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Abstract

Mutant RAS has remained recalcitrant to targeted therapy efforts. Here we demonstrate that
combined treatment with poly ADP ribose polymerase (PARP) inhibitors and MEK inhibitors
evokes unanticipated, synergistic cytotoxic effects in vitroand in vivo in multiple RAS mutant
tumor models across tumor lineages where RAS mutations are prevalent. The effects of PARP and
MEK inhibitor combinations are independent of BRCA1/2and p53 mutation status suggesting that
the synergistic activity is likely to be generalizable. Synergistic activity of PARP and MEK
inhibitor combinations in RAS mutant tumors is associated with: 1) induction of BIM-mediated
apoptosis, 2) decrease in expression of components of the homologous recombination DNA repair
pathway, 3) decrease in homologous recombination DNA damage repair capacity, 4) decrease in
DNA damage checkpoint activity, 5) increase in PARP inhibitor-induced DNA damage, 6)
decrease in vascularity which could increase PARP inhibitor efficacy by inducing hypoxia, and 7)
elevated PARP1 protein, which increases trapping activity of PARP inhibitors. Mechanistically,
enforced expression of FOXO3a, which is a target of the RAS/MAPK pathway, was sufficient to
recapitulate the functional consequences of MEK inhibitors including synergy with PARP
inhibitors. Thus the ability of mutant RASto suppress FOXO3a and its reversal by MEK inhibitors
accounts, at least in part, for the synergy of PARP and MEK inhibitors in RKAS mutant tumors. The
rational combination of PARP and MEK inhibitors warrants clinical investigation in patients with
RAS mutant tumors where there are few effective therapeutic options.

Introduction

Although some patients with cancer initially respond to targeted therapy, clinical responses
are usually short-lived, thus warranting development and implementation of effective
combination therapies to increase patient benefit. The ability of tumor cells to adapt to stress
engendered by targeted therapies represents a key mechanism of resistance that, if
effectively targeted, could lead to tumor cell death and improved patient outcomes. Indeed,
blocking adaptive responses to targeted therapies represents an attractive means toward
development of rational combination therapies (1-3).

Nowhere is the need for targeted therapies greater than for cancers driven by oncogenic
RAS, which represents one of the mutations in cancer. KRAS is mutationally activated in
>90% of pancreatic ductal adenocarcinomas, half of colorectal cancers, and approximately
30% of lung cancers (4). Similarly, approximately 30% of melanomas are driven by
oncogenic NRAS, whereas HRAS is commonly mutated in squamous cell carcinomas (4).
Despite the dominant oncogenic role of mutant RAS in these and other cancer types,
activated RAS isoforms remain undruggable by current therapeutic modalities. This has led
to wide research interest including establishment of the National Cancer Institute RAS
Initiative (http://www.cancer.gov/research/key-initiatives/ras).

Half of Type I ovarian cancers are driven by oncogenic KRAS. This subtype consists
primarily of low-grade tumors that are notoriously insensitive to chemotherapy and are
almost uniformly lethal once spread to the peritoneal cavity (5). In contrast, more common
Type Il ovarian cancers, which predominantly consist of high-grade serous ovarian cancers
(HGSOC), rarely contain RAS mutations but still exhibit RAS pathway activation in ~25%
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of tumors thus demonstrating the importance of the RAS pathway in both ovarian cancer
subtypes (6-8).

Approximately half of all HGSOC tumors exhibit aberrations in components of the
homologous recombination (HR) DNA repair pathway (6) that likely contribute to efficacy
of platinum drugs and of poly-ADP ribose polymerase (PARP) inhibitors (PARPI). PARP, a
critical component of the single strand break (SSB) repair (SSBR) pathway, came into focus
as a target when SSBR was identified as a synthetic lethal partner with defects in the
homologous recombination (HR) pathway induced by BRCA1/2 mutations(9, 10).
Mechanistically, blocking PARP1 enzymatic activity compromises base excision repair
(BER), resulting in conversion of SSBs to double strand breaks (DSB) during DNA
replication thus inducing synthetic lethality in cancer cells with HR defects. Normal cells, in
contrast, retain ability to repair DSBs through HR and are therefore resistant to PARPi (11).
Because PARP1 participates in additional DNA repair processes including inhibition of
nonhomologous end joining (NHEJ) and alternative-NHEJ and in recruitment of DNA repair
proteins (12), patients whose tumors are HR-proficient may also benefit from PARPI.
Furthermore, several PARPi “trap” PARP proteins at sites of DNA damage, with trapped
PARP being more toxic than SSBs or DSBs (13, 14).

Recently a number of potent trapping PARPI including olaparib, niraparib and rucaparib
have been approved for ovarian cancer therapy. However, like most other targeted therapies,
responses to PARPI are all too frequently transient. A number of combination therapies have
been implemented with PARPI to attempt to induce HR defects in tumors with intact HR and
thus engender PARP sensitivity or to increase efficacy of PARPI by blocking DNA repair
either by inducing hypoxia or by blocking DNA damage cell cycle checkpoints. These
include inhibitors of signaling through the PI3K pathway (NCT01623349, NCT02208375),
VEGFR (NCT02345265), and cell cycle checkpoints including WEE1 (NCT02576444,
NCT02511795)(cInicaltrials.gov).

In this manuscript, we evaluated adaptive responses that could mediate resistance to PARPI
through reverse phase protein arrays (RPPA), which quantitate hundreds of critical signaling
molecules in terms of both total protein and post-translational modifications, analysis.
Transient treatment with PARPI induced a marked increase in RAS/MAPK pathway
activation including down-regulation of the key RAS/MAPK targets: FOX0O3a and BIM1,
which was recapitulated in PARPi-resistant cell lines. Based on this observation, we
assessed activity of PARPI in combination with MEK or ERK inhibition and demonstrated
that the combination was synergistic in a subset of ovarian cancer cell lines. These studies
led to the serendipitous observation that RAS mutant cell lines across multiple lineages are
resistant to PARPI and that this resistance could be reversed by MEK or ERK inhibition. We
subsequently demonstrated that MEKi sensitize RAS mutant models to PARPi primarily
through the induction of FOXO3a, at least in part through increasing apoptotic sensitivity,
altering the expression of PARP1, decreasing DNA damage sensing, and decreasing HR
DNA repair capacity. Consistent with these observations, PARP and MEK/ERK inhibitors
demonstrated synergistic activity /n vitroand /n vivo in tumors with mutant RAS.
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Results

PARP and MEK inhibitors induce inverse adaptive responses

To identify adaptive responses that mediate resistance to PARPI, we used RPPA to assess
signaling pathway perturbations in response to treatment with BMN673 (talazoparib), a
potent trapping PARPI in ten breast, ovarian, and endometrial cancer cell lines (fig. S1A).
Replicates for each treatment condition (monolayer 2D, spheroid 3D, and two time points)
were averaged for each line (Fig. 1A). We next rank ordered changes by summing median-
centered protein amount normalized to control (DMSO-treated cells at the same time point
and culture condition), and visualized data to provide an assessment of decreases or
increases (represented by green and red, respectively) in expression or phosphorylation of
proteins (Fig. 1 and fig. S1). Proteins exhibiting increased expression or phosphorylation
(indicated by “p” before the protein name) in response to PARPI treatment include those
involved in DNA damage repair or DNA damage checkpoints, such as FOXM1, CHK1/
pCHK1, CHK2/pCHK2, ATM/pATM, pWEE1, RAD51, and RAD50. In addition, we
observed marked changes in cell cycle regulators including pRB, CDK1, and cyclin B1, as
well as activation of multiple components of the RAS/MAPK signaling pathway including
pMEK, pMAPK, pPKC, pYB1, pBAD, and pS6 (15-19). PARPI treatment decreased
FOXO3a, P27, and BIM, which is consistent with PARPi-induced activation of the RAS/
MAPK pathway, because FOXO3a is down-regulated by RAS/MAPK pathway activation,
P27 and BIM are downstream of FOXO3a (20), and BIM is targeted for proteolysis by direct
ERK phosphorylation (21). This observation is also consistent with RPPA analysis of TCGA
samples (Pan-Can set in TCPAportal.org v4.0) indicating that pMEK and BIM were
inversely correlated (p=8.7x 107°3) across multiple tumor lineages. PARPi-induced
decreases in BIM expression and increased phosphorylation of BAD would be expected to
decrease propensity of cells to undergo apoptosis and thus contribute to adaptation of cells to
stress induced by treatment with PARPI. Finally, we observed that PARPI treatment
decreased PARP1, consistent with changes in PARP1 expression contributing to adaptation
to PARPI given that PARP1 expression correlates with sensitivity to PARPI (22).

Because PARPI altered expression of multiple proteins in the RAS/MAPK pathway, we also
assessed adaptive responses to the GSK1120212B (MEK:i) by treating five breast and
ovarian cancer (Fig. 1B, fig. S1B). This analysis revealed marked GSK1120212B-mediated
decreases in phosphorylation of proteins downstream of MEK (pERK, pYB1, pPKC, pBAD,
pS6; Fig. 1B), though pMEK was increased likely due to a previously described positive
feedback loop (23). GSK1120212B treatment also decreased the amounts or
phosphorylation of proteins involved in DNA damage repair and DNA damage checkpoints
including pATM, ATR, BRCA2, CHK1/pCHK1, CHK2/pCHK2, FOXM1, MRE11, RAD50,
RAD51, and WEEL1 (Fig 1B). As expected, MEKI increased P27, FOXO3a, and BIM, and
modestly increased 53BP1 and PARP1. PARPi and MEK:i induced reciprocal effects on key
proteins involved in DNA damage repair, DNA damage checkpoints, and cell viability (Fig.
1C, 1D, fig. S1C, S1D, p<0.001). Together the data raised the possibility that PARPi and
MEK:i could each block adaptive responses induced by the other drug and thus induce a
synthetic lethal interaction.
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PARP and MEK inhibitors demonstrate synergy in a subset of ovarian cancer cell lines

To explore potential synergy between PARPi and MEKi, we assessed effects of mono and
combination therapy on 24 well-characterized ovarian cancer cell lines selected to represent
different subtypes of ovarian cancer (24) (Fig. 2A). For eight of the 24 cell lines, the PARPi/
MEK:i combination was synergistic with a combination index (CI) less than 0.5 (Fig. 2A,
red). Some of the other cell lines exhibited marked sensitivity to BMN673 without any
significant interaction with MEK:i (Fig. 2A, blue), and some cell lines exhibited modest to
no response to either mono or combination treatment (Fig. 2A, black). Given that the effects
of PARPi most clearly manifest after multiple cell divisions, we also assessed the effects of
the inhibitors in long-term assays. PARPi and MEKi at low concentrations resulted in
synergistic inhibition of cell viability (fig. S2A) and colony formation in 3D (fig. S2B) and
2D (fig. S2C) of OVCARS compared to treatment with either inhibitor alone.

Mutant KRAS mediates resistance to PARPi and sensitivity to PARP and MEK inhibitors

We next sought to identify molecular underpinnings responsible for synergy by the PARPI
and MEKIi combination. In ovarian cancer cell lines examined, KRAS mutations were
unexpectedly associated with resistance to BMN673 (p=4.7x107°) (Fig. 2B). Although
KRAS mutations are rare in high-grade serous ovarian cancers, the indicated ovarian cancer
cell lines have classical activating KRAS mutations with the exception of OVCARS that has
a rare KRASP121H mytation of unknown significance. OVCARS has a RAS/MAPK
activation score (24) similar to that of the ovarian cancer cell lines with classical KRAS
mutations. As expected, KRAS mutations were associated with increased sensitivity to
MEK:i (p=0.026; Fig. 2C). Consistent with our observation of reciprocal effects of MEKi
and PARPI on adaptive responses (Fig. 1), we detected a significant inverse correlation
between sensitivity of cell lines to PARPi and MEKIi (Fig. 2D, p=0.049). Strikingly, KRAS
mutations emerged as the most significant predictor of synergistic effects of PARPi and
MEK:i (p<0.001) (Fig. 2E). This synergy between PARPi and MEK:i did not associate with
mutation status of BRCAI or BRCAZ (Fig. 2E), suggesting that the observed drug synergy
is dependent on a mechanism(s) independent of HR deficiency induced by BRCA1/2
mutations. Furthermore, the synergistic response to the MEKi and PARPi combination was
independent of p53 mutation status (Fig, 2E), indicating its potential efficacy on both p53
wild-type and mutant tumors.

To determine which targets within the RAS/MAPK pathway mediate synergy with PARPI,
assessed the efficacy of targeting different nodes in the RAS/MAPK pathway. The eight
KRAS mutant ovarian cancer cell lines that demonstrated synergy between BMN673 and
AZD6244 were included along with two RAS wild type lines, HOC8 and ES2, which were
unresponsive to the MEKIi/PARPi combination (Fig. 2A). Cl in the re-screening study was
highly correlated with the results from our initial screen (r = 0.93; fig. S3A). Two MEKi
(GSK1120212B and AZD6244) and an ERK inhibitor (SCH772984) demonstrated similar
patterns of synergy with PARPI (Fig. 2F, fig. S3B). In contrast, the BRAF inhibitor
(GSK2118436A) only demonstrated synergy in TOV21G and demonstrated modest
additivity with PARPI in other lines. The failure of BRAF inhibitors to demonstrate
consistent synergy with PARPI is likely due to the ability of other RAF homologs to bypass
the effect of BRAF inhibition (25). Three unrelated inhibitors targeting JNK (SP600125),
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CDK4/6 (PD0332991), or PI3K (BKM120) did not demonstrate synergy with PARPI in any
of the lines, which is consistent with selectivity of interactions between MEKI/ERKi and
PARPI in RAS mutant cell lines (Fig. 2F). Thus, both MEK and ERK inhibitors show
marked synergy with PARPI in KRAS-mutant ovarian cancer cell lines.

In order to directly demonstrate that mutant KRAS mediates resistance to PARPi and
sensitizes to PARPi and MEKi combinations, we developed Ba/F3 lines (26, 27) stably
expressing wild-type or activated forms of KRAS (G12V and G12C). Cells expressing wild-
type KRAS or expressing activated PIK3CAM1047R \yere sensitive to PARPi and moderately
sensitive to MEKi but did not demonstrate synergy with the PARPi and MEKi combination.
This was in part due to the marked sensitivity to PARPI (Fig. 2G, H). Strikingly, both KRAS
mutant expressing cell lines exhibited marked resistance to PARPi but were sensitive to
combinations of PARPi and MEKi or ERK:i (Fig 2G). Similar to effects in naturally
occurring lines, synergistic interactions were observed with PARPi and MEK or ERK
inhibitors but not with BRAF and JNK inhibitors (Fig. 2H).

We further explored the role of mutant KRAS in resistance to PARPi and in synergy
between MEKi and PARPI using doxycycline (Dox)-inducible HPDE-i KRASE12D
pancreatic cancer cells (28) and cell lines from a KRAS inducible mouse pancreatic cancer
model (p48 Cre_tetO_LKras®12P ROSA rtTAL+ p53L+ mice (LKras®12D) (29)). In HPDE-
iKRASC1ZD induction of mutant KRAS induced RAS/MAPK pathway activation and
decreased BIM (fig. S3C) as expected. Induction of mutant KRAS decreased a second BH3-
only protein, BID (BID was not on the arrays in Fig. 1), which could also contribute to
decreased sensitivity to cell death. Dox-induced mutant KRAS expression decreased
sensitivity to BMNG673 in both inducible KRAS models (fig. S3D-E). The MEKi and PARPI
combination was not synergistic in non-induced HPDE, but was synergistic in HPDE where
mutant KRAS was induced by Dox (fig. S3D). Further, in two different lines from the
LKras®12D model, the combination of BMN673 with MEK or ERK inhibitors was
synergistic (fig. S3F).

Acquired PARPI resistance is associated with RAS/MAPK pathway activation and
sensitization to the combination of MEKi and PARPI

To explore whether MEK:i could re-sensitize PARPi-resistant cells to effects of PARPi, we
developed PARPI resistant cells by culturing highly PARPi-sensitive cells (UWB1.289 and
A27980CP, both RAS wild type, see Fig. 2) in the continued presence of BMN673 for 3to 4
months, at which time drug-resistant clones emerged. A2780CP PARPI resistant
(A2780CP_R) and UWB1.289 PARPI resistant (UWB1.289 R) clones were highly resistant
to BMING673 and cross-resistant to olaparib (Fig. 3A-B). RPPA analysis demonstrated that
RAS/MAPK pathway activity (increased pMEK, pBAD, and pFOXO3a (inactive form)) was
upregulated in PARPI resistant clones (Fig. 3C). Moreover, resistant clones showed lower
total FOXO3a and BIM, as expected from increased RAS/MAPK pathway activity. The
decreased PAR and PARP1 expression in the resistant cells could also contribute to PARPI
resistance, as PARP1 expression is associated with PARPI sensitivity (22). Western blotting
confirmed increased RAS/MEK pathway activity with concomitant decreases in FOX03a
and BIM in resistant cells (Fig. 3D). Overall, the signaling changes in long-term PARPI
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resistant cells exhibited many similarities to adaptive responses to short-term PARPI
treatment (see Fig. 1). Despite increased RAS/MEK pathway activity, KRAS sequencing
demonstrated that the resistant lines did not acquire classical activating KRAS mutations.
However, deep NGS sequencing as well as Sanger sequencing of individual PARPi-resistant
clones from A2780CP_R demonstrated the presence of KRASA46T  KRASASOT and
MAP2K1A283T in 19, 11 and 6% of cells respectively but not in A2780CP parental cells.
Importantly, prolonged culture of the lines without PARPI resulted in loss of the mutant
KRAS and MAP2K1 clones. The KRASA46T mutant has been demonstrated to be modestly
activating (30). The selection of KRAS mutations in a PARPI resistant line supports the
concept that RAS mutations and RAS/MAPK pathway activation is a key mediator of PARP
resistance. As expected by increases in RAS/MAPK activity in PARPI resistant cell lines and
KRAS and MAPKI mutations, A2780CP_R were markedly more sensitive and
UWB1.289 R were modestly more sensitive to MEKi (Fig. 3E-F). MEKi re-sensitized both
PARPi-resistant clones to PARPI (Fig. 3E-F). Thus MEKIi have the potential to re-sensitize
PARPI resistant human tumors to PARPI.

Synergistic effects of PARP and MEK/ERK inhibition are lineage-independent and
observed with KRAS/NRAS/BRAF mutations

To determine whether synergistic effects of combined PARPi and MEKI/ERKIi can be
generalized across different lineages and different RAS/ERK pathway aberrations, we next
performed drug response assays using a panel of 17 KRAS mutant cancer lines (12
pancreatic, 2 lung, and 3 endometrial), 8 NRAS mutant melanoma lines, and 12 BRAF
mutant melanoma lines (Fig. 4A-B, fig. S4A-B). All RAS mutant cell lines were resistant to
BMNG673 monotherapy, including Capanl, which has a BRCA2 mutation. However, striking
synergism (ClI <0.5) between BMN673 and MEKI/ERKi was observed in 25/37 of KRAS/
NRAS and BRAFmutant cell lines. In a subset of cell lines, interactions between PARPI
and MEKI/ERKIi were modest despite a Cl indicating synergism. Most (10/12) lines that did
not demonstrate synergy were highly sensitive to monotherapy with MEKI/ERKIi (fig. S4A-
B; WM3854, SKMEL28, and WM1779 are provided as examples of this class in Fig. 4B).
Only two cell lines, HEC1B and MLE624, which contained activating mutations in KRAS
and BRAF, respectively, were resistant to PARPi and MEKI/ERKi combinations. In contrast,
PARPi and MEKi did not demonstrate synergy in MCF10A derived from normal mammary
epithelium or in immortalized fallopian tube epithelium cells (FT33-shp53-R24C) (fig.
S4C). Thus KRAS and, to a lesser degree, BRAF mutations are robust predictors of
synergistic interactions between BMNG673 and MEKI/ERK:i inhibitors.

Mutant KRAS and BRAF increase HR capacity, and MEKi decreases HR capacity in RAS
mutant cells, resulting in increased DNA damage

PARPI exhibit synthetic lethality with defects in HR-mediated DNA repair (31). This finding
suggested that RAS-mediated resistance to PARPi and synergy of PARPi with MEKi might
be explained, in part, by effects of RAS-mediated signaling on HR. Induction of mutant
KRAS by doxycycline in HPDE-iKRAS®12D (Fig 5A) and a KRAS-driven murine
pancreatic model (fig. S5A) was associated with a decreased transcription-based HR
defective (HRD) score (32). Furthermore, withdrawal of expression of mutant NRASin a
murine melanoma model (fig. S5B), BRAF and MEK inhibitors in BRAF~mutant melanoma
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lines (fig. S5C), knockdown of KRASin HCT116 (fig. S5D), and inhibition of MEK in
BRAF mutant but not wild type melanoma lines increased HRD scores (fig. S5E). Analysis
of the NCI60 cell set demonstrated that HRAS, KRAS, and NRAS mutations were
associated with resistance to the PARPI olaparib (fig. S5F). Moreover, RAS mutations are
associated with HR competence (fig. S5G). Consistent with the effects of MEK:i in Figure 1,
induction of mutant RAS increased MRE11, RAD50, NBS1 (NBN), and BRCA1/2
transcripts, whereas mutant RAS withdrawal, RAS knockdown, or inhibition of BRAF or
MEK decreased RNA expression of these genes (Fig. 5A, fig. SSA-D). gPCR confirmed
that MEKi induced a marked time-dependent decrease in RAD51, BRCAI, and BRCAZand
a more modest decrease in MRE11 RNA (fig. S6A). Induction of mutant RAS also
decreased BIM (BCLZ2L11), FOXO3a, and to a lesser degree PARPI transcripts, whereas
mutant RAS withdrawal, RAS knockdown, or inhibition of BRAF or MEK increased mRNA
for these genes (Fig. 5A, fig. SSA-D). Western blot analysis confirmed that MEKi increased
BIM, FOXO3a, and y-H2AX while downregulating pERK as well as RAD51 and BRCA1
(Fig. 5B, fig S6B). Effects of MEKi on MREL11 protein at early time points were modest
consistent with the limited decrease in MRE11 RNA (Fig. 5B, fig. S6B). However, at later
time points, MEKi were sufficient to induce marked decreases in BRCAL, Rad51, and
MRE11 (fig. S6B). MEK:i failed to alter 53BP1 in OVCARS (Fig. 5B), consistent with the
major effects of MEKi being on HR competence rather than NHEJ. Immunofluorescence
analysis demonstrated low FOX03a, BRCA1, and y-H2AX with readily detectable diffuse
RAD51 cytosolic and nuclear expression in resting OVCAR8 and HOC1 (Fig. 5C and fig.
S6C). Consistent with the western blotting data, RAD51 was markedly decreased by MEKi.
Strikingly, the PARPi BMNG673 induced a marked increase in BRCA1 nuclear staining,
which was abrogated by the addition of MEKi (Fig. 5C). The decrease in BRCAL protein
induced by MEKIi and maintained in the combination of MEKi and PARPI (Fig. 5B, fig.
S6B, D) may contribute, in part, to the decrease in BRCA1 nuclear localization. However,
the more marked decrease in nuclear BRCAL staining compared to total protein raises the
possibility that decreased expression of multiple components of the HR pathway such as
RAD51 combined to result in the marked decrease in BRCAL nuclear localization. -y-H2AX
was increased by the combination of PARPi and MEK:i in multiple cell lines studied (fig.
S6D). Taken together, this argues that inhibition of the RAS/ERK pathway in RAS mutant
cells decreases HR capacity, rendering cells HR-defective, and increases accumulation of
DNA damage in the presence of PARPI.

RAS mutants can activate both the MAPK pathway and the PI3K pathway. Furthermore,
PI3K pathway inhibitors have demonstrated synergy with PARP inhibitors. However, as
indicated in Figure 2F, PI3K inhibitors did not demonstrate synergy with PARPi in RAS
mutant cells. As indicated in fig. S6E, F, although MEK:i induced marked nuclear
translocation of FOXO3a in the presence and absence of PARPI, the pan-PI13K inhibitor
BKM120 had modest effects on FOXO3a nuclear translocation. Consistent with this
observation, PI3K inhibitors had modest effects on BIM expression in RAS mutant cells
(fig. S6E).

We used a comet DNA damage detection assay to directly examine whether activation of
KRASwould result in decreased DNA damage that could be reversed by MEK:i. In non-
induced HPDE-/KRASC12D BMNG673 treatment increased the amount of DNA in tails,
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consistent with accumulation of DNA damage (Fig. 5D). However induction of mutant
KRAS rendered cells resistant to BMN673-induced DNA damage, as indicated by decreased
accumulation of DNA in tails. Combined treatment of with MEKi and PARPI reversed the
effects of KRAS, as evidenced by an increase in comet formation (Fig. 5D). We observed
similar effects in OVCARS, where BMNG673 but not MEKI increased DNA damage, and the
combination increased comet formation further (Fig. 5E). To directly assess effects of MEKi
on HR capacity, we used U20S and a HR-GFP reporter assay. MEKi markedly decreased
ability of cells to reconstitute GFP in the test plasmid (Fig 5E). In contrast, MEKi had
modest effects on NHEJ (Fig. 5F), consistent with modest effects on 53BP1 (Fig. 5B).

Double strand DNA breaks (DSBs) recruit the MRN complex including MRE11, NBS1, and
RAD50, which is required for resection of DNA ends at DSBs as well as for the initiation of
DNA repair and DNA damage checkpoint pathways. Increased DNA damage concurrent
with decreased recruitment of BRCAL to the nucleus suggested that MRN function might be
defective in cells treated with the PARPi and MEKi combination. Indeed, in both OVCARS
and HPDE-iKRAS®12D, MEKi decreased IR-induced MRE11 and RADS51 foci (Fig. 5G, H).
Since efficient recruitment of RAD51 to DSBs requires MRN function, this provides
independent support for MEKi compromising MRN function. The marked decrease in both
MREZ11 and RAD51 foci as well as the decrease in BRCA1 nuclear localization and
increased accumulation of DNA damage suggests that MEK:i interferes with the DNA
damage repair pathway at multiple sites.

A FOXO3a-BIM cascade mediates sensitivity to PARP and MEK inhibition

As indicated in Figure 1, PARPi and MEKi demonstrated opposite effects on BIM, P27, and
FOXO3a. Indeed, the amounts of basal BIM, a BH3 only protein that is a key mediator of
apoptotic balance (33), in cell lines in Fig. 2 were strongly correlated with MEKi and PARPi
synergism (p=0.001). Decreased FOX03a and BIM in PARPi-resistant cells (Fig. 3C-D)
and KRAS-induced cells (fig. S5) is consistent with FOXO3a and BIM contributing to
resistance of RAS mutant cells to PARPI. Thus low basal BIM or treatment-induced
increases in BIM could potentially identify tumors likely to respond to PARPi and MEKi
combinations.

Low basal expression of BIM in KRAS-mutant cell lines or KRAS-induced lines and the
ability of PARPI to decrease BIM suggest that FOX0O3a- and BIM-induced apoptosis may
contribute to synergy between MEKIi and PARPi. Down-regulation of BIM or FOXO3a with
SiRNA rendered OVCARS more resistant to BMNG673 and abrogated synergistic effects of
PARPi and MEK:i (Fig. 6A, see 6B for BIM and FOXO3a protein content). In contrast,
enforced expression of FOXO3a or BIM was sufficient to sensitize OVCARS to BMN673
monotherapy (Fig. 6C left panel, see 6D for BIM and FOXO3a protein content) and to
PARPi and MEKi combinations (Fig. 6C right panel). These data indicate that expression of
FOXO3a or BIM is sufficient to partially mimic effects of MEKi, suggesting that BIM is
both necessary and sufficient to sensitize cells to PARPI.

PARPi and MEKi monotherapy each induced a modest increase in apoptosis as assessed by
an Annexin V apoptosis assay (Fig. 6E). However, treatment with both PARPi and MEK:i led
to a robust increase in apoptosis (Fig. 6E). Consistent with a role for apoptosis in effects of
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PARPi and MEKi combinations, Z-VAD-FMK (a pan caspase inhibitor) markedly inhibited
the effects of PARPi and MEKIi combinations (Fig. 6F).

FOXO03a knockdown decreased BIM as expected, yet depletion of BIM had no effect on
FOXO3a (Fig. 6G). MEK:i efficiently decreased pERK and increased pMEK, likely due to a
feedback loop. Changes in cleaved caspase 3 and cleaved PARP were consistent with
Annexin V results (Fig. 6F) and demonstrated that PARPi, MEKI, and particularly the
combination induced apoptosis that was decreased in cells with knockdown of BIM or
FOXO3a (Fig. 6G). Similarly, over-expression of BIM or FOXO3a increased apoptosis
induced by PARPi, MEKI, and the combination of both agents (Fig. 6G). The effects of BIM
and FOX03a on pERK likely reflect a feedback loop from these downstream mediators.
Both MEK:i and the combination of MEKi and PARPI increased apoptosis, as indicated by
increased cleaved PARP and cleaved caspase in HOC1 and HOC7 KRAS mutant cells (Fig.
6H) suggesting generalizability.

Consistent with effects of PARPi and MEKi on FOXO3a protein (Fig. 1), PARPi and MEKI
decreased and increased, respectively, FOXO3a activity as assessed by a FOXO reporter
assay (34) in OVCARS (Fig. 61). The addition of MEKi to PARPI reversed effects of PARPI
on FOXO03a transcription in OVCARS (Fig. 61). In a chromatin immunoprecipitation (CHIP)
assay, PARPI decreased association of FOXO with the BIM promoter (Fig. 6J), consistent
with decreases in BIM in response to PARPI (Fig. 1).

The ability of FOXO3a expression to mimic the effects of MEKIi in combination with PARPI
(Fig. 6A, C) and of siRNA to FOXO3a to reverse the effects of the MEKi and PARPI
combination on cell viability prompted us to explore whether FOXO3a contributed to the
effects of mutant RASand MEKi on DNA damage repair. Based on published
transcriptional profiles, induction of FOXO03a in RKAS-mutant DL23 colon cancer cells
induced a marked decrease in hallmarks associated with DNA damage repair based on
GSEA and IPA analysis (35) (Fig. 7A,B). Furthermore, induction of FOXO3a markedly
increased HRD transcriptional scores (33) (Fig. 7C). In addition, expression of FOX0O3a in
U20S decreased the ability of cells to repair a defective plasmid by HR (Fig. 7D). Consistent
with the alterations in HR, FOXO3a expression decreased RAD51, BRCAL, and BRCAZ
RNA as well as BRCA1 and RAD51 protein, including those induced by either IR or
BMNG673 (Fig. 7E,F). This was associated with increased DNA damage as reflected in y-
H2AX accumulation. As expected, expression of FOX0O3a increased B/Mand P21 RNA as
well as BIM protein and induced apoptosis as indicated by accumulation of cleaved PARP.
While FOXO3a induction had modest effects at early time points, prolonged induction of
FOXO3a was sufficient to decrease MRE11 protein (Fig. 7F). This was similar to the effects
of MEKi on MRE11 that were only observed at late time points (fig. S6B).

As assessed by immunofluorescence, induction of FOXO3a markedly decreased nuclear
localization of BRCAL induced by IR (Fig. 7G). Similarly, induction of FOXO3a markedly
decreased RAD51 and increased y-H2AX foci in cells treated with IR and PARPI (Fig. 7G).
Further, induction of FOXO3a was sufficient to decrease BRCA1 protein (Fig. 7H,1) and to
inhibit the increase in RAD51 induced by IR and the increase in BRCA1 and RAD51
induced by PARPI (Fig. 7H,1). In addition, expression of FOXO3a was sufficient to
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modestly increase DNA damage as indicated by y-H2AX accumulation (Fig. 7F, G, H, I)
and comet formation (Fig. 7J, K) and to markedly increase DNA damage induced by either
IR or PARPI. Expression of FOXO3a was sufficient to markedly decrease cell number as
assessed dye conversion (Fig. 7L) and colony formation (Fig. 7M). Together, these data
indicate that FOXO3a induction is sufficient to mimic many of the effects of MEKi in RAS
mutant cells and to explain, at least in part, the synergy between PARPi and MEKi.

PARP1 expression contributes to sensitivity to PARPi and MEKi combinations

PARP1 expression is decreased by PARPI, increased by MEK:i (Fig. 1) and decreased in
PARPi-resistant cells (Fig. 3), suggesting that PARP1 could contribute to synergistic activity
of PARPi and MEKi, since PARPL1 is required for the optimal activity of PARPi. Indeed
PARP1 is inversely correlated with RAS/MAPK pathway activation, including a direct
correlation with BIM across more than 700 cell lines ((http://tcpaportal.org/mclp/#/), fig.
S7A). Furthermore, PARP1 is directly correlated with expression of multiple members of
DNA damage and DNA checkpoint pathways, consistent with the role of PARP1 in DNA
damage repair (fig. S7A). We thus determined effects of knockdown of PARP1 on sensitivity
of OVCARS to PARPi and MEK:i. Indeed, knockdown of PARP1 markedly decreased
sensitivity to PARPi and PARPi and MEKi combinations (fig. S7B) consistent with effects
of PARPi and MEKIi combinations being due, at least in part, to PARP trapping.

MREL11 contributes to sensitivity to PARPi and MEKi combination

The MRN complex that includes MRE11, RAD50, and NBS1 is required for DNA damage
sensing and for excision of overhangs in double strand DNA breaks as well as for activity of
PARPI (36, 37). Based on RPPA analysis of over 700 cell lines (http://tcpaportal.org/mclp/
#/), MREL11 protein correlates with RAS/MAPK pathway activity, as evidenced by a direct
correlation between MRE11 and pMEK as well as an inverse correlation between MRE11
and FOXO03a and BIM protein (fig. S7C). Furthermore, MRE11 protein correlated with
multiple DNA damage repair and DNA damage checkpoint mediators (fig. S7C). Similarly,
MREZ11A RNA was significantly elevated in KRAS mutant tumors within the Cancer Cell
Line Encyclopedia ((cBioportal.org) p=4.3x1074).

Our data indicate that MEK:i leads to decreased MRE11 and RAD50 protein (NBS1 is not in
the protein array) (Fig. 1) and RNA (fig. S5) concomitant with decreased phosphorylation of
multiple DNA damage repair and DNA damage checkpoint mediators,. MRE11 foci were
also decreased by MEKIi (Fig. 5G, H). These data suggest that knockdown of MRE11 might
mimic effects of MEKIi and increase activity of PARPi in RAS-mutant tumors. Indeed,
MREZ11 siRNA increased sensitivity of OVCARS to PARPI (fig. S7D). Knockdown of
MRE11 did not further increase activity of PARPi and MEKIi combinations consistent with
the marked decrease in MRE11 induced by MEKi.

FOXM1 does not mediate sensitivity to the PARPi and MEKi combination

PARPi and MEKi treatment also led to increases and decreases, respectfully, in another
forkhead factor, FOXM1, which has been implicated in tumorigenesis (38). However,
FOXM1 siRNA did not alter activity of PARPi in RAS-mutant OVCARS8 or MCAS (fig.
S7E). Furthermore, the FOXML1 inhibitors sinomycin or FDI-6 did not demonstrate
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synergism with BMNG673 (fig. S7F). Thus, FOXM1 does not appear to be a rate-limiting
mediator of synergy between PARPi and MEK:i.

MEKIi and PARPI are synergistic in KRAS-mutant tumors in vivo

Based on synergy of MEKIi and PARPI in RAS-mutant cell lines /n vitro, we explored effects
of MEKIi and PARPI in KRAS-mutant tumors /n vivo. In established OVCARS tumors,
combinations of MEKIi and PARPI induced tumor regression followed by prolonged
decreases in tumor volume (Fig. 8A). In contrast, OVCARS tumors were completely
resistant to BMNG673 at the dose used and demonstrated only a modest response to MEKi.

We also assessed efficacy of PARPi and MEKi combinations in HPDE-/KRASC12D tumors.
Mutant KRAS was induced with Dox, and tumors were allowed to establish /n vivo. In this
model, PARPi or MEK:i alone were without activity (Fig. 8B). Once again, MEKi and
PARPi combinations markedly decreased tumor growth. As demonstrated in previous
studies (28), removal of Dox and thus KRAS expression resulted in complete tumor
regression.

We also assessed effects of PARPi and MEKi combinations in a MMTV-LPA receptor
transgene-induced transplantable tumor that had acquired a spontaneous KRAS6IH
mutation (LPA1-127) (39). Like human PDX, the LPA1-127 tumor has never been cultured
on plastic and thus may be more representative of human tumors. Furthermore, LPA receptor
transgene induced tumors are late onset, heterogeneous, and associated with an
inflammatory response similar to human tumors (38). In this syngeneic tumor model, PARPI
and MEKIi combinations induced tumor regressions that were maintained (Fig. 8C). Indeed,
complete tumor regressions extended beyond the need to terminate mice due to tumor
volume in other treatment groups. There was no evidence of toxicity as indicated by weight
loss in mice with either mono or combination therapy with PARPi and MEK:i (fig. S8A).

Immunohistochemical analysis of OVCARS and HPDE-/KRAS120 tumors at the
termination of the study demonstrated that pERK was decreased in MEKi-treated tumors,
consistent with MEKi fully inhibiting its target at doses used throughout the duration of the
study (Fig. 8D, E). As expected, FOX0O3a and BIM were decreased in BMN673-treated
tumors, increased in MEKi-treated tumors, and increased compared to PARPI-treated tumors
in mice that received MEKIi/PARPi combinations. This was associated with induction of
activated caspase 3 indicative of apoptosis and of -y-H2AX indicative of DNA damage,
particularly in MEKi and PARPI treated cells (Fig. 8D-E).

CD31, which is expressed by endothelial cells, was markedly decreased in MEKIi/PARPI-
treated tumors (Fig. 8D-E). This was consistent with a blanched appearance of tumors
excised from the mice (fig. S8B). The observations that mutant FAS induces VEGF
production and that VEGFR signals through the RAS/MAPK pathway (40, 41) could
contribute to decreases in vascularity observed with PARPi and MEKi combinations. Indeed,
VEGF expression is dependent on RAS pathway activity in multiple RAS-mutant cell line
models (fig. SSA-D). PARP1 was decreased in PARPi-treated cells but increased in MEKi-
treated tumors, with PARP1 being higher in PARPI plus MEKi-treated tumors than in PARPI
monotherapy treated tumors (Fig. 8D, E).
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MRE11 was markedly decreased in MEKi-treated tumors and remained low in tumors
treated with both PARPi and MEK:i (Fig. 8D, E). In data from TCGA samples
(TCPAportal.com), MRE11 protein was highly correlated with pCHK2 (r=0.5, p=3e~287)
and CD31 (r=0.47 p=4.9e~2%5) suggesting that the relationship between MRE11 and CD31
in MEKi and PARPI treated tumors may reflect concurrent effects of RAS/MAPK activity
on both pathways. Since MRE11 and the MRN complex are required for optimal activation
of ATM (42), parallel effects on MRE11 and pATM supports importance of decreased
MREZ11 and MRN complex function in activity of PARPi and MEKi combinations. 53BP1
was not significantly altered in tumors treated with PARPi or MEK:i or the combination (Fig.
8D, E). This is consistent with the major effects of the MEKi on sensitivity to PARPI being
mediated by effects on HR rather than NHEJ (Fig. 5). Western blotting data of tumors
confirmed that MEKIi decreased expression of BRCAland RAD51 while increasing BIM
and FOXO03a (Fig. 8F, G).

Our in vitro studies provided evidence that PARPi-resistant cells would be sensitive to
effects of PARPi and MEKi combinations (Fig 3). To test this further, we re-cultured cells
from residual OVCARS and HPDE-/KRASS2D tumors after treatment and determined their
sensitivity to the drugs. As noted in Fig. 8H-1, responses of re-cultured cells from vehicle-
treated tumors recapitulated responses of parental cells to PARPi and MEK:I. Although
OVCARS from BMNG673-treated tumors did not demonstrate differential responses to the
inhibitors, HPDE-IKRASCZD from BMNG673 treated tumors were resistant to PARPi but not
to MEKi or PARPi and MEKi combinations. Similarly, HPDE-iKRAS®22P from MEKi-
treated tumors demonstrated decreased sensitivity to MEKi (OVCARS are constitutively
resistant to MEKi, so a change could not be assessed) but were sensitive to both PARPi and
the combination. Thus, both OVCARS and HPDE-iKRAS®12P from PARPI or MEKi treated
tumors retained sensitivity to PARPi and MEKi combinations, suggesting that MEK:i or
PARPI treated patients could still benefit from PARPI plus MEKi combinations. In contrast,
OVCARS and HPDE-iKRAS%12D from tumors treated with PARPi and MEKi combinations
were modestly resistant to individual drugs and more resistant to combinations than DMSO-
treated cells, suggesting that patients who fail the combination are likely to need alternative
therapies.

Discussion

We demonstrated that KRAS and NRAS mutant tumors and to a lesser extent BRAF mutant
tumors are highly sensitive to PARPi and MEKI/ERKi combinations /n vitro and, for KRAS
mutant models and the PARPi and MEKi combination, /n vivo. The combination was well
tolerated at active doses in mice, and further doses used in mice were similar to those used in
previous studies and represent achievable monotherapy doses in humans (43, 44).
Synergistic activity was observed with two structurally distinct PARPI, indicating that the
activity is likely on target and a class effect. Similarly, two different MEKi and an ERKIi
demonstrated synergy with PARPI, again consistent with the RAS/MAPK pathway being a
direct mediator. However, BRAF inhibitors were less effective in combination with PARPI,
suggesting that targeting specific nodes in the RAS/MAPK pathway might demonstrate
differential efficacy potentially due to feedback or bypass mechanisms activated by
inhibition of different nodes (25, 45). The sensitivity of RAS mutant cells to the combination
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appears to be independent of intrinsic gene expression patterns as it is observed across
multiple different lineages. Because synergistic responses to MEKi and PARPi combinations
were independent of p53 mutation status, the approach should be effective in both p53wild
type and mutant tumors. Together, the /n vitro and in vivo data argue that a MEKi and
PARPI combination has the potential to induce cell death and increase the magnitude,
duration, and spectrum of PARPI activity.

Many patients who initially respond to PARPI rapidly develop resistance and progress (46).
Cell lines rendered resistant to PARPI have elevated RAS/MAPK signaling independent of
mutations in KRAS. Resistance to PARPI in cell lines selected for resistance /in vitro as well
as in cells recultured from PARPI treated tumors /n vivo was reversed, at least in part, by
MEKIi, suggesting that PARPi and MEKi combination may be active in patients who have
failed PARPI. Because many breast and ovarian cancer patients are receiving PARPi and
patients rapidly become resistant to PARPi, PARPi-resistant patients will soon represent a
large population of breast and ovarian cancer patients who require therapeutic alternatives.

PARPi and MEKIi combinations were effective in cells that did not have aberrations in
BRCAL/2, suggesting that the combination could expand the spectrum of patients likely to
benefit from PARPi beyond those with tumors with intrinsic HR defects. Indeed, PARPi and
MEK:i combinations were highly effective in cell lines with high HR competence due to
RAS or BRAF mutations. Although RAS, and to a lesser degree BRAF mutations, are robust
predictors of synergistic interactions between PARPi and MEK/ERK inhibitors, not all RAS
or BRAFmutant lines demonstrated synergy with the combination. The combination
demonstrated marked activity in 95% of the RASand BRAF mutant lines tested based on
synergy in 8/8 RAS mutant ovarian lines and 25/37 of RASand BRAF mutant lines from
other lineages combined with monotherapy activity of PARPi or MEKIi in 10 of the 12 RAS
or BRAF mutant lines that did not demonstrate synergism. Thus if effective biomarkers of
response with greater predictive value than RKAS/BRAF mutations or BIM protein cannot be
identified, and if the combination has acceptable tolerability in humans as it does in mice,
the combination would be expected to demonstrate activity in the majority of patients with
RAS or BRAF mutant tumors (defined as response to the monotherapy or the combination
therapy).

Given that only a subset of tumors with BRCA1/2 mutants respond to PARPI, it is
reasonable to hypothesize that RAS mutations or pathway activation plays a role in
resistance to PARPi in some BRCAI1/2 mutant tumors such as those represented by Capan1,
a BRCAZ/KRAS mutant cell line resistant to PARPi. RAS mutations are rare in BRCA1/2
mutated ovarian and breast cancers, but physiological pathway activation (6, 7) could
mediate PARPI resistance, which could potentially be reversed by MEKIi. In contrast, in
other lineages such as pancreas and stomach, BRCA1/2and KRAS mutations do co-occur
(cBIOportal.org).

The adaptive responses induced by PARPi and MEKi suggested multiple potential
mechanisms underlying synergistic activity of the combination that were further validated /in
vitroand in vivo. The synergistic activity of PARPi and MEKi combinations is associated
with: 1) altered RAS/MAPK signaling, 2) decreased HR repair capacity including decreased
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BRCAZ1/2 and DNA checkpoint activity leading to increased DNA damage, 3) decreased
expression of MRN components, in particular MRE11, 4) FOX0O3a and BIM mediated
apoptosis, 5) increased PARP1, which is required for optimal activity of trapping PARPI,
and 6) decreased vascularity, which could increase hypoxia and resultant PARPI efficacy.
The majority of changes in total protein amounts could be detected at an mRNA level,
suggesting that many of the effects are transcriptional. However, several were best reflected
by changes in phosphorylation consistent with post-translational effects.

The ability of MEKi to increase FOXO3a appears to be central to the effects of MEKIi in
RAS mutant cells and to explain, to a major degree, the synergy between PARPi and MEK:i.
Enforced expression of FOXO3a was sufficient to mimic many of the effects of MEKi.
Although the induction of apoptosis due to FOXO3a induction of BIM was expected,
surprisingly, FOXO3a was sufficient to decrease MRE11, BRCA1, and RAD51 consistent
with decreased ability to repair DNA damage in untreated cells or in the presence of either
IR or PARPI. Although PI3K is located downstream of mutant RAS, and PI13K regulates
FOXO3a (47), PI3K inhibitors were not synergistic with PARPi in RAS mutant cells.
Furthermore, the effects of PI3K inhibitors on BIM and FOXO3a were modest compared to
that of MEKi in RAS mutant tumors. This may be in part due to RAS/MAPK regulating
BIM stability as well as transcription. PARPi and MEKi combinations were associated with
decreased vascularity and CD31 expression in treated tumors. The observations that mutant
RAS induces VEGF production and that VEGFR signals through the RAS/MAPK pathway
(40, 41) could contribute to decreases in vascularity observed with MEKi. Indeed, our data
indicate that VEGF expression are RAS-dependent in multiple systems. Furthermore,
FOXO3a regulates VEGF production through FOXM1 (48). Because hypoxia increases the
activity of PARPi and the combination of a PARPI and cedirainib (a VEGFR inhibitor) is
highly active in patients (49), the effect of MEKi and PARPI on vascularity could contribute
to activity of the combination /n vivo. The correlation between MRE11 and CD31 in TCGA
patient samples before treatment suggests that there may be an additional unexpected
relationship between DNA damage and tumor vascularity.

MRE11 and decreased activity of the MRN complex and subsequent activation of DNA
damage repair and DNA damage checkpoint activity induced by MEKi appears to contribute
to the efficacy of PARPi and MEKi combinations. Indeed, down-regulation of MRE11 was
sufficient to increase activity of PARPi. MEKi as well as FOXO3a induction induced a
delayed decrease in MRE11 as monotherapy. However, FOXO3a and MEKi were not
sufficient to markedly decrease RADS50 or NBS1 protein /n vitro. In vivo, MEKIi
monotherapy markedly decreased MRE11 protein, likely due to the prolonged /in vivo
treatment. Thus downregulation of MRE11 appears to require prolonged exposure to MEKi.
MRE11 inhibitors have been identified (36) and may represent an alternative approach to
MEK: to increase activity of PARPI. These inhibitors only block the enzyme activity of
MRE11 and not the scaffolding activity, and thus may not fully recapitulate loss of MRE11.
Further, MRE11 inhibition may not be sufficient to mimic the full spectrum of activities of
MEK:i in RAS mutant tumors.

The ability of MEKi to increase PARP1 could not be explained by actions of FOXO3a alone.
The ability of PARPi and MEKIi combinations to optimally decrease cell viability is
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dependent on the amount of PARPL. This is compatible with the contention that PARP1 is
necessary for toxicity mediated by trapping PARPI (13, 22). This suggests that non-trapping
PARPi may not demonstrate the same degree of synergy with MEK:i as do trapping PARPI.
FOXO3a induction was insufficient to increase PARP.

The studies herein add to a number of previous studies that suggest that adaptive responses
to targeted therapies provide an opportunity to rapidly and efficiently identify potential
therapeutic interventions that would convert cytostatic responses observed with many
targeted therapies into cytotoxicity with a greater benefit (1-3). While analysis of RNA or
other omics approaches such as metabolomics or lipidomics provides an opportunity to
identify adaptive responses, most targeted therapies that are being developed target proteins,
and changes in protein function mediate resistance to targeted therapies. RNA and protein
expression and particularly the amounts of post-translationally modified and functional
proteins are frequently weakly correlated (50). Although it may be possible to impute
protein function by quantifying downstream RNA master regulators (51), analysis of
proteins and protein function may provide a more direct assessment. Thus, analysis of
protein function may provide a more efficient approach to identify adaptive responses.
Although emerging mass spectrometry approaches have the ability to identify adaptive
responses, RPPA provides a cost-effective, efficient approach for sparse unbiased analysis of
pathways involved in adaptive responses. In particular, RPPA has increased sensitivity for a
number of phosphoproteins over mass spectrometry, and mass spectrometry is “blind” to a
number of phosphoproteins due to a lack of convenient cleavage sites (52).

This study has a number of limitations. While we have demonstrated synergy between the
PARP and MEK combination in KRASand NRAS and to a lesser degree BRAF mutant
lines /n vitro, we have not assessed HRAS mutant models and have only assessed KRAS
mutant models in vivo. Thus we do not know whether the combination would be effective
when the RAS/MAPK pathway is activated by other mechanisms such as loss of AVFZ or
activation of cell surface receptors. While OVCARS used in these studies has a KRAS
mutation and activation of the RAS/MAPK pathway to similar levels to cells with KRAS
mutations, it is not clear whether the KRAS mutation in OVCARS is a driver or passenger.
At most it is modestly activating. While we have demonstrated that PARPi-resistant
A2780CP acquire KRASAET or KRASOT and MAP2K1A283T mutations and that these
are modulated by incubation in PARPI, we have not demonstrated that these mutations drive
resistance to PARPI and further, we have not identified a mechanism explaining the PARPI
resistance in the UWB1.289 clone. This is of particular importance as the parental
UWB1.289 clone has a deleterious BRCA1 mutant and is PARP sensitive. Although we are
able to explain almost all of the effects of inhibition of MEKi on the sensitization of cells to
PARPI by an induction of FOXO3A function, we have not elucidated the mechanism
underlying increases in PARP1 and, while there is literature support for a FOXO3A pathway
to CD31, we have not demonstrated this functionally in the models tested. Finally, of course,
while the preclinical data is strongly supportive of both efficacy and acceptable toxicity, we
have not yet demonstrated activity and tolerability of the combination in human patients.

In summary, MEK and ERK inhibitors are synergistic with PARPI in the majority of RAS
mutant lines evaluated as well as in PARPi-resistant cells. MEKi alter apoptotic balance,
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induce HR deficiency, and decrease DNA damage checkpoint activity in KAS-mutant cells.
These act together to increase DNA damage induced by PARPi and to increase apoptosis in
response to PARPI. The activity of the combination is independent of BRCA1/2and p53
mutation status. Together the data indicate that FAS mutant tumors as well as tumors that
have become resistant to PARPI are likely to benefit from the combination. These data
indicate that exciting clinical activity of PARPi in BRCA1/2 mutant tumors could be
extended to RASand BRAF mutant tumors. Thus PARPi and MEKI/ERKi combination
therapy warrants exploration in human trials.

Materials and Methods

Study design

The objective of this study was to evaluate adaptive resistance to PARPI through high-
throughput pathway surveillance tools (RPPA), and to develop a rational combinational
therapy that would lead to synthetic lethality. We demonstrate that PARP and MEK
inhibitors demonstrate synergy /n vitroand in vivoin a wide spectrum of RAS-mutant tumor
models. Sample size in experiments was selected based on previous experience and was
sufficient to detect statistically significant differences between treatments. Mice were
randomized to different treatment groups, without blinding. Study groups were followed
until individual tumor or entire cohort measurements reached 2 cm in diameter, at which
point sacrifice was indicated in accordance with Institutional Animal Care and Use
Committee (IACUC) protocols. All in vitro experiments were run in biological triplicates,
except where specified otherwise

Statistical analysis

Two-sided Student’s t test was used to compare differences between two groups of cells /n
vitro. Data are presented as means = SEM and p<0.05 is considered significant. Analysis of
variance was used to compare differences among multiple groups. Differences in survival of
mice were examined by Kaplan—Meier curves with the log-rank test. Two-sided p less than
0.05 was considered significant. All statistical analyses were done using SPSS 17.0 (SPSS
Inc.).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Summary

Few therapeutic options are available for patients with AS mutant tumors or for patients
who previously failed treatment with PARP inhibitors. We demonstrate that the rational
combination of PARP and MEK inhibitors warrants investigation in patients with RAS or
RAF mutant tumors or in patients who have failed single agent PARP inhibitor therapy.
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Figure 1. PARP and MEK inhibitorsinduce inver se adaptive responses
(A) 10 breast ovarian and endometrial cell lines (BT474 (PIK3CA_Mut, HERZ2_Amp),

HCC1954 (PIK3CA_Mut, HER2_Amp), HCC1937 (BRCAI_Mut), MDA-MB-468
(EGFR_Overexpression, PTEN_Mut), IGROV-1 (BRCA1 _Mut), TOV21G (PIK3CA_Mut,
KRAS Mut), KLE (7P53_Mut), ETN-1 (PTEN_Mut), SKBr3 (HER2_Amp), SKOV3
(PIK3CA_Mut, HERZ2 _Amp)) were cultured in Matrigel (3D) or monolayer (2D), and
treated for 7 or 3 days respectively with DMSO or with BMNG673 at an ICgg concentration
determined experimentally for each line for 2D and 3D conditions. Protein lysates were
analyzed for 220 total and phosphoproteins by RPPA. For visualization, 2D and 3D
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conditions and time were averaged (see fig. S1 for all samples). Heatmap represents “rank
ordered” changes induced by BMNG673 treatment, calculated by summing median centered
protein amount normalized to control. Proteins with consistent decreases are at the top
(green) and increases are at the bottom (red) of the heat map.

(B) 5 cell lines from A (MDA-MB-468, HCC1954, BT474, SKOV3, and SKBr3) were
cultured in Matrigel (3D) or monolayer (2D) and treated with MEK inhibitor
(GSK1120212B) at 2 concentrations (2 nM and 20 nM) or DMSO for 24 or 48 hours, after
which protein lysates were analyzed for 220 total and phosphoproteins by RPPA.

(C) The left column of the heatmap shows protein changes ordered by the effects of
BMNG673 treatment from 1A, sorted in increasing order from top to bottom (green indicates
the most consistently decreased proteins and red indicates the most consistently increased
proteins after treatment). The right column in the heatmap shows protein order after
GSK1120212B treatment from 1B.

(D) 2x2 comparison of selected proteins (marked in A and B) after BMN673 and
GSK1120212B treatment.
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Figure 2. Mutant KRAS mediatesresistance to PARP inhibitors and sensitivity to the PARP and
MEK inhibitors

(A) Drug response curves for BMN673 combined with AZD6244 in 24 well-characterized
ovarian cancer cell lines treated with varying concentrations of the two compounds for 96 hr.
Cl was calculated using CalcuSyn software with the Chou-Talalay equation. Cl values
reflect the sign and magnitude of drug-drug interaction: < 0.5 synergy, 0.5-1 additivity, and
>1 antagonism. Red cell line name: synergy (CI < 0.5); blue cell line name: cells
intrinsically sensitive to PARPI; black cell line name: cells exhibited modest to no response
to either mono or combination treatment.

(B) Upper panel: Percentage cell growth inhibition at 10 yM BMN673 from Figure 2A,
Lower panel: Selected mutations in cell lines. KRAS and BRCAZ correlations with
BMNG673 response were significant (p=4.7x107° and p=0.023, respectively).
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(C) Upper panel: Percentage of cell growth inhibition by AZD6244 from Figure 2A. Lower
panel: Selected mutations in cell lines. KRAS correlation with AZD6244 response was
significant (p =0.026).

(D) Correlation between IC5q of BMN673 and AZD6244 (Pearson’s r = — 0.412, p=0.049).
(E) Upper panel: CI values, cells were arranged by CI into synergistic (green) and non-
synergistic (red) (cutoff = 0.5) based on Figure 2A. Lower panel: Selected mutations in cell
lines. KRAS mutation is correlated with synergistic effect between PARPi and MEK:i (p
=3x1079).

(F) Interactions between BMNG673 and AZD6244 (MEKi), GSK1120212B (MEKi),
SCH772984 (ERKIi), GSK2118436A (BRAFi), SP600125 (JNK inhibitor), PD0332991
(CDKA4/6 inhibitor), and BKM20 (P13Ki) were examined across a panel 10 cell lines
including 8 RAS mutant lines and 2 RASwild type lines (cell line data in fig. S3A, 3B).
(G) Response of Ba/F3 cells rendered IL3-independent with KRAS WT, KRASG12D,
KRASCI2Y, or PIK3CAHI047R to BMN673 and AZD6244/SCH772984.

(H) Heatmap of CI of combinations of BMNG673 with AZD6244 and SCH772984 from 2G.
Combinations with BMN673 and GSK2118436A (BRAFi) and SP600125 (JNK inhibitor)
are also presented.
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Figure 3. Acquired PARPI resistance is associated with RAS/M APK pathway activation and
senditization to the combination of MEKi and PARPI

(A) Drug response curves of BMN673 (left) or olaparib (right) in parental or PARP
inhibitor-resistant A2780CP incubated with indicated doses for 96 hours.

(B) Drug response curves of BMNG673 (left) or olaparib (right) in parental or PARP
inhibitor-resistant UWB1.289.

(C) Heatmap of differentially expressed proteins from RPPA of A2780CP _R and
UWB1.289 R compared to parent cells, indicating consistent RAS/MAPK pathway
activation and decreased FOX0O3a, BIM, and PARP1 in both PARPi-resistant cell types.
(D) Western blot validation of RAS/ERK signaling (PMEK, pERK), FOXO3a, and BIM in
both PARPI resistant and sensitive cell lines.

(E-F) Drug response curves of parental or PARP inhibitor-resistant A2780CP (E) or
UWBL1.289 (F) cells treated for 96 hrs with various concentrations of PARPi (BMNG673)
combined with MEKIi (AZD6624).
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Figure 4. Synergistic effects of PARP and MEK/ERK inhibition are lineage-independent and
observed with KRAS/NRAS/BRAF mutations

(A) Heat map of CI values for 37 cancer cell lines with KRAS/NRAS/BRAF mutations from
different cancer lineages treated for 96 hours with BMNG673 and MEKi (AZD6244)/ERKIi
(SCH772984). Red: cells have synergy between PARPi and MEKI/ERKIi; blue: highly
sensitive to single drug; black: cells exhibited modest to no response to either mono or
combination treatment,

(B) Representative drug response curves of combination therapy with BMN673 and
AZD6244 for 96 h.
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Figure 5. Mutant KRAS increases HR capacity and MEK| decreases HR capacity in RAS mutant

cells, causing increased DNA damage

(A) Microarray data from HPDE-/KRASCLZD cell lines with or without Dox induction were
analyzed by unsupervised clustering for HRD gene signatures. Heatmaps of clusters indicate
that cells with KRASS22P induction are more likely HR intact (left panel). Quantification of
HRD scores of HPDE-/KRASGZ2D with or without Dox induction were calculated based on
correlation to HRD gene signatures (right panel, higher scores are more likely to have HR

defects).

(B) Western blot showing dose-dependent protein changes in OVCARS after 24 hours of

treatment with the indicated concentrations of AZD6244.
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(C) Immunofluorescence staining of FOXO3a/BRCA1 and RAD51/ y-H2AX after
treatment with BMN673 (1 uM)/AZD6244 (5 uM)/combination therapy in OVCARS for 48
hours. Scale bars: 20 um.

(D) Comet assay in HPDE-/KRAS®12D cell lines after treatment with BMN673 (200 nM)/
AZD6244 (200 nM)/combination therapy for 72 h with or without Dox induction. DNA
damage was quantified via % DNA in tails. Each data point represents at least 50 cells.

(E) Comet assay in OVCARS cell lines after treatment with BMN673 (1 uM)/ AZD6244 (5
uM)/combination therapy for 72 h. DNA damage was quantified via % DNA in tails. Each
data point represents at least 50 cells.

(F) DR-GFP assay to measure HR-mediated DNA DSB repair in DR-GFP U20S. Frequency
of GFP+ cells by flow cytometry after infection with the 1-Scel endonuclease and
incubation for 48 hours with or without 100 nM AZD6244 (upper panel). NHEJ-mediated
DNA DSB repair in EJ5-GFP U20S. Frequency of GFP+ cells by flow cytometry after
infection with the 1-Scel endonuclease and incubation for 48 hours with or without 100 nM
AZD6244 (lower panel).

(G-H) Immunofluorescence staining for RAD51, y-H2AX, and MRE11 before and after IR
in inducible HPDE-/KRASG12D (G) and OVCARS (H). Images for MRE11 foci staining and
quantification of MRE11 foci-positive cells at 2 hours after IR are presented (right panels).
Due to relatively late recruitment of RAD51, quantification of RAD51 staining was
performed at different times (0, 2, 4, 6, 8 hours after IR), and representative images are
shown (left panels). Scale bars: 20 um. Error bars represent SEM of three independent
experiments. Student’s t test: *p<0.05, **p<0.01, and ***p<0.001.

Sci Transl Med. Author manuscript; available in PMC 2018 April 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sunetal. Page 31
A # Control siRNA (BMN673) B E
@ Control & Control siRNA (Combination)
4 BIM siRNA # BIM siRNA(Combination) 2 Cont BIM
4 FOXO3a siRNA & FOXO3a siRNA(Combination) e S
1o 2 19) om[== ]
z . 2 s
® 05 \(}i & 0.54 i @0
L == siRNA Cont FOXO3a a
£ 2 8
@ 0.0 ? 00 )
001 01 1 10 001 01 1 10 B E
Concentration (pM) BMNB73 Concentration (uM) ERK2 E
# Control (BMN673)
C Gontiai 4 Control (Combination) D OE Cont BIM F
- e 4 BIM OE(Combination) - EI & Vefisle ((ng\g_ﬂSt)_ ;
E 3 inati ‘ehicle (Combination
" 4 FOXO3a OF # FOXO3a OE(Combination) & Z-VAD-FMK (Combination)
g g 8
3 z OE Cont FOX03a @
T 05 T 05 ©
2 2 2
e ==
3 5 BIM 5
w
0.0 — ® 0o e P ool
0.01 0.1 1 10 0.01 01 1 10 ERKQE 0.01 01 1 10
Concentration (uM) BMN673 Concentration (uM) BMNB73 Concentration (uM)
G V\‘l" H I
. >
& S’\Q- o+°?a.“‘F & @0@ 0+°1 HOC 1 HOC7
¢ S & e g £
[=]
= c w
BMN673 —+—+—+—+—+—+ —F—t—F—+—+—+ - < 2 =
AZD6244 4 4 + s EFE o3 E =
——4+——F+——++ ——Ft——++——++ 3885 35¢s5 2241,
§5H £ 52 g E 5
Cl-Caspase3 . . - ow. “ M > m [&] > m (&) E %
- g I
[
Cl-Casp 3| - ,gl - —l &
CLPARPT | = 4@ I S —— X 0
13 Q
CI-PARP1 | --” ."'l e 7 §&®§Zﬁmh &
PERK [Ny gy o - o= & P &
- PERK — (| <
pMEK R ———— o = ’"‘-4 J E KRk kkR
MEK 5
e e | e R T
FOXO03 - =
aln——--‘ ”- -— —Q| FOXO3a ....---” “.___,l = 40
[11]
K<}
B .. o SCESS | 37
~ w
0
ERK2 -.-.---“".'..., -,'.l ERK2 I—---Il.ﬂﬁol FOX03%a - + +
BMN673 — — 4+

Figure 6. A FOXO3a-BIM cascade mediates sensitivity to PARP and MEK inhibition
(A) OVCARS were treated with 10 nM control siRNA, BIM siRNA, or FOX03a siRNA.

The next day, cells were treated with increasing doses of BMNG673 (left panel) or
combination with increasing doses of BMNG673 and 5 uM MEKi (AZD6244) (right panel).
Cell viability was assessed with Prestoblue after 96 h.

(B) OVCARS were transfected with BIM siRNA or control siRNA. Western blotting for
BIM demonstrated effective BIM knockdown by siRNA (upper panel). OVCARS were
transfected with FOXO3a siRNA or control siRNA. Western blotting for FOX03a
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demonstrated effective FOXO3a knockdown by siRNA. BIM is downregulated by FOXO3a
knockdown (lower panel). ERK2 was used as loading control.

(C) BIM and FOX0O3a were expressed in OVCARS and then treated as indicated. Cell
viability was assessed with Prestoblue after 96 h. In the combination, cells were treated with
increasing doses of BMNG673 and a constant 5 uM MEKIi (AZD6244).

(D) OVCARS were transfected with BIM or control plasmid. Western blotting for BIM
demonstrated effective BIM overexpression (upper panel). OVCARS were transfected with
FOXO3a or control plasmid. Western blotting for FOX0O3a demonstrated effective FOXO3a
overexpression. BIM is upregulated by FOXO3a overexpression (lower panel). ERK2 was
used as loading control.

(E) OVCARS were treated with BMNG673 (1 uM), AZD6244 (5 uM), or combination therapy
with BMNG673 (1 uM), and AZD6244 (5 pM) for 96 hours and subjected to Annexin V-
FITC/PI apoptosis analysis. Each value represents mean+SEM from three independent
experiments.

(F) A pan-caspase inhibitor (Z-VAD-FMK) (50 uM) was added to OVCARS. Cells were
treated as indicated. Prestoblue assay was done after 96 h of combination therapy with
BMNG673 dosed as indicated and a constant dose of 5 UM MEKi (AZD6244).

(G) On the left, BIM/FOX0O3a were knocked down by siRNA in OVCARS. Forty hours
later, cells were treated with BMNG673 (1 uM), AZD6244 (5 uM), or combination therapy
with BMNG673 (1 uM) and AZD6244 (5 uM) for 96 h. Western blot detection of cleaved-
PARP and cleaved-Caspase-3 was used to measure apoptotic cell death (left panel). On the
right, BIM/FOXO3a were overexpressed in OVCARS for 48 hours. Cells were then treated
with BMNG673 (1 uM), AZD6244 (5 uM), or combination therapy with BMN673 (1 uM) and
AZD6244 (5 uM) for 96 h. Western blot detection of cleaved-PARP and cleaved-Caspase-3
was used to measure apoptotic cell death (right panel). ERK2 was used as loading control.
(H) Two RAS-mutant cell lines (HOC1 and HOC7) were treated with BMNG673 (1 uM),
AZD6244 (1 uM), or combination therapy with BMN673 (1 uM) and AZD6244 (1 uM) for
96 h. WB detection of cleaved-PARP and cleaved-Caspase-3 was used to measure apoptotic
cell death. ERK2 was used as loading control.

(I) OVCARS were transfected with FOXO reporter for 24 h, then treated as indicated. FOXO
activity was assayed 48 h after treatments (n = 3). In all reporter assays, the luciferase-based
reporter signal was normalized to the expression of a co-transfected renilla luciferase control
plasmid.

(J) OVCARS were treated with BMNG673 for 48 h. CHIP-PCR was used to determine
percentage input of the BIM promoter precipitated with endogenous FOXO3a.

Results are shown as means+=SEM of three independent experiments. Student’s ftest:
*P<0.05, **P<0.01, and ***P<0.001.
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Figure 7. FOXO3aregulates HR function and DNA damage
(A) GSEA demonstrating a negative enrichment of DNA damage geneset after 4-OHT (4-

Hydroxytestosterone) induced FOXO3a expression in DL23.

(B) Genes statistically downregulated after 4-OHT induced FOXO3a expression were
analyzed by Ingenuity Pathway Analysis (IPA) software, demonstrating downregulation of
DNA damage response and DNA repair pathways.

(C) Microarray data from DL23 cell lines with or without 4-OHT induction were analyzed
by unsupervised clustering for HRD gene signatures. Heatmap of clusters indicates that cells
with FOXO3a induction are more likely HR defective (left panel). Quantification of HRD
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scores based on correlation to HRD gene signatures (right panel, higher scores are more
likely to have HR defects).

(D) DR-GFP assay to measure HR-mediated DNA DSB repair in U20S-DR-GFP after
overexpression of FOXO3a.

(E) Upregulation of FOX0O3a, BIM, and P21 and downregulation of RAD51, BRCA1, and
BRCAZmRNAs in DL23 treated with 4-OHT were confirmed by RT-PCR.

(F) Western blot showing indicated protein changes in DLD1 (parent cell) and DL23 cells
after 4 and 24 hours (left panel) and 72 hours (right panel) induction with 4-OHT.

(G) Immunofluorescence staining of FOX0O3a/BRCA1 and RAD51/y-H2AX after treatment
with 10 Gy IR for 5 hours (upper panel) or BMN673 (500 nM) for 48 hours (lower panel) in
DL23 cells with/without 4-OHT induction. Scale bars: 20 pm.

(H-1) Western blot showing indicated protein changes after treatment with 10 Gy IR for 5
hours (H) or BMNG673 for 48 hours (I) in DL23 cells with/without 4-OHT induction.

(J-K) Comet assay after treatment with 10 Gy IR for 5 hours (J) or BMNG673 for 48 hours
(K) in DL23 cells with/without 4-OHT induction.

(L) Drug response curves of BMN673 in DL23 cells with/without 4-OHT induction.

(M) Clone formation assay for BMNG673 treatment in DL23 cells with/without 4-OHT
induction. Clone formation rates are presented as percentage relative to control.
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Figure 8. PARPi and MEKi are synergistic in OVCARS xenogr aft, HPDE-iK RASC12D
xenogr aft, and L PA1-T 127 syngeneic breast cancer models

(A) Human OVCARS were grown as xenograft tumors in athymic nude mice. When tumors
were 50-200 mms3, mice were randomized into treatment cohorts: vehicle (0.5%
hydroxypropylmethylcellulose (HPMC) and 0.2% Tween-80), BMN673 (0.333 mg/kg/day),
GSK1120212B (2 mg/kg/day), or the combination of BMN673 and GSK1120212B (n=8 for
each group). Tumor measurements were performed 2 times per week by calipers, and
average tumor volume + SEM for each cohort is displayed. p values were determined by
one-way ANOVA test.
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(B) HPDE-/KRASC2D were injected into athymic nude mice subcutaneously. 7 days after
tumor injection, mice were randomly assigned into Dox Off and 4 treatment groups with
Dox on (via doxycycline diet (200 mg/kg; BioServ)): vehicle, BMN673 (0.333 mg/kg/day),
GSK1120212B (2 mg/kg/day), or the combination of BMN673 and GSK1120212B (n = 8
per group).

(C) LPA1-T127 tumor tissues were transplanted into the mammary fat pads of FVB mice.
Eight days later, mice were randomly assigned and treated accordingly. Mice were followed
until death or sacrificed when tumor size reached 2 cm in diameter.

(D-E) Tumor tissues from OVCARS (D) and HPDE-/KRASCI2D(E) xenografts were
subjected to IHC analyses and probed with indicated antibodies. Representative images of
IHC are shown with treatment indicated.

(F-G) Western blots showing indicated protein changes in tumor tissues after treatment with
MEKi or vehicle in OVCARS xenografts (F) and HPDE-iKRAS®12D xenografts (G).

(H-1) Cells from OVCARS (H) and HPDE-/iKRASGZ2D (1) tumor-bearing mice were
recultured in the absence of drug. Drug response curves are shown for individual and
combination therapy with BMNG673 and GSK1120212B for 96 h in recultured cells from
OVCARS and HPDE-/KRASE12D xenografts. 3 recultured cell lines from each group were
assessed, and representative results are presented as mean+SEM of three independent
experiments.
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