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Abstract: The scaffold/adaptor growth factor receptor bound 2 (GRB2)-associated binding protein 2 (GAB2) is fre-
quently amplified and/or overexpressed in primary high-grade serous ovarian cancers (HGSOCs). Here we investigate
a novel treatment strategy by targeting SHP2 and PI3K signaling in HGSOCs with GAB2 amplification/overexpres-
sion (GAB2"e"). The expression of GAB2 was analyzed in primary HGSOCs and ovarian cancer cell lines. In vitro and
in vivo assays were performed to demonstrate the effect of SHP2 and PI3K-mediated GAB2""e" HGSOC progression.
Analysis of gene expression data reveals that primary GAB2"&" HGSOCs are associated with increased ERBB, RAS,
and MAPK activity signatures. Inhibition of SHP2 by an allosteric inhibitor SHPO99 selectively inhibits ERK1/2 activ-
ity, proliferation, and survival of GAB2"€" ovarian cancer cell lines. Treatment with SHPO99 has a synergistic effect
with BKM120, a pan-class | PI3K inhibitor, at suppressing proliferation and survival of GAB2"¢€" ovarian cancer cells
in vitro and in vivo by more effectively activating both BIM and BAD and inhibiting c-MYC compared with individual
inhibitor. Our findings identify an important role of SHP2 in promoting proliferation and survival of GAB2"&" ovarian
cancer cells, and combinatorial SHP2 and PI3K inhibition may be a promising therapeutic approach for such cancer.
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Introduction molecularly targeted agents including anti-vas-
cular endothelial growth factor (VEGF) antibo-
dy, bevacizumab [2], or poly (ADP-ribose) poly-
merase (PARP) inhibitors [3]. Recurrent ovarian
cancer that is platinum-resistant is treated with
non-platinum chemotherapeutic drugs and/or

in combination with molecularly targeted agents

HGSOC is the most aggressive subtype
accounting for more than 70% of ovarian can-
cer death [1]. HGSOCs are often diagnosed at
an advanced stage when tumors have dissemi-
nated into the peritoneal cavity [1]. The stan-

dard therapy is cytoreductive surgery follow-
ed by platinum/paclitaxel-based chemotherapy
[1]. HGSOCs usually respond well to primary
treatment, but recurrence occurs in most
patients within 12-18 months [1]. Recurrent
ovarian cancer may still be platinum-sensitive if
patients have a complete or partial response
for more than 6 months in the primary treat-
ment before recurrence [1]. Treatment options
for recurrent tumors include platinum-contain-
ing regimens in combination with additional
chemotherapeutic agents or recently approved

[4]. These treatment options improve progres-
sion-free survival but are often associated with
increased adverse effects [4]. Therefore, new
therapeutic strategies are urgently needed for
HGSOCs.

Recent genome characterization studies by the
Cancer Genome Atlas (TCGA) project have cata-
logued major genomic features of HGSOCs,
including frequent mutations in BRCA1/2 and
TP53 genes, and widespread somatic DNA copy
number alterations (SCNAs) [5]. To analyze con-
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tribution of SCNAs to HGSOC pathogenesis, we
recently performed an open reading frame
(ORF) based overexpression screen in vivo to
assess hundreds of ORFs representing signifi-
cantly amplified genes for the ability to promote
tumor growth, and identified GAB2 as a candi-
date oncogene [6]. High-level amplification of
the GAB2 gene has been detected in 16% of
primary HGSOCs, with copy number gains
occurring in an additional 28% of cases [6].
Amplification of GAB2 has also been reported
in 15% of breast cancer [7], and 11% of mela-
noma [8]. We and others showed that overex-
pression of GAB2 also occurs in the absence of
gene copy number changes in both HGSOC and
ovarian cancer cell lines [6, 9, 10]. A recent
study has shown that overexpression of GAB2
in HGSOCs is associated with improved survival
in patients [10]. Other studies have shown that
overexpression of GAB2 is associated with met-
astatic progression and poor survival in breast
cancer [11], melanoma [12], colorectal cancer
[13], neuroblastoma [14], and glioma [15].
These findings suggest that amplification and/
or overexpression of GAB2 plays an important
role in the pathogenesis of many cancer types,
HGSOC in particular.

GAB2 is a scaffold/adaptor protein that lacks
enzymatic activity but mediates protein-protein
interactions to regulate signal transduction of
many growth factor receptors, cytokine recep-
tors, and integrins to several Src Homology 2
(SH2) domain-containing effectors, such as
SHP2 and p85 [16]. Upon ligand stimulation,
the activated receptor undergoes autophos-
phorylation and provides phospho-tyrosine
resides for recruiting GRB2. GAB2 binds to
GRB2 and becomes phosphorylated at multiple
tyrosine residues, capable of binding to the
SH2 domains of SHP2 and p85 [16]. The inter-
actions induce conformation changes, relieving
the auto-inhibition of the SHP2 catalytic site
[17] and relieving the inhibition of p85 on the
p110 catalytic subunit of PI3K [18], respective-
ly. SHP2 has been shown to activate RAS by
direct dephosphorylation of RAS at tyrosine 32
[19], inhibition of RASGAP (RAS GTPase activat-
ing protein) [17] and SPRY (Sprouty RTK signal-
ing antagonist) [20]. Overexpression of GAB2
has been linked to aberrant activation of RAS-
ERK and PI3K-AKT in different cancers [6, 7, 9,
16, 21]. For example, overexpression of GAB2
accelerates NeuT-induced mammary tumori-
genesis by activating SHP2-dependent ERK1/2
signaling [7]. Overexpression of GAB2 pro-
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motes ovarian cancer cell migration and inva-
sion by upregulating PI3K-dependent transcrip-
tion of ZEB1, a known inducer of epithelial-mes-
enchymal transition (EMT) [9]. Our recent stud-
ies show that knock-down of GAB2 selective-
ly inhibits proliferation, survival, and tumor
growth of ovarian cancer cell lines with GAB2
amplification and/or overexpression but has no
effects on cells with low GAB2 expression [6,
21]. The selective inhibitory effect is associat-
ed with reduction in both phospho-ERK1/2 and
phospho-AKT levels [6, 21]. Our findings sug-
gest that ovarian cancer with amplification/
overexpression of GAB2 exhibits oncogene
addiction.

Previous studies have developed several antag-
onists to block the GRB2-GAB2 adaptor func-
tion, but their potencies remain to be optimized
[22, 23]. Another promising approach is to tar-
get key effectors of GAB2 in combination which
has not been studied. We and others have
shown that ovarian cancer cell lines overex-
pressing GAB2 are sensitive to pan-class | PI3K
inhibitors or dual PIBK/mTOR inhibitors [6, 10,
21]. Specific and potent pharmacological inhi-
bition of SHP2 has remained elusive despite
continued interest [24]. Recently, a highly
potent, specific, and orally available allosteric
inhibitor of SHP2, SHP099, has been devel-
oped [25]. SHP0O99 has been shown to concur-
rently bind to the N-terminal SH2, C-terminal
SH2, and PTP domains, thereby stabilizing
SHP2 in an auto-inhibited conformation in an
allosteric manner [25]. Treatment with SHP0O99
inhibits growth of tumors driven by activated
receptor tyrosine kinases and prevents adap-
tive resistance to MEK inhibitors [25, 26]. The
role of SHP2 in HGSOCs, particularly in the con-
text of GAB2 amplification/overexpression, has
not been studied.

In this study, we investigated whether combina-
torial inhibition of SHP2 and PI3K is effective
in ovarian cancer cells with GAB2 amplifica-
tion/overexpression. We used the Chou-Talalay
method for drug combination studies [27] to
investigate whether combination of SHP2 and
PI3K inhibitors have synergistic, additive, or
antagonistic effects.

Materials and methods
Cell culture

All cell lines were obtained and cultured as
described [28]. These cell lines have been
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authenticated by sequenom genotyping assays
for a panel of 48 SNP loci and matched to refer-
ence fingerprint (http://broadinstitute.org/ccle)
and no mycoplasma contamination was detect-
ed as described [29].

Chemicals

SHP099 was purchased from MedChemEx-
press. AZD628 [30], AZD6244 [31], BKM120
[32], GDC0941 [33], BEZ235 [34], and KU-
63794 [35] were purchased from Selleck
Chemicals.

Gene set enrichment analysis (GSEA)

We downloaded the mRNA expression z-scores
for TCGA HGSOC patients from the cBioPortal
for Cancer Genomics database (http://www.
cbioportal.org/) [36]. We checked the path-
ways enriched for the GAB2-overexpressing
tumors with the GSEA software (GseaPreranked
tool) (http://software.broadinstitute.org/gsea)
[37], using absolute correlation coefficient
between GAB2 and each gene as a score and
KEGG as a pathway annotation database.

Cell viability assays

To determine dose-response curves, cells were
seeded into each well of 96-well plates for 24
hours. Media were replaced with fresh media
containing increasing concentrations of SHP-
099 (0.3125, 0.625, 1.25, 2.5, 5, 10, 20 or 40
uM) or an equal amount of DMSO, with each
concentration tested in triplicate wells. After 72
hours, cell viability was measured by CellTiter-
Glo luminescent cell viability assay (Promega).
To determine CI values, the IC50 dose for indi-
vidual inhibitor was determined and cell viabili-
ty assays were performed for cells treated
with different doses (0.25X, 0.5X, 1X, 2X, and
4X 1C50 doses) of SHP0O99 and PI3K path-
way inhibitors individually or in combination.
CompuSyn software was used to calculate the
Cl values. Data were averages of triplicate mea-
surements representative of three indepen-
dent experiments. To assess clonogenic gr-
owth, cells were seeded into each well of 6-well
plates for 24 hours, and indicated concentra-
tions of inhibitors were added. After 12-14
days, cells were fixed in 2.5% buffered formalin
and stained in 0.1% (w/V) crystal violet solution
for 15 minutes each. The number of colonies
was quantified by Oxford Optronix GelCount
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system. Representative images from three
independent experiments are shown.

Annexin V staining

Cells were seeded into 10-cm culture dishes for
24 hours. Media were replaced with fresh
media containing IC50 doses of SHP099 and
BKM120 alone or in combination or equal
amount of DMSO for another 48 hours. Culture
supernatant and trypsinized cells were com-
bined and pelleted. After two washes in cold
PBS, cells were resuspended in Annexin V bind-
ing buffer. 100,000 cells were stained with 5
uL of allophycocyanin (APC)-conjugated Annexin
V (Thermo Fisher Scientific) and propidium
iodide (5 yg/mL) for 15 minutes and analyzed
with BD FACSAria llu Cell Sorter and FlowJo
software. Duplicate cell cultures for each treat-
ment were analyzed in each experiment. Data
represent averages + SEM of three indepen-
dent experiments.

Reverse phase protein array (RPPA)

FUOV1 cells were seeded into each well of
6-well dishes for 24 hours, and then treated
with SHPO99 (6 uM), BEZ235 (0.1 uM), SHPO99
(6 uM) + BEZ235 (0.1 uM), or equal volume of
DMSO for 48 hours. Protein lysates were pre-
pared from two independent experiments and
analyzed at the Functional Proteomics RPPA
Core Facility, MD Anderson Cancer Center.

Immunoblotting

Cell lysates were prepared in radioimmunopre-
cipitation assay buffer supplemented with Halt
Protease and Phosphatase Inhibitor Cocktail
(Pierce). Equal amount of protein (30 pg) was
separated by NuPAGE Novex Bis-Tris 4-12%
gels (Life Technologies). The membrane was
incubated with primary antibodies at 4°C over-
night. Antibodies against p-AKT (S473), AKT,
p-ERK1/2 (T202/Y204), ERK1/2, GAB2, BIM,
p-BAD (S112), p-BAD (S136), BAD, and MCL1
were purchased from Cell Signaling Technology.
Antibody for c-MYC was purchased from San-
ta Cruz Biotechnology. After incubation with
appropriate horseradish peroxidase linked sec-
ondary antibodies (Bio-Rad) for 2 hours at room
temperature, the membrane was incubated
with Enhanced Chemiluminescence Plus sub-
strate (Pierce) and signals were detected by
Pierce CL-Xposure films. Expression of B-actin
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Table 1. Gene sets enriched in primary HGSOCs with GAB2 overexpression, where enriched gene sets
were identified with the GSEA software using absolute correlation coefficient between GAB2 and each
gene as a score and KEGG as a pathway annotation database

Rank Gene Set

n NOM NES FDR
p-val g-val

KEGG_ADHERENS_JUNCTION
KEGG_STEROID_BIOSYNTHESIS
KEGG_ERBB_SIGNAING_PATHWAY
KEGG_MELANOGENESIS

KEGG_MAPK_SIGNALING_PATHWAY
KEGG_RAS_SIGNALING
KEGG_CELL_CYCLE

© 00 N O O b W N -

10 KEGG_ACUTE_MYELOID_LEUKEMIA

KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY

72 0.000 3.05 0.000
14 0.000 234 0.032
84 0.002 2.01 0.205
100 0.008 1.92 0.259

KEGG_ALDOSTERONE_REGULATED_SODIUM_REABSORPTION 40 0.010 1.91 0.217

253 0.016 1.88 0.220
189 0.014 1.85 0.226
120 0.019 1.82 0.228
103 0.014 1.8 0.231
54 0.016 1.76  0.259

n = number of genes in each gene set; NOM p-val = nominal p value; NES = normalized enrichment score; FDR g-val = false

discovery rate; test of statistical significance.

was detected by a specific antibody from Santa
Cruz Biotechnology as an internal loading
control.

Real-time quantitative reverse-transcription
PCR

Total RNA was extracted with TRIzol reagent,
and 2 yg was used to synthesize the first strand
cDNA using Maxima First Strand cDNA Syn-
thesis Kit (Thermo Fisher Scientific). Quanti-
tative PCRs were performed with Maxima
SYBR Green gqPCR Master Mix. The primer
sequences used were: GAPDH (5-CCTGT-
TCGACAGTCAGCCG-3’, 5-CGACCAAATCCGTTG-
ACTCC-3’), c-MYC (5’-CAGCTGCTTAGACGCTGG-
ATT-3’, 5-GTAGAAATACGGCTGCACCGA-3’), BIM
(5-ATCTCAGTGCAATGGCTTCC-3’, 5-CTAGGATG-
ACTACCATTGCAC-3’). For each experiment, trip-
licate reactions for each primer set were per-
formed using Roche LightCycler 480 Il PCR
instrument. The mean cycle threshold was
used for the comparative cycle threshold
analysis (ABI User Bulletin #2). Data represent
averages + SEM of three independent
experiments.

Xenograft tumor growth assays

All animal experiments were conducted in
accordance with animal use guidelines of the
National Institutes of Health using protocols
approved by the Medical University of South
Carolina and Use Committee. IGROV1 cells (5 x
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1068 cells in 200 yL of PBS per injection) were
implanted subcutaneously into both flanks of
immunodeficient athymic nude mice (Harlan
laboratories). Tumors were allowed to grow for
12 days (reaching a size of 62.5 mm?3). Mice
bearing tumors were randomly assigned to
receive treatment with SHP099 (50 mg/kg,
qd), BKM120 (22.5 mg/kg, qd) alone or in com-
bination or vehicle treatment by oral gavage for
a period of 22 days (n = 10). BKM120 (Novartis
Pharmaceuticals) was reconstituted in one vol-
ume of NMP (1-methyl-2 pyrrolidone, Sigma)
and nine volumes of PEG-300 (polyethylene gly-
col 300; Fluka Analytical). SHPO99 (Novartis
Pharmaceuticals) was reconstituted in 10%
Solutol (sigma 42966), 20% PBS, 20% Prolylne
Glycol (sigma W294004) as described [25].
Tumor size was measured every other day by a
caliper. Tumor volume = length x (width)?/2.
Upon harvesting tumors, tumors were cut into
half, with one half fixed in formalin overnight
and then in 70% ethanol for histopathology
analysis.

Histology, immunohistochemistry (IHC)

For histological analyses, the Tissue Biore-
pository at Medical University of South Carolina
stained FFPE sections with hematoxylin and
eosin. IHC was performed with antibodies
against Ki67, cleaved caspase 3 (CC3) and
secondary antibody, followed by staining and
photographing. For quantification of IHC,
three images were taken per tumor section
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Figure 1. GAB2"" ovarian cancer cell lines are selectively dependent on SHP2 for proliferation and survival. (A)
Gene copy number and expression data of GAB2 in 51 ovarian cancer cell lines characterized in the Cancer Cell
Line Encyclopedia project. This study used 4 cell lines with GAB2 amplification/overexpression (highlighted in red
color) and 5 cell lines without alterations (black) that were available in our laboratory. Gray color indicates other cell
lines not used in this study. Dotted lines indicate arbitrary cut-off for GAB2 amplification (> 4 gene copies) or GAB2
overexpression (1.5-fold increase in expression). OVCARS cell line was not present in the graph as only gene copy
number information was available for this cell line. (B) Quantitative real-time PCR measurement of GAB2 mRNA
levels and (C) immunoblot of GAB2 protein in a panel of 9 genetically characterized ovarian cancer cell lines. Four
cell lines with GAB2 gene amplification and overexpression (OVCAR3 and JHOS4) or overexpression (FUOV1 and
IGROV1) in the absence of gene amplification are highlighted in red color. Five cell lines with normal GAB2 gene
copy number and low expression levels (HEYA8, OVCAR5, OV90, OVCAR4, SKOV3) are highlighted in black color. (D)
Dose-response curves of SHP099. Each cell line was exposed to increasing doses of SHPO99 for 3 days, and cell
viability was measured by CellTiter-Glo assays. EGFR-mutant HCC827 lung cancer cell line was highlighted in blue
color. Data were represented as mean = SEM (n = 3). (E) Clonogenic growth after exposure to SHP099. Each cell
line was seeded at low density in 6-well plates, cultured in the presence of DMSO or SHP099 (5 uM) for 12-14 days,
and stained by crystal violet. Representative images from three independent experiments are shown. (F) Quantita-
tion of the number of colonies determined in (E). Data were represented as mean + SEM (n = 3). ****P < 0.0001
by Student’s t test. (G) Immunoblots for p-ERK1/2, ERK1/2, p-AKT, and AKT in indicated cell lines after exposure to
three different doses of SHP099 (5, 10, or 20 uM) for 24 hours.

and analyzed using the Visiopharm Integrator Results
System (Visiopharm).
Gene expression profiles reveal higher ac-

Statistical analyses tivities of ERBB, RAS, and MAPK in primary
GAB2"&" HGSOCs

Statistical evaluation was performed with

Student’s t test or ANOVA. Values are expressed We and others have observed that amplifica-

as means + SEM. Values of P < 0.05 were con- tion of the GAB2 gene correlates with increased

sidered to indicate a statistically significant gene expression in primary HGSOCs character-

difference. ized by the TCGA project, and that overexpres-
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Figure 2. Synergistic effect of SHP2 and PI3K inhibition at suppressing proliferation and survival of GAB2"" ovarian
cancer cell lines. A. Dose-response curves of BKM120 alone or in combination with SHP0O99 (5 uM). Cell viability
was measured by CellTiter-Glo assays after 72 hours treatment. Data were represented as mean + SEM (n = 3). *P
< 0.05 by Student’s t test. B, C. The combination index (Cl) plots. Fraction inhibited (or affected) refers to the frac-
tion of cell viability inhibited. Dose-response curves of SHP099, BKM120, GDC0941, BEZ235, KU63794, AZD628
or AZD6244 individually or in combination were determined in each cell line. Each cell line was seeded in 96-well
plates for 24 hours and then exposed to 5 different doses of indicated inhibitors for another 72 hours. Cell viability
was measured by CellTiter-Glo assays. The Cl values were calculated using the median-effect equation described
by the Chou-Talalay method. Cl < 1 indicates synergism, Cl = 1 indicates an additive effect, and Cl > 1 indicates

antagonism.

sion of GAB2 in the absence of gene copy num-
ber changes also occurs in primary HGSOCs
and ovarian cancer cell lines [6, 10]. To explore
signaling pathways potentially activated by
GAB2 overexpression, we performed gene set
enrichment analysis (GSEA) of gene expression
profiles of primary HGSOCs (see Methods).
Among the top ten gene sets that were enriched
in GAB2-overexpressing HGSOCs, we found sig-
nificant enrichment of ERBB signaling, MAPK
signaling, and RAS signaling as the top third,
sixth, and seventh ranked gene sets, respec-
tively (Table 1). This is interesting given that
GAB2 is a signaling molecule downstream of
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many receptor tyrosine kinases including the
ERBB family [38], and that SHP2 is a well-
established GAB2 effector and an activator of
RAS and MAPK signaling [17]. These observa-
tions support the idea that overexpression of
GAB2 in HGSOCs contributes to activation of
RAS and MAPK signaling.

GAB2""e" ovarian cancer cell lines are selec-
tively sensitive to SHP2 inhibition

We investigated whether ovarian cancer cell

lines with GAB2 amplification and/or overex-
pression are dependent on SHP2 for prolifera-

Am J Cancer Res 2019;9(1):145-159
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tion and survival. By analyzing gene copy num-
ber and expression data of 51 ovarian cancer
cell lines characterized by the Cancer Cell Line
Encyclopedia (CCLE) project [29], we identified
a panel of 9 serous ovarian cancer cell lines
with or without GAB2 amplification/overexpres-
sion. We performed quantitative real-time PCR
and immunoblotting, and confirmed that two
cell lines (OVCAR3 and JHOS4) that harbored
GAB2 gene amplification expressed high GAB2
mMRNA and protein levels, two cell lines (FUOV1
and IGROV1) expressed high levels of GAB2
MRNA and protein in the absence of gene co-
py number changes, and 5 cell lines (HEYAS,
OVCARb5, 0V90, OVCAR4, and SKOV3) that did
not harbor gene amplification display low levels
of GAB2 mRNA and protein (Figure 1B and 1C).
Each cell line was treated with increasing doses
of SHPO99 for 72 hours and cell viability was
measured by CellTiter-Glo assays. We observed
that the 4 cell lines with GAB2 amplification/
overexpression are relatively more sensitive
than 5 cell lines expressing low GAB2 levels
(Figure 1D). Previous study has shown that
the lung cancer cell line HCC827 harboring
EGFR mutation was sensitive to SHP099. We
observed that the 4 ovarian cancer cell lines
with GAB2 overexpression had comparable or
higher sensitivity to SHPO99 than that observed
in HCC827 cells. Treatment with SHPO99 at a
relatively low concentration (5 pM) inhibited
clonogenic growth of all 4 ovarian cancer cell
lines with GAB2 amplification/overexpression
but had no effects on 2 of the cell lines with low
GAB2 expression tested (Figure 1E and 1F).
The selective inhibitory effect of SHPO99 was
associated with selective reduction in phos-
pho-ERK1/2 (p-ERK1/2) levels (Figure 1G). In
contrast, p-AKT levels were unchanged after
SHPO099 treatment (Figure 1G). These findings
suggest that SHP2 is selectively required for
GAB2"e" ovarian cancer cell lines for prolifera-
tion, survival, and activation of ERK1/2
signaling.

Synergistic effects of SHP2 and PI3K pathway
inhibitors in GAB2€" ovarian cancer cell lines

We previously reported that GAB2"e" ovarian
cancer cell lines were sensitive to PI3K path-
way inhibition [6, 21]. Here we investigated
the effect of SHP2 inhibition cooperating with
PI3K pathway inhibitors at suppressing pro-
liferation/survival of ovarian cancer cells. We
first assessed the dose-response curves of
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BKM120 alone or in combination with a rela-
tively low dose of SHP0O99 (5 uM), which had
been shown to be effective and specific at
SHP2 inhibition in vitro previously [25], in 4
GAB2"e" and 3 GAB2"" ovarian cell lines. We
observed that additional SHP0O99 effectively
improved the therapeutic effect of BKM120 by
more than 20% of inhibition of growth in 4
GAB2"e" ovarian cancer cell lines, but not in 3
GAB2'" ovarian cancer cell lines (Figure 2A).
We next used the Chou-Talalay method for
drug combination studies [27] and determined
the dose-response curves of SHP0O99 and
BKM120 individually and in combination at a
constant potency ratio in the 4 GAB2"e" cell
lines. BKM120 is a pan-class | PI3K inhibitor
and is being evaluated in many clinical trials
[39]. The calculated combination index (CI) val-
ues for OVCAR3, JHOS4, FUOV1, and IGROV1
cells at doses effective in reducing cell viability
by 90% were 0.41, 0.75, 0.33, 0.49, respec-
tively (Figure 2B). We further examined whether
SHPO099 also synergized with other inhibitors
against the PI3K pathway, including GDC0941
(@ pan-class | PI3K inhibitor), BEZ235 (a dual
PIBK/mTOR inhibitor) and KU63794 (an mTOR
inhibitor). We determined the CI values for dif-
ferent drug combinations, including SHPO99+
GDC0941, SHP099+BEZ235, and SHP0O99+
KUG63794 were < 1 (Figure 2B), indicating that
SHP099 had a synergistic effect with each of
these PI3K pathway inhibitors. To examine
whether inhibition of RAF-MEK signaling con-
tributes to the synergistic inhibitory effect of
SHP099 with BKM120, we assessed the dose
response curves of BKM120 in combination
with AZD628 (a pan-inhibitor of BRAF and
c-RAF) or AZD6244 (an inhibitor of MEK1) in
FUOVZ1cells.The ClvaluesforAZD628+BKM120
and AZD6244+BKM120 were < 1, indicating
synergistic effects (Figure 2C). These findings
support that inhibition of RAF-MEK signaling
contributes to the synergy between SHP2 with
PI3K pathway inhibition.

To examine the longerterm effects of SHP2
and PI3K inhibition, we determined the effects
of SHP099 and BKM120 on clonogenic growth
of the 4 GAB2"" cell lines. Cells were exposed
to low doses of SHP099 (5 uM) (comparable to
reported effective dose [25]) and BKM120
(0.3-0.8 uM) individually or in combination for
up to 2 weeks. We observed that treatment
with individual inhibitor at low doses sup-
pressed clonogenic growth, but combined
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Figure 3. Induction of apoptotic cell death contributes to the synergistic effect of SHP2 and PI3K inhibition. (A) Clo-
nogenic growth assays. Ovarian cancer cell lines with GAB2 amplification/overexpression were seeded at low den-
sity, cultured in the presence of DMSO, BKM120 (0.3-0.8 uM), SHP099 (5 uM), or SHPO99+BKM120 combination
for 12-14 days, and stained by crystal violet solution. Representative images from three independent experiments
were shown. (B) Quantitation of the number of colonies determined in (A). Data were represented as mean + SEM
(n=3). **P < 0.01, ***P < 0.001, ****P < 0.0001 by one way ANOVA. (C) Flow cytometry analysis of Annexin
V-positive cells. Each cell line was treated with IC50 doses (determined in Figure 2B) of each inhibitor alone or in
combination for 48 hours and stained with APC-conjugated Annexin V. Data were represented as mean + SEM (n =

3). **P < 0.01, ***P < 0.001, by one way ANOVA.

SHP099 and BKM120 treatment was more
effective (Figure 3A), thus corroborating with
the Cl data. Quantitation of colonies revealed a
greater reduction in the number of colonies
after treatment with SHPO99+BKM120 combi-
nation than individual inhibitors (Figure 3B),
indicating an inhibition of cell survival/viability.
To determine if apoptosis contributed to the
synergistic effect of SHP099 and BKM120, we
assessed the effects of SHP0O99 and BKM120
at the half maximal inhibitory concentration
(IC50) doses (i.e., concentrations inhibited 50%
of cell viability as determined by the CellTiter-
Glo assays in Figure 2B) for 48 hours on apop-
tosis by performing Annexin V staining follow-
ed by flow cytometry. We observed that com-
bined SHPO99+BKM120 treatment significant-
ly increased apoptotic cell death compared
with individual inhibitor (Figure 3C). These
results indicate that the synergistic effect of
SHP2 and PI3K inhibition is in part due to
increased induction of apoptotic cell death.
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Combinatorial SHP2 and PI3K inhibition acti-
vates BIM and BAD, and inhibits c-MYC

To investigate the molecular mechanisms
underlying the synergistic effects of SHP2 and
PI3K inhibition, we performed reverse phase
protein array (RPPA) analysis in FUOV1 cells
after treatment with SHP099 and BEZ235 indi-
vidually or in combination for 48 hours. As a
control, cells were treated with equal amount of
DMSO. Averaged signals from 2 independent
experiments were calculated as log2 fold
change relative to DMSO-treated cells. As
expected, SHP099 treatment alone decreased
levels of p-ERK1/2 (T202/Y204) and p-c-Raf
(p-S338), whereas BEZ235 treatment alone
decreased levels of p-AKT (S473) and p-mTOR
(52448). Combined SHP099+BEZ235 treat-
ment reduced phosphorylation levels of all 4
signaling molecules. The RPPA data also sh-
owed an increase in BIM levels after SHPO99 or
SHP099+BEZ235 treatment. Reduced MCL1
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Figure 4. Combined SHP2 and PI3K inhibition activates BIM and BAD and inhibits c-MYC. A. Immunoblots for indi-
cated proteins in 4 ovarian cancer cell lines with GAB2 amplification/overexpression after treatment with DMSO,
BKM120, SHP0O99 or SHPO99+BKM120 for 24 hours. IC50 doses (determined in Figure 2A) of each inhibitor alone
or in combination were used. Representative images from two independent experiments are shown. B. Quantita-
tive real-time PCR analysis showing relative mRNA levels of BIM (left) and c-MYC (right) after exposure to DMSO,
BKM120, SHP099 or SHPO99+BKM120 for 24 hours. Data were represented as mean + SEM (n = 3). *P < 0.05,
**P < 0.01, ***P <0.001, ****P < 0.0001 by one way ANOVA.
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Figure 5. Combined SHP2 and PI3K inhibition induces tumor regression. A. Growth of IGROV1-derived tumor xeno-
graft in nude mice treated with vehicle (n = 10), BKM120 (22.5 mg/kg), SHP099 (50 mg/kg), or SHP099+BKM120
by oral gavage. Data were represented as mean + SEM. **P < 0.01, ***P < 0.001 by one way ANOVA. B. Body
weight of nude mice receiving indicated drug treatment. Mean + SEM values were presented. C. Immunohisto-
chemical analyses of tumor xenografts with indicated antibodies at the conclusion of indicated drug treatment. D.
The indicated bar graphes show the relative fraction of cells positive in Ki67, Cleaved Caspase 3 (CC3) in 4 mm?
tumor xenograft sections. Data were represented as mean + SEM from 6 different tumor sections, *P < 0.05, **P
<0.01, ***P < 0.001, ****P < (0.0001 by one way ANOVA.

levels were observed in BEZ235 or SHP0O99+
BEZ235 treated cells, whereas reduced p-BAD
(5112) levels were observed in SHP0O99+
BEZ235 treated cells only. In contrast, BCL-XL
levels remain unchanged (data was not shown).

BIM and BAD are known pro-apoptotic proteins,
whereas MCL1 is an anti-apoptotic protein [40].
To confirm these findings, we treated all 4 cell
lines with GAB2 amplification/overexpression
with SHPO99 and BKM120 alone or in combi-
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nation for 24 hours, and performed immunob-
lotting and quantitative PCR to examine their
effects on apoptotic regulators. We observed
that SHP099 treatment increased BIM protein
levels in all 4 cell lines but the BIM mRNA levels
did not increase in 3 out of 4 cell lines (Figure
4A, 4B), suggesting that increased BIM protein
by SHPO99 may be due to protein stabilization.
We also observed that BKM120 treatment
reduced p-BAD (S112) levels in all 4 cell lines.
Reduction of p-BAD (S136) levels was observed
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in 3 celllines after combined SHPO99+BKM120
treatment only. In IGROV1 cells, BKM120 treat-
ment alone was sufficient to reduce p-BAD
(5136). Reduction in MCL1 protein levels was
only observed in FUOV1 cells, but not in the
other 3 cell lines, after BKM120 or SHP099+
BKM120 treatment (Figure 4A). Therefore,
these results suggest that coordinate activa-
tion of BIM by SHPO99 and activation of BAD
by BKM120 contribute to increased apoptosis
after combinatorial SHP0O99+BKM120 treat-
ment. While the dual PISK/mTOR inhibitor
BEZ235 was used for RPPA, these findings
show that inhibition of PI3K alone contributes
to the changes detected by RPPA.

Our RPPA data also indicated that SHP099
treatment reduced c-MYC levels in FUOV1 cells.
Using immunoblotting and quantitative PCR,
we confirmed that SHPO99 treatment resulted
in @ more pronounced reduction of c-MYC pro-
teins than BKM120 treatment in all 4 cell
lines with GAB2 amplification/overexpression
(Figure 4A). SHP099 treatment also decreased
the mRNA levels of ¢c-MYC (Figure 4B). In con-
trast, BKM120 treatment increased c-MYC
mRNA levels in 3 cell lines with the exception
of IGROV1 cells (Figure 4B). The discordance
between the protein and mRNA levels of c-MYC
support the notion that the stability of c-MYC
protein is in part regulated by ERK1/2 and AKT
pathways. Importantly, we observed that com-
bined SHPO99+BKM120 treatment consistent-
ly reduced c-MYC proteins in all 4 cell lines
tested. These results indicate that SHPO99+
BKM120 combination effectively reduces ex-
pression of c-MYC protein, through destabiliza-
tion, suppression of transcription, or both in
ovarian cancer cell lines with GAB2 amplifica-
tion/overexpression.

Combinatorial SHP2 and PI3K inhibition in-
duces regression of tumor xenograft

To examine the effect of combinatorial SHPO99
and BKM120 treatment on tumor growth, we
established subcutaneous tumor xenografts
from IGROV1 cells. Mice bearing tumors were
treated with SHP099 (50 mg/kg, daily) and
BKM120 (22.5 mg/kg, daily) alone or in combi-
nation. We observed that treatment with indi-
vidual inhibitor attenuated tumor growth (Fig-
ure 5A). Importantly, combinatorial SHP0O99
and BKM120 treatment induced rapid tumor
regression (Figure 5A). Mice receiving drug
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treatments alone or in combination did not
show adverse effects on body weight compared
to vehicle-treated mice (Figure 5B), indicating
that the drug combination was well tolerated in
mice. To determine if inhibition of tumor cell
proliferation or survival or both was responsible
for the tumor regression, we peformed immu-
nohistochemistry on xenograft sections three
days after drug treatment. We observed that
combined treatment with SHPO99 and BKM120
resulted in greater inhibition of tumor cell prolif-
eration (indicated by reduction in Ki67-positive
cells) and induction of apoptosis (indicated by
increased number of cleaved Caspase 3 posi-
tive cells) compared with individual treatment
(Figure 5C and 5D). These results indicate that
inhibition of tumor cell proliferation and induc-
tion of apoptosis contribute to tumor regres-
sion induced by combined PI3K and SHP2
inhibition.

Discussion

In this study, we provide evidence that GAB2"ig
HGSOCs are associated with enhanced ERBB,
RAS, and ERK signaling. Serous ovarian cancer
cell lines with GAB2 amplification/overexpres-
sion are selectively dependent on SHP2 for
activation of ERK1/2 signaling, cell prolifera-
tion, survival, and clonogenic growth. Com-
binatorial SHP2 and PI3K pathway inhibition
show a synergistic effect at suppressing prolif-
eration and survival of GAB2"" ovarian cancer
cell lines in part through coordinate activation
of pro-apoptotic BIM and BAD proteins and
induction of apoptotic cell death. These find-
ings suggest that co-targeting SHP2 and PI3K
may be a highly promising therapeutic approach
for GAB2"ig" HGSOCs.

Aberrant activation of SHP2 has been shown in
several human diseases and malignancies
[17]. Germline activating mutations in the SHP2
gene cause 50% of Noonan Syndrome, where-
as somatic SHP2 mutations were reported in
several types of leukemia including ~35% of
sporadic juvenile myelomonocytic leukemia
(JMML), 10% of childhood myelodysplastic syn-
dromes, 7% of B-cell acute lymphoblastic leu-
kemia (B-ALL), and 4% of adult acute myeloge-
nous leukemia (AML) [41]. Somatic SHP2 muta-
tions are rare in solid tumors [41], while aber-
rant activation of upstream receptor tyrosine
kinases or intracellular kinases, such as over-
expression of ERBB2 in breast cancer [7],
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mutation of EGFR in lung cancer [42], overex-
pression of EGFR in colon cancer [43], and
translocation of BCR/ABL in chronic myeloge-
neous leukemia (CML) [44], has been reported
to activate SHP2 to promote cancer develop-
ment, progression, and resistance to targeted
therapies. GAB2 protein contains two consen-
sus tyrosyl phosphorylation sites at Y, ,LAL and
Y,.,VQV to bind to the SH2 domain of SHP2.
Corroborating with our previous observation
that ovarian cancer cell lines with GAB2 ampli-
fication/overexpression depend on high GAB2
levels for activation of ERK1/2 and AKT signal-
ing [6, 21], this study identified a highly selec-
tive dependency of GAB2 overexpressing-ovari-
an cancer cells on SHP2. Thus, SHP2 inhibitor
is likely to have a high therapeutic index in ovar-
ian cancer. Our findings indicate that SHP2 is
one of the key effectors of GAB2 contributing to
the observed oncogene dependency. Previous
studies have established SHP2 as a key signal-
ing molecule of programmed cell death (PD-1),
cytotoxic T-lymphocyte associated antigen 4
(CTLA-4), and B- and T-lymphocyte attenuator
(BTLA) immune checkpoint pathways [45].
Future studies should also investigate how
combinatorial SHP2 and PI3K inhibition affects
tumor and immune cells.

Both BIM and BAD are pro-apoptotic Bcl-2 fam-
ily members that influence responsiveness of
ovarian cancer to chemotherapy and prognosis
[46, 47]. BIM protein is localized at microtu-
bules by direct interaction with dynein, and
disruption of microtubule dynamics by paclitax-
el releases BIM to induce apoptosis [48].
Activation of the RAS-ERK1/2 signaling has
been shown to phosphorylate BIM and target
BIM for proteasome-mediated degradation
and inhibit paclitaxel-induced apoptosis [49]. In
addition, ERK1/2 suppresses FOXO3A-depen-
dent transcription of BIM by phosphorylating
FOXO3A and targeting FOXO3A for degradation
in proteasomes [50], whereas activation of AKT
suppresses FOXO03A-dependent transcription
of BIM by phosphorylating FOXO3A at different
sites to promote cytosolic sequestration of
FOXO3A. The activity of BAD is negatively regu-
lated by phosphorylation at S112 and S136
residues which induces cytosolic sequestration
of BAD by 14-3-3 proteins and inhibits the abil-
ity of BAD to heterodimerize with the anti-apop-
totic proteins BCLXL or BCL2 [40]. RAS-ERK1/2
signaling phosphorylates BAD at S112 whe-
reas AKT phosphorylates BAD at S136 [51].
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Expression of a phosphorylation-defective BAD
mutant (S112A, S136A) sensitized ovarian can-
cer cells to paclitaxel and cisplatin-induced
cytotoxicity [51]. The present study extends
from these lines of evidence and shows that
combinatorial inhibition of SHP2 and PI3K coor-
dinately activates both BIM and BAD, and more
effectively induces apoptotic cell death and
tumor regression than individual inhibition.

In summary, we observed that the overexpres-
sion of GAB2 is associated with enhanced
ERBB, RAS, and MAPK signaling in HGSOCs.
We provided evidence that SHP2 was selective-
ly required for activation of ERK1/2 signaling
and proliferation/survival of serous ovarian
cancer cell lines with GAB2 amplification/over-
expression compared with ovarian cancer cell
lines without GAB2 alterations. Inhibition of
SHP2 synergized with PI3K inhibition at sup-
pressing proliferation and survival in part
through activation of pro-apoptotic BIM and
BAD and inhibition of ¢c-MYC. Our findings sug-
gest that combinatorial SHP2 and PI3K inhibi-
tion may be a promising therapeutic approach
for GAB2"ig" HGSOCs.
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