
Cancer Biology and Translational Studies

Tumor Intrinsic Efficacy by SHP2 and RTK
Inhibitors in KRAS-Mutant Cancers
Huai-Xiang Hao1, Hongyun Wang1, Chen Liu1, Steven Kovats1, Roberto Velazquez1,
Hengyu Lu1, Bhavesh Pant1, Matthew Shirley1, Matthew J. Meyer1, Minying Pu1,
Joanne Lim2, Michael Fleming2, LeighAnn Alexander1, Ali Farsidjani1,
Matthew J. LaMarche3, Susan Moody1, Serena J. Silver1, Giordano Caponigro1,
Darrin D. Stuart1, Tinya J. Abrams1, Peter S. Hammerman1, Juliet Williams1,
Jeffrey A. Engelman1, Silvia Goldoni1, and Morvarid Mohseni1

Abstract

KRAS, an oncogene mutated in nearly one third of human
cancers, remains a pharmacologic challenge for direct inhibi-
tion except for recent advances in selective inhibitors targeting
the G12C variant. Here, we report that selective inhibition
of the protein tyrosine phosphatase, SHP2, can impair the
proliferation of KRAS-mutant cancer cells in vitro and in vivo
using cell line xenografts and primary human tumors. In vitro,
sensitivity of KRAS-mutant cells toward the allosteric SHP2
inhibitor, SHP099, is not apparent when cells are grown on
plastic in 2D monolayer, but is revealed when cells are grown
as 3D multicellular spheroids. This antitumor activity is also
observed in vivo in mouse models. Interrogation of the MAPK
pathway in SHP099-treatedKRAS-mutant cancermodels dem-
onstrated similarmodulation of p-ERK andDUSP6 transcripts

in 2D, 3D, and in vivo, suggesting aMAPKpathway–dependent
mechanism and possible non-MAPK pathway–dependent
mechanisms in tumor cells or tumor microenvironment for
the in vivo efficacy. For the KRASG12C MIAPaCa-2 model, we
demonstrate that the efficacy is cancer cell intrinsic as there is
minimal antiangiogenic activity by SHP099, and the effects of
SHP099 is recapitulatedbygenetic depletionof SHP2 in cancer
cells. Furthermore, we demonstrate that SHP099 efficacy in
KRAS-mutant models can be recapitulated with RTK inhibi-
tors, suggesting RTK activity is responsible for the SHP2
activation. Taken together, these data reveal that many
KRAS-mutant cancers depend on upstream signaling from
RTK and SHP2, and provide a new therapeutic framework for
treating KRAS-mutant cancers with SHP2 inhibitors.

Introduction
Protein tyrosine phosphorylation plays a central role in

normal cell biology and pathogenesis of diseases including
cancer (1). A large number of tyrosine kinases and several
phosphatases are mutated in various types of cancer and
function as oncogenes (2). The Src homology-2 (SH2)
domain-containing phosphatase 2 (SHP2), encoded by
PTPN11, was identified as the first protein tyrosine phospha-
tase (PTP) oncogene (3). SHP2 contains two SH2 domains (N-
SH2 and C-SH2), a PTP catalytic domain and a C-terminal
proline-rich motif containing tyrosyl phosphorylation sites
(Y542 and Y580; ref. 4). Under basal conditions, intramolec-

ular interactions between the N-SH2 and PTP domains impedes
the accessibility of substrates, thus suppressing the catalytic
activity of SHP2 (5). Upon RTK activation by upstream growth
factors or cytokines, the autoinhibitory interactions of SHP2
are disrupted leading to its activation (6). In RTK-activated
cells (RTK, e.g., EGFR, FGFR, VEGFR) or KRAS-amplified cells,
SHP2 transduces the upstream signal with its phosphatase
activity through guanine nucleotide exchange factors, including
SOS1 (4, 7). This in turn promotes activation of KRAS by GDP
to GTP exchange, and subsequent activation of the RAS–MAPK
pathway resulting in pro-proliferative and prosurvival
signals (4, 6, 8, 9).

SHP2 has been shown to be important for many biological
functions that are dependent on upstream growth factor signaling
including angiogenesis and differentiation and proliferation of
tissues (10–14). Inhibition of SHP2, using a selective allosteric
inhibitor, SHP099, has revealed therapeutic promise in cancers
that are dependent on RTKs (15–17). Upstream signaling from
RTKs, such as EGFR, canbe dispensable in cells with constitutively
active KRAS mutations, as evidenced by the lack of clinical
response to the anti-EGFR antibody, cetuximab, in KRAS-
mutant colorectal cancer patients (18). However, not all KRAS
mutations impair intrinsic GTPase activity equally, and some
KRAS-mutant cancers may still require robust upstream RTK
activity to maintain the GTP-loaded active state. Recent reports
have shown that the intrinsic hydrolysis of GTP to GDP in
KRASG12C is higher than other KRASmutations, almost approach-
ing that of wild-type KRAS (19–21) and that inhibition of SHP2
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can impact mutant KRAS signaling in genetically engineered
mouse models and in cancer cell lines (17, 22–24). In addition
to SHP2's function of activating RAS downstreamof RTKs, there is
growing, yet confounding evidence for an immunomodulatory
function of SHP2. SHP2 has been implicated in suppressing T-cell
activation by dephosphorylating PD1-recruited CD28 (25),
although it has also been shown to be dispensable for T-cell
exhaustion and for anti-tumor activity by PD1 blockade in CD4þ

T-cell specific knockout mouse models (26). Taken together,
inhibition of SHP2 may exert antitumor effects in both tumor
cell autonomous and nontumor cell autonomous manners.

In this report, we provide further evidence that inhibition of
SHP2 or RTKs is effective at treating a variety of KRAS mutant
cancers that are dependent on upstream growth factor signaling,
including some KRAS G13D and Q61H mutants.

Materials and Methods
Compounds

The following inhibitors were synthesized and structurally
verified by NMR/LC-MS at Novartis Institute of Biomedical
Research (Supplementary Materials): SHP2 inhibitor/
SHP099 (15, 16), MEK1/2 inhibitor/trametinib (27), pan-
VEGF/PDGFR/FGFR inhibitor dovitinib (28), VEGFR2 inhib-
itor/BFH772 (29), MET inhibitor/capmatinib (30), FGFR1-3
inhibitor/BGJ398 (31), EGFR-inhibitor/erlotinib, HER2 and
EGFR-inhibitor/lapatinib. Cetuximab antibody was produced
by Eli Lilly (catalog # NDC-66733-958-23).

Cell lines
Cell lines evaluated were obtained from Novartis' CCLE col-

lection (32) and were tested to be free ofMycoplasma and murine
viruses in the IMPACT1 PCR assay panel (RADIL, University of
Missouri, Columbia, MO). These cells were maintained in ATCC
specifiedmediumat 37�C in a humidified atmosphere containing
5% carbon dioxide. In general, split ratios for subculturing con-
sisted of 1:4 and 1:6 in T-225 flasks (Corning) and 1:4 and 1:6 in 3
bilayer cell factories (Nunc Cell Factory) and then 1:4 in 10-layer
cell factories (Nunc Cell Factory). Cells were harvested at 85% to
95% confluence by treating with 0.25% trypsin-EDTA (Gibco,
catalog #14175-095), and centrifuged at 1,200RPM for 5minutes
at 4�C.

Cell line engineering
MIA PaCa-2_SHP2-KO clone was generated by CRISPR tech-

nology as previously reported (33). MIA PaCa-2_SHP2-
KO_SHP2T253M/Q257L cells were generated by infection of above
MIA PaCa2_SHP2-KO clone with lenti-virus packaged using the
pLKO-Trex-SBP-SHP2-T253M-Q257L plasmid (15) and selection
in TET-freemedia containing 1mg/mLG418.MIA PaCa-2_SHP2-
shRNA cells were generated by infection of MIA PaCa-2 cells with
retro-virus packaged using the pRSIUP-U6Tet-SHP2-shRNA-
UbiC-TetRep-2A plasmid (34) and selection in TET-free media
containing 3 mg/mL puromycin.

In vivo xenograft efficacy studies
Micewere handled in accordance to the ILARGuide for theCare

and Use of Laboratory Animals in an AAALAC-accredited facility.
Cell lines were confirmed to be free of mycoplasma and mouse
viruses before use, cultured inmedium according to ATCC guide-
lines then resuspended in ice-cold Hank's Balanced Salt Solution

(HBSS; Gibco, catalog # 25200-056) containing 50% Matrigel
(Corning, catalog #354234). Athymic female nude mice were
inoculated subcutaneously into the right flank. Tumor-bearing
mice were randomized into treatment groups once tumor
volumes reached approximately 250 mm3. For the dox-
inducible SHP2-shRNA xenograftmodel,micewere fed ad-libitum
with chow containing doxycycline (Scott Pharma Solutions,
catalog #1813539).

Tube formation assays
HUVEC cells were seeded into 6-well plates (0.2 � 106)

overnight in endothelial cell growth media (PromoCell, #C-
22010) with 10% FBS. Following incubation, cells were treated
with the respective compounds. After incubation, cells were
harvested and diluted to 0.2 � 105 cells/mL in endothelial cell
basalmedia (PromoCell C-22010) plus 10%FBS and 72 mL of the
suspension plus 8 mL of endothelial cell growth supplement
(PromoCell C-39215) was plated within 96-well plates (Ibidi,
#89646) coated with Matrigel (Millipore #ECM625). Brightfield
images were captured (EVOS microscope, Thermo Fisher Scien-
tific) 4 hours after incubation at 37�C, and tubes were quantified
and analyzed using Image J (http://rsbweb.nih.gov/ij/).

Cell proliferation assays
For 2D proliferation assays, 500 to 1,500 cells per well were

seeded into 96-well plates (Corning #3904) in 80 mL media per
well. For 3D proliferation assays, 3,000 to 4,500 cells per well
were seeded into low attachment 96-well plates (Greiner Bio-
one, #655976) in 80 mL media alone or with 2% or 20%
Matrigel (Corning, #356237). Twenty-four hours after seeding,
cells were treated with 20 mL compounds at different final
concentrations as indicated. After 6 days of incubation, 100
mL CellTiter-Glo reagent (Promega #G7573 for 2D; #G9683 for
3D) was added to each well and cell viability was determined
according to the manufacturer's instruction. To determine the
IC50 values, data were fitted using the dose response algorithm
in GraphPad Prism as Y ¼ Bottom þ (Top-Bottom)/(1þ10 /̂
((X-LogEC50))), in which Top and Bottom are plateaus in the
units of the y-axis and EC50 is the concentration of inhibitor
that gives a response half way between Bottom and Top. For
details on the soft agar colony formation methods and 2D and
3D screen with SHP099 and the RTK inhibitor cocktail, please
see Supplementary Materials.

RNA preparation for RNA sequencing
MIA PaCa-2 spheroids were generated by plating at 5,000 cells/

well of p-HEMA (Sigma, cat. # 192066) coated 384 microwell
Elplasia plate (Kuraray cat. # SQ 200 100 384) according to the
manufacturer's protocol. For 2D samples, subconfluent cells were
seeded at 750 cells/well of a 384 well micro clear plate (Greiner
cat. # 781091). Next day, cells were treated with SHP099 at 20
mmol/L, andDMSO control. At 3 and 19 hours posttreatment, 2D
and 3D cultured cells were lysed with 500 or 50 mL, respectively,
per well of lysis buffer with DTT. RNA was extracted according to
themanufacturer's protocols within the RNeasy Kit (Qiagen cat. #
74134). Quantification and quality of RNA assessed by the
Agilent 2100 Bioanalyzer (Agilent cat. # G2938C): 2100 expert
Eukaryote Total RNA Nano Chip (Agilent cat. # 5067-1511). For
transcriptome sequence and analysis details, please see Supple-
mentary Materials. Gene expression datasets are available via
NCBI BioProject accession number PRJNA558508.
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Immunoblotting
The following primary antibodies were used: phospho-ERK

(Cell Signaling Technology #4370), ERK (Cell Signaling Tech-
nology #4695), phospho-RSK3 (Cell Signaling Technology
#9348), phospho-AKT (Cell Signaling Technology #4060), AKT
(Cell Signaling Technology #9272), p-SHP2 (Cell Signaling Tech-
nology #3751), SHP2 (Cell Signaling Technology #3397), phos-
pho-MET (Cell Signaling Technology #3077), phospho-STAT3
(Cell Signaling Technology #9145), and tubulin (Cell Signaling
Technology #3873). Cells (2–7.5 � 105) in 2 mL growth media
were seeded in 6-well plates (Corning, #3506 for 2D, #3471 for
3D with ultralow binding). The 3D growth media contains 2%
Matrigel (Corning, #356237). After one day (for 2D) or three days
(for 3D, for spheroid formation), cells were treated with inhibi-
tors at the indicated concentrations and duration. Cells were lysed
on ice in RIPA buffer (Boston Bioproduct #BP-115) supplemen-
ted with 1 mmol/L EDTA and Halt Protease and Phosphatase
Inhibitor Cocktail (Thermo Fisher Scientific #1861281). Lysates
were centrifuged at 14,000 rpm at 4�C for 15minutes and protein
concentrations were determined using BCA protein assay
(Thermo Fisher Scientific). Equal amount of protein was sepa-
rated by electrophoresis in NuPAGE 4%–12% Bis-Tris gel
(Thermo Fisher Scientific #WG1402BX10), and transferred to
nitrocellulosemembranes (Bio-Rad, #1704159) for immunoblot
with indicated primary antibodies. The bound primary antibo-
dies were visualized using goat anti-rabbit IgG (Hþ L) secondary
antibody conjugated with Alexa Fluor 700 and goat anti-mouse
IgG secondary antibody conjugated with IRDye 800 CW and
scanning with an Odyssey Infrared Imager System (Li-Cor).

Results
3D cell culture reveals sensitivity to SHP2 inhibition in
KRAS-mutant cancer cells

It was previously reported that cancer cell lines sensitive to
KRAS or NRAS depletion were refractory to SHP2 depletion in a
pooled shRNA screen and RAS/RAF-mutant cell lines were not
sensitive to SHP099 (15). The lack of sensitivity remains the case
when KRAS mutation status is overlaid with sensitivity to either
SHP2 (PTPN11) depletion in a pooled shRNA screen (Fig. 1A) or
with sensitivity to SHP099 assessed across cell lines and cancer
lineages (Fig. 1B).

Interestingly, a small number of KRAS-mutant models, dis-
played some sensitivity to SHP2 depletion by shRNA or inhibi-
tionby SHP099 (Supplementary Tables S1–S3). Thesedata lightly
suggest that activatingmutants of KRASmay still be dependent on
SHP2 or that other RAS isoforms (NRAS/HRAS or wild-type KRAS
for heterozygotes)may contribute toMAPKpathway activation in
those cells. Cancer cells have displayed differential sensitivity to
targeted anti-cancer agentswhen grown in three-dimensions (3D)
compared with the two-dimensional (2D) setting; among these
are AKT/mTOR inhibitors (35, 36) and KRASG12C inhibitors (20).
We therefore selected three KRAS G12 mutant cell lines that were
not sensitive to SHP099 in 2D culture (MIA PaCa-2/KRASG12C,
KP4/KRASG12D, Capan-2/KRASG12V) and tested them in a 3D
culture setting with or without the addition of varying levels of
Matrigel in the same growth media as in 2D (Fig. 1C). Strikingly,
MIA PaCa-2 cells displayed greater sensitivity to SHP099 when
cultured as spheroids with an IC50 ¼ 0.39 mmol/L (0%Matrigel),
contrary to their resistance in the 2D setting (IC50 > 30 mmol/L).
Interestingly, the addition of either 2% or 20% Matrigel reduced

the SHP099 efficacy against MIA PaCa-2 3D spheroids. In
KP4 cells, there was a greater than 10-fold reduction in IC50 for
all 3D growth conditions (2D IC50 >30 mmol/L; 3D 0% Matrigel
IC50¼1.42mmol/L; 3D2%Matrigel IC50¼ 2.97mmol/L; 3D20%
Matrigel IC50 ¼ 3.49 mmol/L). In Capan-2 cells, which only
formed spheroids with the addition of Matrigel, there was a
greater than 10-fold reduction in IC50 in 3D (2D IC50 >30
mmol/L; 3D 2% Matrigel IC50 ¼ 1.90 mmol/L; 3D 20% Matrigel
IC50 ¼ 2.26 mmol/L). The 2D versus 3D sensitivity to the MEK
inhibitor, trametinib, also displayed an IC50 shift in the same
manner as SHP099, with the exception of expected sensitivity to
trametinib in 2D (IC50 ¼ 6.23–20.80 nmol/L; Fig. 1C). In con-
trast, T3M-4 cells (Fig. 1D) bearing the KRASQ61H mutation
remained insensitive to SHP099 (IC50 >30 mmol/L) even when
cultured in 3D. To demonstrate that the SHP099 3D efficacy
against KRAS G12–mutant cell lines is not a result of systematic
sensitization to SHP099 from2Dto3Dgrowth,we also tested two
RAS/RAF wild-type EGFR dependent cancer cell lines that are
sensitive to SHP099 in 2D, Detroit-562, and KYSE520 (Supple-
mentary Fig. S1A). There was either no IC50 shift (Detroit-562) or
a modest IC50 reduction (�3-fold, KYSE520) comparable with
the EGFR inhibitor erlotinib.

To determine whether the SHP099 sensitivity of KRAS-mutant
cell lines in 3D is a general phenomenon and to ascertain
correlations to specific KRAS-mutant alleles, we examined a larger
KRAS-mutant cell line panel to evaluate SHP099 under both 2D
and 3D growth conditions (n ¼ 14, Fig. 1E; Supplementary
Table S4). For the majority of KRAS-G12–mutant cell lines (7/
11) sensitivity to SHP099 in 3D was comparable with that of the
KYSE520 in 2D or 3D. In summary, KRAS-mutant cancer cells,
primarily those with G12 mutations, cultured as multicellular
spheroids, were sensitive to SHP2 inhibition.

MAPK pathway is suppressed by SHP099 in KRAS-mutant cells
in both 2D and 3D culture

We next examined whether SHP099 had differential effects on
theMAPKand/or PI3Kpathways inKRAS-mutant cells cultured in
2D versus 3D. The 3D growth condition used was 2%Matrigel for
all cell lines to enable 3D growth of those cell lines requiring
Matrigel, as 20% Matrigel is too rigid for cell harvesting. p-ERK
and its downstream marker p-RSK3 was overall similarly inhib-
ited by 3 and 10 mmol/L SHP099 at 2 hours of treatment, in all
three cell lines (MIA PaCa-2, KP4, and Capan-2) in both condi-
tions, althoughnot as complete as the levels achievedby10nmol/
L trametinib (Fig. 2A). In addition, rebound of p-ERK and p-RSK3
at 24 hours following SHP099 treatment was similarly observed
under both conditions, despite the different antiproliferation
effects. Interestingly, the baseline levels of p-AKT, and to a lesser
degree for p-ERK, were lower when all three KRAS-mutant cells
were grown under 3D conditions. However, in T3M-4, baseline
levels of p-AKT in 3D conditions were also lower than in 2D,
while p-ERK levels were comparable in 2D and 3D conditions
(Supplementary Fig. S1B). It is also worth mentioning that
fluctuation of p-ERK levels was observed between experiments
and are likely a result of the size and how long the spheroids
have formed. Nonetheless, these baseline differences on p-ERK
and p-AKT levels indicate differential wiring of cell signaling in
2D versus 3D culture, which is further supported by the
literature (35, 37, 38). The combination of lower p-ERK levels,
for SHP099 to inhibit, and a downregulated PI3K pathway,
often implicated in cancer cell survival, may contribute to the
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Figure 1.

3D cell culture reveals sensitivity of SHP2 inhibition in KRAS-mutant cancer cell lines. A,Waterfall plot showing the SHP2 sensitivity score as measured by
ATARIS Quantile for SHP2 shRNAs colored by KRASmutations within 382 cell lines. A total of 78 KRAS-mutant cell lines were evaluated, of which 72 were KRAS
gain-of-function mutants (KRAS G12, G13, and Q61). KRAS-mutant cell lines are annotated with a red bar, with the exception of MIA PaCa-2 and KP4 that are
highlighted in blue. Cell lines that are KRAS wild-type are annotated in yellow. A list of all cell lines, the genetic background, and the sensitivity score to SHP2
knockdown are located in Supplementary Table S1. B,Activity of SHP099 in 504 cancer cell lines. A total of 102 KRAS-mutant cell lines were evaluated, of which
96 were KRAS gain-of-function mutants. The data are plotted as normalized inhibition at 30 mmol/L SHP099 (x-axis, %Amax) against calculated absolute IC50

values of SHP099 for each cell lines (y-axis). Red circles represent cancer cells with KRASmutations, with the exception of those that are MIA PaCa-2, Capan-2,
KP4, and T3M-4 that are represented as blue circles. Cell lines that are KRAS wild-type are annotated in yellow. A list of all cell lines, the genetic background, and
sensitivity toward SHP099 are found in Supplementary Table S2. C, Effect of SHP099 and trametinib on proliferation of three KRAS G12 mutant cell lines (MIA
PaCa-2, KP4, and Capan-2) in 3D spheroid and 2Dmonolayer culture for 6 days in the absence or presence of varying degrees of Matrigel. The colored dotted
lines at the bottom of graphs are the percentage of day 0 reading of DMSO-treated cells normalized to that of day 6 in 2D and 3D, respectively. The black
hyphenated lines visualize IC50 values. Data are representative of 3 independent experiments each performed in triplicates. Error bars, SEM. D, Antiproliferation
effect of SHP099 on T3M-4 cells as performed in C except the 3D condition was only with 20%Matrigel. E, SHP099 antiproliferation IC50 values of a panel of 14
KRAS-mutant cell lines cultured in 3D and 2D. The KRASmutation of each cell line is indicated by the symbol shapes, with additional information and IC50 data in
both conditions located in Supplementary Table S4.

SHP2 Inhibition Is Effective at Treating KRAS-Mutant Cancers

www.aacrjournals.org Mol Cancer Ther; 18(12) December 2019 2371

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/12/2368/1860563/2368.pdf by guest on 19 M
ay 2023



sensitivity to SHP2 inhibition in a subset of KRAS-mutant cells
cultured in 3D.

Given that SHP099 suppressedMAPK signaling similarly in 2D
and 3D but had different impacts on cell proliferation and the
acuteMAPK suppression is not complete, we utilized gene expres-
sion analyses to determine whether alternative signaling path-
waysmay contribute to thedifferential sensitivity to SHP099.MIA
PaCa-2 cells, cultured in 2D or 3D and treated with SHP099 or
trametinib, were subjected to RNA sequencing (RNA-seq) anal-
ysis. Using a recently described MAPK pathway signature with
relevance to clinical responses to MEK inhibition (MPAS: SPRY2,
SPRY4, ETV5, DUSP4, DUSP6, CCND1, EPHA2, EPHA4; ref. 39)

along with several other MAPK pathway transcriptional markers
(ETV1, DUSP5, DUSP7, EPHA7, BMF; ref. 40), we compared the
effects of SHP099 with those of trametinib. The MAPK pathway
transcriptional effects of SHP099, while less than those of trame-
tinib, did demonstrate MAPK pathway inhibition (Fig. 2B), con-
sistent with the effects on p-ERK and p-RSK3 in the MIA PaCa-2
cells (Fig. 2A). Interestingly, we also found that levels of SHP2
transcripts at baseline in 3D were approximately 50% lower than
in 2D and were more comparable with those observed in tumor
xenografts (Fig. 2C). Thedecreased SHP2 expression inMIAPaCa-
2 was also confirmed at the protein level, concomitant with
decreased SHP2 phosphorylation at Y542, a marker of SHP2
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SHP099 inhibits MAPK pathway in KRAS-mutant cell lines cultured in 3D and 2D.A, Immunoblot of indicated proteins in MIA PaCa-2, KP4, and Capan-2 cells
treated with DMSO, SHP099 (3 or 10 mmol/L), or trametinib (10 nmol/L) for 2 hours and 24 hours in 2D and 3D culture (with 2%Matrigel), respectively. Tubulin
serves as a protein loading control. 2D and 3D samples from each cell line were run in the same gel, and their signal intensities on the blot can be compared.
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Duplicate samples were analyzed for MAPK pathway gene suppression or activation in response to treatment using a modified version of the MPAS
signature (39). Heatmap depicts log2 fold change to the DMSO control group. Red depicts mRNA transcript upregulation and blue depicts transcript
downregulation. C, PTPN11 gene expression levels by TPM (transcripts per million) of MIA PaCa-2 cells cultured in 2D, 3D, and xenografts derived from RNA-seq
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PaCa-2, Capan-2 cells cultured and treated as described in A.
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activation by RTK activity (Fig. 2D; ref. 41). We then examined
SHP2 and p-SHP2 levels in the remainder of the cell lines and
observed a similar decrease of both SHP2 and p-SHP2 in Capan-2
cells and a decrease only in p-SHP2 in KP4 cells and in T3M-4,
when theywere cultured in 3D (Fig. 2D; Supplementary Fig. S1C).
It is conceivable that the decreased levels of SHP2 or that SHP2
activation in 3D may partially contribute to the increased sensi-
tivity in 3D culture, as there is less SHP2 or less activated SHP2 to
engage with the allosteric SHP2 inhibitor.

Deeper analysis of the transcriptional changes in the MIA
PaCa-2 revealed substantial differences in the global gene
expression changes in response to treatment with SHP099 in
3D culture as compared with 2D culture (Supplementary
Fig. S1D) 19 hours after treatment. Gene ontology analy-
sis (42, 43) revealed greater modulation of transcriptional
programs after SHP099-treatment related to apoptosis, IFNg
signaling, cell cycle, and membrane localization of proteins
and is likely a reflection on the observed enhanced efficacy in
3D. Interestingly, in 2D culture there are very few uniquely
altered genes following SHP099 treatment, notably downregu-
lation of genes associated with cell adhesion, p38 MAPK, and
TGFb/SMAD signaling (Supplementary Fig. S1D); these same
genes display no differential expression with SHP099 treatment
in the 3D culture setting. In summary, KRAS-mutant cells are
dependent on SHP2 for full MAPK pathway activation in both
2D and 3D growth conditions. The efficacy of SHP2 inhibition
may be more pronounced in KRAS-mutant cells in 3D growth
conditions likely due to a variety of reasons including changes
in MAPK pathway, the AKT pathway, and SHP2 expression and
activation.

In vivo efficacy and MAPK pathway suppression of SHP099 in
KRAS-mutant models

We next evaluated whether SHP099 would be efficacious in
KRAS-mutant human tumor xenograft models. In line with the
in vitro 3D findings, SHP099, dosed at 100 mg/kg daily, was
efficacious in theMIA PaCa-2model, with equivalent response to
trametinib (Fig. 3A). In contrast to the lack of in vitro response to
SHP099 (Fig. 1D), the KRASQ61H T3M-4 tumors, displayed sen-
sitivity to SHP099 in vivowith amodest improvement in response
when compared to trametinib (Fig. 3B).We next examinedMAPK
pathway suppression in vivo as assessed by p-ERK and p-RSK3 in
MIA PaCa-2 tumors. MAPK pathway suppression was observed
with SHP099 (Fig. 3C), consistent with the newly appreciated
biology that the KRASG12C-mutant cancers retain intrinsic GTPase
activity and are regulated by RTKs and SHP2 (17, 21–23). How-
ever, in T3M-4 tumors (KRASQ61H), suppression of p-ERK by
SHP099 was variable and modest among tumors, while trame-
tinib robustly and consistently suppressed p-ERKwithout impact-
ing p-RSK3, suggesting a decoupling of the p-RSK effect from ERK
activity in this cell line (Fig. 3D).

We extended the in vivo profiling of SHP099 across a panel of
KRAS-mutant xenograft models, including the KYSE520
(KRASWT/EGFR-dependent) and RKO (BRAFV600E; Fig. 3E; Sup-
plementary Fig. S2A–S2I). Relative to the KYSE520 (Supplemen-
tary Fig. S2A), SHP099 achieved comparable antitumor activity in
two KRASG12C models, NCI-H358 and MIA PaCa-2, as well as a
KRASG12Dmodel, KP4 (Fig. 3A andE; Supplementary Fig. S2B and
S2C). In addition, tumor growth inhibition was observed in all
other KRAS-mutant models tested (Supplementary Fig. S2D–

S2G), except in NCI-H460 harboring homozygous KRASQ61K

mutations, where there was no effect of SHP099 treatment (Sup-
plementary Fig. S2H), and more comparable with SHP099 treat-
ment in the RKO BRAFV600E xenograft model (Fig. 3E; Supple-
mentary Fig. S2I).

We next examined the extent of MAPK pathway inhibition
in vivo following SHP099 treatment using DUSP6 mRNA expres-
sion, a downstream transcriptional readout for MAPK pathway
activity, 3 hours after the last treatment dose (Fig. 3F).Overall, the
magnitude of DUSP6 suppression correlated with the magnitude
of antitumor activity of SHP099. For the KRASG13D model,
HCT15, and the KRASQ61H model, T3M-4, we observed only
modest changes in DUSP6 suppression, which is likely insuffi-
cient to cause the observedmagnitudeof antitumor activity. These
data further suggest that mechanisms outside of the MAPK
pathway may also contribute to the in vivo efficacy of SHP099
in KRAS mutant cancers.

Efficacy of SHP2 inhibition in KRAS-mutant cancer is tumor
intrinsic

Several reports have demonstrated that VEGFR signaling
depends on SHP2 in endothelial cells and is required for angio-
genesis (14, 44, 45). To ascertain whether the efficacy of SHP099
in KRAS-mutant models in vivo was in part due to an antiangio-
genic effect of VEGFR2 signaling inhibition, we evaluated SHP2
inhibition in vitro in tube formation assays using human endo-
thelial cells, HUVECs. SHP099was unable to inhibitHUVEC tube
formation in vitro at 5 mmol/L, a concentration above what can be
achieved in vivo at theMTD of 100mg/kg, daily (Fig. 4A).We next
evaluated whether efficacy of SHP099 was due to antiangiogenic
effects in vivo. In contrast to dovitinib, a multi-targeted RTK
inhibitor with antiangiogenic effects (46) that clearly caused
tumor devascularization in a KRAS-mutant colorectal cancer
human PTX model, HCOX4087, in vivo treatment with SHP099,
had no gross impact on tumor vascularization and was qualita-
tively comparable to the vehicle and trametinib-treated tumors
(Fig. 4B; Supplementary Fig. S3A). We further examined in vivo
efficacy of a selective VEGFR2 inhibitor, BFH722 (29), in MIA
PaCa-2 and T3M-4 xenografts and found that it had minimal
efficacy (Supplementary Fig. S3B and S3C), in contrast to
SHP099, while also displaying inhibition of mouse CD31mRNA
expression (Fig. 4C), suggesting that these models are not signif-
icantly dependent on tumor vascularization for in vivo growth.
SHP099 also maintained efficacy when MIA PaCa-2 cells were
grown orthotopically by surgical implantation directly into the
pancreas, demonstrating that the effects of SHP099 are unlikely to
be an artifact of subcutaneous xenografts exhibiting enhanced
permeability and retention (EPR; Supplementary Fig. S3D;
ref. 47). Having established that SHP099 had little impact on
tumor vascularization, we evaluated whether genetic depletion of
SHP2within KRAS-mutant tumor cells would replicate the effects
of SHP099. Using CRISPR-Cas9 technology, SHP2 knockout
(crKO) MIA PaCa-2 cells were generated and confirmed
(Fig. 4D). Knock out of SHP2 in the MIA PaCa-2 cell line had
only modest growth effects when grown in a monolayer culture,
whereas significant growth inhibitionwasobservedwhen the cells
were grown in 3D (Fig. 4D) or when implanted subcutaneously
into nude mice (Fig. 4E).

To assess the role of SHP2 in tumor maintenance versus
initiation and to also rule out potential clonal effects from the
SHP2-crKO model, MIA PaCa-2 cells transduced with a doxycy-
cline (dox)-inducible shRNA targeting PTPN11 was generated
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(Supplementary Fig. S3E). Comparable with SHP099 treatment,
SHP2 knockdown resulted in significant antiproliferative effects
in a 3D colony formation assay (Supplementary Fig. S3F). We
next performed a head-to-head comparison of efficacy between
SHP099 and SHP2-shRNA using the engineered dox-inducible
SHP2-shRNAMIA PaCa-2 cells. Following tumor randomization,
efficacy of SHP099 and dox-induced SHP2 knockdown was
evaluated for 15 days (Fig. 4F). Efficacy between SHP2 genetic
depletion and pharmacologic inhibition was comparable, with a
modest but statistically insignificant improvementwith the inhib-
itor treatment group, attributed to greater MAPK pathway sup-
pression as measured by DUSP6, and incomplete depletion of
SHP2 in the dox-treated xenografts (Supplementary Fig. S3G). To

demonstrate that the effects observed by SHP099 are due to on-
target SHP2 inhibition, MIA PaCa-2 SHP2-crKO cells were trans-
duced with a dox-inducible SHP099-binding deficient mutant,
SHP2T253M/Q257L, and in vitro 3D efficacy was evaluated in the
presence of dox and SHP099 (Fig. 4G). The phosphatase activity
of SHP2T253M/Q257L mutant was demonstrated to be similar to
that of wild-type SHP2 (15) and the expression level of
SHP2T253M/Q257L mutant in the SHP2 KO background was very
similar to the endogenous level of SHP2 in the parental cells.
SHP099 was inactive in cells expressing the compound-binding
deficient mutant of SHP2, demonstrating that the antiprolifera-
tive activity of SHP099 is due to on target inhibition of SHP2
(Fig. 4G).
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Figure 3.

KRAS-mutant cancers are sensitive to SHP2 inhibition in vivo. Antitumor efficacy of SHP099 administered orally at the doses, schedules, and duration indicated
in MIA PaCa-2 (A) and T3M-4 (B) subcutaneous xenograft models. Data are plotted as the treatment mean� SEM (n¼ 5). Red dotted line represents tumor
volume at randomization. C and D, Immunoblot analysis of levels of p-ERKT202/Y204 and p-RSK in KRAS-mutant xenograft models, MIA Paca-2 and T3M-4, from A
and B, treated with SHP099 and trametinib 3 hours after the last dose. Protein loading amount was normalized and verified by tubulin loading control. Each
separate column represents an individual treated tumor. E, Antitumor efficacy of SHP099 administered orally across a panel of in vivo xenograft cell line and
primary tumor models. Data plotted is the percent test/control for each model compared with its respective control group at the end of treatment� SEM (%T/
C). Each model is color coded with respect to its KRAS/BRAF genetic status. In vivo efficacy data for each model are in Supplementary Fig. S2 along with
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KRAS-mutant cancers depend on upstream RTKs
Because SHP2 is a node downstream of RTKs, we hypothesized

that the effect of SHP2 inhibition in KRAS-mutant cancers
could be recapitulated with RTK inhibitors. We first evaluated
the efficacy of an RTK inhibitor cocktail, targeting ERBBs, FGFRs,
and MET, across a panel of KRAS-mutant cell lines in both 2D
and 3D culture conditions (Fig. 5A; Supplementary Table S4).
Similar to treatment with SHP099, we found that the modest
efficacy of the RTK inhibitor cocktail in 2D culture was also
enhanced in the 3D growth conditions (Figs. 5A and 1E). We
next confirmed these results in vitro and in vivo in both the MIA
Paca-2 and KP4 cell lines (Fig. 5B–E). As observed with SHP099
(Fig. 1C), efficacy of the RTK-inhibitor cocktail (Fig. 5B) in the
MIA Paca-2 was improved in the 3D setting as evidenced by
a shift in the antiproliferation IC50. In vivo efficacy of an EGFR
mAb, cetuximab, or with an FGFR1-3 inhibitor, BGJ398, in the
MIA PaCa-2 tumors resulted in modest tumor growth inhibition,
64% T/C and 100% T/C, respectively. In contrast, combination of
these two inhibitors resulted in a significant improvement in
efficacy (26% T/C); however, SHP099 remained the most active
treatment in this xenograft model (7% T/C), presumably due to
the ability of SHP099 to inhibit signaling from additional
upstream RTKs, and potentially impacting other signaling path-
ways (Fig. 5C).

Consistent with the antitumor efficacy, MAPK pathway sup-
pression, as assessed by p-RSK3 levels, was reduced by SHP099 or
the combination of cetuximab and BGJ398, but not cetuximab or
BGJ398 alone (Supplementary Fig. S4A). In contrast, p-ERK levels
were comparable in all treatment groups (Supplementary
Fig. S4A) and only DUSP6 suppression was observed by SHP099
(Supplementary Fig. S4A), likely due to its well-known tight
regulation and the use of end of efficacy samples. Interestingly,
there is a drastic p-SHP2 downregulation in MIA PaCa-2 xeno-
grafts and 3Dorganoidswhen comparedwith the cells cultured in
2D, consistent with the p-SHP2 reduction observed in 3D culture
while p-AKT decrease in tumors is less pronounced comparedwih
the decrease in 3D spheroids (Supplementary Fig. S4B). Similarly,
the p-EGFR and p-FRS2 signal in MIA PaCa-2 tumors were very
low, preventing us to understand the EGFR and FGFR activation
status and responses to cetuximab and BGJ398 (Supplementary
Fig. S4A). We also evaluated the KP4 model, a model that upon
further analysis was determined to be dependent on MET due to
overexpression of the MET-ligand, HGF (Supplementary
Fig. S4C). In KP4 we tested sensitivity in 3D and in vivo toward
capmatinib (Fig. 5D and E). Similar to the MIA PaCa-2 model,
SHP099 treatment in the KP4 model trended toward better
efficacy than that of the MET inhibitor, although the results were
not statistically significant. Consistentwith the antitumor efficacy,
p-RSK3 levels were modestly reduced by SHP099 or capmatinib
(Supplementary Fig. S4D). Comparable with the MIA PaCa-2,
p-SHP2, and p-MET levels, but not p-AKT levels, were also down-
regulated in KP4 tumors and 3Dorganoids compared to KP4 cells
cultured in 2D (Supplementary Fig. S4E). To further test our
hypothesis that in vivo sensitivity to SHP099 can potentially be
related to sensitivity to RTK inhibitors, we evaluated efficacy of an
RTK inhibitor combination in the KRASQ61H-mutant T3M-4
model. Combination of an FGFR1-3 inhibitor (BGJ398), MET
inhibitor (capmatinib), and EGFR inhibitor (cetuximab) was
well-tolerated and resulted in significant antitumor activity when
compared with the control and was comparable with that of
SHP099 (Fig. 5F). Given that comparable antitumor activity was

observed between SHP099 and RTK inhibitor treatment, combi-
nation strategies with SHP2 inhibitors are warranted to deepen
the in vivo response. Taken together, these data demonstrate that
RTK activity is responsible for the activation of SHP2 in KRAS-
mutant tumors and support further investigation toward the use
of SHP2 inhibitors and combination partners to treat RTK-
dependent KRAS-mutant cancer.

Discussion
In this report, stimulated by the observation that a small subset

of KRAS-mutant cells showed sensitivity to the allosteric SHP2
inhibitor SHP099, we profiled a panel of KRAS-mutant cell lines
grown asmulticellular spheroids and revealed an unexpected and
widespread sensitivity to SHP2 inhibition when KRAS-mutant
cancer cells are grown in 3D. The efficacy of SHP099 in KRAS-
mutantmodels was further confirmed in vivo and recapitulated by
SHP2 depletion or knockdown in cancer cells, suggesting a tumor
cell intrinsic mechanism (e.g., in the MIA PaCa-2 model bearing
KRASG12C homozygous mutations). Significant MAPK pathway
suppression by SHP099, albeit to a lesser extent compared with
the MEK inhibitor, trametinib, was observed in vivo, 3D, and 2D
growth conditions, in all models bearing KRAS G12 alterations
tested and to some extent in KRAS G13 and Q61mutant models.
However, MAPK suppression may not fully explain the activity of
SHP099 in all KRAS-mutant models and other SHP2-dependent
but MAPK-independent mechanismsmay contribute to the activ-
ity of SHP099 in vivo, as illustrated in Supplementary Fig. S4F.

The enhanced activity of SHP099 in KRAS-mutant cells in 3D
compared with 2D conditions, despite a similar degree of MAPK
pathway suppression and rebound (Figs. 1C and 2A), is intrigu-
ing. The altered sensitivity of cancer cells to anticancer therapies in
3D growth conditions compared with 2D conditions has previ-
ously been reported in KRAS-mutant cancer (22), HER2þ breast
cancer (37), and colorectal cancer (35). However, the mechan-
isms proposed to be responsible for these differential responses in
2D and 3D are not consistent and are possibly due to lineage and
treatment specific differences. We observed a decreased baseline
level of p-ERK and p-AKT and more importantly discovered a
downregulation of SHP2 in three KRAS-mutant cell lines cultured
in 3D conditions, manifested as either decreased SHP2 protein
levels (transcriptional mechanism for MIA PaCa-2) or decreased
phosphorylation at the Y542 site. A similar p-SHP2 downregula-
tionwas observed inMIA PaCa-2 and KP4 tumors compared with
2D growth conditions, as well as p-MET, but not p-AKT (Sup-
plementary Fig. S4B and S4E). Those signaling differences in
3D and in vivomay partially explain why the sensitivity to SHP2
inhibitors of KRAS mutant cells is particularly revealed under
3D and in vivo conditions. Although one may conclude that the
3D response is more predictive of in vivo efficacy, the T3M-4
model that showed a response to SHP099 in vivo did not exhibit
sensitivity in 3D. It is possible that the role of SHP2 in KRAS-
mutant signaling is dependent on a complex tumor microen-
vironment beyond what a tumor spheroid in vitro model can
reveal. It is also possible that different mechanisms could
account for the 3D sensitivity and in vivo sensitivity to SHP099
in different KRAS-mutant models, as the p-AKT levels in 2D
more resemble that in xenograft tumors of MIA PaCa-2 and
KP4 (Fig. 2A; Supplementary Fig. S4B and S4E).

KRAS andMAPK pathway activation are regulated by upstream
signaling proteins, such as EGFR, FGFR, MET (48–51), as well as
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Figure 5.

KRAS-mutant cancers depend on upstream RTK signaling.A, Effect of an RTK inhibitor cocktail consisting of lapatinib, BGJ398, and capmatinib in a panel of
KRAS-mutant cell lines cultured in 2D and 3D. KRASmutation of each cell line is indicated by the symbol shapes, and response data are located in Supplementary
Table S4. B, Effect of an RTK inhibitor cocktail consisting of lapatinib, BGJ398, and capmatinib (10 mmol/L for each in the highest concentration) on proliferation
of MIA PaCa-2 cells for 6 days in 2D and 3D culture, respectively. Blue and green dotted lines are the percentage of day 0 reading of DMSO-treated cells
normalized to that of day 6 in 2D and 3D, respectively. The black hyphenated lines visualize IC50 values that are reported in the graph. Data are representative of
two independent experiments each performed in triplicates. Error bars, SEM. C, In vivo efficacy of EGFR inhibitor, cetuximab (20mg/kg, 2�weekly), FGFR1-3
inhibitor, BGJ398 (15 mg/kg, daily), combination of cetuximab and BGJ398 and SHP099 (100mg/kg, daily) in MIA PaCa-2 cells implanted subcutaneously. Data
plotted are tumor volumemeans� SEM (n¼ 8). �� , P < 0.01; ��� , P < 0.005. D, Effect of MET inhibitor capmatinib on the proliferation of KP4 cells for 6 days in 2D
culture and 3D culture, respectively. E, In vivo efficacy of MET inhibitor, capmatinib (10 mg/kg, daily), and SHP099 (100mg/kg, daily) in KP4 cells implanted
subcutaneously. Data plotted are tumor volumemeans� SEM (n¼ 7). �� , P < 0.01. F, In vivo efficacy of SHP099 (100mg/kg, daily) and combination of BGJ398
(15 mg/kg, daily), capmatinib (10 mg/kg, daily), and cetuximab (20mg/kg, twice a week) in T3M-4 cells implanted subcutaneously. Data plotted are tumor
volumemeans� SEM (n¼ 8). ��� , P < 0.005. NS, nonsignificant.
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by the SHP2 protein tyrosine phosphatase and the RAS-GEF,
SOS1 (7, 17). Indeed, tyrosine kinase inhibitors have been shown
to provide overall survival benefit in patients (50, 52, 53); how-
ever, retrospective analysis has also demonstrated that the activity
of these selective inhibitors is mostly restricted to tumors har-
boring wild-type RAS or RAF (54–57). Furthermore, in vitro 2D
screens of RTK and SHP2-inhibitors in cell lines confirmed that
their activity was dependent on the wild-type KRAS/BRAF genetic
status (Fig. 1A and B; ref. 15). These data had long supported the
notion that gain-of-function KRAS mutations, commonly of the
G12, G13, Q61 form, were constitutively active and that targeting
upstream signaling would be ineffective. However, this paradigm
has shifted in recent years, with several publications demonstrat-
ing biochemically that the KRASG12Cmutation is not locked in the
constitutively active form, but maintains intrinsic GTP-hydrolytic
activity (19–21). In fact, these data helped the development of a
selective and active KRASG12C inhibitor, ARS853 (20). Together
with the newly appreciated KRAS biology and the effects of
SHP099 in KRAS-mutant cancer, we demonstrate that KRAS-
mutant cancers are still dependent on upstream receptor tyrosine
kinase signaling, although the specific RTK's that regulate the
SHP2-KRAS signaling axis appear to be cancer cell-line specific
(Fig. 5). Furthermore, the activity observed with SHP099 appears
to be comparable to that of RTK-inhibition in these cell
lines, where only tumor stasis is observed. It is possible that
treatment of cancers with a SHP2 inhibitor alone could prevent
pathway feedback reactivation of the MAPK pathway or block
RTK-bypass mechanisms where upregulation of other RTK's
under treatment may contribute to tumor resistance (33). How-
ever, to induce tumors into regression the identification of opti-
mal clinical combination agents with a SHP2 inhibitor warrants
further investigation.

With the generation of the first selective SHP2 inhibitor,
SHP099 (15, 16), we demonstrated that SHP099 was potently
active in RTK-driven cancers harboring wild-type KRAS and
BRAF (15). Consistent with the notion that KRAS-mutant cancers
would be insensitive to SHP2 inhibition, we showed limited
activity of SHP099 in KRAS-mutant cancer cells grown in 2D
culture. However, broad evaluation of SHP099 in KRAS-mutant
cell lines cultured as either tumor spheroids or as in vivo xenograft
models revealed significant antitumor activity (Figs. 1 and 3).
These findings mirror that which has been recently and indepen-
dently reported, that KRAS-mutant cancers, specifically KRASG12C

and KRASG12D variants still depend on SHP2 activity (17, 22, 23).
Here, we show that the in vivo activity of SHP099 in theMIAPaCa-
2 KRASG12C model in an immunocompromised mouse setting is
due to tumor cell-intrinsic mechanisms. However, this does not
exclude the potential for additional antitumor activity due to
nontumor cell-intrinsic mechanisms that a SHP2-inhibitor may
impart in humans, where SHP2-mediated effects may include
both tumor cell autonomous effects and effects on stromal cells
and immune cells (25, 58). In T-cells, SHP2 was shown to be
recruited by programmed cell death-1 (PD1) to dephosphorylate
and inactivate costimulatory receptor CD28, which suppresses T-
cell activation (25). SHP099, intraperitoneally dosed, has signif-
icant anti-tumor efficacy in the CT-26 syngeneic model grown in
immunocompetent mice, but little efficacy when the model is
grown in immunodeficient nude mice or in vitro, although the
dose and route of administration of SHP099 that were used are
questionable (59). Using myelomonocytic cell–specific Shp2
knockout mice, Shp2 ablation in myeloid cells was shown to

inhibit melanoma growth by potentiating macrophage produc-
tion of T-cell chemoattractant CXCL9 in response to IFN-g and
tumor cell-derived cytokines, thereby facilitating the tumor infil-
tration of IFNg-producing T cells (60). In addition, SHP2 inhi-
bition synergized with PD-1 blockade in the MC-38 murine
syngeneic colon cancer model (59).

The dependence of multiple RTKs/SHP2 for activation of the
mutant KRAS signaling and the potential immunomodulatory
effects of SHP2 inhibition provides a strong clinical rationale for
the utility of a SHP2 inhibitor for treating KRAS-mutant cancers,
where treatment options are currently limited.
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