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p85p alters response to EGFR inhibitor
in ovarian cancer through p38

MAPK-mediated regulation of DNA
repair™ *~

Abstract

EGER signaling promotes ovarian cancer tumorigenesis, and high EGFR expression correlates with poor prognosis. However, EGFR
inhibitors alone have demonstrated limited clinical benefit for ovarian cancer patients, owing partly to tumor resistance and the lack
of predictive biomarkers. Cotargeting EGFR and the PI3K pathway has been previously shown to yield synergistic antitumor effects
in ovarian cancer. Therefore, we reasoned that PI3K may affect cellular response to EGFR inhibition. In this study, we revealed PI3K
isoform-specific effects on the sensitivity of ovarian cancer cells to the EGFR inhibitor erlotinib. Gene silencing of PIK3CA (p110w)
and PIK3CB (p1108) rendered cells more susceptible to etlotinib. In contrast, low expression of PIK3R2 (p858) was associated
with erlotinib resistance. Depletion of PIK3R2, but not PIK3CA or PIK3CB, led to increased DNA damage and reduced level of
the nonhomologous end joining DNA repair protein BRD4. Intriguingly, these defects in DNA repair were reversed upon etlotinib
treatment, which caused activation and nuclear import of p38 MAPK to promote DNA repair with increased protein levels of 53BP1
and BRD4 and foci formation of 53BP1. Remarkably, inhibition of p38 MAPK or BRD4 re-sensitized PIK3R2-depleted cells to
erlotinib. Collectively, these data suggest that p38 MAPK activation and the subsequent DNA repair serve as a resistance mechanism
to EGFR inhibitor. Combined inhibition of EGFR and p38 MAPK or DNA repair may maximize the therapeutic potential of EGFR

inhibitor in ovarian cancer.
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Introduction

Epidermal growth factor receptor (EGFR) is a transmembrane receptor
tyrosine kinase (RTK) that is overexpressed in >50% of ovarian cancer
patients [1—4]. EGFR signaling promotes ovarian tumorigenesis including
proliferation, migration and angiogenesis [5,6]. Importantly, high EGFR
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expression is significantly associated with poor patient survival outcomes
[7,8]. Together, these findings provide a rationale for the use of EGFR
inhibitors in ovarian cancer therapy. However, studies to date have shown that
ovarian cancer patients exhibited a partial or complete response rate of <10%
to the EGFR inhibitor etlotinib or gefitinib [9-11]. The limited responses
may be attributable to several reasons. First, the clinical trials conducted
did not use biomarker stratification. In lung cancer, EGFR inhibitors were
selectively given to patients with EGFR mutations that are associated with
sensitivity (e.g., exon 19 deletion and the exon 21 L858R mutant) [12,13].
The objective response rate for the EGFR mutation-positive group was 71%,
compared with 1% for the mutation-negative group [14]. The second reason,
which is related to the first reason, is the lack of biomarkers that can be
used to stratify patients who will likely respond. Most ovarian cancer patients
do not have £EGFR mutations that confer sensitivity to EGFR inhibitors
[15,16]. Additionally, EGFR amplification or expression does not predict
responsiveness [11,17]. Third, resistance of cancer cells to EGFR inhibition
may occur, but the resistance mechanism remains understudied in ovarian
cancer.
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A major downstream signaling pathway of EGFR is the phosphoinositide
3-kinase (PI3K). The activating PIK3CA mutant pl10ez E545K has been
shown to confer resistance of EGFR inhibitor in lung cancer [18]. Indeed,
simultaneous inhibition of EGFR and the PI3K pathway has demonstrated
synergistic antitumor effects in cancers, including ovarian cancer [19,20],
implying an association between the PI3K pathway and sensitivity to EGFR
inhibition. The class I PI3K is a heterodimeric lipid kinase composed of
a catalytic p110 subunit and a regulatory subunit [21]. The heterodimer
is activated upon RTK stimuli to catalyze phosphatidylinositol 3,4,5-
trisphosphate production, thereby triggering downstream signaling such as
the AKT/mTOR pathway. There are 4 catalytic subunit isoforms and 5
regulatory subunit isoforms. Gene aberrations, particularly copy number
alterations of these 9 isoforms, are very frequent in ovarian cancer [15].
Intriguingly, accumulating evidence has demonstrated PI3K isoform-specific
functions in cancers [22-24]. For example, p1 10« mediates RTK signaling,
whereas pl1108 is downstream of G protein-coupled receptors [25]. We
and others have shown that while p85« is a tumor suppressor [24,26,27],
p858 is an oncogenic factor that promotes the acquisition of tumorigenic
phenotypes[28,29]. Inhibition of p858 reduced the proliferation and
metastasis of ovarian cancer cells [29]. We therefore explored the interaction
between the PI3K isoforms and EGFR inhibitor in ovarian cancer. Strikingly,
our findings revealed differential impact of the isoforms on the sensitivity to
etlotinib. Inhibition of p110« (PIK3CA) and p1108 (PIK3CB) potentiated
the cytotoxicity of EGFR inhibitors. In contrast, low expression of p858
(PIK3R2) led to EGFR resistance, which was associated with p38 MAPK
activation and enhanced DNA repair capacity. The combination of erlotinib
with a p38 MAPK inhibitor induced DNA damage and apoptosis of
ovarian cancer cells. These findings suggest that DNA repair efficiency is a
determinant of the responsiveness to EGFR inhibition and have implications
for the design of effective cancer therapies.

Materials and methods
Cell culture, siRNA and reagents

CAOV3, OVCAR3, SKOV3 were acquired from American Type
Culture Collection (Manassas, VA). OVCAR4, OVCARS, EFO21 and
DOV13 were obtained from National Cancer Institute (Rockville, MD).
OAW28 was obtained from the European Collection of Authenticated Cell
Cultures (Salisbury, United Kingdom). FUOV1, HEYA8 and OVCAR5
were generously provided by Prof. Gordon Mills (Oregon Health Sciences
University, Portland, OR). SKOV3, OVCAR3, OVCAR4, CAOV3,
OVCARS5 and OVCARS, DOV13, EFO21 FUOV1, HEYAS were cultured
in RPMI-1640 (Gibco, Carlsbad, CA) whereas OAW28 was grown in
DMEM (Gibco) supplemented with 5% FBS (Gibco), 100 units/mL
penicillin and 0.1 mg/mL streptomycin (Gibco). All cells were maintained
at 37°C in a 5% CO, incubator. All cell lines were authenticated using
short tandem repeat DNA profiling and tested with negative mycoplasma
contamination.

Pre-designed  ON-TARGET plus siRNAs were purchased from
Dharmacon (Lafayette, CO). Transfection of siRNA was carried out
using Lipofectamine RNAIMAX (Invitrogen, Carlsbad, CA) following the
manufacturer’s instructions. All siRNAs were used at a final concentration
of 20 nM. Stable cells expressing PIK3R2 shRNA were established by
lentiviral transduction and puromycin selection. The sequences of siRNAs
and shRNA are provided in Supplementary Table 1. Human P/K3R2
expression plasmid was constructed by Gateway cloning into pLenti6.3-
DEST vector (Invitrogen). Erlotinib and SB202190 were purchased from
LC laboratories (Woburn, MA). Losmapimod and JQ1 were purchased from
ApexBio Technology (Houston, TX). JNK-IN-8, BI-78D3, GDC00994

and trametinib were obtained from Selleck Chemicals (Houston, TX).

ABT-888 was obtained from Santa Cruz Biotechnology (Santa Cruz,
CA).

Western blotting

Cells were lysed with RIPA buffer (150mM NaCl, 0.1% SDS,
1% NP-40, 1% sodium deoxycholate) supplemented with protease and
phosphatase inhibitors (Thermo Fisher Scientific, Waltham, MA). Total
protein concentration was quantified using Pierce™ BCA Protein Assay
(Thermo Fisher Scientific). Protein lysates were separated on 6-12% SDS-
PAGE and transferred to PVDF membranes (GE Healthcare Life Sciences,
Marlborough, MA). Membranes were blocked by 5% non-fat milk in TBST
for 1 h and incubated overnight with primary antibodies at 4°C. After
washing with TBST, membranes were incubated with HRP-conjugated
secondary antibodies (1:5000, GE Healthcare Life Sciences) and signal
was detected by chemiluminescence (Bio-Rad, Hercules, CA). All primary
antibodies used in this study are listed in Supplementary Table 2. Image ]
was used for densitometric analysis.

Cell viability assay

Cells were seeded into 96-well plate at a density of 2,500 cells per well
in triplicate. After 24 h, cells were treated with inhibitors for 72 h. For
quantitation of viable cells, one tenth volume (10 ] per 100 1) of 0.2 mg/ml
Resazurin solution (Sigma-Aldrich, St. Louis, MO) was added to each well.
Cells were incubated at 37°C for 1.5 h. Absorbance readings at 570 nm were
obtained.

Mouse xenograft model

SKOV3 cells stably expressing PIK3R2 shRNA (7.5 x 10°) or vector
control (2 x 10°) were injected intraperitoneally into 6-wk-old female nude
mice (Charles River Lab, USA). Three weeks after cell inoculation, mice were
randomly divided into subgroups (5 mice per group) and treated by oral
gavage with drug suspension or vehicle 5 times a week for 2 consecutive
weeks. Erlotinib was dissolved in 15% Captisol (CyDex Pharmaceuticals,
Lawrence, KS) and losmapimod was dissolved in PBS with 50% PEG400
and 5% DMSO. Mice were euthanized for the collection of disseminated
tumor nodules in the peritoneal cavity. Tumor burden based on the quantity
and weight of tumor nodules was compared among subgroups. All animal
procedures were carried out with the approval of the Ethics Committee
(Committee on the Use of Live Animals in Teaching and Research) of the
University of Hong Kong.

Cell cycle analysis

Cells (8 x 10°) were serum starved overnight for synchronization prior
to siRNA transfection and drug treatment for 72 h. On the day of harvest,
cells were trypsinized and washed twice with cold PBS before fixation in cold
70% ethanol. Cells were then resuspended in RNase A solution (50 ug/mL;
Sigma-Aldrich, St. Louis, MO) and incubated at 37°C for 30 min. Cells were
stained with propidium iodide (PI; 20 ug/mL; Sigma-Aldrich) for 30 min in
dark and analyzed using flow cytometer Canto II analyzer (BD Biosciences,
San Jose, CA). Cell cycle distribution was analyzed by FlowJo software (Tree
Star Inc, Ashland, OR).

Apoptosis analysis
Apoptosis was detected by Human Cleaved Caspase-3 (Asp175) ELISA

kit (Abcam, Cambridge, UK) following the manufacturer’s instructions.
Briefly, cells were washed with PBS and lysed with cell extraction buffer.
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Samples and cleaved caspase-3 (Asp175) standards were added to wells in
microplate strips in triplicate. Then an antibody cocktail containing capture
and detector antibodies was incubated with the samples for 1 h prior to
the addition of TMB development solution and stop solution. Absorbance
readings were measured at 450 nm.

Immunofluorescence and foci formation assay

SKOV3 cells (4 x 10%) transfected with PIK3R2 siRNA were grown on
sterilized glass coverslips for immunofluorescence (IF) microscopy. Twenty
four hours after transfection, cells were treated as indicated for 3 d. Cells were
fixed with 4% paraformaldehyde and permeabilized in 0.1% Triton X-100.
Cells were then incubated with 3% BSA at room temperature for blocking
non-specific signal. Samples were incubated with primary antibody overnight
prior to Alexa Fluor 488-conjugated anti-rabbit secondary antibody or Alexa
Fluor 594-conjugated anti-mouse secondary antibody (1:200, Thermo Fisher
Scientific) for 1 hrin dark. After washing 3 times in PBS, slides were mounted
on glass slide in mounting medium with DAPI. Images were captured under
Carl Zeiss LSM 700 (Zeiss, Jena, Germany). Subnuclear foci formation
of DNA damage repair proteins 53BP1 and RAD51 were analyzed by IF
microscopy. Foci per cell were counted. For each data point, at least 80
cells were scored from 4-6 randomly captured images using an objective
magnification of x 20.

Comet assay

PIK3R2 shRNA stable cells were treated with 10 uM erlotinib for 24 h
or 72 h prior to assessment of DNA damages by alkaline comet assay using
CometAssay Kit (Trevigen, Gaithersburg, MD) according to manufacturer’s
instructions. In brief, cells were suspended in cold PBS, combined with
molten LMAgarose at a ratio of 1:10 (v/v) and were immediately transferred
onto CometSlide. After overnight incubation in lysis solution at 4°C, slides
were immersed in alkaline unwinding solution (200 mM NaOH, 1 mM
EDTA, pH > 13) for 1 h in the dark. Electrophoresis was performed
using alkaline unwinding solution at 17V for 35 min in the dark. Samples
were then washed twice in water and 70% ethanol. Dried samples were
stained in diluted SYBR Gold (1:30000). Pictures were taken using a Zeiss
Axiophot fluorescence microscope. At least 50 comets were assessed per
treatment condition. Percentage of DNA in comet tail (% tail DNA) were
calculated by image processing software package Fiji using OpenComet
plugin.

Copy number variations data from TCGA

Copy number status of each gene, which was determined by the GISTIC
algorithm [30], was retrieved from the cBioPortal [15]. A GISTIC output
of 0 indicates diploid; -2 indicates deep deletion (possibly a homozygous
deletion); -1 indicates shallow deletion (possibly a heterozygous deletion);
1 indicates a gain; 2 indicates gene amplification.

Statistical analysis

The experiments were repeated 3 times. No statistical methods were used
to predetermine sample size. No samples or animals were excluded from the
analysis. The experiments were not randomized and were not carried out
blind. No samples or animals were excluded from the analysis. All data were
presented as means & SD (or SEM for the in vivo data). Significance between
2 groups was determined by 2 sided Student’s # test using GraphPad Prism.
Analysis of variance (ANOVA) was used to determine statistical significance

of difference among multiple groups. Differences were considered significant
at P < 0.05.

Results

PI3K isoforms have distinct impacts on erlotinib sensitivity

Nine class I PI3K isoforms (PIK3CA, PIK3CB, PIK3CD, PIK3CG,
PIK3RI1, PIK3R2, PIK3R3, PIK3R5 and PIK3R6) in TCGA ovarian cancer
samples were frequently aberrated at the genomic level (Supplementary Fig.
1A). Copy number alterations of these isoforms are more frequent than
small-nucleotide mutations, consistent with the fact that ovarian cancer is
primarily driven by copy number changes [31]. We first assessed the responses
of 11 ovarian cancer cell lines to erlotinib, which is FDA-approved and a
first-line treatment in EGFR-mutant non-small cell lung cancer. Total and
phosphorylated protein levels of EGFR are ubiquitous in these cell lines,
although lower EGFR expression was observed in DOV13, EFO21 and
FUOV1 cells (Supplementary Fig. 1B). One cell line (CAOV3) carries EGFR
mutation, while mutation in PIK3CA, PIK3CB or PIK3RI are present in 3
cell lines (Supplementary Table 3). These cells were treated with increasing
doses of erlotinib, from 3.2 nM to 50 pM. Six of the 11 cell lines were
relatively resistant to etlotinib because the IC50 (the drug concentration
that causes 50% growth inhibition) was not reached even at 50 pM
(Supplementary Fig. 1C). Indeed, erlotinib at 10 pM and 50 pM caused
similar effects on cell viability. The effectiveness of etlotinib in inhibiting
EGFR and AKT activation was confirmed in 2 resistant cell lines and 2
sensitive cell lines (Supplementary Fig. 1D). The levels of phosphorylated
EGFR and AKT were decreased upon etlotinib treatment in all these cell
lines.

The protein levels of the PI3K isoforms in these cell lines were assessed
(Supplementary Fig. 1B). PIK3R6 was excluded from the analysis due to the
lack of an antibody that showed a specific band in our experiments. The
correlation of the protein levels with erlotinib responsiveness was evaluated.
Interestingly, cell lines that were relatively sensitive to etlotinib (those that
exhibited >50% growth inhibition) had higher p858 protein levels than
resistant cell lines (P < 0.05) (Fig. 1A). There was no significant difference
in the levels of the other isoforms between erlotinib-sensitive and erlotinib-
resistant cell lines (Fig. 1A).

To further investigate the gene-drug interaction between erlotinib
and these PI3K isoforms, the effect of individual gene knockdown on
erlotinib sensitivity was examined in SKOV3 and OAW?28 cells, which
express EGFR and have moderate sensitivity to erlotinib among the cell
lines. The efficiencies of the siRNAs were confirmed by Western blotting
(Supplementary Fig. 2A). Fig. 1B shows the responses of mock-transfected
and gene-specific siRNA-transfected cells to erlotinib, normalized to those
of the corresponding transfected cells treated with DMSO. Depletion
of the catalytic subunits p110a (PIK3CA) and p1108 (PIK3CB) led to
increased sensitivity, consistent with previous reports demonstrating that
p110 inhibitor sensitized non-small cell lung cancer cells to EGFR inhibitor
[20]. In contrast, cells with silenced regulatory subunits p858 (PIK3R2)
or pl01 (PIK3R5) became more resistant to erlotinib. Erlotinib sensitivity
was independent of the other 4 isoforms (PIK3R1, PIK3R3, PIK3CD, and
PIK3CG). Because the levels of p110c« (PIK3CA) and p1108 (PIK3CD) are
relatively low in SKOV3 cells, we confirmed the effects of these 2 genes
in OVCARS3 cells, which express these isoforms. Consistent with the data
obtained from SKOV3 and OAW28 cells, knocking down PIK3CA but not
PIK3CD enhanced erlotinib sensitivity of OVCAR3 cells (Supplementary
Fig. 2B-C).

The data shown in Fig. 1A and 1B prompted us to confirm the effect
of PIK3R2 on etlotinib sensitivity. Consistently, PIK3R2 siRNA conferred
erlotinib resistance in additional ovarian cancer cell lines OVCAR3 and
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(A) Correlation between the protein levels of EGFR or class 1A PI3K isoforms with cellular responses to erlotinib was evaluated. The protein levels are presented
as the mean densitometry values of Western blotting data obtained from 3 independent experiments (representative blots are shown in Supplementary Figure
1B). Cell lines that showed >50% viability inhibition after 10 M erlotinib treatment were defined as “sensitive”, whereas cell lines whose viability inhibition
did not reach 50% were “resistant” (data are shown in Supplementary Figure 1C). P values were determined by 2-tailed ¢ test; ns, not statistically significant.
(B) SKOV3 or OAW28 cells were transfected with siRNA targeting individual PI3K isoforms for 24 h prior to treatment with erlotinib for another 72 h. The
data presented show the cell viability relative to the corresponding untreated cells in 3 independent experiments performed in triplicate. (C-D) (C) PIK3R2

siRNA-transfected OVCAR3 and OVCAR4 cells or (D) EFO21 and SKOV3

cells overexpressing PIK3R2 were treated with erlotinib for 72 h before being

subjected to a cell viability assay. The data presented show the cell viability relative to the corresponding untreated cells in 3 independent experiments performed
in triplicate. *, P < 0.05; **, P < 0.005; ***, P < 0.001; # P < 0.0001 by 2-way ANOVA with Sidak’s multiple comparison test.

OVCAR4 (Fig. 1C). In reciprocal experiments, we overexpressed p858
in SKOV3 cells and in a cell line expressing low endogenous p858 level
(EFO21). The overexpression of p858 was confirmed by Western blotting
(Supplementary Fig. 3). Importantly, the overexpression sensitized these cells
to erlotinib (Fig. 1D). Our data therefore indicate that PIK3R2 alters erlotinib

response of ovarian cancer.

Cells with reduced sensitivity to erlotinib upon PIK3R2 depletion show
activation of MAPK signaling

We attempted to elucidate the resistance mechanism conferred by PZK3R2
depletion. We also included cells transfected with PIK3CA and PIK3CB

siRNA because silencing the 2 genes sensitized cells to erlotinib. Western
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Fig. 2. MAPK signaling is activated upon erlotinib treatment in cells with depleted PIK3R2 but not depleted PIK3CA or PIK3CB.

(A-C) SKOV3 cells were transfected with siRNA targeting (A) PIK3R2, (B) PIK3CA or (C) PIK3CB for 24 h prior to treatment with erlotinib for an additional
72 h. Protein lysates were collected for Western blotting with the indicated antibodies. Representative blots of 3 independent experiments are shown. The
numbers below the blots indicate the mean densitometry values normalized to those of o/ 8-tubulin or to the corresponding total proteins (for phosphoproteins)

of the 3 experiments.

blotting revealed that EGFR phosphorylation was reduced in untreated
PIK3R2- or PIK3CA- or PIK3CB-depleted cells (Fig. 2A—C). Erlotinib
treatment induced further reduction of EGFR phosphorylation in these cells,
indicating the effectiveness of EGFR inhibition (Fig. 2A and 2B).

The effects of erlotinib on the 2 major downstream signaling pathways
of EGFR, the AKT and MAPK pathways, were then evaluated. First,
consistent with the data in Supplementary Fig. 1D, phosphorylated AKT
was decreased in all the transfected cells upon erlotinib treatment. Second,
the phosphorylation of ERK1/2 was decreased by erlotinib in mock cells
and similarly in PIK3CB-depleted cells. PIK3CA knockdown alone reduced
ERK1/2 phosphorylation, and erlotinib caused a further reduction. In
contrast, PIK3R2-depleted cells had sustained ERK1/2 phosphorylation in
the presence of erlotinib. Activation of MEK1/2 by erlotinib was also
observed in PIK3R2-depleted cells. Third, p38 MAPK was activated by
PIK3CA or PIK3CB knockdown alone but was not further activated by
erlotinib. p38 MAPK activation was, however, robustly activated by erlotinib
in PIK3R2-depleted cells. Finally, the mock-transfected cells displayed
increase in phosphorylated JNK upon erlotinib treatment. Silencing PIK3R2,
PIK3CA or PIK3CB alone without erlotinib led to JNK activation, and
the addition of erlotinib (10 wM) to these knockdown cells inhibited
this activation. Together, these data demonstrated distinctive activation of
ERK1/2 and p38 MAPK in PIK3R2-depleted cells upon erlotinib treatment.

Inhibition of p38 MAPK sensitizes PIK3R2-depleted ovarian cancer
cells to erlotinib

We next examined whether inhibition of the MAPK pathways restores
the sensitivity of PIK3R2-depleted ovarian cancer cells to erlotinib. Our
results showed that inhibitors of JNK (JNK-IN-8 [32] and BI-78D3 [33]),
ERK1/2 (GDC-0994 [34]) and MEK1/2 (trametinib [35]) did not affect
erlotinib sensitivity in PIK3R2-depleted cells (Fig. 3A and 3B). We observed
an increase in the viability of the mock cells upon trametinib addition
(Fig. 3B), and this finding warrants future investigation. Interestingly, p38
MAPK inhibitor treatment (SB202190 [36] and losmapimod [37]) conferred
erlotinib sensitivity to PIK3R2-depleted cells, whereas the mock control cells
were not sensitized (Fig. 3C).

The effect of erlotinib on the cell cycle distribution of these cells was
analyzed by flow cytometry. Previous studies have shown that erlotinib
induces G1 phase arrest and apoptosis of erlotinib-sensitive cancer cells
[38,39]. As expected, erlotinib significantly increased the proportion of
control cells in the G1 phase (from 64% to 83%), with decreases in the S
phase (from 21 to 9%) and G2 phase (15 to 8%) (Fig. 3D). In line with
decrease in EGFR activation (Fig. 2A), a greater proportion of PIK3R2-
depleted cells were in the G1 stage than control cells (64% to 77%),
indicating that PIK3R2 depletion causes G1 phase cell cycle arrest. In contrast
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Fig. 3. Inhibitors of p38 MAPK render PIK3R2-silenced cells sensitive to erlotinib.

(A-C) SKOV3 cells transfected with or without PIK3R2 siRNA were treated with erlotinib alone or in combination with (A) JNK inhibitors (JNK-IN-8
and BI-78D3, 2 uM), (B) an ERK1/2 inhibitor (GDC-0994, 2 M) or a MEK1/2 inhibitor (trametinib, 2 uM) or (C) p38 MAPK inhibitors (SB202190
and losmapimod, 10 M) for 72 h. The data presented show the cell viability relative to the corresponding untreated cells in 3 independent experiments
performed in triplicate. (D-E) SKOV3 cells transfected with or without PIK3R2 siRNA were treated with etlotinib alone (10 M), the p38 MAPK inhibitor
losmapimod alone (10 uM) or both in combination (10 M each) for 72 h. The cells were harvested for (D) cell cycle analysis by flow cytometry or (E) active
cleaved caspase-3 enzyme-linked immunosorbent assay. (F) SKOV3 cells transfected with or without PIK3R2 siRNA were treated with erlotinib alone or in
combination with losmapimod for 72 h. These cells were harvested for Western blotting. o/ B-tubulin was used as a loading control. The error bars represent
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with Sidak’s multiple comparison test.
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to its effect on the control cells, erlotinib had no prominent effect on the
cell cycle phases of PIK3R2-depleted cells. Erlotinib only slightly increased
the proportion in G1 phase (from 77% to 84%), with modest decreases in
the proportion in S phase (14% to 8%) and G2 phase (from 10 to 8%).
The proportion of cells in G1 phase due to PIK3R2 depletion may lead
to a compromised inhibitory effect of erlotinib on cell cycle progression.
Moreover, losmapimod treatment had minimal effect on cell distribution in
the cell cycle. Therefore, the viability of PIK3R2-depleted cells in response to
etlotinib is cell cycle-independent.

Apoptosis is a cell death pathway contributing to cytotoxicity. Erlotinib
triggered apoptosis in mock control cells, but combined treatment with
losmapimod did not increase apoptosis of these cells (Fig. 3E). A greater
number of untreated PIK3R2-depleted cells underwent apoptosis compared
with their wild-type counterparts, and this effect was reduced upon erlotinib
treatment. Concurrent with our finding that inhibiting p38 MAPK sensitized
PIK3R2-depleted cells to erlotinib, combination treatment of erlotinib and
losmapimod led to a marked increase in apoptosis (a 2.4-fold and 4.9-fold
increase compared with untreated and etlotinib-treated P/K3R2-depleted
cells, respectively). We also observed corresponding changes in the protein
levels of cleaved PARP, which is an apoptosis marker (Fig. 3F). Collectively,
these data indicated that erlotinib induces G1 phase arrest and apoptosis
of erlotinib-sensitive mock control cells. In contrast, reduction in apoptosis
undetlies the resistance of PIK3R2-depleted cells to etlotinib.

We next investigated whether the in vitro drug responses are reproducible
in mouse xenograft models established from cells with stable shRNA-
mediated PIK3R2 knockdown. Consistent with the behavior of the PIK3R2
siRNA-transfected cells, the cells displayed reduced sensitivity to erlotinib in
vitro (Supplementary Fig. 4A) and increased phosphorylation of p38 MAPK
upon erlotinib treatment (Supplementary Fig. 4B). Knocking down PIK3R2
reduced tumor growth in vivo, as previously reported (Fig. 4) [29]. Single
treatment with erlotinib, but not single treatment with losmapimod, reduced
tumor formation by the vector control xenografts (Fig. 4). Xenograft tumors
formed by PIK3R2-depleted cells were not responsive to etlotinib, concordant
with the observed resistance in vitro. Strikingly, the combination of erlotinib
and losmapimod significantly reduced both nodule numbers and tumor
weight compared with the vehicle group. Notably, these effects upon the
combination treatment were not observed in the vector control xenografts.
These findings indicated that p38 MAPK inhibition can overcome erlotinib
insensitivity in PIK3R2-depleted cells. Future in vivo investigations with
larger sample size are warranted to further explore the antitumor effects of
the drug combination.

DNA repair capability is reduced in PIK3R2-depleted cells but is

enhanced upon erlotinib treatment

p38 MAPK signaling involves in a number of cellular processes, including
cancer cell behaviors, genomic stability and inflammation [40,41]. It has
been suggested that the subcellular localization of p38 MAPK associates
with the type of stimulating signal, with its nuclear translocation being
predominantly induced upon DNA damage [42]. By immunofluorescence
staining, we detected cytoplasmic and nuclear p38 MAPK in both control and
PIK3R2-depleted cells (Fig. 5A). Strikingly, treatment of PIK3R2-depleted
cells with erlotinib led to prominent nuclear localization of p38 MAPK,
which was reversed by the addition of losmapimod. The localization of p38
MAPK in control cells was not altered by etlotinib or losmapimod. These
observations were further confirmed by subcellular fractionation (Fig. 5B).
Level of phosphorylated p38 MAPK in the nucleus was markedly increased
in PIK3R2-depleted cells upon erlotinib treatment.

The reported role of p38 MAPK in DNA damage response (DDR) and
the nuclear staining observed prompted us to assess cellular DNA repair
indirectly using comet assays. As shown by data obtained from stable PIK3R2
knockdown cells at an early time point (24 h), the amount of DNA damage

was not significantly different between untreated cells and cells with the
indicated treatments (Fig. 5C). At the late time point (72 h), the untreated
stable PIK3R2 knockdown cells displayed remarkably more damaged DNA,
as reflected by higher percent DNA in comet tail, suggesting inefficient DNA
damage repair (Fig. 5D). Strikingly, etlotinib treatment led to a significant
reduction in unrepaired DNA in these cells that correlated with the nuclear
shuffling of p38 MAPK. This reduction was reversed in the presence of the
p38 MAPK inhibitor losmapimod (Fig. 5D) or SB202190 (Supplementary
Fig. 5), confirming that the DNA repair is mediated by p38 MAPK.
Remarkably, these responses were not observed in the control cells, which
indeed showed increased DNA damage upon etlotinib treatment, consistent
with previous reports [43]. It has been shown that DNA damage induces
apoptosis [44]. Intriguingly, the extent of DNA damage demonstrated in the
cells echoed that of apoptosis (Fig. 3E).

We next identified the potential DNA repair pathway involved in the
observed DNA repair response. We examined the protein levels of 53BP1 and
BRD4, which are key DDR factors promoting nonhomologous end joining
(NHE]) repair [45], and RAD51 which mediates homologous recombination
(HR) [46]. Interestingly, untreated PIK3R2-depleted cells had reduced level
of BRD4 compared with the control cells (Fig. 6A). This suggested that the
accumulation of DNA breaks in PIK3R2-depleted cells is likely due to a
deficient NHE] repair pathway. The regulation of BRD4 protein level by
PIK3R2 was further supported by the observation that PIK3R2-amplified
ovarian tumor samples from the TCGA database displayed significantly
higher BRD4 protein levels (Fig. 6B). Intriguingly, the levels of BRD4
and 53BP1 were then gradually increased by increasing doses of erlotinib
(Fig. 6A). These increases aligned with the activation of p38 MAPK, as
shown in Fig. 2A. We also examined the effects of PIK3CA and PIK3CB on
BRDA4 levels. The results showed that, in contrast to PIK3R2 siRNA, neither
PIK3CA nor PIK3CB siRNA reduced BRD4 levels in the untreated cells
(Fig. 6C). Further, erlotinib treatment of these PIK3CA- or PIK3CB-silenced
cells did not enhance BRD4 protein levels (Fig. 6C). Indeed, BRD4 level
were markedly decreased in PIK3CA-depleted cells upon erlotinib treatment.

Our data suggest that p38 MAPK signaling mediates these alterations in
DNA repair machinery. Interestingly, the formation of 53BP1 nuclear foci
was induced by erlotinib in PIK3R2-depleted cells (Fig. 6D). The induction
was reversed by losmapimod (Fig. 6D). Similarly, erlotinib increased the
protein levels of BRD4 and 53BP1 in PIK3R2-depleted cells, and this effect
was abolished by losmapimod (Fig. 6E). Consistent with the ability of 53BP1
to antagonize HR [47], protein expression and nuclear foci formation of the
HR repair protein RAD51 were indeed decreased in the PIK3R2-depleted
cells upon erlotinib treatment (Fig. 6D and GE). Building on the findings
that BRD4 is upregulated by erlotinib in PZK3R2-depleted cells, we reasoned
that inhibiting BRD4 would confer sensitivity to erlotinib. When PIK3R2-
depleted cells were cotreated with JQ1 (BRD4 inhibitor) and erlotinib, cell
viability was significantly reduced compared with erlotinib treatment alone

(P < 0.05) (Fig. GF).
Discussion

Reported resistance mechanisms to EGFR inhibition in cancer include the
acquisition of the EGFR gatekeeper T790M mutation, activation of bypass
signaling (such as by HER2, c-Met, AXL or IGF-1R) and aberrant activation
of downstream Ras/MAPK and PI3K/AKT pathways [48]. While new
generation EGFR inhibitors are designed to enhance treatment outcomes by
targeting the gatekeeper mutant, overcoming non-EGFR-centric adaptation
may rely on simultaneous inhibition of compensatory pathways. Several
combination strategies have been evaluated to increase the sensitivity of
ovarian cancer cells to EGFR inhibition. For example, EGFR inhibitors can
be combined with frontline therapies, including chemotherapy [49,50] or
antiangiogenic agent [51]. However, these combination regimens showed
only modest clinical benefit. More investigations are warranted to understand
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Fig. 4. p38 MAPK inhibitor losmapimod re-sensitizes PZIK3R2-depleted tumors to erlotinib in vivo.

SKOV3 cells stably expressing vector control or PIK3R2 shRNA were injected i.p. into nude mice. Tumor-bearing mice (n=5) were randomly selected for
treatment with vehicles, erlotinib alone (50 mg/kg/d), the p38 MAPK inhibitor losmapimod alone (12 mg/kg/d) or both drugs in combination for 2 wk. Bar
graphs of tumor nodule number and tumor weight are presented. Representative images show peritoneal disseminated tumor nodules as indicated by green

arrows. The error bars represent SEM. *, P < 0.05 based on 2-tailed ¢ test.

the underlying mechanism of insensitivity towards EGFR inhibition in
ovarian cancer and to derive rational combinational treatments accordingly.
In this study, our data suggested that insensitivity to erlotinib upon PIK3R2
depletion is a result of p38 MAPK activation, which initiates DNA repair and
thereby protects cells from DNA damage-induced apoptosis. Importantly,
inhibition of p38 MAPK leads to accumulated DNA lesions and sensitizes
ovarian cancer cells to erlotinib (Fig. 7).

EGFR inhibition suppresses tumor development by modulating cell
proliferation, apoptosis and angiogenesis [38,52,53]. Erlotinib has also
been shown to inhibit tumorigenesis by inducing DNA double-strand
breaks (DSBs) [43], providing an additional level of antitumoral action.
Mechanistically, erlotinib downregulates homology-directed recombinational
repair by inhibiting nuclear localization of BRCA1 [43]. Indeed, regulation
of DNA repair pathways by EGFR has been reported. In addition to that
of HR, EGFR can modulate other DNA repair pathways, including NHE]
[54] and nucleotide excision repair pathways [55]. Nuclear EGFR physically
binds to DNA-dependent protein kinase (DNA-PK) [55,56], which is
a component of the NHE] machinery that promotes DNA repair [57].

Collectively, these studies indicate DNA repair signaling as a downstream
pathway of EGFR. Aberrant DNA damage signaling may be critical for EGFR
inhibitor responsiveness, particularly in tumor cells under DNA damage
stress.

Our data showed that depleting p858 reduced BRD4 protein level,
suggesting that p858 involves in the NHE] DNA repair pathway. p85 has
not been shown to modulate DNA damage repair. Evidence of DNA repair
pathway regulation by the PI3K pathway so far has been focused on the
p110 catalytic subunit and its downstream signaling. While p1108 promotes
the binding of the HR repair protein NBS1 to damaged DNA [58,59],
AKT promotes NHE] repair by regulating DNA-PK [60] or inhibits HR
by impairing BRCA1 and RAD51 foci formation [61]. We postulate that
the increase in DNA damage upon PIK3R2 depletion is at least partially due
to the inhibition of NHE] repair and an accumulation of cells in the G1
phase, in which the NHE] pathway predominates [62]. Whether the effect
of p858 on DDR is mediated through the classical p110 or AKT signaling
remains to be examined. However, notably, in contrast to the depletion of
p858, the depletion of p110« or p110p in the untreated cells did not alter
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Fig. 5. Insensitivity to erlotinib in PIK3R2-depleted cells correlates with p38 MAPK nuclear translocation and p38 MAPK-mediated DNA repair.

(A-B) SKOV3 cells transfected with or without PIK3R2 siRNA were treated with erlotinib alone (10 M) or in combination with losmapimod (10 M) for
72 h. (A) An anti-p38 MAPK antibody (green) and DAPI (blue) were used for immunofluorescence staining. Scale bar, 20 um. (B) Cells were subjected to
subcellular fractionation. Representative blots of 3 independent experiments are shown. The numbers below the blots indicate the mean densitometry values
normalized to those of GAPDH (cytoplasmic marker) or lamin A/C (nuclear marker). (C-D) SKOV3 cells stably expressing PIK3R2 shRNA or vector control
were treated with erlotinib alone (10 uM) or in combination with losmapimod (10 uM) for (C) 24 h or (D) 72 h. DNA damage was visualized by comet
assay (Left). Scale bar, 100 pum. The amount of damaged DNA was expressed as percentage of DNA in comet tail (% tail DNA) (right). The box and whisker
plot was plotted by Graphpad Prism software using the Tukey method. *, P < 0.05; **, P < 0.005; ***, P < 0.001; #, P < 0.0001 using ordinary one-way
ANOVA for analysis within group (vector or PIK3R2 shRNA) and 2-way ANOVA for comparison between groups (vector vs PIK3R2 shRNA) with Sidak’s

multiple comparison test.
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Fig. 6. p38 MAPK promotes NHE] repair in PIK3R2-depleted cells treated with etlotinib.
(A) SKOV3 cells were transfected with or without PIK3R2 siRNA for 24 h prior to erlotinib treatment for 72 h. Protein lysates were collected for Western
blotting with the indicated antibodies. (B) Relative BRD4 protein levels were compared between TCGA serous ovarian cancer tumor samples (n=304)
categorized according to PIK3R2 copy number. The P value was calculated by the nonparametric Mann-Whitney test. (C) SKOV3 cells were transfected
with or without siRNA targeting PIK3CA or PIK3CB for 24 h prior to etlotinib treatment for 72 h. Protein lysates were collected for Western blotting
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Fig. 7. The proposed model of etlotinib insensitivity of ovarian cancer cells with low PIK3R2 expression.

Lefi, Depletion of PIK3R2 (p858) leads to G1 cell cycle arrest and a reduction in BRD4 protein level. These 2 events collectively result in defective
nonhomologous end joining (NHE]) repair and DNA damage. Right, DNA damage is further exacerbated in these PZK3R2-depleted cells upon treatment
with erlotinib because erlotinib itself also inhibits DNA repair. The accumulated genotoxic stress activates p38 MAPK signaling, which in turn increases the
expression levels of BRD4 and 53BP1, thereby repairing damaged DNA and sparing cells from apoptosis. p38 MAPK activation and induced DNA repair
confer enhanced viability of PIK3R2-depleted cells treated with erlotinib and represent resistance mechanisms to EGFR inhibition.

BRD4 protein levels. Moreover, etlotinib caused opposing effect on BRD4
level in PIK3CA-depleted cells compared with PIK3R2-depleted cells.

In response to DNA damage, p38 MAPK regulates DNA repair at
multiple levels. p38 MAPK initiates signaling cascades that regulate cell cycle
checkpoints prior to cell division. This process allows the coordination of
the DDR machinery to repair damaged DNA before entry into the next
cell cycle [63]. Phosphorylated p38 MAPK can also be translocated into the
nucleus by the induction of DSBs. Nuclear p38 MAPK binds to components
of the DDR machinery including histone 2A variant X (H2AX) and C-
terminal-binding protein interacting protein (CtIP) [64], which interact
with DNA repair proteins such as the MRE11-RAD50-NBS1 complex to
promote HR and NHE] repair [65-67]. Nuclear p38 MAPK phosphorylates
H2AX at Ser139 [68] and CtIP at multiple amino acid residues [40], thereby
promoting the activities of H2AX and CtIP. p38 MAPK may also regulate
the recruitment of 53BP1 to DSBs [69]. Inhibiting p38 MAPK thus reduces
DNA repair activity, along with increased replication fork stalking and DNA
damage [40]. Aligning with the role of p38 MAPK in DNA repair, erlotinib
treatment of the PIK3R2-depleted cells in this study led to increases in p38
MAPK phosphorylation and nuclear import with a concomitant decrease
in the amount of damaged DNA. Intriguingly, p38 MAPK was activated
as a consequence of p85f depletion and erlotinib treatment but not upon
either event alone. This raises an interesting possibility that the DNA damage
resulting from the 2 events together induces a sufficiently strong signal to
activate p38 MAPK and thereby the DDR machinery. The DNA damage
caused by either event alone might not reach the threshold level required for
DDR activation. In accordance with this proposition, distinct DNA damage
thresholds associated with different cellular outcomes and cell fates have
been postulated [70,71]. Further, it has indeed been shown that increased
unrepaired DSBs in cells with compromised NHE] proficiency induced
sustained activation of p38 MAPK [72]. Therefore, the impact of EGFR
inhibitors on DNA damage and treatment outcomes may be dependent on
the intrinsic DNA repair ability.

Conclusion

In summary, our data suggest that the copy number status or expression
levels of PIK3R2, PIK3CA and PIK3CB may affect treatment response
to EGFR inhibitors. The identification of response biomarkers and our
proposed model of resistance mechanism may help unlock the potential of
EGFR inhibitors in treating ovarian cancer.
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