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ABSTRACT

Preclinical and clinical studies have evidenced that effective targeted
therapy treatment designed against receptor tyrosine kinases (RTKs) in dif-
ferent solid tumor paradigms is predicated on simultaneous inhibition of
both the PI3K and MEK intracellular signaling pathways. Indeed, reacti-
vation of either pathway results in resistance to these therapies. Recently,
oncogenic phosphatase SHP2 inhibitors have been developed with some
now reaching clinical trials. To expand on possible indications for SHP099,
we screened over 800 cancer cell lines covering over 25 subsets of cancer.
We found head and neck squamous cell carcinoma (HNSCC) was the most
sensitive adult subtype of cancer to SHP099. We found that, in addition to
the MEK pathway, SHP2 inhibition blocks the PI3K pathway in sensitive
HNSCCs, resulting in downregulation of mTORC signaling and antitumor
effects across several HNSCC mouse models, including an human papil-
lomavirus (HPV+) patient-derived xenograft. Importantly, we found low

levels of the RTK ligand epiregulin identified HNSCCs that were sensitive
to SHP2 inhibitor, and, adding exogenous epiregulin mitigated SHP099 ef-
ficacy. Mechanistically, epiregulin maintained SHP2–GAB1 complexes in
the presence of SHP2 inhibition, preventing downregulation of the MEK
and PI3K pathways. In the presence of SHP2 inhibitor, HNSCCs are highly
dependent on GAB1 for their survival and knockdown of GAB1 is sufficient
to block the ability of epiregulin to rescue MEK and PI3K signaling. These
data connect the sensitivity of HNSCC to SHP2 inhibitors and to a broad
reliance on GAB1-SHP2, revealing an important and druggable signaling
axis. Overall, SHP2 inhibitors are being heavily developed and may have
activity in HNSCCs, and in particular those with low levels of epiregulin.

Significance: This work identifies a novel role of SHP2 inhibitor by
dual downregulation of PI3K and MEK pathways, through loss of GAB1
activation and disruption of GAB1 complexes in low-epiregulin HNSCC.

Introduction
Head and neck squamous cell carcinoma (HNSCC) is the eighth most com-
mon cancer in men in the United States and is significantly more prevalent
in the rest of the world (1). There are roughly 50,000 new cases per year and
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10,000 deaths annually in the Unites States (2). A total of 60% of these cancers
arise from oral sites, which include the oral cavity and the oropharynx. Oral
HNSCC has undergone a rapid shift in epidemiology: oropharyngeal cases are
now usually human papillomavirus (HPV) related (3), and HPV(+) disease is
predicted to surpass HPV(−) HNSCC in incidence by 2030. Locoregional dis-
ease for HNSCC is treated with surgery, high-dose radiation, cisplatin, and/or
mAbs targeting the EGFR. Despite aggressive and toxic multimodality treat-
ment, more than half of all advanced stage HNSCCs have lethal outcomes, and
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a significant number of HPV+ HNSCCs recur (4). For inoperable, relapsed-
refractory cases, and those with distant metastasis at presentation, available
therapies are limited to platinum-based palliative therapy, the anti-EGFR an-
tibody cetuximab, and with immunotherapy. Anti-PD1 agents demonstrate a
modest 15%–20% response rate (5, 6). Therapy beyond these agents remains
exploratory (7), leaving a large number of patients with HNSCCwith advanced
disease with a high probability of death.

Cetuximab was shown to provide clinical benefit when added to radiation (8)
and platinum-based palliative therapy (9) about a decade ago. However, de-
spite widespread use of EGFR antibody, the survival benefit is minimal (10).
Constitutive activation of the PI3K-mTORC and Ras-Raf-MEK-ERK onco-
genic signaling pathways are frequent occurrences in solid malignancies and
are often the result of mutational activation (e.g., PIKCA and RASmutants) or
aberrant expression of upstream regulators [e.g., receptor tyrosine kinase (RTK)
activating mutation or amplification]. Direct targeting of both these pathways
with small-molecule inhibitors has elicited widespread efficacy across a num-
ber of different solid tumor paradigms (11–13) and RTK inhibitors that have
proven successful clinically block both of these pathways. For instance, EGFR
inhibitors block both the PI3K and MEK pathway in EGFR-mutant lung can-
cers, and resistance can occur when either of these pathways is reactivated
(13). On the other hand, with the exception of BRAF-mutant melanoma (14),
clinically targeting either the PI3K or MEK pathway alone has demonstrated
minimal success, largely due to feedback activation of the unblocked path-
way (13, 15, 16). Unfortunately, clinical trials implementing the combination
of PI3K and MEK inhibitors revealed targeting both pathways directly and si-
multaneously are highly toxic. Therefore, successfully targeting both PI3K and
MEK pathways simultaneously underlies effective targeted therapy treatment,
but for this to be attainable, the cancer requires a druggable addiction usu-
ally in the form of an upstream RTK. Examples of these paradigms include
EGFR inhibitors in EGFR-mutant non–small cell lung cancer (NSCLC) and
ALK inhibitors in ALK-translocated NSCLC.

SHP2 is one of the two SH2 domain–containing protein tyrosine phosphatases
and is encoded by the PTPN gene. Binding sites for the SHP2 SH2 domains
that promote activation of the phosphatase are found in RTKs like EGFR and
scaffolding adaptors. SHP2 has long been considered an attractive drug target
and SHP099 is a novel allosteric SHP2 inhibitor that presents with good se-
lectivity for RTK-driven cancer models (17). Recently, we (18) and others (19)
have demonstrated that SHP099 can also sensitize to other targeted therapies,
through suppression of the MAPK/ERK pathway. GAB1 is an important scaf-
folding adaptor that when phospho-tyrosine activated, engages SHP2, bridging
SHP2 with active RTKs to downstream PI3K (through the regulatory subunit
p85) and RAS/MEK/ERK pathways, through still disputed ways (20, 21). In-
deed, SHP2 hyperactivating mutants exerts at least some of if its transforming
potential through increased binding to GAB1 (20, 22).

The Center for Molecular Therapeutics (CMT) is a high-throughput screen
(HTS) screening platform which enables discoveries of new sensitivities of of-
ten unsuspecting drugs to genetically defined subsets of cancers (23). Herein,
we performed an HTS of SHP099, a specific SHP2 inhibitor with limited off-
target effects (24), across hundreds of tumor-derived cell lines and found that
HNSCC models were among the most sensitive. Surprisingly, sensitivity of
SHP099 did not correlate with sensitivity to MEK pathway inhibitors. Instead,
SHP2 inhibition led to downregulation of both MEK/ERK and PI3K signaling
through inhibiting GAB1, which we found to be a critical protein for HNSCC

survival. The loss of both signaling pathways converges on the mTORC path-
way, as commonly seen in solid tumors (25), and underlies the hypersensitivity
of a subset of HNSCCs to SHP2 inhibition.

Materials and Methods
Cell Lines
The HNSCC cell lines, SCC-9, JHU-022, HSC-4, BHY, and BICR22 were
procured from the CMT at Massachusetts General Hospital Cancer. SCC-9,
JHU-022, HSC-4, BHY, and BICR22 cell lines were cultured in DMEM/F12
(Corning Cellgro) supplemented with 10% FBS (Gibco) and 1μg/mL penicillin
and streptomycin. These cell lines undergo regular short tandem repeat (STR)
testing at CMT but were not STR tested at VCU following screening. Cell lines
were passaged up to 10 times following thawing prior to experimentation. No
testing forMycoplasma was performed in the laboratory.

High-throughput Drug Screen
The SHP099 screen was performed at the CMT at the Massachusetts Gen-
eral Hospital across authenticated cell lines fromGDSC collection as described
previously (26).

Analysis of mRNA Expression
RNAexpression of ErbB ligandswas obtained and analyzed through theR2:Ge-
nomics Analysis andVisualization Platform (http://hgserver1.amc.nl) using the
GDSC-based Celline Cancer Drug (Sanger) dataset (Array Express Accession:
E-MTAB-3610).

Cell Viability Assays
HNSCC cell lines were seeded at 2 × 103 cells per well in a 96-well mi-
crotiter plate. Twenty-four hours after seeding, cells were treated with varied
concentrations of SHP099 and RMC-4550 (0–10 μmol/L) for 7 days, fol-
lowed by measurement of cell viability by CellTiter-Glo protocol (Promega).
Alternately, HNSCC cells were seeded at 2 × 103 cells/well in a 96-well mi-
crotiter plate. Twenty-four hours after seeding, cells were treated with fixed
concentration of SHP099 (10μmol/L), alpelisib (3μmol/L), and trametinib (10
nmol/L) and combination for 3 days, followed by measurement of cell viabil-
ity measurements as above. Percent viability was constrained to a maximum
of 100.

Crystal Violet Assays
HNSCC cells were seeded at 5 × 104 cells per well in a 6-well dish and treated
the following day with 1 and 5 μmol/L SHP099 or RMC-4550 as indicated.
Cells were stained with 0.1% crystal violet (Sigma-Aldrich) when no-treatment
control cells reached confluency, at the end of approximately 7–10 days.

siRNA Knockdown Experiments
The GAB1#1 siRNA (catalog no. D-003553-03-0005), GAB1#2 siRNA (cata-
log no. D-003553-04-0005), and scramble siRNA (catalog no. D-001810-01-20)
were purchased from Dharmacon. All siRNAs were transfected using Lipo-
fectamine RNAi MAX Reagent (Invitrogen) according to manufacturer’s
instructions.

Antibodies and Inhibitors
Primary antibodies used for Western blotting were as follows: p-Tyr (sc-
508), GAPDH (sc-32233), SHP2 (sc-7384), MCL-1 (sc-819) from Santa Cruz
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Biotechnology; p-EGFR (1068) (3777), p-ErbB2 (1248) (2247), ErbB3 (4754),
p-ErbB3 (1289) (4791), p-ErbB3 (1328) (14525), p-ErbB4 (1284) (4757), p-Akt
(308) (4056), p-Akt (473) (4060), p-Erk (202/204) (4370), p-P70S6K (389)
(9205), p-4EBP1 (37/46) (2855), BIM (2933), BCL-xL (2764), p-P90RSK (380)
(9341), p-S6 (235/6) (4858), p-S6 (240/4) (5364), c-Myc (5605), p-SHP2 (542)
(3751), GAB1 (3232), p-GAB1 (627) (3233), p-GAB1 (659) (12745), β-ACTIN
(4970), fromCell SignalingTechnology. Secondary antibodies usedweremouse
IgG (GE Healthcare Life Sciences; NXA931) and rabbit IgG (GE Healthcare
Life Sciences; NA934). Alpelisib and trametinib were purchased from Ab-
Mole Biosciences. RMC-4550 was purchased from Selleckchem. The SHP2
inhibitor (SHP099) for cell culture and in vivo experiments was purchased from
MedchemExpress and AbMole Biosciences and was dissolved in DMSO at a
stock concentration of 10 mmol/L for in vitro experiments. Human recom-
binant growth factors epiregulin (EREG) was purchased from Sigma-Aldrich
(SRP3033) and neuregulin-1 (5898-NR) was purchased from R&D Systems.

Western Blotting
Cell lines, tumors from cell-line xenografts, and tumors from patient-derived
xenografts (PDX) were prepared and lysed in lysis buffer (20 mmol/L Tris,
150 mmol/L NaCI, 1% NP-40, 1 mmol/L EDTA, 1 mmol/L EGTA, 10% glyc-
erol, and protease and phosphatase inhibitors). The samples were incubated
on ice for 30 minutes, then centrifuged at 14,000 rpm for 10 minutes at 4°C.
Tumor lysates were homogenized with Tissuemiser (Thermo Fisher Scientific)
in the lysis buffer described previously, incubated for 30 minutes on ice, and
centrifuged at 14,000 rpm for 10 minutes at 4°C. Protein concentration was
determined by BCA Protein Assay (Pierce). Proteins were resolved using the
NuPAGE Novex Midi Gel system on 4% to 12% Bis–Tris gels (Invitrogen),
transferred to polyvinylidene difluoride membranes (PerkinElmer) in transfer
buffer (Bio-Rad) with 20% methanol. Following transferring, the membrane
was blocked in PBS-T with 5% nonfat milk for 1 hour and then incubated
with the indicated antibodies overnight. After secondary antibody (GEHealth-
care) incubation, the antibodies on the membranes were detected with the
Syngene G: Box camera (Synoptics). Representative blots are shown in the
figures.

Immunoprecipitation Assay
A total of 500 μg of lysates were incubated with p85 antibody (5,000 ng;
EMDMillipore, catalog no. ABS233), or SHP2 antibody (5,000 ng; Santa Cruz
Biotechnology, catalog no. sc-7384), or rabbit IgG antibody (5,000 ng; Santa
Cruz Biotechnology, catalog no. sc-2027). Following the addition of 25 μL
of 1:1 PBS:prewashed Protein A Sepharose CL-4B beads (catalog no. 17-0963-
03; GE Healthcare Life Sciences) to the antibody/lysate mix, samples were in-
cubated with rotating motion overnight. Equal amounts of extracts (5% of
immunoprecipitated protein) were prepared in parallel.

Animal Studies
For the BHY and HSC-4 xenograft HNSCC models, 5 × 106 cells were in-
jected subcutaneously into the right flank of (6–8 weeks) male NOD/SCID
gamma (NSG) mice in a 1:1 ratio of cells to Matrigel (Corning, 354248). Treat-
ment began when tumors reached approximately 100 to 200 mm3, and mice
were randomized into treatment cohorts, with 5–8 mice per cohort. Tumor
size and mouse weight were measured approximately 3 days per week using
a digital scale and calipers, where tumor volume was calculated as height ×
width×width× 0.52, with height the larger of the twomeasurements. SHP099
was administered via oral gavage once per day, 6 days per week. SHP099 was

dissolved in 0.6% hydroxypropyl methycellulose, 0.4% Tween80, and 0.9%
saline for a final dosage of 75 mg/kg of body weight. All mice were euthanized
at the end of 30 days of treatment. The PDXs were previously established under
University of Pennsylvania Institutional Review Board protocol #417200. They
were implanted, passaged, and cryopreserved as described previously (27) using
NOD/SCID/IL-2R γ−/− (NSG) mice. All animal experiments were approved
by the Virginia Commonwealth University Institutional Animal Care and Use
Committee (protocol# AD10001048).

DepMap Data Analysis
Gene codependency data were obtained from DepMap consortium (https://
depmap.org/portal/), which included mutation data, as well as CRISPR and
combined RNAi results published in Q3 of 2020. The relationship between
CRISPR screen results and gene codependency was studied (https://doi.org/10.
6084/m9.figshare.12931238.v1).

Data Availability Statement
The data generated in this study are available within the article and its
Supplementary Data.

Results
HNSCC are Hypersensitive to SHP2 Inhibition through
Dual PI3K and MEK Inhibition
SHP099 is the first specific SHP2 inhibitor and a structurally related SHP2 in-
hibitor, TNO155, is now in clinical trials (NCT03114319). The SHP099 effect
on cancer cells has been the subject of various recent focused studies (17, 19).
Here, we evaluated whether a comprehensive drug screening of SHP099 on our
HTS platform would reveal an unsuspected indication for SHP2 inhibitors. We
compared the sensitivity to SHP099 across 948 human tumor cell lines and 27
subsets of cancer. Interestingly, when subsets were analyzed as an entire group,
HNSCC and the pediatric nervous system cancer neuroblastomawere themost
sensitive subsets of cancer (Fig. 1A; Supplementary Table S1) (28). Follow-up
crystal violet viability assays over 7 days confirmed sensitivity in HNSCC cells
lines SCC-9 and JHU-022 and resistance in the HNSCC cell line BICR22 (Fig.
1B). Although SHP099 inhibition has been demonstrated to be specific to SHP2
through both profiling and mutational studies (29), we confirmed sensitivity
profiles with RMC-4550 (19) a second, structurally unique allosteric inhibitor
of SHP2 (Fig. 1C; Supplementary Fig. S1A and S1B).

As sensitivity to SHP099 is overall linked to inhibition of the MEK/ERK path-
way (17), we determined whether the HNSCCs that were the most sensitive to
SHP099 were also sensitive to the FDA-approved MEK inhibitor, trametinib.
Interestingly, we did not find overlapping sensitivities (Fig. 1D; Supplementary
Fig. S2A), which suggested to us that SHP099 may inhibit additional onco-
genic pathways in sensitive HNSCC cell lines outside the MEK/ERK pathway.
Of note, we also did not find overlapping sensitivities between SHP099 and the
PI3K inhibitor, alpelisib (Supplementary Fig. S2B).

SHP2 can mediate both RAS/MEK/ERK activation and PI3K activation
through Grb2-associated binder (GAB) proteins (30); how precisely SHP2 dis-
ruption leads to loss of RAS/MEK/ERK signaling remains unclear, but likely
involves disruption of the multiprotein complex of GAB1/GRB2/SOS (19).
GAB1 was initially identified as a docking protein phosphorylated in response
to EGFR stimulation (31) and GAB1 has both an N-terminal plekstrin ho-
mology (PH) domain that is primarily responsible for the ability of EGFR
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FIGURE 1 HNSCC cell lines are sensitive to the SHP2 inhibitor SHP099. A, Scatter plots showing SHP099 AUC in HNSCC cell lines (other tumors
exclude neuroblastomas). Statistical significance was determined using the Mann–Whitney U test. ****, P < 0.0001. B, JHU-022, SCC-9, and BICR22 cell
lines were treated with 1 or 5 μmol/L SHP099 and stained with crystal violet after 7 days. C, JHU-022, SCC-9, and BICR22 cell lines were treated with 1
and 5 μmol/L RMC-4550 and stained with crystal violet after 7 days. D, AUC for SHP099- and trametinib-treated cell lines were plotted to assess
correlation in sensitivities. Correlation analysis was performed using Spearman correlation, P = not significant. NT = no treatment.

to activate PI3K signaling, and two key pTYR sites (Y627 and Y659) that
mediate SHP2-GAB1–driven activation of RAS/MEK/ERK (19, 21, 31, 32). In
sensitive HNSCCs, but not insensitive HNSCCs, SHP2 inhibition led to near
complete loss of GAB1 phosphorylation at the RAS activation sites Y627 and
Y659, (Fig. 2A), consistent with loss of MEK/ERK signaling (Fig. 2B and C). In

sensitiveHNSCCs, we also noted SHP2 inhibitor treatment caused inhibition of
PI3K, as evidenced by loss of pAKT (Fig. 2B and C), which has not been seen in
previous studies in other contexts (18, 19, 33). Similarly, and consistent with the
short-term experiments, we are able to be see SHP2 inhibitor suppressing both
MEK/ERK and the PI3K/AKT pathway in longer experiments (Supplementary
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FIGURE 2 HNSCC cell lines are hypersensitive to SHP2 inhibition through dual PI3K and MEK inhibition. A–C, HNSCC cell lines were treated with
10 μmol/L SHP099 for 6 or 24 hours or 10 μmol/L RMC-4550 for 6 or 24 hours, as indicated, and extracted proteins were immunoblotted with the
indicated antibodies. Please note, as identical lysates from the SCC-9 and BICR22 cells were used to probe the indicated antibodies in Fig. 2A and B,
the same GAPDH blot served as the loading control and is shown twice. D, JHU-022 cells were treated with or without 10 μmol/L SHP099 for 6 hours
and extracted proteins were subjected to (left) immunoprecipitation an anti-IgG antibody or an anti-p85 antibody and extracted proteins were
immunoblotted with an anti-p-Tyr antibody, or (right) whole-cell lysates (5% input) were probed with the indicated antibodies in parallel. The blots
were then stripped and reprobed with antibodies against the indicated proteins.
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Fig. S3). We therefore sought the underlying mechanism. We immunoprecipi-
tated (IP) p85 (regulatory subunit of PI3K), and probed p85 IP complexeswith a
pTYR antibody. In the corresponding whole-cell lysates, we found loss of pTYR
caused by SHP099 in two proteins: one resolved at approximately 100 (consis-
tent with the MW of GAB1), the second resolved at approximately 185 kDa,
consistent with the ErbB family member and PI3K-activating protein, ErbB3
(ref. 34; Fig. 2D).We found identical loss of pTYR at 185 and 105 kDA, butmore
pronounced at 105 kDA in the IP (Fig. 2D, left; Supplementary Fig. S4A). In-
deed, GAB1 and ErbB3 were detected at these molecular weights in the p85 IPs
(Fig. 2D, left; Supplementary Fig. S4A). We confirmed pErbB3 reduction with
anAb raised against a specificY residue (Y1328; Supplementary Fig. S4B).Other
ErbB members at 185 kDA were also probed which are affected by SHP099
(Supplementary Fig. S5). But interestingly, we found that SHP099 affected the
p85–GAB1 interaction but not the p85–ErbB3 interaction (Fig. 2D, left). These
data suggest that SHP099-mediated loss of pTYR GAB1 is responsible for the
inhibition of PI3K activity and not ERbB3.

The PI3K and MEK/ERK pathways often converge on mTORC1 (25, 35).
In SHP2 inhibitor–sensitive HNSCCs, we found mTORC1 was inhibited,
as evidenced by loss of p70S6K and 4E-BP1 phosphorylation (ref. 35; Fig.
2B and C). In addition, the proapoptotic BIM, which is suppressed by the
MEK/ERK/p90RSK pathway, was upregulated following SHP2 inhibition ex-
clusively in the sensitive HNSCCs (Fig. 2B and C). Finally, we found, MCL-1,
c-MYC, and BCL-xL expression, which are controlled tightly by the mTORC1
pathway (36, 37), were downregulated only in the sensitive HNSCCs (Fig. 2B
and C). Therefore, in a subset of HNSCC, SHP099 blocks both MEK/ERK sig-
naling and PI3K signaling, converging onmTORC1, likely explaining the potent
anticancer activity of SHP2 inhibition.

The Downregulation of Both the MEK and PI3K Pathway
in HNSCC is Toxic
We and others (35, 38, 39) have found PI3K and MEK coinhibition has po-
tent anticancer efficacy across multiple solid tumor paradigms. To confirm
the therapeutic benefit of blocking both these pathways across HNSCC cell
lines, we treated SHP2 inhibitor–sensitive JHU-022 and SCC-9 cells and SHP2
inhibitor–resistant BICR22 cells with the PI3K alpha inhibitor, alpelisib (40),
and the MEK inhibitor, trametinib (41). As expected, the combination of
alpelisib and trametinib was very potent against all three HNSCC cell lines
(Fig. 3A and B) with alpelisib blocking and some TORC1 signaling in all three
lines, trametinib blocking MEK signaling in all three lines, and the combina-
tion of the two robustly blocking mTORC1 signaling (Fig. 3C and D) in all
three lines, consistent with our past work (38, 42) and others (15, 43). Also as
expected, SHP2 inhibition blocked PI3K, MEK, and mTORC1 signaling (pS6)
in the sensitive JHU-022 and SCC-9 cells, but not in the insensitive BICR22
cells. This led to similar efficacy between SHP099 and the alpelisib/trametinib
combination in the SHP2 inhibitor–sensitive cells (Fig. 3A), and contrasting ef-
ficacy between SHP099 and the alpelisib/trametinib combination in the SHP2
inhibitor–resistance cells (Fig. 3B). These results are consistent with the anti-
HNSCCactivity of SHP099 occurring through coinhibition ofMAPKandPI3K
pathways, and these two pathways being the key targets of SHP2 inhibition in
sensitive HNSCCs.

HNSCC Cell Line and PDXs are Sensitive to
SHP2 Inhibition
We next evaluated the efficacy of SHP099 in vivo. The BHY and HSC-4
xenograft models that presented with good sensitivity in vitro were injected

to form tumors in immunocompromised mice. In addition, we recently es-
tablished a collection of PDX models of HNSCC, including HPV+ models
(27). We evaluated two of these models: a HPV− (LST60) and HPV+ model
(LNT20). In keeping with the in vitro results, treatment with 75 mg/kg/qd
SHP099 single agent led to near total tumor control across all models
(Fig. 4A–C). Treatment was well tolerated on the basis of stable weight main-
tenance, normal behavior, and overall good health of the mice throughout the
study (Supplementary Fig. S6, mouse weights). In the xenografts, the differ-
ence in tumor volume was visible as early as 10 days after the beginning of
treatment with a consistent increase in difference between the two treatment
arms throughout the study period (Fig. 4A and B, left). The waterfall diagrams
show the differences in tumor volume after approximately 30 days of the study
compared starting treatment volume demonstrating tumor regressions in most
of the BHY-implanted mice and strong tumor control in the HSC-4 model
(Fig. 4A and B, right). Similarly, the PDXmodels established from patients with
HNSCC also revealed significant decreases in tumor burden upon treatment
with SHP099 by the end of 30 days (Fig. 4C). In the tumor lysates, on-target
activity, echoing the in vitro data of dual MEK and PI3K inhibition converging
on mTORC1, was confirmed (Fig. 4D). These data together validate the sensi-
tivity demonstrated in the unbiased HTS screen of a large number of HNSCC
models that have sensitivity to SHP2 inhibition.

Expression of the EGF Ligand EREG Correlates with
Response to SHP099 in HNSCC
We next sought to understand which HNSCCs made up the sensitive group
which could potentially enable biomarker-directed clinical trials in HNSCC
and to also better understand the mechanism of SHP2 inhibitor efficacy in
HNSCC. As HNSCCs are void of activating mutations in RTKs (44), ErbB lig-
ands are important mediators of RTK signaling in HNSCC, particularly those
that activate the large number of EGF receptors in these cancers (45). We
therefore investigated themost prominent ErbB ligands, including EGF, EREG,
neuregulin-1, and amphiregulin. While expression of most of these ligands had
no predictive power (Supplementary Fig. S7), low-EREG HNSCCs were sig-
nificantly more sensitive to SHP099, both by median expression and by the
lowest AUC (Fig. 5A). On the basis of these data, we added exogenous EREG to
sensitive HNSCC cell lines, to determine whether this was sufficient to confer
resistance. Strikingly, exogenous EREG was sufficient to substantially miti-
gate SHP099 efficacy across both sensitive models (JHU-22 and SCC9) tested
(Fig. 5B). Consistently, Western blot analyses demonstrated in these cell lines
that the presence of EREG led to the maintenance of MEK and PI3K signaling
and activation of EGFR following SHP099 therapy (Fig. 5C). This contrasted
with the addition of other ErbB family ligands like neuregulin-1, which con-
sistent with the lack of predictive power, did not alter the ability of SHP099
to block PI3K or MEK signaling or exert anti-HNSCC activity (Supplemen-
tary Fig. S8A and S8B). Altogether, these data demonstrate that SHP099 blocks
MEK/ERK and PI3K signaling when EREG levels are low, conferring sensitiv-
ity to the drug, and sustainedMEK/ERK and PI3K signaling when EREG levels
are high confers resistance to SHP2 inhibition.

GAB1 is a Critical Protein in HNSCC Survival, and
Regulates EREG-mediated Rescue of SHP2
Inhibitor Toxicity
Because of the role of GAB1 in SHP2 inhibitor efficacy (Fig. 2), we examined
further a possible role in SHP2 inhibitor toxicity and subsequent EREG rescue.
Using the DepMap database (46), we found among approximately 1,300 cancer
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FIGURE 3 Comparison of SHP2 inhibitor SHP099, alpelisib and trametinib in SHP2- sensitive and -resistant HNSCC cell lines. A and B, SHP2
inhibitor–sensitive HNSCC cell lines SCC-9 and JHU-022 or SHP2 inhibitor-insensitive cells (BICR22) were treated with a fixed concentration of SHP099
(10 μmol/L), alpelisib (3 μmol/L), trametinib (10 nmol/L), or the combination for 3 days, and cell viability was determined by CellTiter-Glo. Extracted
proteins from SCC-9 and JHU-022 cells (C) or BICR22 cells (D) treated with 10 μmol/L SHP099, 3 μmol/L alpelisib, 10 nmol/L trametinib or the
combination for 6 hours were immunoblotted with the indicated antibodies.

cell lines, HNSCC cell lines were the most sensitive to GAB1 genetic editing
(Fig. 6A). Analyses of gene dependencies found GAB1 and EGFR were most
closely related, highlighting the importance of GAB1 for EGFR-driven cancers
(Supplementary Fig. S9A), like HNSCC.

We next genetically silenced GAB1 to directly probe its role in SHP2 inhibitor
efficacy. Of note, over 3 days, GAB1 knockdown markedly blocked the growth
of both the JHU-22 and SCC-9 cells (Fig. 6B and C; Supplementary Fig. S9B
and S9C) and was particularly toxic in the SCC-9 cells. To assess whether
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FIGURE 4 SHP099 is effective in mouse models of HNSCC. A and B, Left, Growth curves of the BHY and HSC-4 xenograft models. After tumor
establishment (100–200 mm3), mice were treated with either vehicle (black lines) or administered 75 mg/kg of SHP099 (red lines) by oral gavage
(6 days per week for 30 days). Right = waterfall plot of each tumor representing growth on days 28 and 29 for BHY tumors and HSC-4 tumors,
respectively. C, Growth curves of the LST60 and LNT20 PDX models. Mice were treated with either vehicle (black) or administered 75 mg/kg of
SHP099 (red). All error bars represent SEM. D, Left, Immunoblot of extracted proteins from the LNT20 PDX model treated with vehicle or SHP099 with
the indicated antibodies. Right, Immunoblots from extracted proteins from HSC-4 xenografts treated with vehicle or SHP099.
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FIGURE 5 Role of EREG in maintaining mTOR activity upon SHP2 inhibitor SHP099 treatment. A, HNSCC cell lines cataloged in the GDSC database
were clustered into low- and high-EREG RNA expression groups, and the SHP099 AUC data for these cell lines were plotted. The red bars indicate the
means of each group. Statistical significance was determined by two-tailed Student t test. B, The viability of SCC-9 cells and JHU-022 cells treated for
7 days with or without 10 μmol/L SHP099 in the presence or absence of 50 ng/mL EREG. Statistical significance was determined using two-tailed
Student t test. ****, P < 0.0001. C, Extracted proteins from JHU-022 cells treated for 24 hours and SCC-9 cells treated for 6 hours with 10 μmol/L
SHP099 in the presence or absence of 50 ng/mL EREG were immunoblotted and probed with the indicated antibodies.

GAB1 plays a causative role in mediating resistance to SHP2 inhibitor–resistant
BICR22 cells, we silenced GAB1. Knockdown of GAB1 did not impart SHP099
sensitivity (Supplementary Fig. S10A and S10B). Biochemical analyses revealed
that knockdown of GAB1, similar to pharmaceutical inhibition of SHP2 (Figs.
2B, 2C, 3C, 3D, and 4D), was sufficient to block both PI3K and MEK signaling
in both cell lines, which consistent with the efficacy data, was more marked in
the SCC-9 cells compared with JHU-022 cells (Fig. 6D and E). While EREG
was again sufficient to exert a small but measurable proliferative advantage
over the no drug treatment controls in both the si scramble (SC) and siGAB1-
transfected cells [Figs. 6B and C (3 days), compare with Fig. 5B (7 days)], and
SHP099 efficacy was again largely mitigated by the presence of EREG in the
siSC-treated cells (Fig. 6B and C, compare with Fig. 5B), the siGAB1-treated
cells were refractory to EREG rescue (Fig. 6B and C).

SHP2 complexes with GAB1 to affect PI3K and RAS/MEK signaling (20–22,
46). Our demonstration that GAB1 is a critical mediator of both PI3K and
MEK signaling and SHP099 efficacy in HNSCC alerted us to examine more
closely the interaction of GAB1 and SHP2 and how EREG may alter this
complex. Assessment of SHP2–GAB1 complexes revealed while SHP099 ex-
pectedly disrupted this complex, the presence of exogenous EREG increased
complexed SHP2 and GAB1, and, importantly, led to the maintenance SHP2–
GAB1 complexes, in parallel with maintenance of pERK and pAKT signaling

in the whole-cell lysates (Fig. 7A). Overall, these data demonstrate that GAB1
regulates the EREG-mediated rescue of both the PI3K and MEK pathways in
HNSCC and is a critical survival protein in HNSCC (Fig. 7B).

Discussion
In this study, utilizing our HTS platform, we identified sensitivity to HNSCCs
to SHP2 inhibition. SHP099 has been demonstrated to be effective in a num-
ber of preclinical solid tumor models, particularly in combinations that result
in enhanced and/or prolonged MEK/ERK inhibition (17, 47). The unexpected
lack of overlap of SHP2 inhibitor sensitivity and MEK inhibitor sensitivity in
HNSCC led us to investigate whether other pathways in addition to the MEK
pathway were being blocked by SHP099. Indeed, we found robust inhibition
of the PI3K pathway in HNSCCs that were sensitive to SHP099. Neel and col-
leagues demonstrated that in different contexts, based on signaling flux through
RTKs, SHP2 can either block or potentiate PI3K signaling (48). Our data
demonstrate that SHP2 inhibition disrupts GAB1-p85 binding to downregulate
PI3K signaling in HNSCC. GAB1 can be an important mediator of EGFR-PI3K
activation (32).

Preclinically, we (38, 49, 50) and others (11, 35, 39, 51) have demonstrated the
dual combination of MEK and PI3K signaling is highly efficacious across a
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FIGURE 6 HNSCC are dependent on the GAB1 gene and GAB1 knockdown results in inhibition of cell proliferation and intracellular oncogenic
signaling in HNSCC. A, HNSCC cell lines are dependent on the GAB1 gene as determined by the CERES dependency score following
CRISPR-Cas9–based viability screens (DepMap consortium). A low score indicates high gene dependency. Please note: the top three subsets are
HNSCC. B and C, JHU-022 and SCC-9 cells were transiently transfected with either scrambled (SC) or GAB1 siRNA for 24 hours, reseeded, and the next
day the cells were treated with or without 10 μmol/L SHP099 in the presence or absence of 50 ng/mL EREG for 3 days, and cell viability was
determined by CellTiter-Glo. Statistical significance was determined using two-tailed Student t test. ****, P < 0.0001. D and E, JHU-022 and SCC-9 cells
were transiently transfected with either GAB1 or scrambled (SC) siRNA for 48 hours and extracted proteins were subjected to Western blot analyses
with the indicated antibodies.

number of different solid tumors; unfortunately, clinically, this combination
has been too toxic to achieve doses which the drugs can achieve target inhi-
bition. In successful RTK targeted therapy paradigms, like EGFR inhibitors in
EGFR-mutant NSCLC, sensitivity is conferred because EGFR inhibitors lead to
simultaneous downregulation of PI3K andMEK pathways; restoration of either
pathway is sufficient to confer resistance (13, 15).

EGF family ligands are important activators of EGFR signaling in diverse can-
cers (45). Among the EGF ligand family is EREG, which is found at higher
levels in HNSCCs than normal gingivae, increases in expression as HNSCCs
advance, and portend poor outcomes (52). In HNSCC, EGF family ligand
expression, including EREG, associates with better responses to the EGFR in-
hibitor cetuximab, reflecting the increased dependence on EGFR signaling in
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FIGURE 7 Model of SHP099 inhibitor efficacy and the role of EREG in HNSCC. A, SCC-9 cells were treated with or without 10 μmol/L SHP099 in the
presence or absence of 50 ng/mL EREG for 6 hours. Cell lysates were subjected to immunoprecipitation with (left) an anti-IgG antibody or an SHP2
antibody and an anti-IgG antibody or anti-p85 antibody (center) followed by Western blot analysis with an GAB1 or an anti-p-Tyr antibody or (right)
whole-cell lysates (5% input) were probed with the indicated antibodies in parallel. The blots were then stripped and reprobed with antibodies against
the indicated proteins. B, In low-EREG HNSCC, SHP2 inhibition is effective by disrupting SHP2–GAB1 complexes and PI3K and MEK signaling, leading to
downregulation of mTOR and anti-HNSCC effects. In high-EREG HNSCC, EREG mitigates SHP2 inhibitor by maintaining PI3K signaling. This is likely
largely independent of SHP2, and therefore SHP2 inhibition is not sufficient to block PI3K signaling.
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these cancers (53). Indeed, we found EREG increased EGFR activation in our
study. In contrast to cetuximab, we show SHP2 inhibitor is effectivewhen EREG
levels are low, correlating with the ability of SHP099 to sufficiently block both
MEK and PI3K pathways. These data were also replicated with the allosteric
SHP2 inhibitor, RMC-4550. Consistent with these data, exogenous expression
of EREG was sufficient to prevent SHP099-mediated downregulation of PI3K
and MEK pathways, and as such, to mitigate SHP099 efficacy. These data sug-
gest a flux-dependent SHP2 inhibitor effect on these pathways and a molecular
biomarker for SHP2 inhibitor clinical trials. Of importance, EREG has been
demonstrated to be assessible as a biomarker in colorectal cancer, suggesting
clinical implementation is achievable (54).

We have found GAB1 is critical for HNSCC survival and plays an important
role in mediating the response of SHP2 inhibition. GAB1 is a PH-containing
scaffolding protein for diverse RTKs and binds both SH2 and SH3 domains
(55). These data are consistent with the correlation we found between EGFR
and GAB1 in the Depmap CRISPR/Cas9 screening data and fits the picture
that targeting GAB1 complexes—for instance, by targeting SHP2—may be a
more potent therapy for HNSCC than EGFR inhibition. Our model therefore
is that when EREG is low, SHP2 can mediate both RAS/MEK/ERK activation
and PI3K activation through GAB proteins. The relative lack of flux through
the EGFR receptor allows for robust inhibition of PI3K and MEK pathways
following SHP2 inhibition. When EREG is high, there is reactivation of GAB1–
P85 complexes, which contributes to reactivation of downstream pathways
(Fig. 7B). In addition, EREG also leads to the activation of ErbB3 (56), and
ErbB3, like GAB1, can also activate PI3K (34), which could further contribute
the resistance phenotype we detect with EREG. EREG ligand and other EGFR
family ligands and their role in SHP2 inhibitor response. Additionally, both
combined EGFR and SHP2 or combined ErbB3 and SHP2 inhibition may of-
fer superior reduction of PI3K and ERK pathways. We are investigating these
combinations currently in our laboratories.

While we did not observe overt toxicity in our studies, comprehensive toxicity
of SHP2 inhibitors was not well characterized in this study. SHP2 inhibitors are
being evaluated in clinical trials. Important toxicity data will be available soon
from these trials, offering insight into a potential therapeutic window of this
new class of drugs (28).

HNSCCs continue to be treated with radiation and high-dose platinum-based
therapies, and these treatments are accompanied by a high rate of morbidity.
Here, we demonstrate SHP2 inhibitors can downregulate both PI3K and MEK
pathways in HNSCC cell lines and are effective in a large subset of HNSCCs.
Consistently, SHP099 blocks the growth of HNSCC xenograft models as well as
PDXmodels, including an HPV+model. While there may be biological differ-
ences that underlie differential sensitivity in HPV+ HNSCCs versus HPV−
HNSCCs, a much more thorough investigation including numerous models
will be needed to determine whether this is so. Our findings in total suggest that

inhibition of SHP2 could have clinical utility inHNSCC, sensitiveHNSCCs can
be identified by expression levels of EREG, and SHP2 inhibition leads to down-
regulation of bothMEKandPI3Kpathways in sensitiveHNSCCs. Several SHP2
inhibitors are now in clinical evaluation. SHP2 inhibitors as monotherapy or a
potentiator of current HNSCC therapies warrants further consideration.
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