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Poly(ADP ribose) polymerase inhibitors (PARPi) have efficacy in
triple negative breast (TNBC) and ovarian cancers (OCs) harboring
BRCA mutations, generating homologous recombination deficiencies
(HRDs). DNA methyltransferase inhibitors (DNMTi) increase PARP
trapping and reprogram the DNA damage response to generate
HRD, sensitizing BRCA-proficient cancers to PARPi. We now define
the mechanisms through which HRD is induced in BRCA-proficient
TNBC and OC. DNMTi in combination with PARPi up-regulate broad
innate immune and inflammasome-like signaling events, driven in
part by stimulator of interferon genes (STING), to unexpectedly di-
rectly generate HRD. This inverse relationship between inflammation
and DNA repair is critical, not only for the induced phenotype, but
also appears as a widespread occurrence in The Cancer Genome Atlas
datasets and cancer subtypes. These discerned interactions between
inflammation signaling and DNA repair mechanisms now elucidate
how epigenetic therapy enhances PARPi efficacy in the setting of
BRCA-proficient cancer. This paradigm will be tested in a phase I/Il
TNBC clinical trial.
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Poly(ADP ribose) polymerase inhibitors (PARPi) are an ex-
citing spectrum of antineoplastic drugs used in several major
cancer types and are currently approved by the Food and Drug
Administration (FDA) in ovarian cancers (OCs) and metastatic
breast cancers (BCs) harboring germline BRCA mutations.
PARP1 is an abundant nuclear protein that senses and contrib-
utes to repair of DNA single-strand breaks (SSBs) (1, 2), working
through catalyzing poly-(ADP ribosyl)ation, or PARylation, of
itself, histones, and other target proteins (3). Blocking the cat-
alytic activity of PARP1 has been shown to inhibit base excision
repair (BER), resulting in accumulation of SSBs and generation
of DNA double-strand breaks (DSBs), during replication (4),
and this damage, in turn activates homologous recombination
(HR) (5). The BRCA1 and BRCAZ2 proteins play critical roles in
maintaining genomic stability through HR-mediated repair.
PARPi prevents SSB repair, increasing DSBs, and ultimately
leads to cell death through synthetic lethality. Although BRCA
status has, to date, been the main factor predicting PARPi ef-
fectiveness, responses to PARPi therapy, even in BRCA-mutant
cancers, have not been highly durable. Recent studies have
shown that disruptions of any of several HR-related pathway events
(6), including expression and/or function of Fanconi anemia (FA)
(7) and ATM genes (8), can lead to HR deficiencies (HRDs) and,
thus predict for sensitivity and tumor cytotoxicity to PARPi. Fur-
thermore, PARPi have failed to show impressive clinical benefit for
patients with sporadic estrogen-, progesterone- and her2-receptor
negative, or triple negative breast cancers (TNBCs) (9), and/or
other cancers with intact BRCA genes (BRCA-proficient). Thus,
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there is a necessity for developing new strategies to maximize the
efficacy of these agents and this is the focus of the present paper.
A key for the above need for improving PARPi therapy is the
recent development of second-generation PARPi with much
increased potency, such as talazoparib (Tal) (10). For this next
generation of PARPI, their primary cytotoxic effects have been
correlated with trapping of cytotoxic PARP1-DNA complexes at
sites of SSBs and DSBs (8). Biochemically, such trapping at 5'-
dRP lesions are generated during BER steps with PARPi
treatment (8). This is well reflected in the fact that up to 100-fold
greater inhibitory activity is associated with the increased ability
of the potent PARPi, Tal, to trap PARP1-DNA complexes,
compared to weaker PARPi such as veliparib (ABT888) (10).
In a recent study, our group has linked DNA methyltransfer-
ase inhibitors, (DNMTi) 5-azacytidine (Aza) and decitabine (Dac)
to a potential strategy for improving the efficacy of Tal (11).
DNMTi are approved by the FDA for treatment of myelodys-
plastic syndromes (MDSs) (12) and are also used for treatment of
acute myeloid leukemia (AML) (13-15). These agents are potent
inhibitors of DNMTs, thereby permitting reversion of DNA
methylation through passive and active mechanisms (16). Re-
versing aberrant DNA methylation programs and the associated
transcriptome in cancer is one proposed mechanism for the clin-
ical efficacy of DNMTi (17, 18). During replication, DNMTi in-
corporate into DNA as an altered cytosine base and covalently
bind DNMTs, creating a DNMT-DNA complex while simultaneously
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triggering the degradation of soluble DNMTs (19). In our above
drug paradigm, low nanomolar doses of DNMTi in combination
with the PARPi, Tal, leads to increased tight binding of DNMT1
and PARP1 in chromatin at SSBs, as well as at DSBs. These effects
are dependent on interaction of both proteins, as depletion of each
abolishes PARP1 localization to the above DNA damage sites (11).
These dynamics produce synergistic cancer cell cytotoxicity and
in vivo antitumor responses regardless of BRCA mutation status in
TNBC and AML (11). Similar antitumor responses are also seen in
BRCA-proficient OC with this drug combination (20).

Low doses of DNMTi have been shown to reprogram the
epigenome of multiple cancer pathways (16). We recently reported
in lung cancer cells that DNMTi can induce HRD that sensitives
them to PARPi and radiation therapy (21). Another established
action of DNMTi is to facilitate immune-related signaling across
multiple cancer types (22, 23). We now, unexpectedly directly link
these above immune actions of DNMT], to the generation of HRD
in TNBC and OC cells and hence sensitization to PARPi. The
central coordinating mechanism for the above DNMTi immune
signature has been centered on potentiation of interferon (IFN) af
signaling induced by sensing of cytoplasmic double-stranded RNA
(dsRNA), facilitated in part by the up-regulation of endogenous
retroviral transcripts (ERVs) (24, 25). This phenomenon, termed
DNMTi-induced viral mimicry (24, 25), enables the production of
cytokines and attraction of activated CD8* T lymphocytes to tu-
mor sites, accompanied by antitumor responses (23, 26). In the
current study, we broaden this DNMTi-induced potentiation of
innate immune signaling to include not only cytosolic dsRNA, but
also dsDNA with the latter being, in part, mediated by sensing
through the reconstitution of stimulator of IFN genes (STING)
signaling. Furthermore, these events are also associated with up-
regulation of both nuclear factor kappa-light-chain enhancer of
activated B cells (NF-kB) and IFNap signaling. We suggest the
term, pathogen mimicry response (PMR) to define this panoply of
drug-induced signaling, which we link directly to down-regulation
of FA genes to generate HRD, the emblematic molecular phe-
notype for fostering sensitivity to PARPi. Furthermore, we find
that combining DNMTi with PARPi further augments immune-
related signaling, potentiating HRD, or BRCAness phenotype in
BRCA-proficient TNBC and OC cells. This mechanism suggests
that DNMTi-PARPi therapy strategies can be deployed for the
treatment of BRCA-proficient cancers, thus expanding the ther-
apeutic utility of PARP inhibitors.

Results

Low Doses of DNMTi Generate an HRD Effect in BRCA-Proficient TNBC
and 0OC. In a recent study, we have elucidated that in addition to
the PARP1-DNA complexes in BRCA-proficient TNBC and
AML, the combination of DNMTi plus PARPi also induce HRD
in BRCA-proficient non-small cell lung cancer (NSCLC) (21).
The mechanistic underpinnings of this DNMTi-induced HRD were
not discerned, but the HRD involved down-regulation of FA genes,
which play an important role in HR (21). Notably, we now observe
similar DNMTi-induced dynamics occurring in BRCA-proficient
TNBC and OC. Thus, in the TNBC cell lines MDA-MB-231 and
SUMI59PT, treatment with low doses of the DNMTi Aza (500 nM
and 250 nM Aza, respectively) induces down-regulation of
BRCAness genes (boxed area, Fig. 14 and SI Appendix, Fig. S14),
including several FA-related genes and critically FANCD2, which is
central to the interaction between FA and HR and the progression
to HR-mediated repair (27). Intriguingly, these cell lines have
mesenchymal stem-like features (28), as opposed to other subtypes
that did not show the same expression pattern (Fig. 14). Likewise,
several BRCA-proficient OC cells, including A2780, OAW-42, and
OVCA429, demonstrated decreases in expression of multiple
BRCAness genes, again, including FANCD?2 following low-dose
Aza (150 to 500 nM) treatment (boxed area, Fig. 1B and SI
Appendix, Fig. S1B). These above decreases in gene expression
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following Aza treatment result in a parallel decrease in steady-
state levels of FANCD2 protein in both BRCA-proficient TNBCs
(MDA-MB-231) (Fig. 1C) and OC cells (A2780) (Fig. 1D) and are
associated with a functional decrease in HR activity, as monitored
by a GFP reporter assay (direct repeat [DR]-GFP) (Fig. 1E and SI
Appendix, Fig. S1C) (29). As a further validation of this HRD
effect in BRCA-proficient cell lines, MDA-MB-231 TNBC and
A2780 OC cells, Aza (150 to 500 nM) decreases levels of Rad51
foci (30) (SI Appendix, Fig. S1 D and E) after induction of DSBs
with ionizing (IR) (4 Gy) treatment, as measured by YH2AX (S/
Appendix, Fig. S1 F and G). As expected, Rad51 recruitment is not
impaired after induction of IR damage in the Aza-treated TNBC
cell line HCC1143 where Aza induces an up-regulation of
BRCAness-related genes (Fig. 14 and SI Appendix, Fig. S1H).
Finally, decreases in FANCD2 have a classic phenotypic conse-
quence, increased triradial chromosomes in cells treated with the
DNA cross-linking drug, mitomycin C (MMC) (31). This is not
observed in MDA-MD-231 TNBCs (Fig. 1F) and A2780 OC (SI
Appendix, Fig. S11) cells treated with Aza or MMC alone, but the
increase of chromosomal abnormalities and radial chromosome
formations is apparent when the drugs are combined. Transient
knockdown of FANCD?2 to similar levels induced by low-dose
DNMTi treatment in MDA-MD-231 (SI Appendix, Fig. S1J) re-
duced HR activity to levels comparable with the drug-induced
response (SI Appendix, Fig. S1K). This link between down-
regulation of FANCD?2 to a drug-induced HRD phenotype matches
with the predicted increased sensitivity to Tal in clonogenic assays
using stable knockdown of this protein compared to scrambled
controls (Fig. 1G and SI Appendix, Fig. S1 L-N). These results are
not restricted to in vitro studies, as MDA-MB-231 cells with
comparable levels of FANCD2-CRISPR-KD have significant
growth inhibition when implanted as xenografts in immunodefi-
cient mice treated with Tal (Fig. 1H and SI Appendix, Fig. S1 O
and P). Importantly in these studies, Aza effects on HR activity in
MDA-MB-231 can be partially rescued by overexpression of con-
structs for wild type, but not catalytically dead mutant FANCD2 or
empty vector controls (Fig. 17).

DNMTi and PARPi Induce Global Perturbation of the Transcriptome
Providing a Link between DNA Repair and Innate Immune Signaling
Pathways. Several previous studies have linked DNMTi treat-
ment to global alteration of the transcriptome, inclusive of innate
immune-related signatures in tumor cells (22, 23) and a notably
similar signature also occurs with PARPi treatment (32, 33). In
agreement, TNBC and OC cells, display transcriptome-wide al-
teration with the generation of many differentially expressed genes
(DEGs), resulting from the administration of the pharmacologic
agents under study (SI Appendix, Fig. S2 A-C). Among these
DEGs, are those related to the perturbation of DNA repair, as
detailed in the previous section, including distinct subsets of genes
showing differential sensitivity to each therapy (SI Appendix, Fig.
S2 D and E). Further evaluation of DNA repair genes specifically
revealed, in agreement with qRT-PCR expression analyses after
Aza treatment (Fig. 1 4 and B and SI Appendix, Fig. S1 A and B),
the down-regulation of several BRCAness genes contained within
the Fanconi anemia pathway including: BRIP1, FANCC, FANCD?2,
and FANCEF (SI Appendix, Fig. S2 D and E). Regarding FANCD2
specifically, which was the focus of the preceding section, Aza
treatment imparts significant repression in both MDA-MB-231
(Fig. 24) and A2780 (SI Appendix, Fig. S2F), with additional
down-regulation noted from combination treatment in MDA-MB-231
(Fig. 24). Importantly, the perturbations noted above for DNA
repair genes, occurs in the absence of substantive alteration of cell
cycle distribution (S Appendix, Fig. S2G). To elucidate whether
more general pathway level changes are facilitated by the phar-
macologic agents under investigation, we utilized standard gene
set enrichment analysis (GSEA) (34), with specific querying of the
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MSigDB (Broad Institute). See S/ Appendix, Fig. S2L for an expanded version.
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HALLMARK gene set (35). This approach allows for evaluation
of coordinated changes in gene expression linked to specific bi-
ological processes. These analyses revealed a preponderance of
immune-related gene sets present in top positively enriched path-
ways, with further enhancement noted in drug combination-treated
samples versus monotherapies alone (Fig. 2B and SI Appendix, Fig.
S2H). This immune gene set enrichment revealed an expanded
scope for both DNMTi and PARPi transcriptional augmentation,
and in addition to up-regulation of cytosolic dsSRNA sensing, which
leads to IFNap induction, the data now reveal signaling for tumor
necrosis factor o (TNFo)/NF-xB with IFNap gene sets as top “hits”
across our datasets (Fig. 2B and SI Appendix, Fig. S2H and Table
S1). One notable exception to the aforementioned generalized
trend, is the down-regulation of IFNaf pathway genes by the ap-
plication of Tal in A2780 cells, occurring in concert with the in-
duction of TNFo/NF-kB-related genes (SI Appendix, Fig. S2H).
These data highlight that while both gene sets are innate immune
related, transcriptional alteration may not be a synchronous event.
Although these innate immune pathways were enriched signifi-
cantly by both DNMTi and PARPi, the highest induction was fa-
cilitated by combination treatment in terms of both overall pathway
normalized enrichment score (NES) and leading-edge gene aug-
mentation (Fig. 2 C and D and SI Appendix, Fig. S2 I and J).
Regarding the significance of NES and leading-edge gene-based
readouts, NES is the primary statistic derived from GSEA and
provides a metric for statistically significant concordant changes in
a specific pathway, for which leading edge genes contribute most to
noted pathway enrichment.

Importantly, we establish the convergence of these above
drug-induced transcriptional responses, namely immune-related
signaling and BRCAness through querying of STRING (search
tool for the retrieval of interacting genes/proteins). STRING is a
compiled database that allows for the identification of both known
interactions and strength of evidence for connections between
targets of interest (36). These data reveal a highly significant in-
teraction, and hence a potential basal relationship, between FA
pathway members and IFNap or TNFo/NF-kB-related genes
(Fig. 2 E and F, and SI Appendix, Fig. S2 K and L). Thus, in total,
the above data reveal a pharmacologic response centered on the
perturbation of immune-related datasets occurring in concert with
the repression of DNA repair gene subsets, and furthermore, these
datasets reveal a direct functional association in the basal state.

A Basal, Inverse Correlation Exists between Pathogen Response
Pathways and FA-Related Gene Sets. The above connectivity maps
demonstrate an interaction between immune-related and FA
group genes, but these data alone, do not reveal whether there is
an inverse relationship as predicted by our drug studies. This in-
verse relationship emerges from evaluation of The Cancer Ge-
nome Atlas (TCGA) (37) and Molecular Taxonomy of Breast
Cancer International Consortium (METABRIC) (38) expression
data sets deposited in the cBioPortal (39, 40). Analyses of these
mRNA data reveals an overall negative correlation, by Pearson
correlation, between BRCAness genes and IFNaf or TNFo/NF-
kB genes in both TNBC and OC datasets (Fig. 34 and SI Ap-
pendix, Table S2). Furthermore, this inverse relationship appears
across several major cancer types, including, pancreatic ductal
adenocarcinoma, colon adenocarcinoma, lung adenocarcinoma,
lung squamous cell carcinoma, and AML datasets (SI Appendix,
Fig. S3 A and B).

Finally, based on our pharmacologic transcriptional data as
detailed in the preceding sections, we selected FANCD2, FANCC,
and FANCE for further evaluation. In agreement with the global
pattern discerned across the entire dataset, FANCD2, FANCC, and
FANCE display a conserved overall negative correlation, most
pronounced when compared with TNFo/NF-kB pathway-associated
genes (Fig. 3 B and C). Expanding these gene-specific analyses to

McLaughlin et al.

other BRCAness genes reveals, in agreement with the above cor-
relation plots, the existence of a broad inverse, basal transcriptional
program in both TNBC and OC. Intriguingly, OC demonstrates a
more pronounced negative correlation between IFNoaf genes and
BRCAness genes when compared with TNBC (SI Appendix, Fig.
S3 C-F). These TCGA and METABRIC data when considered in
the aggregate reveal a basal, inverse transcriptional correlation be-
tween BRCAness genes and innate immune genes conserved across
major human cancer types.

Acute TNFo and IFNS Cytokine Treatment Down-Regulates BRCAness
Genes and Induces HRD. To functionally follow the above-suggested
correlations, we next sought to define whether a causal relation-
ship exists between inflammatory/IFN signaling and DNA repair
and related genes. The application of exogenous TNFa in TNBC
and OC reveals a seminal role for this signaling in the creation of
HRD. TNFa is known to initiate inflammatory signaling processes
(41, 42) through the potentiation of NF-kB signaling by facilitating
the proteasomal degradation of IkB and nuclear translocation of
NF-kB homo- or heterodimers (43, 44). As further evidence of
NF-kB causation, we evaluated HRD in the presence of exoge-
nous cytokine stimulation. Indeed, the application of TNFa in-
duced a marked increase in expression of TNFo/NF-kB responsive
genes, as expected, with a correlated repression of several
BRCAness genes in TNBC cells, and notably, FANCC and
UBE2T in OC cell lines (Fig. 4 A and B). Accompanying these
gene responses was an associated repression of functional HR
activity in both TNBC and OC cells (Fig. 4 C and D). Additionally,
the application of IFNp in both TNBC and OC, as expected, in-
duces a marked increase in expression of IFN-sensitive genes
(ISGs), with a correlated repression of several BRCAness genes
(Fig. 4 E and F), all of which occur in the absence of appreciable
alteration of cell cycle distribution (SI Appendix, Fig. S4A4). Ac-
companying these gene expression responses was an associated
significant functional HR defect in both MDA-MB-231 and
A2780 cells but this effect was most pronounced in the TNBC
system (Fig. 4 G and H). Importantly, simultaneous treatment
with the Jak 1/2 inhibitor, ruxolitinib, (45), which blocks down-
stream STAT signaling and ISG stimulation (46), fully rescues the
HR activity defect imparted by exogenous IFNp (Fig. 4 G and H).
Consistent with the above IFN signaling-mediated HRD, similar
results were obtained by treatment of TNBC and OC cells with
Poly I:C, a cytosolic dSRNA mimetic and potent inducer of IFN
signaling (47, 48) (Fig. 4 G and H and SI Appendix, Fig. S4 B and
C). The application of the dsSDNA mimetic Poly dI:dC resulted in
a more measured response relative to IFN and Poly I:C in both
TNBC and OC (Fig. 4 G and H and SI Appendix, Fig. S4 D and E).
Interestingly, MDA-MB-231 TNBC cells were found to be far
more sensitive to poly I:C relative to poly dI:dC, while A2780 cells
demonstrated less basal sensitivity to either of these mimetics
despite a noted HRD response (Fig. 4 G and H), thus suggesting
that cytosolic nucleotides represent only part of the repair gene
down-regulation mechanism. These data provide direct evi-
dence that IFNp and TNFa/NF-kB-related signaling can induce
BRCAness and provides validation for the proposed inverse re-
lationship between expression of IFN stimulated genes or TNFo/
NF-xB-related genes and BRCAness genes as displayed in both
pan-cancer TCGA/METABRIC and our pharmacologic tran-
scriptional data. These data also reveal that repression of DNA
repair genes by perturbation of this innate immune signaling, in-
clusive of both IFNaf and TNFo/NF-kB-related signaling, may
have phenotypic implications in the facilitation of PARPI sensiti-
zation for BRCA-proficient TNBC and OC.

DNMTi and PARPi Induce Chronic Inflammatory and IFNaf-Related
Signaling. A conserved feature of the IFNaf transcriptional re-
sponse, which has emerged in previous studies induced by both
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Fig. 3. Basal, inverse correlation exists between pathogen response pathways and FA- related gene sets. (A, Top) Pearson correlation-based heatmaps for
METABRIC TNBC samples (mRNA expression [microarray] Z scores). Clustering by one minus Pearson correlation, negative correlation, blue; positive corre-
lation, red. (Left) Fanconi anemia pathway-related genes (green bar) vs. TNFa/NF-kB pathway-related genes (red bar). (Right) Fanconi anemia pathway-related
genes (green bar) vs. IFNaf pathway-related genes (blue bar). (A, Bottom) Pearson correlation-based heatmaps for TCGA serous ovarian cystadenocarcinoma
(mRNA expression Z scores, RSEM [batch normalized]). Clustering by one minus Pearson correlation, negative correlation, blue; positive correlation, red. (Left)
Fanconi anemia pathway-related genes (green bar) vs. TNFa/NF-kB pathway-related genes (red bar). (Right) Fanconi anemia pathway-related genes (green
bar) vs. IFNaf pathway-related genes (blue bar). (B) Bar plots of Pearson correlation coefficients for METABRIC TNBC samples (MRNA expression [microarray] Z
scores). Genes selected based on absolute value greater than 0.20 and significant P value after multiple comparisons correction (FDR set at 0.01 to define P
value threshold for discovery). Blue bar = negative correlation, red bar = positive correlation with FANCD2 (Left) or FANCC (Right). Representative scatterplots
(x and y axes are the Z scores for genes contained, where each dot is representative of a single patient in dataset) are depicted immediately right of each bar
plot. (C) Bar plots of Pearson correlation coefficients for TCGA serous ovarian cystadenocarcinoma (mRNA expression Z scores, RSEM [batch normalized]).
Genes selected based on absolute value greater than 0.20 and significant P value after multiple comparisons correction (FDR set at 0.01 to define P value
threshold for discovery). Blue bar = negative correlation, red bar = positive correlation with FANCD2 (Left) or FANCE (Right). Representative scatterplots (x
and y axes are the Z scores for genes contained, where each dot is representative of a single patient in dataset) are depicted immediately right of each
bar plot.
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Fig. 4. Acute TNFa and IFNB cytokine treatment down-regulates BRCAness genes and induces HRD. (A and B) Relative RNA expression for a subset of TNFa
inflammatory and FA/HR genes after stimulation with 8 to 12 h and 5 to 100 ng/mL TNFa in MDA-MB-231 (A) and A2780 (B). (QRT-PCR, n = 3). (C and D)
Relative HR activity analysis of GFP* cells by flow cytometry 72 h after transient transfection of I-Scel for 6 h, followed by 5 to 100 ng/mL TNFa treatment in
MDA-MB-231:DR-GFP (C) and A2780:DR-GFP (D) cell lines (n = 3). (E and F) Relative RNA expression for a subset of IFNp pathway and FA/HR genes after
stimulation with 8 to 12 h and 100 ng/mL IFNB in MDA-MB-231 (E) and A2780 (F). (qRT-PCR, n = 3). (G and H) Relative HR activity analysis of GFP* cells by flow
cytometry 72 h after 6 h transient transfection of I-Scel followed by 5 pM ruxolitinib, 100 ng/mL IFNp, or 5 pM ruxolitinib + 100 ng/mL IFNp, or after 6 h
transient transfection of I-Sce1 + 0.5 to 1 mg/mL Poly(l:C) or I-Sce1 + 0.5 to 1 mg/mL Poly(dl:dC) in MDA-MB-231:DR-GFP (G) and A2780:DR-GFP (H) cell lines
(n = 3). All data are presented as mean + SEM with statistical significance derived from two-tailed unpaired Student’s t test (or ANOVA). *Adjusted P

value <0.05 after (FDR = 0.05) based multiple comparisons correction, two-stage linear step-up procedure of Benjamini, Kriegerm, and Yekutieli.

DNMTI (22, 23, 25, 26, 49) and PARPi treatment (32, 50), is
downstream IFN gene stimulation, and we now link this further
to include TNFo/NF-kB inflammatory signaling. Evaluation of
gRT-PCR data for drug-induced changes in TNFo/NF-kB—
related genes, revealed a generalized transcriptional increase
present after a 72-h treatment and persisting through day 6
and day 10 in both TNBC and OC (Fig. 5 4 and B and SI Ap-
pendix, Fig. S5 A and B). In this regard, TNFo/NF-kB-related
gene augmentation as a result of our pharmacologic treatments
was more pronounced in the DNMTi + PARPi combination
relative to single agent alone, and more apparent in TNBC rel-
ative to OC. Evaluation of canonical IFNaf-related genes by
qRT-PCR, reveals a similar temporal pattern as discerned for
TNFo/NF-kB-related genes, with transcriptional augmentation
initiating at 72 h after treatment in both MDA-MB-231 and
A2780 cells and persisting until day 10 (Fig. 5 C and D and S/
Appendix, Fig. S5 C and D). Indeed, several IFNaf-related genes
contained in this panel that show induction with Aza or Tal, are
further increased in combination-treated cells across cell lines,
including CCLS5, IF127, IRF7, and ISG20 for TNBC (Fig. 5C and
SI Appendix, Fig. S5C). In contrast, IFNaf gene augmentation is
entirely Aza driven with significant induction of CCLS, IFI27, and
TMEM173 noted in OC (Fig. 5D and SI Appendix, Fig. SS5D).
The above-detailed transcriptional responses were preceded,
as expected by nuclear translocation of both p65/p50 in both
MDA-MB-231 and A2780 occurring predominantly in an Aza-
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driven manner, with further augmentation noted by combination
treatment (Fig. 5 E and F). p50 and p65 are the predominant
subunits responsible for NF-kB-mediated gene activation and
bind to target genes as pS0/p65 or p50/p50, hetero- and homo-
dimers, respectively (51, 52). As further validation of the hy-
pothesis that inflammation and associated genes might perturb
the expression of DNA repair genes, we evaluated two additional
TNBC cell lines (MDA-MB-468 and HCC1806) that do not in-
duce BRCAness in response to Aza, as shown in Fig. 14. These
data demonstrate that relative to MDA-MB-231, these “non-
responder” cell lines fail to notably down-regulate DNA repair
genes or induce IFNof and TNFa/NF-kB-related genes from
Aza treatment (SI Appendix, Fig. SSE). As expected, transient
knockdown with siRNAs targeting NF-kB and dsDNA-sensing
pathway genes induces augmentation of FANCD2 expression in
both mock- and Aza-treated MDA-MB-231 TNBC cells com-
pared to nontargeting controls (SI Appendix, Fig. S5 F and G).
These data in total are suggestive of a sustained increase in in-
flammatory signaling and related genes as the result of our
therapeutic combination and that this innate immune signaling
might be sufficient to induce BRCAness.

STING Pathway Augmentation Facilitates HRD through Transcriptional
Repression of FANCD2. Further interrogation of inflammatory sig-
naling uncovers an additional parameter, which acts to facilitate
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Yekutieli.

the described PMR and associated HRD. This signaling involves a
critical pathway node responsive to cytosolic dSDNA, which can be
triggered by DNA viruses and bacterial infections, namely stimu-
lator of IFN signaling, or STING (53). The first suggestions of this
resulted from Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses of transcriptional data (54), which re-
veal sensing of cytosolic DNA as a top pathway enriched by either
monotherapy and especially their combination (Fig. 64 and S/
Appendix, Fig. S64). In concert with this enhanced transcriptional
response, increases in cytosolic DNA are observed across all
conditions assayed, with the most pronounced induction by Tal-
and drug combination-treated samples (Fig. 6B). Focusing on
STING specifically, we observe that STING mRNA is increased
across all drug conditions, with further augmentation noted in
drug combination-treated samples (SI Appendix, Fig. S6A4). In-
triguingly, increases in STING protein are driven solely by Aza
treatment and not observed with Tal treatment alone, but there is
further accumulation noted in drug combination-treated samples
(Fig. 6C). These alterations in STING protein occur in the ab-
sence of detectable changes in other pathway components, cGAS
or TBK1, both of which are required for canonical STING sig-
naling (Fig. 6C). In addition to the above transcriptional and

17792 | www.pnas.org/cgi/doi/10.1073/pnas.2003499117

protein perturbations of STING signaling, we uncover a central
role for STING in the facilitation of HRD and transcriptional
BRCAness. Drug treatment in the presence of STING inhibition,
results in reversion of HRD in both Aza and combination-treated
samples, attaining statistical significance in the Aza-treated group
(Fig. 6D). Additionally, we find that the application of siRNA-
mediated depletion of STING (SI Appendix, Fig. S6B) or STING-
specific inhibition, are able to rescue the Aza-induced repression
of FANCD2, while only the former is able to fully rescue com-
bination FANCD2 repression (Fig. 6E and SI Appendix, Fig. S6C).
In contrast, STING overexpression alone in the absence of other
stimuli, such as DNA damage, has no effect on FANCD2 ex-
pression (S Appendix, Fig. S6D). Furthermore, the knockdown of
STING by siRNA markedly dampens the induction of inflammation-
associated gene expression (Fig. 6F and SI Appendix, Fig. SOE).
These STING-associated data suggest that Aza and combination-
induced repair gene repression with associated HRD is at least
partially dependent on the presence of competent STING sig-
naling. Furthermore, STING signaling appears critical for the fa-
cilitation of the inflammation-associated gene induction imparted
by our pharmacologic paradigm.
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quantified (Bottom) in MDA-MB-231 after vehicle, 500 nM Aza, 10 nM Tal, or Combo: 500 nM Aza + 10 nM Tal treatment (day 6, n = 3). (C) Immunoblot for
STING, cGAS, and TBK1 in MDA-MB-231 treated with vehicle (M), 500 nM Aza (A), 10 nM Tal (T), or Combo: 500 nM Aza + 10 nM Tal (Co) with p-actin used as a
loading control (Top) and quantified (Bottom) (day 6, n = 3). (D) Relative HR activity analysis of GFP* cells by flow cytometry after 6-h transient transfection of
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Schematic of a multifaceted inflammatory response, which leads to HRD in TNBC and OC. In the proposed model for the combination therapy, the DNMTi
induction of viral mimicry via cytosolic dsRNA combined with the PARPi increase of cytosolic dsDNA, converge to the activation of a DNMTi reconstituted
STING signaling pathway. This activated response leads to a transcriptional increase in IFNaf and TNFa/NF-kB signaling, which facilitates the transcriptional
repression of FA/HR DNA repair-associated genes in a STING-dependent manner. The overall drug-induced pathogen mimicry response creates a BRCAness
phenotype and thus enhances sensitivity to PARPi in the BRCA-proficient setting. All data are presented as mean + SEM with statistical significance derived
from two-tailed unpaired Student’s t test (or ANOVA). * vs. mock and # as indicated for adjusted P value <0.05 after (FDR = 0.05) based on multiple com-
parisons correction, two-stage linear step-up procedure of Benjamini, Kriegerm, and Yekutieli.
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While the role of STING in cytosolic DNA detection is well
described (53, 55, 56), the implications of this signaling node
extends beyond this single parameter to include dsRNA detection
and DNA damage response (32, 57, 58). Our above experimental
findings are most consistent with the multifaceted nature of
STING acting to integrate distinct signaling outcomes depending
on the context of activation. Importantly, recent reports demon-
strate that STING signals downstream predominantly through
IRF- or NF-xB-dependent mechanisms, depending greatly on
stimulation type (57). The latter of these two pathways seems
more in line with pharmacologically induced signaling detected in
TNBC and OC cells (Fig. 5 A-D). In summary, Aza and Aza/Tal
drug combination treatment up-regulates PMR, dependent on the
presence of intact STING signaling, and the activation of this
inflammatory response facilitates a BRCAness phenotype and
PARPiI sensitization (Fig. 6G).

Discussion

The results presented herein support an expanded view of
DNMTi-induced activation of innate immune signaling, encom-
passing not only viral mimicry via the cytoplasmic dsRNA-sensing
system, but also in the broader context of mimicking a complex
cellular PMR. Moreover, DNMTi and the DNMTi/PARPi drug
combination induce a confluence of signaling events, leading to
IFNop and TNFa/NF-kB signaling, partially dependent on intact
STING signaling. Joining these above events, across both TNBC
and OC, there is a direct link to the above immune-related sig-
naling and BRCAness, or HRD phenotype, which is the sine qua
non for sensitizing tumor cells to the DNA damage effects of
PARPiI.

The role of STING signaling in our present observations is
particularly intriguing and merits special comments. Several other
studies have linked STING activation to the actions of PARPi (33,
50, 59) and our present study expands this understanding to a
mechanistic context for the regulation of BRCAness gene ex-
pression in BRCA-proficient settings. The seminal finding is the
involvement of STING in a multifaceted PMR, wherein each
pharmacologic component provides critical aspects to potentiate
related signaling. The resulting inflammatory signaling mediates
the facilitation of HRD through transcriptional decreases in
BRCAness genes. This noted BRCAness might act to enhance the
same signaling mechanism, wherein the accumulation of damage
might act to potentiate the PMR response detailed above and may
underlie the enhanced response observed in drug combination-
treated samples.

There are several additional implications of our present
findings from both a basic and translational perspective. First, it
is interesting to speculate about the evolutionary aspects of our
now identified connection between inflammation and the facili-
tation of HRD by transcriptional repression of BRCAness genes.
The induction of HRD could operate within the context of the
cellular death response inherent to inflammasome signaling and
its role for cellular pathogen responses. This complex signaling
process has evolved to provide a robust mechanism to trigger
death when virally or bacterially infected cells cannot clear the
pathogen (60, 61). Extrapolating this to tumorigenesis, the leading
risk for cancer is the presence of chronic inflammation, and
renewing cells must learn to bypass this cell death response to
participate in the early steps to tumorigenesis. Such a scenario
might then be characteristic of cell populations at risk for epige-
netic and genetic abnormalities, which can contribute to cancer
initiation and progression and may be reversible by epigenetic
therapies (62, 63). Reestablishing inflammatory signaling and re-
sultant HRD might then be a potent approach to sensitizing such
cancer cells to killing effects. Such a role may also be played by
STING agonists (64, 65) and their use in the clinic will be followed
with interest.
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The above dynamics can be extrapolated to an ultimate
translational potential, extending the use of PARPi in cancer
therapy by using these drugs in combination with epigenetic therapy
to activate innate immune pathways and to subsequently create
HRD. We have previously shown that combining DNMTi and
PARPi in vitro and in vivo, triggers cytotoxic tumor cell DNA
damage and death with a noted increase in overall survival of
treated mice implanted with wild-type, BRCA-proficient human
AML and breast cancer cell lines (11). A clinical trial of AML based
on these previous findings is ongoing for DNMTi plus Tal. Our
current insight achieved in the present study now provides even
more compelling evidence for why the combination of a DNMTi
plus a PARPi might be an efficacious therapy approach in solid
cancers. As we have noted earlier, at present, a critical driver of
PARPi efficacy is the presence of BRCAness and HRD (66).
However, this scenario is largely restricted to patients with BC and
OC whose tumors harbor mutations in BRCA genes and treatment
of such patients is currently the only FDA approval scenario for use
of PARPi (66, 67). Our newly described connection between activating
inflammasome-linked signaling and inducing potent BRCAness and
HRD is occurring in TNBC and OC cells which are wild type for
BRCA genes. Hence, our findings have great potential relevance for a
treatment approach that could widely expand the use of PARPi in
important cancer treatment scenarios for these as well as other cancer
types, including NSCLC. Indeed, we have recently seen the creation of
HRD in lung cancer cells treated with DNMTi plus PARPi prior to
our recognizing the present link to inflammasome-related signaling
(21). The results in the current study now serve as the underpinning
for a now-enrolling clinical trial using a DNMTi plus the PARP;, Tal,
in patients with BC whose tumors harbor wild-type BRCA genes.
Importantly, the immune signaling events and creation of HRD we
now have elucidated may provide substrate for correlative science
studies in this trial. We can now query a wide range of immune and
HR biomarkers in pre- vs. posttreatment tumor biopsies to develop
signatures, which will help predict and monitor efficacy of our com-
bination therapy approach.

Materials and Methods

See SI Appendix, Materials and Methods for a detailed description of cell
lines, drug reagents, and treatments in vitro and in vivo, lentiviral trans-
ductions, colony-forming assay, irradiation, analysis of chromosomal breaks,
RNA interference, RNA extraction, qRT-PCR, microarray sample isolation and
labeling, microarray hybridization and data extraction, primers, protein
extraction and immunoblotting, antibodies, immunofluorescence staining,
HR repair analysis, nuclear lysate-based ELISA, siRNA screen, STING vector-
based overexpression, microarray gene expression analysis, GSEA, RNA se-
quence (RNA-seq) library preparation and analysis, TCGA and METABRIC
Pearson correlation analysis, STRING protein—protein interaction map, TCGA
and METABRIC correlation bar plots, and statistical analysis.

Data Availability. Raw and processed data files related to gene expression
microarray and RNA-seq datasets are available through the Gene Expression
Omnibus (GEO) database repository under the accession ID GSE150298 and
GSE151317.
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