypothesized that combining a

DNMTi with PARPi would sensitize PARPi-resistant ovarian

cancer to PARPi therapy, regardless of BRCA status. In support

of our hypothesis, it was recently demonstrated that DNMTi–

PARPi combination induced PARPi sensitization in leukemia

and breast cancer models (24), further suggesting that such a

combination approach would impair BRCA-mediated DDR,

resulting in cytotoxicity in cells harboring intact or mutant

BRCA1/2. Here, we show that combination treatment with the

next-generation DNMTi guadecitabine and the first-in-class

PARPi talazoparib enhanced PARPi response in both breast

and high-grade ovarian cancer cell lines harboring either

wild–type– or mutant-BRCA. In addition to enzyme trapping,

previously shown (24), we now demonstrate ROS accumulation

and modulation of the ROS-cAMP/PKA signaling axis by gua-

decitabine as a major mechanism underlying response to tala-

zoparib, resulting in increased sensitivity to PARPi therapy

irrespective of BRCA status.

Materials and Methods

Cell lines, culture conditions, and reagents

Breast and epithelial ovarian cancer cell lines (see Supplemen-

tary Materials and Methods) were maintained in either RPMI-

1640 (Invitrogen) as previously described (25) or DMEM (Invi-

trogen). MCF7 and anti–estrogen-resistant derivatives (MCF7-T,

MCF7-F, and MCF7-TF) were maintained and established as we

have previously described (26). Triple-negative breast cancer

(TNBC) cell line MDA-MB-231 and the metastatic TMD-231

sublines were maintained in RPMI-1640. TMD-231 cells were

derived as we have described (27). Cell lines were authenticated

in 2012 by the ATCC and tested for mycoplasma contamination.

To ensure cell line integrity, cells were not used beyond 30 to

40 passages. Cell culture reagents further described in Supple-

mentary Materials and Methods.

Clonogenic survival and MTT assay

Cells were seeded to 60% to 70% confluency in 10 cm plates

and treated for indicated times. Twenty-four hours following

treatment, cells were washed, serially diluted, and plated in

triplicate on 6-well plates (500–1,000 cells/well). Six to 14 days

of cell growth were allowed for colony formation, followed by

staining with 0.5% crystal violet. Cell count was normalized to

untreated control as previously described (22). See Supplemen-

tary Materials and Methods for details regarding drugs and treat-

ment schemas.

RNA extraction, quantitative RT-PCR, and cell transfection

RNA was extracted, cDNA prepared, and qRT-PCR performed

as we have previously described (22), using EEF1A as the

internal control. Plasmids expressing Maltose Binding Protein

(MBP)–tagged BRCA2 and KD BRCA2 constructs have been

previously described (28, 29). Overexpression and knockdown

vectors (250 ng) were transfected with Turbofect reagent

(Thermo scientific) as previously described (25).

cAMP, ROS, ATP, and caspase 3/7 assays

Confluent 10 cm plates were treated as indicated in the text.

Following treatment, 2 � 104 cells were plated on 96-well

plates. Twenty-four hours after plating cells, cAMP, ATP, cas-

pase 3/7, and ROS (Promega) assays were performed as pre-

viously described (25).

Western blot analysis

Total cell lysate was prepared with RIPA lysis buffer, and

Western blot analysis was performed as we have previously

described (22). Western blot for BRCA2 was performed as

Translational Relevance

PARP inhibitors (PARPi) are currently FDA approved for

BRCA-mutated high-grade ovarian (platinum-responsive) and

metastatic breast cancer, as well as for maintenance therapy in

ovarian cancer independent of BRCA status. Intrinsic resis-

tance to PARPi therapy due to reversion of mutated BRCA

genes and other mechanisms is common, and a therapeutic

strategy to sensitize ovarian and breast cancers to PARPi

regardless of BRCA mutation status is needed. In preclinical

models, we show combining the DNA methyltransferase

inhibitor (DNMTi) guadecitabine and the PARPi talazoparib

increases ROS accumulation, cAMP/PKA signaling, and sub-

sequent PARP activation. We demonstrate DNMTi–PARPi

combinatorial efficacy is also due to chromatin trapping of

the respective enzymes by their inhibitors. Coadministration

of guadecitabine with talazoparib decreases tumor burden

and increases overall survival in ovarian and breast cancer

xenograft models. Importantly, the enhanced PARPi response

is irrespective of BRCA status. These data suggest further

clinical exploration of this drug combination in PARPi-

resistant cancers.
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described by Jensen and colleagues (28). Antibodies were as

described in Supplementary Materials and Methods.

PARP trapping assay

Chromatin extraction was performed according to Muvarak

and colleagues (24), and PARP binding in the chromatin

fraction (indicative of PARP trapping) was assayed by Western

blot analysis of the chromatin cell fraction against the indicated

antibodies, as described (22). Blots were then analyzed by

densitometry using ImageJ software (National Institute of

Health, Bethesda, MD).

PAR-capture ELISA

Cells were seeded in 10 cm plates, treated as described in the

text, harvested, 20% SDS was added (final concentration of 1%),

and protein concentration was measured. The lysate was snap-

frozen and placed at �80�C. Precoated 96-well plates were

incubated with 100 mL of sample (20 mg protein), and PAR

concentration was determined according to the manufacturer's

protocol (Trevigen; 4520-096-K). The data are reported as the

relative change in PAR concentration compared with control.

RAD51 foci formation assay

PEO1 cells transfected with vector or BRCA2 expression plas-

mid were plated on glass slides (50,000 cells/well), fixed, and

permeabilized as described by Sakai and colleagues (31). Anti-

body concentration and duration are given in Supplementary

Materials and Methods. Results are representative of three inde-

pendent experiments � SEM.

Combination index and synergism

Cells were treated and plated as indicated for clonogenic

survival assays. Following treatment, the percent survival sub-

tracted from 100% was indicative of the fraction affected (FA).

Subsequent combination indices, and synergism determination,

were determined by the Chou–Talalay method (30; mutually

nonexclusive assumption) using CompuSyn Software.

Mouse xenograft experiments

Subcutaneous tumor models. All animal studies adhered to ethical

regulations and protocols approved by the Institutional Animal

Care and Use Committee of Indiana University. Either OVCAR4

orMDA-MB-231 cells (2� 106 cells) were s.c. injected into the left

flank of 5- to 6-week-old female, athymic nude mice (Harlan).

Tumor measurement and drug treatments are described in Sup-

plementary Materials and Methods.

Orthotopic tumor model. TMD-231 cells were injected into the

mammary fat pad (mfp) of the mice (n ¼ 28 total) and allowed

to form palpable tumors (v¼ 10 mm3). Mice were then random-

ized (n¼ 7 per group), treated, andmonitored as described in the

Supplementary Materials and Methods.

Statistical analysis

All data, unless noted otherwise, are represented as mean

value � SEM of at least three biological replicates. IC50 data

were determined by Prism 6 (GraphPad Software), using

logarithm-normalized sigmoidal dose-curve fitting. The Tukey

test for multiple comparisons correction was used to analyze

the significance among different groups in biological assays,

unless otherwise stated. For in vivo experiments, ANOVA/

Mann–Whitney tests (GraphPad) were used to determine

statistical significance, as described (23).

Results

BRCA-deficient and -proficient ovarian and breast cancer

cells are inhibited by guadecitabine–talazoparib combination

To initially examine the effect of combining a DNMTi with a

PARPi on cell growth, the high-grade serous ovarian cancer cell

line pair PEO1 and PEO4 (8, 31) was utilized. PEO4 cells were

derived from PEO1 cells at the time of acquired chemoresis-

tance, with a noted BRCA2 reversion (30). Differential BRCA2

expression was confirmed between the paired cell lines

(Fig. 1A). To restore BRCA2 function in PEO1 cells, we over-

expressed BRCA2 (Fig. 1B). Functionality of overexpressed

BRCA2 protein in PEO1 cells was validated by increased

(�2.7-fold, P < 0.05) RAD51 foci, as BRCA2 is required for

RAD51 focus formation (Supplementary Fig. S1A; ref. 31), and

by MTT cell viability assay (increased cisplatin IC50; Supple-

mentary Fig. S1B; ref. 32). Interestingly, in both PEO4 com-

pared with PEO1 cells and PEO1 cells overexpressing BRCA2

compared with vector control, we observed greater DNMT1

expression (Fig. 1A and B). Furthermore, treatment of PEO1

and PEO4 cells with Talaz increased (P < 0.05) DNMT1 expres-

sion in both cell lines, regardless of BRCA status (Supplemen-

tary Fig. S1C and S1D). These data indicate that DNMT1 may

represent a target to overcome PARPi resistance in BRCA2-

deficient and -proficient cancer cells.

To investigate whether DNMT1 inhibition altered cell sen-

sitivity to PARPi, PEO1 and PEO4 cells were treated with Talaz

alone or in combination with Guad, and colony formation

assays were performed. As expected, low-dose (1 nmol/L) Talaz

decreased (P < 0.05) PEO1 survival but had no effect on

clonogenicity of PEO4 cells (Fig. 1C). Despite the differential

response to Talaz, coadministration of Guad and Talaz syner-

gistically (CI < 1) decreased (P < 0.05; Fig. 2D) cell survival in

both PEO1 and PEO4 cells (Fig. 1C; ref. 30). In addition, we

observed that Guad treatment alone decreased DNMT1 levels

(Fig. 1E) and increased PARP activation, indicated by increased

PAR (P < 0.05; Fig. 1F). PARP levels following treatment with

Talaz alone remained unchanged; however, PARP activity

(PARylation) decreased (P < 0.05; Fig. 1E and F), in agreement

with previous reports (33).

To validate the observed decrease in colony formation was

not a cytostatic response, we measured activity and cleavage of

caspase 3 by luciferase assay and Western blot analysis, respec-

tively. Combination of DNMTi and Talaz increased both

cleaved caspase 3 levels and activity (Fig. 1E; Supplementary

Fig. S1E) and Annexin V staining (Supplementary Fig. S1F),

indicating that DNMTi–Talaz combination was cytotoxic.

To confirm the combinatorial efficacy of DNMTi–Talaz was

not limited to PEO cell lines, we performed clonogenic survival

assays in a panel of breast and ovarian cancer cell lines repre-

senting BRCA-mutant and wild-type (Supplementary Table S1).

Overall response to Talaz alone differed regardless of BRCA

status (Supplementary Figs. S2 and S3), consistent with both

preclinical and clinical observations with regard to PARPi

(34, 35); however, in all cell lines examined, coadministration

of DNMTi increased response to Talaz, resulting in a synergistic

(CI < 1) decrease (P < 0.05) in cell survival, irrespective of BRCA

Epigenetic-PARP Inhibitor Combination Therapy
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Figure 1.

Therapeutic inhibition of DNMT1 promotes sensitivity to PARPi, independent of BRCA status. Western blot showing endogenous BRCA2 and DNMT1 expression in

(A) PEO1 and PEO4 cell lines and (B) in PEO1 cells overexpressing (O/E) vector control or BRCA2. C, PEO1 and PEO4 cells were treated with 20 nmol/L

guadecitabine (Guad) or 1 nmol/L talazoparib (Talaz), alone and in combination for 72 hours, and clonogenic cell survival assay was performed. Representative

images of formed colonies are below. Quantification is representative of at least three individual experiments. D, PEO1 and PEO4 cells were treated with

guadecitabine and talazoparib for 72 hours, alone and in combination, and subjected to clonogenic survival assay to determine drug efficacy; x-axis is

indicative of FA, y-axis is indicative of the combination index Combinations beneath the black dashed line are synergistic. PEO1 and PEO4 cells were

treated with 20 nmol/L Guad or 1 nmol/L Talaz for 72 hours, alone and in combination. E, Cell lysates were subjected to Western blot analysis against

the indicated antibodies or (F) PAR-capture ELISA to measure PAR levels. G, PEO1 cells ectopically expressing BRCA2 or vector control were treated with

20 nmol/L Guad and 1 nmol/L Talaz, alone or in combination, and subjected to colony formation assays. Results are representative of three independent

experiments (mean � SEM). � , P < 0.01; �� , P < 0.001; ��� , P < 0.0001 compared with control; #, P < 0.01 and ##, P < 0.001 relative to bracketed treatment.

Pulliam et al.
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Figure 2.

Guadecitabine mediates PARP activation through increased intracellular ROS accumulation. A, PEO1 and PEO4 cells were treated with either 20 nmol/L

guadecitabine (Guad) or 1 nmol/L talazoparib (Talaz) for 72 hours, alone and in combination. Twenty-four hours after treatment, intracellular ROS

was measured. Quantification is representative of three individual experiments. B, PEO1 (top) and PEO4 (bottom) cells were treated for 72 hours

with 20 nmol/L Guad or 1 nmol/L Talaz, alone and in combination, and 24 hours after treatment, ATP was measured. Quantification is representative

of three individual experiments. PEO4 cells were treated with 20 nmol/L Guad, with and without 1 mmol/L NAC (ROS-scavenger) before treatment

(1 hour). C, Cell lysates were subjected to Western blot analysis against the indicated antibodies or (D) PAR-capture ELISA to measure PAR levels.

E, PEO4 cells were treated with 20 nmol/L Guad or 1 nmol/L Talaz, alone and in combination, for 72 hours, with or without 1 mmol/L NAC and

subjected to colony formation assays. Quantification is representative of three independent experiments. F, PEO1 and PEO4 cells were treated with

5 mmol/L RG108 (nonnucleoside analogue) or 1 nmol/L Talaz alone and in combination for 72 hours, and subjected to colony formation assays.

Results are representative of three independent experiments. �, P < 0.05; �� , P < 0.001; and ���, P < 0.0001 compared with control; #, P < 0.01 and

##, P < 0.001 relative to bracketed treatment.
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status (Supplementary Figs. S2 and S3). Similarly, sequential

treatment ("prime") of Guad prior to Talaz increased (P < 0.05)

cell death in the majority of ovarian cancer cells (Supplemen-

tary Fig. S2), although often not to the extent of DNMTi–PARPi

coadministration. Interestingly, with respect to the breast can-

cer cell lines, we observed overall Guad–Talaz "priming"

resulted in similar cell death compared with Guad alone

(Supplementary Fig. S3).

In addition to intrinsic resistance, reversion of mutated

BRCA1/2 is a widely reported mechanism of therapy-induced

resistance to PARPi (8–10). To further examine the role of

BRCA2 in DNMTi-mediated sensitivity to PARPi, we either

knocked down BRCA2 in PEO4 cells or overexpressed BRCA2

in both PEO1 and PEO4 cells and performed clonogenic

survival assays. BRCA2 knockdown sensitized PEO4 cells to

Talaz, and cells remained sensitive to combination of Guad and

Talaz (Supplementary Fig. S4A and S4B). Overexpressing

BRCA2 in PEO4 cells did not rescue Guad-mediated sensitiza-

tion to Talaz (Supplementary Fig. S4C and S4D). As expected,

PEO1 cells ectopically expressing BRCA2 (Fig. 1B) were resis-

tant to Talaz treatment (Fig. 1F); however, in response to

combination of Guad and Talaz, cell survival decreased (P <

0.05; Fig. 1G). Collectively, these results are consistent with our

previous observations demonstrating DNMT1 as a target to

overcome therapeutic resistance (26, 36) and further indicate

that DNMTi increases response to PARPi, regardless of BRCA-

mediated DDR.

Guadecitabine-mediated PARP activation through increased

intracellular ROS

Because overexpression of BRCA2 was not able to reverse the

effects of Guad–Talaz coadministration, we investigated the

mechanism of Guad-mediated PARPi sensitivity. Interestingly,

Guad increased PAR levels in both PEO1 and PEO4 cells

(Fig. 1F). In a leukemia model, it was recently demonstrated

that nucleoside-based DNMTi, prior to obligate incorporation

into DNA, increased ROS (17), resulting in DNA damage and

PARP activation, which, if unresolved, promoted cell death

(37). Based on these reports, we investigated whether Guad

increased ROS and if increased ROS was responsible for PARP

activation and PARPi response. PEO1 and PEO4 cells were

treated with Guad in the presence and absence of Talaz, and

intracellular ROS levels were measured. Guad alone increased

(P < 0.05) ROS levels in both PEO1 and PEO4 cells, and

Guad–Talaz coadministration further increased (P < 0.05) ROS

levels (Fig. 2A). Interestingly, in PEO4 cells, we observed a

greater increase in ROS in response to Guad alone, compared

with PEO1, consistent with decreased PARP activity in PEO4

cells (Supplementary Fig. S5A).

Tight regulation of intracellular ROS is integral for cell

survival and cancer progression (38). Positive bioenergetic

coupling between ROS generation and ATP levels was demon-

strated, and conversely, ROS accumulation sufficient to promote

cell death induced ATP depletion (39). To investigate the rela-

tionship between Guad-mediated ROS accumulation and PARPi

sensitivity, we measured ATP levels following Guad treat-

ment with or without Talaz. Consistent with Guad-induced

ROS accumulation in PEO4 cells, we observed increased

(P < 0.05) ATP levels in response to Guad treatment (Fig. 2B;

Supplementary Fig. S5B). Moreover, Guad–Talaz coadministra-

tion depleted (P < 0.05) ATP levels in both PEO1 and PEO4

cells, indicating increased PARPi response. Furthermore, in

Talaz-treated PEO4 cells, decreased (�20%, P < 0.05) expression

of genes whose enzymes products produce ROS was observed

(Supplementary Fig. S5C–S5E), in support of a role of ROS-

associated genes in chemoresistance (38, 40). Consistent with

this observation, no change in expression of ROS-associated

genes was observed in Talaz-treated PEO1 cells (Supplementary

Fig. S5D). However, in both PEO1 and PEO4 cells, Guad–Talaz

coadministration increased (P < 0.05) ROS-associated gene

expression (Supplementary Fig. S5D and S5E), correlating

increased PARPi sensitivity with ROS modulation (38).

Given that Guad treatment increased intracellular ROS, which

subsequently increased PARP activity, we hypothesized that

Guad-dependent ROS accumulation contributed to PARP activa-

tion and subsequent PARPi sensitivity. To test this, we treated

PEO4 cells with Guad, in the presence and absence of the ROS-

scavenger N-acetyl-L-cysteine (NAC). We observed that combi-

nation of Guad and NAC decreased both PARP and PAR levels, as

well as known ROS-responsive proteins p16 and PKA (41, 42),

indicated by decreased phosphorylation of the PKA substrate

motif (pRRXS/T), compared with Guad alone (Fig. 2C and D,

respectively).

Next, to investigate whether increased ROS and subsequent

PARP activation mediated by Guad (demonstrated above) pro-

moted PARPi sensitivity (38), PEO4 cells were treated with Guad

and Talaz with or without NAC and subjected to clonogenic

survival. As previously demonstrated (Fig. 1C), combination of

Guad and Talaz induced cytotoxicity, whereas the addition of low

dose (1mmol/L)NAC significantly (P<0.05) rescued the induced

cell death (Fig. 2E). We then inhibited DNMT1 using a nonnu-

cleoside DNMTi RG108 (Supplementary Fig. S5F). Previous

reports demonstrated "direct" DNMTi, which do not incorporate

into DNA (such as RG108), had no effect on ROS accumulation

(17). Consistent with these reports, no increase in ROS was

observed after RG108 treatment (Supplementary Fig. S5G). We

then treated PEO1 and PEO4 cells with RG108, with and without

Talaz, and performed clonogenic survival assays. As expected,

Talaz alone decreased (P < 0.05) cell survival in PEO1, but not

PEO4 cells (Fig. 2F), and coadministration with RG108 had no

effect on Talaz response in either cell line. Collectively, these

results suggest that Guad increases PARPi sensitivity in a ROS-

dependent manner, representing a potential approach to over-

come PARPi resistance.

Guadecitabine-induced ROS increased activation of

cAMP/PKA signaling and PARP

ROS was demonstrated to activate cellular kinases to pro-

mote PARP activation (16). As such, we investigated the under-

lying mechanism regulating PARP activation in response to

Guad-mediated ROS accumulation. We previously observed

that combination of Guad and NAC diminished not only PAR

levels but also PKA activity (decreased pRRXS/T; Fig. 2C). It was

recently demonstrated that PKA activation, under oxidative

stress conditions and in response to the second messenger

cAMP, induced rapid PARP activation and DNA repair (41).

To investigate ROS ability to activate PARP in a PKA-dependent

manner, PEO4 cells were treated with H2O2 (1 mmol/L) in the

presence and absence of PKA inhibitor H89 (5 mmol/L) and

subjected to Western blot analysis. In response to H2O2,

increased PARP and PKA activation (increased pCREB) was

observed, as demonstrated with Guad, and subsequent
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inhibition of PKA was sufficient to reduce PARP activity (Sup-

plementary Fig. S6A), consistent with previous reports (16, 41).

To further validate PKA-mediated PARP activation, we ectop-

ically expressed either vector control or PKA (Fig. 3A, left).

Overexpression of PKA increased PAR levels compared with

vector control, and successive treatment with Talaz decreased

PARP activity in both vector- and PKA-overexpressing cells

(Fig. 3A, right).

It was next of interest to determine whether PKA-mediated

PARP activation affected PARPi response. We treated PEO4 cells

overexpressing either vector control or PKA with or without

Talaz and performed clonogenic survival assays. We observed

that PEO4 cells overexpressing vector control remained resis-

tant to Talaz treatment, whereas PKA overexpression was suf-

ficient to promote sensitivity to Talaz (Fig. 3B). To examine

whether Guad-mediated PARP activation was PKA-dependent,

PEO4 cells were treated with Guad, in the presence and absence

of PKA inhibitor H89. Guad increased PARP activation (PAR-

ylation), and coadministration with H89 blocked PARP acti-

vation (Fig. 3C), indicating that Guad-induced ROS accumu-

lation increased PARP activation in a PKA-dependent manner.

To further investigate the relationship between PKA activa-

tion and PARPi response, we measured changes in the second

messenger, cAMP, following Talaz treatment, with and without

Guad. Talaz decreased (�70%, P < 0.05) intracellular cAMP

in PARPi-resistant PEO4 cells, but not in the PEO1 cell line

(Fig. 3D and E). Guad–Talaz coadministration increased

(P < 0.05) cAMP levels in both PEO1 and PEO4 cells compared

with Talaz treatment alone (Fig. 3D and E), indicative of

increased PARPi response. In addition, basal cAMP levels did

not differ between the cell lines, despite their differential

response to Talaz (Supplementary Fig. S6B), as previously

described (43). To extend this observation, cAMP levels fol-

lowing Talaz treatment were examined in a panel of breast and

ovarian cancer cell lines differing in sensitivity to PARPi (Sup-

plementary Fig. S6C). Similar to PEO4 cells, Talaz decreased

cAMP levels in PARPi-resistant versus -sensitive cell lines (Sup-

plementary Figs. S2 and S3), regardless of BRCA status in most

cell lines examined, indicating that cAMP response may rep-

resent an additional determinant of PARPi sensitivity.

Because combination of Guad and Talaz increased intracel-

lular cAMP, we investigated whether increased cAMP affected

PARP levels, and subsequent sensitivity to PARPi. In both PEO1

and PEO4 cells, treatment with adenylate cyclase activator

forskolin (FSK) increased PARP levels, and subsequent treat-

ment with PKA inhibitor H89 decreased PARP (Supplementary

Fig. S6D). To examine the effect of increased cAMP levels on

PARPi sensitivity, we treated PEO4 cells with FSK in the pres-

ence and absence of Talaz and performed colony formation

assays. As expected, Talaz alone did not affect cell survival;

however, combination of FSK and Talaz decreased (P < 0.05)

cell survival (Fig. 3F), and treatment with the PKA inhibitor

H89 in the presence of FSK–Talaz decreased (P < 0.05) cell

death compared with FSK–Talaz coadministration (Fig. 3F).

Further, overexpression of BRCA2 in PEO4 cells did not prevent

FSK–Talaz-induced cell death (Supplementary Fig. S6E), sim-

ilarly demonstrated for Guad–Talaz coadministration (Supple-

mentary Fig. S4D). Based on these results, we speculated that

inhibition of PKA in the presence of combination of Guad and

Talaz would reverse Guad-mediated PARPi response. To test

this, we treated PEO4 cells with Guad and increasing concen-

trations of Talaz, with or without H89, and performed clono-

genic survival assays. In the absence of PKA inhibitor, a dose-

dependent decrease (P < 0.05) in cell survival was observed

in response to Guad–Talaz coadministration, and the addition

of H89 prevented Guad-mediated sensitization to PARPi

(Fig. 3G). Interestingly, a similar reversal of PARPi sensitivity

was observed in PEO1 cells following treatment with Talaz in

the presence of H89 (Supplementary Fig. S6F). Together, these

results suggest that Guad-mediated ROS accumulation pro-

motes PARP activation in a PKA-dependent manner, priming

the cell toward PARPi sensitivity, irrespective of BRCA status.

Coadministration of guadecitabine and talazoparib is effective

in an ovarian cancer xenograft model

Due to the clinical impact of PARPis in ovarian cancer, and

subsequent resistance, we investigated whether addition of

Guad could promote PARPi response in vivo. BRCA-proficient

OVCAR4 cells were subcutaneously injected into mice and

allowed to form tumors. Following tumor formation, mice were

treated with either vehicle (CTL), single-agent Guad (0.5 mg/kg)

and Talaz (0.25 mg/kg), or the combination (Co-Ad), and

tumor volume measured at indicated time points (Fig. 4A).

Interestingly, in this BRCA-proficient model, treatment with

Talaz alone modestly decreased (day 35 onward) overall tu-

mor volume compared with CTL, and Guad alone decreased

(P < 0.05, day 38 forward) tumor burden compared with the

CTL group. Moreover, coadministration of Guad and Talaz

further decreased (P < 0.05, day 8 onward) tumor volume

compared with CTL, Guad, and Talaz treatments alone. Con-

sistent with the observed decrease in tumor volume, we

observed single-agent Guad and Talaz decreased (P < 0.05)

final tumor weight compared with CTL, and coadministration

of Guad and Talaz further decreased (P < 0.05) final tumor

weight compared with all conditions (Fig. 4B). Importantly,

drug doses were well tolerated, indicated by increasing body

weight gains in each treatment group (Fig. 4C).

The study was ended after 60 days, and RNA was extracted

from tumors for qRT-PCR analysis of ROS-associated genes.

Treatment with Talaz alone decreased gene expression (Fig. 4D;

consistent with our in vitro model), and combination of Guad

and Talaz increased expression of the ROS-associated genes

compared with Talaz alone (Fig. 4D), consistent with gained

PARPi sensitivity. H&E staining validated high-grade serous

ovarian cancer morphology (Fig. 4E).

Coadministration of guadecitabine and talazoparib is

effective in TNBC xenograft models

As resistance to PARPi has also been reported in breast

cancer patients (16, 44), we extended our xenograft model to

include BRCA-proficient TNBC cell line models MDA-MB-231

and its variant TMD-231. MDA-MB-231 cells (BRCA-proficient)

were subcutaneously injected into the flank of mice and allow-

ed to form tumors. Following tumor formation, mice were

treated as described for the ovarian cancer xenograft model, and

tumor volume was measured. Compared with CTL, treatment

with either Talaz (0.25 mg/kg) or Guad (0.5 mg/kg) did not

significantly decrease tumor burden (Fig. 5A). However, coad-

ministration of Guad and Talaz decreased (P < 0.05, day 8

onward) tumor volume compared with all treatment condi-

tions. In addition to decreased tumor burden, coadministration

of Guad and Talaz increased (P < 0.05) percent survival
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Figure 3.

Guadecitabine-induced ROS accumulation increases cAMP/PKA signaling and PARP activation. A, PEO4 cells ectopically expressing PKA or vector

control were treated with or without 1 nmol/L talazoparib (Talaz) for 24 hours. Cell lysates were subjected to Western blot analysis against the

indicated antibodies and PAR-capture ELISA to measure PAR levels. B, Vector control and PKA-overexpressing PEO4 cells were treated with 1 nmol/L Talaz,

and clonogenic survival assay was performed. Results are representative of three independent experiments. C, PEO4 cells were treated with 20 nmol/L

guadecitabine (Guad) with or without 5 mmol/L PKA inhibitor H89 for 72 hours. Twenty-four hours after treatment, cell lysates were subjected to

Western blot analysis and PAR-capture ELISA to measure PAR levels. PEO1 (D) and (E) PEO4 cells were treated with 20 nmol/L Guad or 1 nmol/L

Talaz, alone and in combination, for 72 hours. Twenty-four hours after treatment, cAMP levels were measured. Results are representative of three

independent experiments. F, PEO4 cells were treated with 10 mmol/L FSK or 1 nmol/L Talaz, alone and in combination, in the presence and absence of

5 mmol/L PKA inhibitor H89; clonogenic survival assay was performed. Results are representative of three independent experiments. G, PEO4 cells

overexpressing vector control or BRCA2 were treated with the indicated concentration of Talaz, in the presence or absence of 10 mmol/L FSK for 48 hours,

and subjected to cell viability assays. Results are representative of three independent experiments, performed in duplicate. � , P < 0.01; �� , P < 0.001; and
��� , P < 0.0001 compared with control; #, P < 0.01 and ##, P < 0.001 relative to bracketed treatment.
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Figure 4.

Coadministration of guadecitabine and talazoparib effective in ovarian cancer xenograft model. A, 2 � 106 OVCAR4 cells (high-grade serous ovarian

cancer cell line and BRCA1/2 proficient) were subcutaneously injected into the flank of nude mice (n ¼ 20) and subsequently randomized (n ¼ 5) to

treatment groups. When tumors reached 100 mm3, mice were treated daily (5 times per week) with guadecitabine (Guad; 0.5 mg/kg, s.c.) or talazoparib

(Talaz; 0.25 mg/kg, oral gavage) for three cycles. Tumor volume was measured at the indicated time points. Day 0 indicates treatment initiation.

Statistically significant difference in tumor volume (until end of the study) is denoted by an asterisk and arrow. B, At the end of the study, final tumor

weight was measured. C, Tumor-bearing mice were weighed at indicated time points throughout the duration of the study. D, qRT-PCR analysis

ROS-associated genes in excised tumors at the end of the study. E, Representative hematoxylin–eosin staining of tumors from each group. � , P < 0.01;
�� , P < 0.001; and ��� , P < 0.0001 compared with control; #, P < 0.01 and ##, P < 0.001 relative to bracketed treatment.
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Figure 5.

Coadministration of guadecitabine and talazoparib effective in TNBC xenograft model. A, MDA-MB-231 cells (2 � 106) were subcutaneously injected

into the flank of nude mice (total n ¼ 28) and then randomized to each group (n ¼ 7). When tumors reached 100 mm3, mice were treated daily (5 times per

week) with guadecitabine (Guad; 0.5 mg/kg, s.c.) or talazoparib (Talaz; 0.25 mg/kg, orally) for three cycles. Tumor volume was measured at the

indicated time points. Day 0 indicates treatment initiation. Statistically significant difference in tumor volume (until end of the study) is denoted by an

asterisk and arrow. B, Percent survival was measured by sacrifice of mice once tumor volume reached 2,000 mm3 or showed necrosis. The "#" denotes

mice which were removed due to formation of necrosis. C, TMD-231 cells (0.5� 106) were injected into the mammary fat pad (mfp) of nude mice (total n ¼ 28)

and then randomized to each group (n ¼ 7). When tumors reached 10 mm3, mice were treated daily (5 times per week) with Guad (0.5 mg/kg, s.c.)

or Talaz (0.25 mg/kg, oral gavage) for three cycles. Tumor volume was measured at the indicated time points. Representative hematoxylin–eosin staining

of (D) MDA-MB-231 tumors and (E) TMD-231 tumors. � , P < 0.01; �� , P < 0.001; and ��� , P < 0.0001 compared with control.
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compared with either single agent and CTL conditions (Fig. 5B).

The observed effect in percent survival was in fact dampened

due to formation of necrosis and removal of mice on that basis

(rather than tumor volume). In this regard, both single agent

Guad and Talaz, as well as the combination treatments were

well tolerated, as indicated by steady body weight gain under all

treatment conditions (data not shown).

We next utilized an orthotopic breast tumor model, consid-

ered more clinically relevant and better predictive models of

drug efficacy than standard subcutaneous models. TMD-231

cells (derived from MDA-MB-231 cells injected into the mam-

mary fat pad of mice) represent a more aggressive model (27).

To reflect the original microenvironment, TMD-231 cells were

implanted directly into the mammary fat pad (mfp) of female

nude mice. Upon formation of palpable tumors, mice were

treated as above with single agent Guad (0.05 mg/kg) and Talaz

(0.25 mg/kg) or the combination, and tumor volume was

measured at the indicated time points (Fig. 5C). Following

treatment with either single agent Guad or Talaz, tumor burden

remained unchanged until day 62 compared with the CTL

group; however, coadministration of Guad and Talaz inhibited

(P < 0.05) tumor volume starting on day 14 (Fig. 5C). Subse-

quently, H&E staining of xenograft tumors was performed to

validate breast cancer morphology (Fig. 5D, MBA-MB-231 s.c.

tumors; Fig. 5E, TMD-231 mfp tumors).

Discussion

PARPis have demonstrated single-agent efficacy in breast

and ovarian cancer as well as other cancer populations with

BRCA1/2 deficiencies (35). However, the majority of patients

present with BRCA-proficient disease and are not eligible for

this important class of drug. Furthermore, most patients devel-

op resistance to PARPi, including through reversion of mutated

BRCA1/2 (reviewed in ref. 10). Attempts to overcome PARPi

resistance, through both development of more potent PARPi

and combination therapies which decrease efficiency of DSB

repair (44, 45), have met with limited success, signifying a need

to better understand therapeutic options to exploit PARPis

clinically independent of BRCA status.

In this study, regardless of BRCA status and without aug-

mentation by platinum-based chemotherapy, we demonstrate

that addition of a DNMTi increased cell response to PARPi

treatment both in vitro and in vivo. In vitro, combination of

DNMTi and Talaz decreased clonogenic survival, cell prolifer-

ation (data not shown), and increased caspase 3/7 cleavage.

Further, our study revealed that increased PARP activation by

Guad was in part ROS-dependent and that PKA was a major

regulator of PARP activation and subsequent PARPi response.

In vivo, we demonstrate that combination of Guad and Talaz

decreased tumor burden in both BRCA-proficient ovarian and

breast cancer xenograft models and increased overall survival.

Importantly, the Guad and Talaz combination was well toler-

ated in mice. These results are consistent with our previous

work demonstrating an ability of DNMTis to resensitize cells to

chemotherapy (26, 46).

DNMT1 has been previously implicated in mediating DSB

repair through recruitment to sites of DNA damage and epi-

genetically regulating the damaged site, which we postulated

may induce a state of "BRCAness" and therefore PARPi sensi-

tivity (20, 21). Importantly, with respect to our overall hypo-

thesis, we demonstrate that ectopic expression of BRCA2 may

modulate response to PARPi but is unable to reverse Guad-

mediated PARPi sensitivity, indicating that BRCA-mediated

DDR is not the major mechanism of Guad-induced PARPi

response. This is further demonstrated through use of the

PEO1 and PEO4 cell lines, in which PEO4, derived from PEO1,

has a reverting BRCA2 mutation (31). Alternatively, we note

that Guad treatment increases PARP activation. Based on these

observations, we propose that Guad induces a PARP-mediated

DNA damage response, which increases sensitivity to loss of

PARP activity, independent of DSB repair (47).

With respect to the above possibilities, besides epigenetic

regulation, DNMTis that incorporate into DNA increase intra-

cellular ROS, contributing to their efficacy (17). Of note,

increased ROS signaling has been hypothesized as a potential

mechanism to overcome PARPi resistance, as well as a unique

modality to therapeutically target cancer cells specifically (38).

In support of this hypothesis, we demonstrate that Guad treat-

ment alone, or combined with Talaz, increased ROS accumu-

lation in both PEO1 and PEO4 cell lines; moreover, in PEO4

(BRCA-proficient) cells, we observe a greater increase in ROS

accumulation following Guad alone, compared with PEO1.

ROS scavenging following DNMTi treatment decreased PARP

activation and subsequent sensitivity to Guad–Talaz coadmin-

istration. Similarly, the nonnucleoside DNMTi RG108, which

does not increase intracellular ROS, had no effect on cellular

response to Talaz. In support of these findings, in our previous

study demonstrating efficacy of combination of DNMTi and

PARPi in AML and breast cancer, shRNA-mediated knockdown

of DNMT1 was not sufficient to induce PARPi sensitivity (24)

and does not affect ROS levels (17). As such, we posit that

DNMTi treatment results in PARP activation, and ultimately

PARPi response, in a ROS-dependent manner.

In addition to demonstrating DNMTi-mediated PARP acti-

vation is in part ROS-dependent, our results link ROS accu-

mulation by Guad to PKA activation. The cAMP/PKA pathway

regulates cell fate via multiple mechanisms, including rapid

PARP activation, under oxidative stress conditions (41). Pre-

vious reports demonstrate, in response to DNA-damaging

chemotherapies, a resultant decrease in intracellular cAMP in

chemoresistant cells (43). Furthermore, upon reactivation of the

pathway, resensitization to therapy was observed (48). Similarly,

we demonstrate in cells resistant to PARPi that treatment

with Talaz decreases cAMP levels, and both genetic (PKA over-

expression) activation and pharmacologic (forskolin) activation

of the pathway are sufficient to increase PARPi response. In

addition, both ROS depletion and PKA inhibition are sufficient

to decrease PKA and PARP activation.

Although our proposed mechanism of DNMTi-mediated

PARPi sensitivity focuses on ROS stimulation and PARP activa-

tion, we do not believe this to be a mutually exclusive mech-

anism of induced PARPi response. Combination of DNMTi and

Talaz increases PARP localization to chromatin and colocaliza-

tion with gH2Ax foci in breast cancer and leukemia models,

resulting in PARPi sensitivity (24, 49), and in the current study,

PARP1 chromatin localization increases in ovarian cancer cells

following DNMTi–PARPi coadministration (Supplementary

Fig. S7A). Further, DNMT1 localization to DNA is highly specific

for ROS-induced DNA damage, and ROS induces DNA meth-

ylation (21). Our data support these models and build upon

their conclusions. As we show Guad treatment increases
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intracellular ROS and promotes PARP activation, we hypothe-

size that this may in part act as the damage to which DNMT1

and PARP colocalize and are subsequently trapped by their

inhibitors, aiding in the PARPi response. This may explain why

RG108 was not able to increase cell response to PARPi. In

addition, ROS are known to induce several classes of DNA

damage, including single-strand breaks and DSBs, as well as

base excision repair, to which DNMT1 and PARP may coloca-

lize, potentially amplifying the efficacy of combination of

DNMTi and PARPi (49). To further support a ROS—cAMP–

PKA-dependent mechanism for PARPi sensitivity, we instead

treated PEO1 and PEO4 cells with veliparib (Velip), a much less

potent PARP trapper (33, 50), with and without DNMTi, and

performed colony formation assays. Even with the less potent

PARP trapper, decreased (P < 0.05) cell survival was observed

after coadministration with Guad. Furthermore, we observed, as

with talazoparib, veliparib decreased (P < 0.05) cAMP levels in

PEO4 cells, not observed in PEO1 (BRCA2-deficient) cells.

In summary, we show addition of DNMTi increases cell

response to PARPi, irrespective of BRCA status, both in vitro

and in vivo. In addition to PARP trapping, we put forth a

complementary model of Guad-mediated ROS accumulation

and subsequent PKA activation (Supplementary Fig. S7B).

Activation of the cAMP/PKA system increases PARP activity,

"priming" the cell toward PARPi sensitivity, irrespective of

BRCA status. Collectively, these results suggest further clinical

exploration, as is underway in patients with acute myeloid

leukemia (NCT02878785), of DNMTi–PARPi combination

for patients with either intrinsic or therapy-induced resistance

to PARPi.
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