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Abstract

Background. Glioblastoma (GBM) is the most malignant primary brain tumor, with dismal median survival.Treatment
of GBM is particularly challenging given the intrinsic resistance to chemotherapy and difficulty of drugs to reach the
tumor beds due to the blood-brain barrier. Here, we examined the efficacy of SHP099, a potent, selective, and oral
SHP-2 inhibitor for treating GBM with activated platelet derived growth factor receptor alpha (PDGFRa) signaling.
Methods. The effects of SHP099 on cell survival of neural progenitor cells (NPCs), GBM cell lines, and patient-
derived glioma stem-like cells (GSCs) were evaluated. Brain and plasma pharmacokinetics of SHP099 and its ability
to inhibit SHP-2 signaling were assessed. SHP099 efficacy as a single agent or in combination with temozolomide
(TMZ) was assessed using transformed mouse astrocyte and GSC orthotopic xenograft models.

Results. Activated PDGFRa signaling in established GBM cells, GSCs, and transformed mouse astrocytes was signif-
icantly inhibited by SHP099 compared with NPCs in vitro and in vivo through targeting SHP-2—stimulated activation
of extracellular signal-regulated protein kinases 1 and 2 in GBM. SHP099 treatment specifically inhibited expression
of JUN, a downstream effector of PDGFR signaling, thereby attenuating cell cycle progression in GBM cells with ac-
tivated PDGFRa. Moreover, SHP099 accumulated at efficacious concentrations in the brain and effectively inhibited
orthotopic GBM tumor xenograft growth. SHP099 exhibited antitumor activity either as a single agent or in combina-
tion withTMZ and provided significant survival benefits for GBM tumor xenograft-bearing animals.

Conclusions. Our data demonstrate the utility and feasibility of SHP099 as a potential therapeutic option for
improving the clinical treatment of GBM in combination with TMZ.

Key Points
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Importance of the Study

SHP-2 is a nonreceptor protein tyrosine phospha-
tase encoded by the PTPN 17 gene that is critical for
PDGFRa-driven gliomagenesis. SHP099, a novel and po-
tent SHP-2 inhibitor, preferentially attenuated cell sur-
vival and self-renewal of GSCs compared with neural
progenitor cells in vitro. Delivered orally, SHP099 ac-
cumulated at efficacious concentrations in the brain,

Glioblastoma (GBM) is the most common malignant pri-
mary brain tumor in adults, with a 14.6-month median
survival after diagnosis.’? Small-molecule inhibitors hold
therapeutic promise for treating GBM through perturbing
autophagic activity of glioma stem-like cells (GSCs),® en-
ergy metabolism,* cell proliferation,® and cell signaling®
in GBM tumor xenografts. However, clinical selection
of effective therapeutic drugs for GBM treatment is lim-
ited. Thus, there is an urgent unmet need to identify new
targets for developing effective therapeutic strategies
against GBM.

SHP-2 is a nonreceptor protein tyrosine phosphatase
(PTP) encoded by the PTPN11 gene’ and regulates mul-
tiple biological functions in response to various growth
factors, hormones, or cytokines.®® SHP-2 is critical for
Ras/mitogen-activated protein kinase signaling-medi-
ated cell survival, proliferation, migration, and differenti-
ation.' Mutation, amplification, or aberrant activation of
SHP-2 causes various diseases and cancers.®' In glioma,
inhibition of SHP-2 suppressed orthotopic GBM growth
in NOD/SCID mice and decelerated the progression from
low-grade astrocytoma to GBM in a mouse model of
spontaneous transgenic glioma.'? We have previously
reported that SHP-2 promotes platelet derived growth
factor receptor alpha (PDGFRa)-driven gliomagenesis
with Ink4a/Arf deletion™ and glioma cell epithelial-
mesenchymal transition.™

Of note, approximately 13% of clinical GBMs harbor
PDGFRA amplification'™'® and SHP-2 mediates onco-
genic PDGFRa signaling in cancers, including GBM. 31417
Therefore, specific targeting of SHP-2 by novel inhibi-
tors is expected to help to develop an effective therapy
for GBM with PDGFRa activation. Recently an allosteric
SHP-2 inhibitor, SHP099, was characterized as a potent
and highly specific inhibitor of SHP-2. SHP099 effectively
diminishes activation of extracellular signal-regulated ki-
nase 1 and 2 (ERK1/2) and proliferation of cancer cells
driven by receptor tyrosine kinases (RTKs)'®"® or KRAS
alterations.?%-22 Moreover, SHP099 prevents adaptive re-
sistance to MEK inhibitors in multiple types of human
cancers.20-23

Here, we investigated whether SHP099 is a potent in-
hibitor in gliomas with activated PDGFRo. signaling. We
determined the response to SHP099 in GSCs and the phar-
macokinetics of SHP099 in brain tissues and plasma of im-
munocompetent mice. Treatment with SHP099 either as a
single agent or in combination with temozolomide (TMZ)
was then performed.

as determined using 2 different orthotopic xenograft
models. SHP099 (as a single agent or in combination
with the first-line chemotherapy, TMZ) inhibited tumor
growth and extended survival of animals bearing xeno-
grafts with activated PDGFRa signaling. Therefore,
SHP099 may serve as a treatment of clinical GBM in
combination with TMZ.

Materials and Methods
Cell Lines

Neural progenitor cells (NPCs) and GL261 were purchased
from American Type Culture Collection. The LN444 glioma
cell line was a gift from Dr Erwin G. Van Meir at Emory
University. Patient-derived GSC lines—1123, R83, R39,
528, 157, and AC17—were from Dr Ichiro Nakano?* or our
collections. Molecular subtype, O8-methylguanine-DNA
methyltransferase methylation status, and isocitrate dehy-
drogenase 1 mutations identified for each patient-derived
GSC line are shown in Supplementary Table 1. Primary
Ink4a/Arf’~- mouse astrocytes (mAsts) were derived and
propagated as previously described.?®

Chemicals

SHP099 (C,(H,CI,N,, molecular weight: 355.26; #HY-
100388) and TMZ (HY-17364) were purchased from
MedChemExpress and dissolved in double-distilled (dd)
H,0.

Plasmids

PDGF-A and PDGFRa constructs were derived as we previ-
ously described.'® SHP-2 short hairpin (sh)RNAs and con-
trol shRNAs were purchased from Shanghai GeneChem
Company.

Cell Viability Assays

Cell viability analysis was performed using a WST-1 assay
kit (Roche). Briefly, cells were seeded in triplicate wells of
a 96-well microplate (6000 cells/well) and treated with ve-
hicle (ddH,0) or SHP099 from 0.1 to 100 uM for 72 hours.
Half-maximal inhibitory concentration (IC,)) values were
calculated from fitted concentration-response curves
obtained from at least 3 independent experiments.

Colony Formation and Limiting Dilution Glioma
Sphere-Forming Assays

Colony formation assay and limiting dilution assays
were performed as we previously described.?® The
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sphere-forming frequency of patient-derived GSCs was cal-
culated as described in http:/bioinf.wehi.edu.au/software/
elda/.

Cell Cycle and Apoptosis Assays

These assays were performed using flow cytometry as we
previously described.?®

RNA Isolation, RNA Sequencing, and Gene Set
Enrichment Analysis

RNA isolation and RNA-Seq analysis were performed as
we previously described.? Gene set enrichment anal-
ysis (GSEA) was performed with the javaGSEA Desktop
Application by using 1000 gene set permutations, the pro-
vided Gene Ontology biological process and transcrip-
tion factor motif gene sets, and all other default settings.?’
RNA-Seq data reported in this study have been deposited
with the Gene Expression Omnibus under accession ID
GSE126892.

Pharmacokinetics of SHP099

C57BL/6J female mice aged 6-8 weeks (Shanghai
Laboratory Animal Center) were administered by oral
gavage with a single dose of SHP099 (100 mg/kg in a
total volume of 400 pl). Afterward, the brain tissues
and plasma were harvested at indicated time points
post oral gavage (0 min, 30 min, 1 h, 2 h, 4 h, 8 h, and
24 h), lysed, and analyzed by ultra high performance
liquid chromatography/mass spectroscopy (UHPLC-MS;
Thermo Scientific, UPLC with Q Exactive Plus mass spec-
trometer) as described previously.” We used 2-amino-
5-phenylpyrazine (Sigma 13535-13-2) as an internal
standard of SHP099. More details are described in the
Supplementary Methods.

Tumorigenicity Studies

Tumorigenicity studies were performed as we previously
described?® (see details in the Supplementary Methods).
All animal experiments were approved by the Shanghai
Jiao Tong University Institutional Animal Care and Use
Committee.

Western blotting, quantitative reverse transcriptase
(gRT)-PCR, shRNA knockdown and transfection, and

immunohistochemistry (IHC) assays. These assays were
performed as previously described?® (see details in the
Supplementary Methods and SupplementaryTable 2).

Statistical Analysis

All statistical analyses were performed using GraphPad
Prism 5 software. A minimum of 2 or 3 independent bio-
logical replicates were analyzed using Student’s t-test
(two-tailed) or one-way ANOVA (Newman-Keuls post hoc
test) as specified in the Figure legends. Data are means =
SD of 3 independent experiments. Survival analysis was

performed using Kaplan—-Meier analysis and the log-rank
test. P< 0.05 was considered significant.

Results

GSCs Are More Responsive to SHP099
Treatments

SHP099 is a potent, selective, orally available SHP-2
inhibitor with IC.; of 70 nM in vitro, and is known to in-
hibit cell proliferation in several solid and hematologic
malignancies at various IC,; values ranging from 0.03 to
over 30 pM."™ Orally administered SHP099 shows dose-
dependent antitumor activity in an esophageal squamous
cell carcinoma KYSE-520 xenograft mouse model and is
well tolerated up to 100 mg/kg."® To assess the effects of
SHP099 on glioma cells, we performed cell viability anal-
ysis and found that compared with NPCs, patient-derived
GSCs 1123, R83, R39, 528, 157, and AC17 were more sen-
sitive to SHP099 (Figure 1A and 1B). SHP099 markedly in-
hibited glioma sphere formation in GSC R83, R39, and 157
cells (Figure 1C). To investigate the reason that all GSCs
were more responsive to SHP099 than NPCs, we assessed
expression of epidermal growth factor receptor (EGFR) and
PDGFRa, 2 important RTK drivers in gliomagenesis.'®28
EGFR or its mutant, variant lll (EGFRvIIl), was highly ex-
pressed in GSC 1123, R83, and R39 cells with high EGFR
phosphorylation (p-EGFR), while PDGFRo and p-PDGFRa
were highly expressed in GSC 528, 157, and AC17 cells
(Figure 1D). Although SHP-2 protein levels were similar
in all GSCs compared with NPCs, p-SHP-2 levels were
higher in GSCs (Figure 1D). These data indicated that the
selective inhibition of GSCs by SHP099 is dependent on
hyperactivated RTKs.

Glioma Cells with PDGFRa Activation Are Highly
Responsive to SHP099

Since we previously reported that SHP-2 is highly impor-
tant for PDGFRa-driven glioma tumorigenicity,'® we further
determined whether glioma cells with aberrant activation
of PDGFRa are more responsive to SHP099. As shown in
Figure 2A and Figure 1D, PDGF-A stimulation markedly
promoted SHP099 responses in GSC 157 and AC17 cells
with activated PDGFRa signaling but not in GSC 1123 and
R83 cells with minimal or no PDGFRa activation.

We validated this effect in LN444 GBM cells and Ink4a/
Arf’- mAsts that were responsive to PDGF-A stimula-
tion.’®2® As shown in Figure 2B-D, compared with the
empty vector (EV) control, SHP099 markedly inhibited cell
viability in LN444 GBM cells overexpressing PDGF-A, which
featured high PDGFRa activation and tumorigenicity as we
previously described.'®?° In addition, SHP099 significantly
inhibited colony formation of LN444 cells with PDGF-A
overexpression compared with the control (Figure 2E, F).
Compared with Ink4a/Arf’- mAst control, SHP099 mark-
edly inhibited cell survival (Figure 2G-l) and colony forma-
tion (Figure 2J, K) in Ink4a/Arf’- mAsts that overexpressed
PDGFRo and PDGF-A and were highly tumorigenic in the
mouse brain.”® These data indicate that glioma cells with
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Fig.1 GSCs are more responsive to SHP099 treatment than NPCs. (A) Viability of NPC, GSC 1123, R83, R39, 528, 157, and AC17 cells at 72 h after

treatment with SHP099. (B) Comparison of SHP099 IC,; values in A. (C) Effects of SHP099 in limiting dilution glioma sphere-forming assay of GSC
R83, R39, and 157 cells. (D) Western blotting (WB) analysis of expression levels of EGFR, p-EGFR, PDGFRa, p-PDGFRa, SHP-2, and p-SHP-2 in
NPCs and GSCs. B-actin was used as a loading control. Arrow, EGFR; arrowhead, EGFRvIII. *P< 0.05, **P< 0.01, by one-way ANOVA.

activation of PDGFRa signaling yield better responses to
SHPO099 treatment.

SHP099 Specifically Inhibits PDGFRa-SHP-2-
Stimulated ERK1/2 Activity

SHP099 is an allosteric SHP-2 phosphatase inhibitor and
inhibits ERK1/2 activation in cancer cells.'®®Thus, we de-
termined whether SHP099 inhibits PDGFRo downstream
SHP-2 activation in glioma cells. Consistent with our pre-
vious report,’™ PDGF-A stimulation moderately promoted
p-PDGFRa and PDGFRa downstream phosphorylation of
ERK1/2 and Akt in Ink4a/Arf- mAsts with an EV control
compared with unstimulated cells (Figure 3A). Ectopic
expression of PDGFRa wild-type (WT) but not receptor
kinase-dead mutant (R627) further promoted PDGFRa
phosphorylation and PDGFRo downstream phosphoryla-
tion of ERK1/2 and Akt in Ink4a/Arf’- mAsts with PDGF-A
stimulation (Figure 3A). SHP099 significantly inhibited

PDGF-A-stimulated ERK1/2 phosphorylation (p-ERK1/2)
(Figure 3A) and cell proliferation (Figure 3B) but not Akt
phosphorylation (p-Akt) in Ink4a/Arf- mAsts with an EV or
PDGFRo WT (Figure 3A) compared with the unstimulated
cells, respectively. SHP099 had no effects on p-ERK1/2 and
p-Akt (Figure 3A), and cell proliferation (Figure 3B) in cells
expressing PDGFRo R627 mutant with or without PDGF-A
stimulation.

Using genetic and biochemical methods, we and
other investigators have described the roles of var-
ious tyrosine-to-phenylalanine (Y-to-F) mutations of
PDGFRa on PDGFRa-regulated cellular functions and
tumorigenesis.’3303" To further determine whether
SHP099 specifically inhibits PDGFRa-mediated SHP-2
activation, we separately expressed various PDGFRa
mutants (with a specific deficiency in their downstream
signaling) in Ink4a/Arf’- mAsts as we previously de-
scribed.’™ As shown in Figure 3C and 3D, compared
with WT PDGFRa, ectopic expression of PDGFRa
Y-to-F mutation at Y720 (F720, deficient for SHP-2
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Fig.2 Glioma cells with PDGFRa activation are more responsive to SHP099. (A) Viability of GSC 1123, R83, 157, and AC17 cells with PDGF-A stimu-
lation after SHP099 treatment. GSCs were pre-cultured for 24 h in Dulbecco’s modified Eagle’s medium/F12 with EGF (2 ng/mL) and basic fibroblast
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and G) Viability of LN444 cells with ectopic expression of an EV or PDGF-A (B) or Ink4a/Arf”~mAsts with overexpression of an EV or PDGFRa plus
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PDGFRa, and p-PDGFRa in LN444 or Ink4a/Arf- mAsts. (E and J) Representative images of drug-resistant colony formation in LN444 cells (E)
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binding) attenuated
and p-Akt (Figure 3D

PDGF-A-stimulated p-ERK1/2
) and SHP099 responses (Figure

3F). However, SHP099 did not affect F720-inhibited

p-ERK1/2 and p-Akt

(Figure 3D) with or without

PDGF-A stimulation. As we previously reported,'
mAsts expressing PDGFRa-F7 mutant (harboring 7
Y-to-F mutations, including Y572/74F, Y720F, Y731/42F,
Y988F, and Y1018F) abrogated PDGF-A stimulation of
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PDGFRo phosphorylation and p-ERK1/2 (Figure 3E).
Reexpression of exogenous PDGFRa Y720 (SHP-2
binding site) but not Y1018 (phospholipase C gamma
binding site) mutant in F7 PDGFRa mutant-expressing
mAsts restored p-ERK1/2 (Figure 3E) and SHP099 re-
sponses (Figure 3F) with PDGF-A stimulation. However,
SHP099 diminished PDGFRa-Y720 mutant-restored
p-ERK1/2 (Figure 3E), whereas SHP099 exerted no ef-
fects on p-ERK1/2 (Figure 3E) in F7 PDGFRa mAsts after
reexpressing the PDGFRa-Y1018 mutant. Additionally,
consistent with our previous report,’ in LN444 GBM
cells with high endogenous expression of PDGFRa and
stable expression of exogenous PDGF-A, knockdown
of SHP-2 inhibited PDGF-A-stimulated p-ERK1/2 and
p-Akt (Figure 3G). SHP099 inhibited p-ERK1/2 but not
p-Akt in LN444/PDGF-A GBM cells and had no effects
on SHP-2 shRNA-inhibited p-ERK1/2 and p-Akt (Figure
3G). SHP-2 knockdown rendered LN444/PDGF-A GBM
cells unresponsive to SHP099 inhibition (Figure 3H).
These results suggest that SHP099 specifically inhibits
PDGFRa-mediated SHP-2 activity.

SHP099 Specifically Inhibits Cell Cycle Pathways
in Gliomas with PDGFRo Activation

To understand the underlying mechanism by which glioma
cells with activated PDGFRa signaling are more responsive
to SHP099 treatment, we performed RNA-Seq analysis in
Ink4a/Arf- mAsts with stable expression of PDGFRa and
PDGF-A treated with or without SHP099. Gene expression
profile analysis identified 885 genes whose expression was
markedly increased by SHP099 and 931 genes whose ex-
pression was significantly reduced by SHP099 (fold change
>2, P< 0.05) (Figure 4A). We further investigated the expres-
sion change of genes in the PDGFR signaling pathway, and
found that expression levels of JUN were significantly inhib-
ited by both 5 uM and 10 uM SHP099 treatment (Figure 4B).
We further validated these results by gRT-PCR (Figure 4B).
The JUN gene encodes the c-JUN protein, which is a
component of transcription factor AP-1 and is required
for progression through the G1 phase of the cell cycle.®?
Accordingly, we performed Gene Ontology analysis
and revealed that these SHP099- downregulated genes
were mainly associated with cell cycle pathways, such as
CCND1, CCNE1, and CCNE2 (Figure 4C and Supplementary
Figure 1). GSEA showed that cell cycle gene signatures
were significantly altered in SHP099-treated Ink4a/Arf~
mAsts (Figure 4D). Additionally, we evaluated the effects

of SHP099 on expression levels of CCND1, CCNE1, and
CCNE2 by qRT-PCR in Ink4a/Arf’- mAsts with or without
PDGFRo/PDGF-A. As shown in Supplementary Figure
1, SHP099 treatment reduced the expression of CCNDI,
CCNE1, and CCNE2 in Ink4a/Arf~ mAsts with PDGFRa/
PDGF-A but not the EV control.

To validate the SHP099-mediated regulation of the cell
cycle in GBM cells, we performed cell cycle analysis using
flow cytometry. As shown in Figure 4E-H, SHP099 signifi-
cantly increased the percentage of cells at the GO/G1 phase
in Inkd4a/Arf- mAsts and LN444 cells with expression of
PDGFRa and/or PDGF-A compared with the cells expressing
an empty vector. Additionally, SHP099 significantly in-
creased cell apoptosis in Ink4a/Arf- mAsts with or without
overexpression of PDGFRa/PDGF-A (Supplementary Figure
2A and 2B).This observation was validated in GSC 157 cells
with endogenous PDGFRa activation. SHP099 inhibited
levels of JUN mRNA expression (Supplementary Figure
3A) and significantly increased the percentage of cells at the
GO0/G1 phase (Supplementary Figure 3B and 3C) in GSC 157
cells. These data suggest that SHP099 specifically inhibits
cell cycle pathways in glioma cells with PDGFRa activation.

SHP099 Reaches the Brains of Immunocompetent
Animals at an Efficacious Concentration

A major challenge for agents targeting gliomas is
their ability to cross the blood-brain barrier (BBB) and
reach effective concentrations within the tumor.3® Most
chemotherapeutic and targeted agents are unable to ef-
fectively cross the BBB, thereby resulting in their failure
to suppress GBM tumorigenicity.’* Thus, we assessed
the ability of SHP099 to cross the BBB in C57BL/6J mice
after oral gavage of a single dose of SHP099 at 100 mg/
kg in a volume of 400 pL. Brain tissue and plasma sam-
ples were collected at indicated time points and ana-
lyzed by UHPLC-MS to measure SHP099 kinetics. The ion
spectrums of UHPLC-MS analysis of SHP099 in plasma and
brain tissues at 4 h post oral gavage in mice were shown
(Supplementary Figure 4). The concentrations of SHP099
were higher in plasma and brain tissues at the early time
points after oral gavage (Figure 5A); and at 24 h post oral
gavage, levels of SHP099 remained at an appreciable level
in brain tissue (Figure 5A). The brain—plasma ratio was >1
at the time points from 1 h to 24 h (SupplementaryTable 3),
indicating that SHP099 reaches the brains of animals at an
efficacious concentration in the time similar to SHP099 in
the circulation/plasma.

Fig. 4 SHP099 specifically inhibits cell cycle pathways in glioma cells with PDGFRa activation. (A) Heatmap of RNA-Seq analysis of differentially
expressed genes (2-fold change and false discovery rate < 0.05) in Ink4a/Arf-~mAsts with ectopic expression of PDGFRo. and PDGF-A treated with
0,5, or 10 M SHP099 in duplicate samples. (B) Expression of JUN after SHP099 treatment using RNA-Seq (left) and gRT-PCR (right) assays. (C) Gene
Ontology analysis indicated that genes downregulated by SHP099 were associated with cell cycle pathways. (D) GSEA of SHP099-inhibited pathways
using ranked gene expression changes in Ink4a/Arf- mAsts with ectopic expression of PDGFRo. and PDGF-A treated with 5 or 10 uM SHP099 com-
pared with a vehicle control (0 uM SHP099). NES, normalized enrichment score. (E and G) Representative images from flow cytometric analysis
of the influence of SHP099 treatment on cell cycle in Ink4a/Arf--mAsts with ectopic expression of PDGFRo and PDGF-A (E) or LN444 cells with ec-
topic expression of an EV or PDGF-A (G). (F and H) Percentage of cells in G0/G1 phase in (E) and (G), respectively. *P< 0.05, **P< 0.01, ***P<0.001,

by one-way ANOVA.
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SHPO099 as a Single Agent Inhibits PDGFRa-
Driven Glioma Tumor Growth

To examine the in vivo antitumor effect of SHP099, we em-
ployed an orthotopic xenograft model in immunodeficient
mice. Inkd4a/Arf~ mAsts with stable expression of PDGFRa/
PDGF-A and luciferase were transplanted into the brains
of the mice. Oral gavage of SHP099 was initiated after ran-
domization by bioluminescence imaging (BLI) flux values
to ensure that tumors were of equal size in the treatment
and control groups (Figure 5B). Quantitation of BLI showed
a significant reduction in tumor burden after treatment with
SHP099 (Figure 5C and 5D). Moreover, the inhibition of
tumor growth by SHP099 was dose dependent (Figure 5D).
Kaplan-Meier analysis of the mice injected with Ink4a/Arf~
mAsts with stable expression of PDGFRo/PDGF-A showed
significant improvement in the survival of the 30 mg/kg
SHP099-treated cohort compared with the control cohort
(P < 0.05) (Figure 5E). Treatment of 100 mg/kg SHP099 ex-
tended survival to a significantly greater extent than 30 mg/
kg SHP099 treatment (P < 0.01) (Figure 5E). Consistent with
these biological effects, IHC analysis revealed that SHP099
decreased p-ERK1/2 and tumor vascularity, as evidenced by
CD31 immunostaining in vivo (Figure 5F).

Next, we further evaluated the efficacy of SHP099 in a
patient-derived GSC xenograft animal model. GSC 157 cells
with PDGFRa activation (Figure 1D)'24 were implanted intra-
cranially into immunodeficient mice.Thirty days after implan-
tation, mice bearing GSC 157 xenografts were randomized
and treated with SHP099 (Figure 5G). After treatment with
SHP099, quantitation of BLI revealed a significant inhibition
of tumor growth in a dose-dependent manner (Figure 5H
and 5l). Kaplan—Meier analysis also showed a significant im-
provement in the survival of the SHP099-treated cohort in a
dose-dependent manner (Figure 5J). Additionally, IHC anal-
ysis showed that SHP099 markedly reduced p-ERK1/2 and
tumor vascularity in GSC 157 xenograft tumors (Figure 5K).
As a control, we also determined the effects of SHP099 on
animal survival with mouse GL261 glioma tumor xenografts
that do not have endogenous PDGFRa activation. As shown
in Supplementary Figure 5A, compared with the control
Inkd4a/Arf~ mAsts expressing PDGFRo/PDGF-A, there is min-
imal or no expression of PDGFRa, PDGF-A, and p-PDGFRa
in mouse GL261 glioma cells. Importantly, treatment of
SHP099 in animals bearing GL261 glioma xenografts did
not display any inhibitory effects on GL261 tumor growth
(Supplementary Figure 5B-D) and any benefit of the survival
of animal bearing GL261 glioma xenografts (Supplementary

Figure 5E). These data support our hypothesis that SHP099
extends survival as a single agent in brain GBM tumor xeno-
grafts with activated PDGFRa signaling.

SHP099 in Combination with TMZ Extends the
Survival of GBM-Bearing Mice

Adjuvant administration of TMZ, an alkylating agent, is the
standard of care first-line treatment of GBM. To examine
whether SHP099 treatment enhances antitumor activity
of TMZ in vivo, we treated mice bearing Ink4a/Arf"- mAst
tumor xenografts that expressed PDGFRo/PDGF-A or GSC
157 tumor xenografts with SHP099 (100 mg/kg), TMZ (8 mg/
kg) in combination, or a vehicle.® After randomization by
BLI, oral gavage of SHP099 and intraperitoneal injection
of TMZ were initiated (Figure 6A and 6E). At day 20 (/nk4a/
Arf’-mAsts) or day 50 (GSC 157) post implantation, all GBM
tumor xenografts showed an increase at various levels in
growth (Figure 6C and 6G), suggesting that treatment of
SHP099,TMZ, or in combination withTMZ attenuated tumor
growth but did not cause tumor regression. Compared
with the vehicle control orTMZ, GBM tumor xenografts ex-
posed to SHP099 or SHP099 in combination with TMZ ex-
hibited significant inhibition in tumor growth (Figure 6B,
C and Figure 6F, G). However, SHP099 in combination with
TMZ significantly extended survival to a greater extent than
SHPO099 treatment alone (Figure 6D and 6H), indicating that
the combination of SHP099 with TMZ synergizes to extend
the survival in our GBM xenograft models.

Discussion

Despite extensive efforts via surgery resection and adju-
vant therapies over the past decades, the prognosis of pa-
tients with GBM remains dismal. Hence, there is a critical
need for the development of effective therapies for GBM.
In this study, we conducted an extensive preclinical in vitro
and in vivo analysis of SHP099 inhibition of multiple GSC
cells and 2 GBM xenograft models. GSCs were more re-
sponsive to SHP099 compared with NPCs in vitro. SHP099
accumulated at efficacious concentrations in the brain to
inhibit ERK1/2 activation in vivo and extended the survival
of mice as a single agent or in combination with TMZ in
orthotopic GBM xenografts.

In this study, we demonstrate that SHP099 is a potent,
selective, orally efficacious SHP-2 inhibitor against GBM.

Fig.5 SHP099 can effectively cross the BBB and inhibits PDGFRa-driven glioma tumor growth as a single agent. (A) Pharmacokinetics of SHP099
in plasma and brain tissue of immunocompetent mice. Six-week-old C57BL/6J female mice were administered by oral gavage a single dose of
SHP099 (100 mg/kg in a total volume of 400 uL). Brain tissue and plasma were harvested at indicated time points post oral gavage (0 min, 30 min,
1h,2h,4h,8h,and 24 h) and subjected to UHPLC-MS analysis. Three mice were used for each point. See also Supplementary Table 3B and G)
Treatment schemes for the evaluation of in vivo efficacy of SHP099 in Ink4a/Arf~~ mAst (B) or GSC 157 (G) xenografts. Animals were treated with
the indicated SHP099 doses from Monday to Friday within 2 weeks. (C and D) Representative images (C) at day 20 and quantitation of BLI (D) of
Ink4a/Arf~- mAst xenografts with ectopic expression of PDGFRo. and PDGF-A from SHP099 treated and control mice. (E) Kaplan-Meier survival
analysis of animals with Ink4a/Arf~- mAst tumors (n = 10 per group). (F) Upper panel, representative images of IHC analysis of xenografts in C
using anti-p-ERK1/2 and anti-CD31 antibodies. Lower panel, quantitation of p-ERK1/2 and CD31 positive cells. (H, ) Representative images at day 50
(H) and quantitation of BLI (1) of GSC 157 xenografts from SHP099 treated and control mice. (J) Kaplan—-Meier survival analysis of mice with GSC 157
tumors (n =10 per group). (K) Representative images of IHC analysis of xenografts in H using anti-p-ERK1/2 and anti-CD31 antibodies. Lower, quan-
titation of p-ERK1/2 and CD31 positive cells. In F and K, scale bars, 50 um. *P< 0.05, **P< 0.01, by two-tailed Student's t-test or log-rank analysis.
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BLI at the indicated date (C) of Ink4a/Arf~~ mAst xenografts with ectopic expression of PDGFRo. and PDGF-A from SHP099 treated and control
mice. (D) Kaplan—Meier survival analysis of animals with /Ink4a/Arf-~ mAst tumors (n = 10 per group). (F and G) Representative images on day 50

(F) and quantitation of BLI at the indicated date (G) of GSC 157 tumor xenog

rafts from SHP099 treated and control mice. (H) Kaplan—Meier survival

analysis of mice with GSC 157 tumor xenografts (n =6 per group). **P < 0.01, ***P < 0.001, by two-tailed Student's t-test, one-way ANOVA, or log-

rank analvsis.

SHP-2 was the first reported PTP36 and is dysregulated in
multiple diseases,®” including glioma.'® SHP-2 inhibitors
(NSC-87877, 11B-08, GS-493, and lla-1) have substantiated
in vitro potency, PTP selectivity, and beneficial effects
in animal models.3® In particular, 11B-08 was previously
shown to effectively suppress the growth of orthotopic

GBM xenografts.’”? However, these SHP-2 inhibitors have
still not been reported to be efficacious for clinical GBM
treatment. In this study, we showed that similar to 11B-08,
SHP099 preferentially inhibited cell proliferation of GBM
and GSCs in vitro and was able to cross the BBB to in-
hibit SHP-2 activity and the growth of orthotopic GBM
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xenografts. Additionally, several studies reported SHP099
as a more promising agent for clinical treatment com-
pared with [IB-08. First, 11B-08 is an indolo-salicylic acid
compound and targets both the active site and an adja-
cent peripheral site of SHP-2,%° whereas SHP099 binds
to a heretofore unrecognized pocket in “closed” SHP-2,
acting like “molecular glue” to prevent N-SH2/loop/C-SH2
movements that presumably occur upon enzyme activa-
tion.'® Second, IIB-08 inhibited p-nitrophenyl phosphate
hydrolysis at a dissociation constant (K,) of 5.5 pM,*
whereas SHP099 exhibited SHP-2 inhibitory activity (IC,
= 71 nM)."® Third, SHP099 displayed minimal activity
against a panel of other PTPs (including SHP-1) and kin-
ases.’® In contrast, IIB-08 was shown to inhibit SHP-1 ac-
tivity.®® Fourth, this study and another report'® showed
that SHP099 did not inhibit RTK-activated Akt phospho-
rylation, whereas 11B-08 reduced RTK-activated Akt phos-
phorylation.'? Finally, consistent with a previous report,'®
in this study our data demonstrated that SHP099 is orally
bioavailable.

The protective function of the BBB poses a major
challenge for small-molecule inhibitors and other ther-
apeutic agents in terms of effective treatment of brain
tumors. Although our data could not provide direct evi-
dence to support the conclusion that SHP099 penetrates
the BBB in the brain of animals, our data did provide in-
dicative evidence that SHP099 reaches the brains of an-
imals at an efficacious concentration in a time similar to
SHPO099 in the circulation/plasma. Moreover, our vivo
data showing that SHP099 effectively inhibited GBM
brain tumor xenograft tumorigenicity strongly suggest
that SHP099 reaches the brain tumor xenograft beds and
exhibits the inhibitory effects on tumor growth in the
brain of animals.

Although the prevalence of PDGFRa activation/am-
plification is at a relatively lower frequency in clinical
GBM compared with EGFR amplification, PDGFRa amp-
lifications occur in approximately 13% of GBM and are
enriched in proneural subtype tumors.'® Moreover, the
majority of gliomas, particularly those with an oligoden-
drocyte cell of origin, have aberrant PDGFR signaling,
which can be used in conjunction with EGFR to classify
gliomas.*® Here, our results showed that PDGF-A stim-
ulation enhanced SHP099 response in GSCs with en-
dogenously high PDGFRa activation/amplification or
GBM cells with ectopic expression of PDGFRa and/or
PDGF-A. Thus, our findings suggest the clinical utility
of SHP-2 inhibition as a targeted therapy approach for
RTK-driven GBM.

Genetic and biochemical analyses have established
that SHP-2 blocks ERK1/2 phosphorylation and prolifera-
tion of various cells driven by aberrantly activated RTKs.
However, the mechanism by which SHP099 selectively
inhibits RTK-driven cell proliferation remains unclear. In
this study, our data not only validate the critical roles of
SHP-2-ERK1/2 in glioma proliferation and survival, but
also provide evidence that the observed effects reflect spe-
cific SHP099 inhibition for SHP-2 in GBM. Moreover, we
showed that SHP099 specifically suppressed the expres-
sion of a signaling factor, JUN, downstream of PDGFRa in
GBM, thereby inducing G1 phase cell cycle arrest. To the

best of our knowledge, this is the first study to reveal that
SHP099 impairs cell cycle.

Taken together, this study is the first to determine the
preclinical activity of SHP099 against GBM with acti-
vated PDGFRa signaling and to assess its potential as
an antitumor agent. Our data not only demonstrate that
SHP099 effectively inhibits PDGFRa-driven GBM tumor
xenograft growth in the brains of animals but also reveal
that SHP099 is a potent, selective, orally efficacious SHP-2
inhibitor against GBM. Moreover, SHP099 as a single agent
or in combination with TMZ provides significant survival
benefits to GBM tumor xenograft-bearing animals. These
results provide a strong rationale for validation of com-
bination of SHP099 and TMZ as a therapeutic approach
against GBM.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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