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Abstract

The survival benefit of sorafenib for hepatocellular carcinoma (HCC) patients is unsatisfactory
due to the development of adaptive resistance. Increasing evidence has demonstrated that drug
resistance can be acquired by cancer cells by activating a number of signaling pathways via
receptor tyrosine kinases (RTKs), nevertheless the detailed mechanism for the activation of these
alternative pathways is not fully understood. Given the physiological role of Src-homology 2
domain—containing phosphatase 2 (SHP2) as a downstream effector of many RTKs for activation
various signaling cascades, we first found that SHP2 was markedly upregulated in our established
sorafenib-resistant cell lines as well as patient-derived xenograft (PDTX). Upon sorafenib
treatment, adaptive resistance was acquired in HCC cells via activation of RTKs including AXL,
EGFR, EPHA2 and IGFIR, leading to RAS/MEK/ERK and AKT reactivation. We found that
SHP2 inhibitor SHP099 abrogated sorafenib resistance in HCC cell lines and organoid culture in
vitro by blocking this negative feedback mechanism. Interestingly, this sensitization effect was
also mediated by induction of cellular senescence. SHP099 in combination with sorafenib was
highly efficacious in the treatment of xenografts and genetically engineered models of HCC. In
conclusion, SHP2 blockade by SHP(099 in combination with sorafenib attenuated the adaptive
resistance to sorafenib by impeding RTK-induced reactivation of the MEK/ERK and AKT
signaling pathways. SHP099 in combination with sorafenib may be a novel and safe therapeutic

strategy against HCC.



Introduction

Liver cancer (hepatocellular carcinoma, HCC) is one of the deadliest diseases, being the 6™ most
commonly diagnosed cancer and the 4™ leading cause of cancer mortality in the world.(") HCC
treatment recently entered a new era with the development of molecular-targeted therapies, and
sorafenib has resulted in improvement in the survival of advanced HCC patients.”) Sorafenib, a
multikinase inhibitor, blocks tumor cell proliferation by specifically targeting multiple growth
factor pathways, and it exerts an anti-angiogenic effect. Two large-scale phase 3 randomized
clinical trials, including the SHARP trial,’® have demonstrated a survival benefit in advanced HCC
patients.”) However, the survival benefit in the sorafenib treatment arm was modest; the median
survival was only 2.8 and 2.3 months longer than that of the placebo arm in the two large-scale
trials in Caucasians and Asians, respectively.®* This unsatisfactory partial response may be due
to drug resistance.*> To prolong the survival of HCC patients, combination therapy targeting
multiple signaling pathways may serve as a better treatment option by potentially circumventing

drug resistance.

Increasing evidence has demonstrated that drug resistance can be acquired by cancer cells by
activating a modified signaling pathway through receptor tyrosine kinases (RTKSs) to replace the
loss of signal in response to various tyrosine kinase inhibitors (TKIs). For instance, EGFR mutant
lung cancer cells can acquire resistance to EGFR-TKIs via HGF/MET-mediated activation of
mitogen activated protein kinase (MAPK)/extracellular signal regulated kinase (ERK)1/2 and
phosphoinositide 3-kinase (PI3K)/AKT signaling.®® Additionally, activation of IGFR-1B via
upregulation of insulin-like growth factor II expression can compensate for the loss of EGFR
signaling caused by gefitinib in colorectal cancer.” Specifically, in HCC, activation of PI3K/AKT
signaling® and ERK® in HCC was found in HCC cells in response to sorafenib; however, the
detailed mechanism for the activation of these alternative pathways is not fully understood.
Therefore, it is critical to identify the RTK reactivation-mediated mechanism of adaptive resistance
of HCC cells in response to sorafenib treatment. In previous studies, we found that Src-homology
2 domain—containing phosphatase 2 (SHP2), encoded by PTPN11, was not only overexpressed in
HCC"9 but could also serve as a predictive biomarker for sorafenib response and patient
survival.'9 This, together with data showing a sensitization effect to sorafenib upon SHP2

suppression,! suggests a potential therapeutic strategy against HCC by targeting SHP2



expression in combination with sorafenib treatment. Given the physiological role of SHP2 as a
downstream effector of many RTKs, we hypothesized that SHP2 blockade may be a possible way
to interrupt the positive feedback loop that causes RTK activation, leading to the development of
acquired sorafenib resistance in HCC. Recently, a selective, potent and orally bioavailable small-
molecule SHP2 inhibitor, SHP099, has been invented that inhibits SHP2, but not SHP1, activity
through an allosteric mechanism.!? A recent report has demonstrated the efficacy of SHP099 in
the suppression of tumor growth of RAS-driven cancers, including breast and esophageal
cancers.!? Additionally, SHP099 activity synergized with the effect of MEK inhibitors (MEK-I)
in a variety of types of cancers.!*!? Thus far, the therapeutic efficacy of SHP099, alone and in

combination with sorafenib, has not been examined in HCC.

In this study, we examined this hypothesis in vitro with HCC cells and primary HCC-derived
organoid culture and in vivo with HCC xenograft and syngeneic models. Our results suggest that
SHP?2 inhibition could be a potential strategy to override sorafenib resistance, and the combination

of sorafenib with SHP099 may be a novel therapeutic strategy against HCC.



Materials and Methods

Human HCC cell lines

MHCC-97L and MHCC-97H (Liver Cancer Institute, Fudan University, China), Huh7 and
PLC/PRF/5 (Japan Cancer Research Bank, Tokyo, Japan), Hep3B, SNU182 and HepG2
(American Type Culture Collection) were maintained in DMEM containing high glucose (Gibco
BRL) with 10% heat-inactivated fetal bovine serum (Gibco BRL), 100 mg/mL penicillin G, and
50 pg/mL streptomycin (Gibco BRL) at 37°C in a humidified atmosphere containing 5% CO,. The
immortalized normal liver cell line, MIHA, was kindly provided by Dr. J.R. Chowdhury, Albert
Einstein College of Medicine, New York. All cell lines used in this study were obtained between
2013 and 2016, regularly authenticated by morphologic observation and AuthentiFiler STR
(Invitrogen) and tested for the absence of mycoplasma contamination (MycoAlert, Lonza).

Experiments were performed within 20 passages after cell thawing.

Establishment of sorafenib-resistant HCC cells

Sorafenib-resistant clones of Huh7, PLC/PRF/5 and MHCC-97L were established by subjecting
HCC cells to continuous administration of gradually increasing sorafenib concentrations and were
trained up to 8uM (Huh7) and 10uM (PLC/PRF/5 and MHCC-97L) respectively. Same volume of
DMSO was added to the cells as mock controls during establishment of these resistant cells.
Sorafenib-resistant PDTX#1 was established by administering sorafenib orally at 100mg/kg/day
in NOD/SCID mouse bearing PDTX#1U% for 25 days. Same treatment protocol was applied to the
secondary mouse recipient. Successful establishment of sorafenib resistance was evidenced by an
observation that there was no tumor suppression effect upon sorafenib treatment after two rounds

of sorafenib administration.!”)

In vivo drug treatment assay

A total of 1 x 10° MHCC-97L and Huh7, while 0.5 x 10° patient derived tumor xenograft (PDTX)
#PY003 and sorafenib-resistant PDTX#1 cells, were prepared according to the cell dissociation
protocol in Supplementary Information and were injected into the flanks of BALB/C nude mice,
NSG and NOD/SCID mice. Once the tumors were established and reached approximately 8 mm x
8 mm (length x width), the mice were randomly divided into four groups: DMSO with 0.5% Tween
80/methylcellulose; DMSO and SHP099 (100mg/kg) (MedChemExpress), sorafenib (30mg/kg) (LC


https://www.sciencedirect.com/topics/medicine-and-dentistry/sorafenib

Laboratories) and the combined treatment group. SHP099 was resuspended in 0.5% methylcellulose
with Tween80 in 0.9% saline. Sorafenib was dissolved in DMSO before diluting in water. The mice
were given sorafenib orally on a daily basis, while SHP099 was given orally every other day. The
tumor volume and body weight were measured every three days. The tumor volume was calculated
using the following formula: volume (cm?®) =L x W? x 0.5. The mice were treated for 21 days before
sacrifice (while Huh7 xenograft for 23 days), at which point tumors were harvested for analysis. The
study protocol was approved by and performed in accordance with the Committee of the Use of Live
Animals in Teaching and Research at the University of Hong Kong and the Hong Kong Polytechnic

University.

Statistical analysis

The statistical significance of the results obtained from qRT-PCR, sphere formation assays, and flow
cytometry analysis was determined by GraphPad Prism. All qRT-PCR, flow cytometry,
immunohistochemistry staining, in vivo tumor volume experimental data were analyzed using ¢-
test or Mann—Whitney’s U-test wherever appropriate. The results are shown as the means and
standard deviations, and p-values less than 0.05 were considered statistically significant (* p<0.05,
** p<0.01, *** p<0.001 & ****p<0.0001). Kaplan-Meier survival analysis was used to examine the
tumor-free survival of immune-competent mouse model after SHP099 and/or sorafenib treatment.

The statistical significance was calculated by log-rank test.

Additional experimental procedures are provided in the Supplementary Information.



Results

Upregulation of RTKs and their positive effector SHP2 was observed in sorafenib-resistant HCC
cells

A previous study showed that SHP2 is a potential predictive biomarker for sorafenib response.!?
To further correlate the SHP2 expression of HCC cells to sorafenib response in vitro, we first
determined the expression levels of SHP2 in a panel of HCC cell lines (Supplementary Fig. S1).
Next, we examined the ICso values of these HCC cell lines upon sorafenib treatment. HCC cells
with higher SHP2 expression showed a lower sensitivity towards sorafenib treatment
(Supplementary Fig. S2A). The regulatory role of SHP2 in sorafenib resistance was further
evidenced by upregulation of SHP2 mRNA and protein levels in our established sorafenib-resistant
HCC cell lines, including Huh7, PLC/PRF/5, MHCC-97L cells and PDTX#1!® when compared
to that of controls (Fig. 1A&B). By performing human phospho-RTK array, we consistently found
that phosphorylation levels of several known targets of sorafenib including FGFR1, 2a, 3, 4,
PDGFRp, VEGFR1 and VEGFR2 were commonly downregulated (Supplementary Fig. S3), while
phosphorylation levels of several RTKs, including AXL, EGFR, EPHA2, and IGFIR were
commonly upregulated in two sorafenib resistant HCC cells when compared with mock controls
(Fig. 1C). To further confirm our hypothesis that RTK reactivation is crucial for the adaptive
resistance mechanism of HCC cells in response to sorafenib treatment, we compared the gene
expression of various RTKs between sorafenib-resistant HCC cells and their control counterparts.
By qRT-PCR analysis, we identified a negative feedback mechanism via RTKs, as shown by the
increase in the expression of multiple RTKs, including AXL, EGFR, ERBB2, FGFR1, IGF1R and

InsulinR, in sorafenib-resistant HCC cells, as compared to controls (Fig. 1D).

SHP099 overrides the adaptive resistance to sorafenib in vitro

To explore the effect of SHP099 on HCC cells, we chose high SHP2 expressing Huh7, PLC/PRF/5
and MHCC-97L cells for testing its drug efficacy (Supplementary Fig. S1). These three cell lines
are RTK-dependent cell lines without BRAF and KRAS mutations. By using MTT assay, among
the seven HCC cell lines being examined, we found that SHP099 suppressed the growth of these
three HCC cell lines in a dose-dependent manner with the highest ICso values of 32.48uM,
66.77uM and 42.9uM, respectively (Fig. 2A & Supplementary Table S1). Upon analysis, we found
that ICso values of SHP099 correlated with SHP2 expression in HCC cells (Supplementary Fig.



S2B). Apart from HCC cell lines, the ICso values of cell lines of other tumor types was also
examined for comparison (Supplementary Table S1). Next, we examined the combined effect of
SHP099 with sorafenib in these three HCC cell lines. By Annexin V apoptosis assay, SHP099 at
low doses (10uM-30uM) sensitized Huh7, PLC/PRF/5, MHCC-97L, Hep3B, SNUI182 and
HepG?2 cells to the effect of sorafenib treatment (Fig. 2B & Supplementary Fig. S4). By Bliss
Independence Analysis, SHP099 in combination with sorafenib showed synergistic induction
of apoptosis in all these HCC cell lines (Supplementary Table S2). Apart from the increase in
the percentage of apoptosis, the combination-treated HCC cells exhibited senescence, as shown
by the increase in senescence-associated B-galactosidase and expression of p21, in a synergistic
manner in Huh7 and PLC/PRF/5 cells (Fig. 2C&D & Supplementary Table S3). To further
examine the effect of SHP099 on the reversal of sorafenib resistance in HCC cells, we analyzed
the effect of SHP099 in combination with sorafenib in sorafenib-resistant Huh7 and PLC/PRF/5
cells. Consistently, we found that sorafenib-resistant Huh7 and PLC/PRF/S cells showed fewer
apoptotic cells than mock control cells upon administration of sorafenib (Fig. 2E). More
strikingly, SHP099 synergistically reversed the resistance phenotype of sorafenib-resistant Huh7
and PLC/PRF/5 cells (Fig. 2E & Supplementary Table S2).

SHP099 abrogated sorafenib-induced reactivation of the MEK/ERK and AKT pathways

Since SHP2 acts upstream of RAS in various RTK signaling pathways, we first analyzed the
activation status of RAS in sorafenib-resistant cells. Consistently, we observed an increase in RAS-
GTP levels in sorafenib-resistant Huh7 and PLC/PRF/5 cells by RAS pull down assay (Fig. 3A)
compared to control cells. SHP2 is required for RTK-induced RAS activation, resulting in the
activation of the MEK/ERK and AKT pathways.?%?!) Therefore, we also examined the
phosphorylation status of MEK, ERK and AKT in sorafenib-resistant cells. Consistently, we found
increased expression of p-MEK, p-ERK, and p-AKT in sorafenib-resistant HCC cells (Fig. 3B)
compared to control cells. Further, we assessed the effect of sorafenib alone and in combination
with SHP099 on RAS activation after prolonged (48 hours) treatment. After 48 hours, RAS
activation was drastically increased in sorafenib-treated cells (Fig. 3C) compared to controls.
Notably, this increase was abrogated upon administration of SHP099 (Fig. 3C). To understand the
underlying mechanism, we treated HCC cells with sorafenib or SHP099 alone and in combination

for 2 hours, 4 hours, 24 hours and 48 hours. Consistent with the suppressive role of sorafenib on



Raf/MEK/ERK signaling, we found that sorafenib blocked the phosphorylation of MEK, ERK,
and AKT after 2 to 4 hours of treatment, but the phosphorylation levels progressively rebounded
from 24 hours to 48 hours. Interestingly, the adaptive increase in MEK/ERK and AKT activity
was abolished by co-administration of SHP099 (Fig. 3D). This result showed that there were
progressive and dynamic changes in the MEK/ERK and AKT signaling pathways upon treatment
with sorafenib alone or in combination with SHP099. This observation was also observed in
sorafenib-resistant Huh7 and PLC/PRF/5 cells upon combination treatment (Fig. 3E). To further
confirm the effect of SHP099 on the downregulation of the sorafenib-induced MEK/ERK pathway,
we specifically examined ERK1/2-dependent gene expression by qRT-PCR analysis. Similar to
the dynamic changes in the phosphorylation levels of MEK/ERK, we observed concurrent
increases in DUSP6, ETV1, ETVS5, FOSL1, and SPRY2 upon 48-hour sorafenib treatment, and
their expression was strongly inhibited by the combination treatment (Fig. 3F), which the increase
in ERK1/2-dependent gene expression was also observable in sorafenib-resistant cells. Lastly, the
negative feedback mechanism that involved RTKs was also supported by the increase in RTK
expression, including EGFR, FGFR1, FGFR2, IGFIR and MET, upon sorafenib treatment
(Supplementary Fig. S5). Collectively, the above data suggested that SHP099 abrogated sorafenib-
induced reactivation of the RTK-mediated MEK/ERK and AKT pathways.

Suppression of SHP2 effectively enhances the effect of sorafenib in organotypic ex vivo human
HCC clinical samples

In light of the synergistic effect of SHP099 with sorafenib treatment, we extended our study to
examine the effect of SHP099 alone and in combination with sorafenib in a more clinically relevant
setting by performing organotypic ex vivo culture of primary HCC tumor samples. HCC patient-
derived organoids have been thoroughly characterized at both molecular and histological levels,
with comparisons made against the original tissue samples.*”) These HCC organoids were found
to be SHP2 positive by immunohistochemistry (Fig. 4A & Supplementary Fig. S6A). The
treatment efficacy of sorafenib and SHP099 was evaluated in this ex vivo culture of HCC patient-
derived organoids treated with either SHP099, sorafenib, or the combination of the two. Using a
CellTiter-Glo assay, we found that combination treatment resulted in the most significant reduction
in tumor cell growth and that SHP099 treatment sensitized HCC cells to sorafenib (Fig. 4B&C &
Supplementary Fig. S6B). This was accompanied by the consistent inhibition of the
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phosphorylation levels of MEK, ERK, and AKT (Fig. 4D). Apart from the suppression of HCC
cell growth, the combination-treated HCC cells also exhibited enhanced apoptosis, as evidenced

by the TUNEL assay as compared to single-agent treatment and mock controls (Fig. 4E).

SHP099 combined with sorafenib results in maximal tumor growth suppression in HCC
xenograft models

We examined the therapeutic effect of SHP099 alone and its combined effect with sorafenib in
vivo using HCC xenografts derived from MHCC-97L and (PDTX) #PY003 cells. Treatment was
started once the size of the xenograft reached approximately 8mm x 8 mm (length x width). The
mice were separated into the following four subgroups: (i) DMSO with 0.5% Tween
80/methylcellulose; (ii)) DMSO and SHP099 (100mg/kg) (MedChemExpress); (iii) sorafenib
(30mg/kg) and control 0.5% Tween 80/methylcellulose; and (iv) SHP099 and sorafenib. The
tumors and their corresponding volumes are shown in Fig. SA&B after treatment for 21 days.
SHP099 reduced the tumor volumes in a manner similar to that of sorafenib. In addition, SHP099
combined with sorafenib exerted a synergistic effect, resulting in maximal suppression of tumor
growth compared with that of the control group. Strikingly, we found that this combination
treatment markedly reduced the tumor volumes of MHCC-97L and PY003 by 79% and 38%,
respectively, relative to the original tumor volume on Day 0 (Fig. 5C, Supplementary Fig. S7).
During this experiment, no signs of toxicity (infection, diarrhea, damage to vital organs or loss of
body weight) were observed in the animals undergoing combination treatment (Supplementary Fig.
S8). Consistent with these biological effects, we observed suppression of the phosphorylation
levels of ERK and AKT in the combination treatment group (Fig. 5D). In addition, we found that
combination treatment greatly suppressed cell proliferation, as evidenced by the decrease in PCNA
staining as compared to single-agent treatment and mock controls (Fig. 5D). In addition,
combination treatment generated a suppressive effect on angiogenesis, with a decrease in CD31
staining (Fig. 5D). In addition, we also evaluated this combination strategy in HCC xenografts
derived from Huh7, and similar tumor suppressive effects were observed after combined treatment
(Supplementary Fig. S9). It is crucial to evaluate whether a similar result is obtained in HCC
isolated from sorafenib non-responders. For this purpose, we evaluated their combinatorial effects

in the sorafenib-resistant PDTX#1.!'"® Similarly, we found that SHP099/sorafenib exerted the
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greatest tumor suppressive effects when compared with the single-agent treatment and mock

controls (Fig. 5SE).

Inhibition of SHP?2 sensitized HCC cells to sorafenib treatment in an immune-competent mouse
model

Recently, SHP2 was found to critically mediate the inhibitory effect of PD-1 in T cells upon
binding to its ligand PD-L1 in APCs.?* Based on these data, the blockade of SHP2 by SHP099
may lead to T cell activation. Given the activation of both the RAS/MAPK and PI3K/AKT/mTOR
pathways in almost 50% of HCC patients,®¥) we utilized sleeping beauty transposase to introduce
activated forms of NRAS and AKT by hydrodynamic transfection (HT) to examine the effect of
the combination of SHP099 and sorafenib in a sorafenib-refractory immune-competent mouse
model!” (Fig. 6A). Upon the HT of plasmids, we started to treat mice with sorafenib at 30mg/kg
for 20 days. This resembles the clinical situation in which sorafenib nonresponsive patients with
HCC progress after sorafenib treatment. At this point, the mice in a group of 11-12 were divided
into 4 groups with the same treatment as is shown in Fig. 6A. The efficacy of the combined drug
treatment was evaluated by the liver weight over body weight ratio and was compared to the single-
drug treatment groups. We found that SHP099/sorafenib led to significantly improved survival
and the maximal suppression of tumor growth, indicating that SHP099 treatment can synergize
with sorafenib treatment and is effective against liver tumors in vivo (Fig. 6B-D). The decrease in
tumor volume paralleled the decrease in PCNA, CD31, p-ERK and p-AKT and staining levels
(Fig. 6E). To examine the effect of the combination treatment on T cells infiltration, we first
examined the intra-tumor expression of CD3 in four groups of mice. As shown in Supplementary
Fig. S10, we found that tumor treated by SHP099 alone and combo therapy showed highest intra-

tumor CD3 expression, as compared to sorafenib alone and mock control.
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Discussion

Our previous report showed that SHP2 played a crucial role in the regulation of sorafenib
resistance in HCC cells.!” Consistent with this finding, we found that SHP2 was upregulated in
our established sorafenib-resistant HCC cells. In HCC, the functions of SHP2 was found to be bi-
directional. In Shp2"®”~ mice, SHP2 was found to exert tumor-suppressive role in HCC
initiation,>> while expression of SHP2 was overexpressed in human HCCs and correlated with
HCC progression.!) Recently, Kang et al., have reported that SHP2 transcript levels was
upregulated in HBX-transfected HCC cells via NF-kB activation.?® Mechanistically, SHP2
expression was induced through direct binding of NF-kB on its promoter. Since NF-«xB activation
was reported to be crucial in HCC ? and sorafenib resistance,'® its activation may be one of the
possible mechanisms leading to SHP2 upregulation in both parental and sorafenib-resistant HCC
cells. SHP2 was first identified as an oncogenic tyrosine phosphatase that contains two Src-
homology 2 domains in the early 1990s.?” Unlike other tyrosine phosphatases, SHP2 functions as
a positive regulator of proliferative signals. Substantial genetic and biochemical evidence has
shown that SHP2 is an important component of RTK signaling, including FGFR, VEGFR, PDGFR
and EGFR signaling in response to various growth factors, leading to full activation of extracellular
signal-regulated kinase signaling®® and the PI3K/AKT/mTOR pathway.?? In this study, we
observed the upregulation of various RTKs in sorafenib-resistant HCC cells. Given the
physiological role of SHP2 as a downstream effector of many RTKSs, our data showed that SHP2
blockade may be a way to interrupt the negative feedback pathway via RTK activation that leads
to the development of acquired sorafenib resistance in HCC. Recently, blockade of SHP2 showed
growth suppression in RTK-dependent cancer cells.!>*? We found here that SHP099 not only
induced apoptosis of HCC cells but also exerted a synergistic effect with sorafenib on RTK-
dependent HCC cells. Most importantly, SHP099 reversed the resistance phenotype of sorafenib-
resistant HCC cells. Similarly, suppression of SHP2 was found to enhance the effects of MEK-I
and crizotinib in resistant cancer cells of PDAC and ALK-mutant NSCLC cells.!%3! In addition
to the enhanced apoptotic effect, we found that the SHP099/sorafenib combination led to the
cellular senescence of HCC cells. These data further support the role of SHP2 in the suppression

of senescence in mammary gland cancer in mice.®?
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We observed RAS activation in sorafenib-resistant and sorafenib-treated HCC cells, which was
accompanied by increased RTK signaling. Blockade of SHP2 by SHP099 suppressed the adaptive
increase in RAS activation in sorafenib-treated HCC cells. This is in line with a study by Fedele
et al., which showed a suppressive effect on RAS activity in MEK-I-treated cells.!® In addition,
the authors also demonstrated that SHP099 also decreased mutant RAS activation in multiple
KRAS-mutant PDAC lines.'® SHP2 is required for RTK-evoked RAS activation, resulting in the
activation of the MEK/ERK and AKT pathways.?%*!) Consistently, we found that SHP099
strongly impeded the adaptive activation of the MEK/ERK and AKT pathways in sorafenib-treated
HCC cells. However, we did not observe consistent results on the suppression of p-STAT3 upon
SHPO099 treatment (data not shown). Our observation is consistent with the data showing the
suppression of the ERK and AKT pathways in cancers of lung and pancreas upon SHP(099
treatment.(>'9) In addition, we found that many RTKSs, including EGFR, FGFR1, FGFR2, IGFIR
and MET, were upregulated, while their expression was drastically decreased upon inactivation of
SHP2 by SHP099. Recently, there was a report showing that FGFR could drive adaptive resistance
to RAF and MEK inhibitors independently of SHP2.4* The dependence of SHP2 on adaptive

resistance may be drug dependent.

We examined the therapeutic efficacy of SHP099 in combination with sorafenib by oral gavage in
xenograft models derived from MHCC97L and PY003. After 21 days, SHP099/sorafenib
treatment markedly reduced the tumor volume of MHCC-97L and PY0033 by 79% and 38%, when
compared with the original size at Day 0. This tumor reduction effect was also reported in PDAC
and TNBC models when SHP099 was combined with MEK-1.0® Accompanied with this
phenotypic change, we found combo treatment led to drastic decrease in phosphorylation levels of
p-ERK and p-AKT. Interestingly, we found that combo treatment suppressed angiogenesis, as
evidenced by the decrease in CD31 staining. Since SHP2 was reported to play crucial role in
mediating the inhibitory function of PD1 in T cells,”®> we would like to examine whether
SHP099/sorafenib treatment will exert enhancing effect on T cells. For this purpose, we employed
sorafenib-refractory immune-competent mouse model by introducing activated forms of NRAS
and AKT by HT. We found that SHP099/sorafenib led to maximal suppression of tumor growth
with significantly improved survival rate. Interestingly, we found enhanced T cell infiltration in

both SHP2 alone and combo treatment, which implicates the potential role of SHP099 in
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modulation of T cells for immune cancer therapy. Having said that, the tumor suppressive effect
in this HT model is not as drastic as observed in xenografts. This is possibly due to the fact that
AKT is constitutively active in this model while SHP099 might not effectively suppress its

activation.

In conclusion, we have demonstrated that SHP2 blockade can impede the sorafenib-induced
reactivation of the ERK/MAPK and AKT pathways, possibly via an RTK feedback mechanism
(Supplementary Fig. S11). Targeting SHP2 by SHP099 in combination with sorafenib may be a

novel and safe therapeutic strategy against HCC.
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Figure Legends

Fig. 1. SHP2 upregulation and RTK reactivation in sorafenib-resistant HCC cells. (A)
Upregulation of SHP2 mRNA in sorafenib-resistant HCC cells, as determined by qRT-PCR
(*p<0.05 & ** p<0.01, ¢ test). (B) Confirmation of the upregulation of SHP2 protein in sorafenib-
resistant cells derived from Huh7, PLC/PRF/5, MHCC-97L and PDTX#1 by western blot analysis.
(C) Upregulation of phosphorylation of RTKs were detected using human phospho-RTK arrays in
sorafenib-resistant HCC cells. (D) Alterations in the expression of various RTKSs in sorafenib-
resistant HCC cells, as determined by qRT-PCR (*p<0.05, ** p<0.01, ***p<0.001 & ****
p<0.0001, # test). Error bars represent the standard deviation (SD) from at least three independent

experiments.

Fig. 2. SHP099 sensitized HCC cells to the effect of sorafenib. (A) ICso values of SHP099 for
Huh7, PLC/PRF/5 and MHCC-97L cells were determined by MTT assay. The data shown are
from two independent experiments. (B) Inhibition of SHP2 by SHP099 significantly sensitized
Huh7, PLC/PRF/5 and MHCC-97L cells to the effect of sorafenib (*p<0.05, **p <0.01 &
*#%p<0.001, ¢ test). (C) Representative images of SA-B-gal staining of HCC cells treated with
DMSO, sorafenib (Huh7: 8uM, PLC/PRF/5 & MHCC-97L: 10uM), SHP099 (Huh7: 10uM,
PLC/PRF/5: 30uM & MHCC-97L: 20uM), or both drugs for 48 hours. Scale bar: 20pum. (**p<0.01
& ***p<0.001, ¢ test). (D) Immunoblots of whole cell lysates for p21 in indicated cells upon drug
treatment for 48 hours. (E) The apoptotic effect of SHP099/sorafenib in sorafenib-resistant Huh7
and PLC/PRF/S cells was determined by Annexin V staining. (*p<0.05 & **p<0.01, # test).

Fig. 3. SHP099 inhibited RAS to impede the adaptive resistance of sorafenib via RTK-
mediated MEK/ERK and AKT reactivation. (A) Immunoblots of whole cell lysates or RAF-
RBD-precipitated lysate from sorafenib-resistant Huh7 and PLC/PRFS5 cells, which showed
increased RAS-GTP levels when compared with mock control cells. Band intensity was quantified
by Image J. (B) Increased levels of p-MEK1/2, p-ERK1/2 and p-AKT(Ser473) were observed in
sorafenib-resistant Huh7 and PLC/PRF/5 cells. (C) Immunoblots of whole cell lysates or RBD-
precipitated lysate from HCC cells treated with DMSO, sorafenib (Huh7: 8uM, PLC/PRF/5 &
MHCC-97L: 10uM), SHP099 (Huh7: 10uM, PLC/PRF/S: 30uM & MHCC-97L: 20uM), or both
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drugs for 48 hours. The images shown are representative of at least two independent experiments.
Band intensity was quantified by Image J. (D) HCC cells were incubated with sorafenib or SHP099
alone and in combination for 2 hours, 4 hours, 24 hours and 48 hours. Immunoblots of whole cell
lysates for p-MEK1/2, p-ERK1/2 and p-AKT(Ser473) and their corresponding total protein levels.
The image shown is representative of three independent biological replicates. (E) Sorafenib-
resistant Huh7 and PLC/PRF/5 cells were treated as indicated for 48 hours. (F) Expression of
ERK-dependent genes in HCC cells treated as indicated was assessed by qRT-PCR (*p<0.05,
*#p<0.01, ***p<0.001 & ****p<(.01, ¢ test).

Fig. 4. The effect of SHP099/sorafenib treatment in suppressing tumor growth using
organotypic ex vivo human HCC clinical samples. (A) Immunohistochemical analysis of SHP2
in a patient-derived organoid culture (HK-HCC P1). Scale bar: 100um. (B&C) Percentage of
growth in HCC patient-derived organoid culture #1, which was treated with DMSO, sorafenib
(8uM), SHP099 (10uM) or sorafenib/SHP099 (combo) for 6 days (**p<0.01 & ***p<0.001).
Scale bar: 0.25 mm. (D) Immunoblots for the expression of p-MEK1/2, p-ERK1/2 and p-
AKT(Ser473) and their corresponding total protein levels in the indicated organoid culture HK-
HCC PI. (E) TUNEL staining for apoptotic cells in organoid culture HK-HCC P1 for the indicated
treatment and time (***p<0.001). Scale bar: 100pm.

Fig. 5. The effect of SHP099/sorafenib treatment in suppressing tumor growth in HCC
xenografts. (A) Response of MHCC-97L and PYO003 xenografts to treatment with SHP099
(100mg/kg), sorafenib (30mg/kg) or both drugs (SHP099 100mg/kg; sorafenib 30mg/kg). The
tumor at the end of the treatment is shown. Scale bar: 1cm. (B) Graph showing the weight of
tumors at the end of the treatment. (**p<0.01, ***p<0.001 & ****p<0.001, Mann-Whitney’s U
test). (C) Waterfall plot showing the response of each tumor after 21 days (*p<0.05 & **p<0.01,
Mann-Whitney’s U test). (D) Immunohistochemical images of p-ERK1/2, p-AKT(Ser473), PCNA
and CD31 on resected tumors. Scale bar: 100um. Protein expression was quantified using ImageJ
software. (E) Tumor growth curve and waterfall plot showing the response of each tumor from
sorafenib-resistant PDTX#1 xenograft after 21 days treatment (*p<0.05 & **p<0.01, Mann-
Whitney’s U test).
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Fig. 6. The effect of SHP099/sorafenib treatment in suppressing tumor growth in an immune-
competent mouse model. (A) Schematic diagram of the treatment regimen with SHP099,
sorafenib, or the combination of SHP099 with sorafenib. (B) Representative images of HCC
tumors derived from the four groups at the endpoint are shown. Scale bar: lem. (C) Graphs
showing the liver/body weight ratio generated from mice that died in each treatment group.
(**p <0.01, ¢ test). (D) Kaplan-Meier survival curves showing the percentage of tumor-free
survival of each annotated group. n=11-12 per group. Survival analysis in the mouse model was
performed by log-rank test. (E) Immunohistochemical images of PCNA, CD31, p-ERK1/2 & p-
AKT(Ser473) on resected tumors. Scale bar: 100um. Protein expression was quantified using

ImagelJ software.
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