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Abstract: Pharmacologic targeting of components of the MAPK/ERK pathway in differentiated thyroid carcinoma
(DTC) is often limited due to the development of adaptive resistance. However, the detailed mechanism of MEK
inhibitor (MEKI) resistance is not fully understood. Here, MEKi-resistant models were constructed successfully, in
which multiple receptor tyrosine kinases (RTKs) signaling pathways and Src-homology 2 domain-containing phos-
phatase 2 (SHP2) were activated in MEKi-resistant cells. Given the physiological role of SHP2 as the downstream
target of many RTKs, we first found blockade of SHP2 enhanced the sensitivity to MEKi in constructed MEKi-re-
sistant models. Interestingly, we also found that compared with MEKi treatment alone, MEKi in combination with
an SHP2 inhibitor markedly suppressed the reactivation of the MEK/ERK pathway; thus, the addition of the SHP2
inhibitor significantly improved the antitumor effects of MEKI. The synergistic suppression of DTC upon treatment
with both inhibitors was further confirmed in xenograft models and transgenic models. Thus, our data suggest that
RTKs activation leads to reactivation of the MAPK pathway and resistance to MEKi in DTC, which is reversed by
SHP2 blockade. As a novel active inhibitor of SHP2, SHPO99 in combination with MEKi is a promising therapeutic
approach for advanced DTC and MEKi-resistant one.
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Introduction

Despite the promising overall prognosis of dif-
ferentiated thyroid cancer (DTC), 5-10% of
patients continue to suffer from advanced and
treatment-refractory disease after standard
therapy [1-3]. Once progression occurs, sur-
gery, external beam radiation, watchful waiting
and experimental trials are sequentially per-
formed, and these usually have only marginal
survival benefits [4]. Patients with advanced
DTC only have a 10% survival rate, in contrast

to the approximately 98% survival rate of
patients with indolent DTC [5, 6]. Hence, there
is an urgent need to develop novel reliable
treatment strategies for advanced DTC.

Molecular-targeted therapy for advanced DTC
has received sustained attention due to its
promising therapeutic effects on advanced
DTC. MAPK/ERK signaling is the most com-
monly affected pathway in DTC and is widely
associated with cell proliferation, differentia-
tion, gene transcription and immune escape (7,
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8]. Impairment of ERK signaling is the primary
strategy for targeted therapy, and it is mainly
achieved at the levels of BRAF and MEK [7, 9].
Supported by encouraging preclinical data, the
MEK inhibitor (MEKi) selumetinib has been
approved for the treatment of advanced DTC
[10]. However, consistent with other targeted
drugs, there are still two limitations related to
the clinical application of MEKi. First and most
importantly, the occurrence of MEKi resistance
is common. Despite initial promising results, a
prolonged response to MEKi is infrequently
seen [7]. Furthermore, the clinical data show
that MEKi has less effect on thyroid cancer
cells that lack the BRAFY¢%%F mutation [11, 12].
Therefore, exploring combination strategies
that can abolish intrinsic resistance and extend
the application range is of great clinical value
[13, 14].

Src homology 2 (SH2) domain-containing tyro-
sine phosphatase-2 (SHP2), a nonreceptor pro-
tein tyrosine phosphatase encoded by the pro-
tein tyrosine phosphatase nonreceptor type 11
(PTPN11) gene in humans, is widely expressed
in various tumor cells and tissues, such as
breast, liver and lung cancer, leukemia and
neuroblastoma tissues [15-20]. SHP2 contains
a protein tyrosine phosphatase catalytic (PTP)
domain, a proline-rich motif, a C-terminal tail
that includes two tyrosine phosphorylation
sites (Y580 and Y542) and two SH2 domains.
As a common downstream target of multiple
cytokines, growth factors and other extracellu-
lar stimuli, SHP2 manipulates various impor-
tant cellular life activities, including cell prolif-
eration, activation, migration and differentia-
tion, and is therefore considered a novel thera-
peutic target [21, 22]. It has been shown that
SHP2 expression is enhanced in thyroid carci-
noma tissues compared with normal thyroid
tissues, associated with thyroid cancer metas-
tasis, suggesting that SHP2 may be useful in
evaluating prognostic outcomes [23, 24]. How-
ever, there have been few studies on the mech-
anisms involved in SHP2 function in thyroid car-
cinoma at present. Moreover, the role of SHP2
in drug resistance in thyroid carcinoma remains
unknown.

In the present study, we constructed drug-resis-
tant DTC cell clones through continuously stim-
ulating with a MEKi (AZD6244). RNA sequenc-
ing (RNA-seq) was performed to identify resis-
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tance-related genes and pathways. We found
that multiple RTKs were activated in MEKi-
resistant models and that p-ERK was reac-
tivated in DTC cell lines. As a common down-
stream signal transductor for multiple RTKs,
SHP2 was found to be activated in resistant
cell lines. Inhibition of SHP2 enhanced the sus-
ceptibility of MEKi-resistant DTC models to
MEKi. Furthermore, the combination strategy
(MEKi and SHP2i) showed superior antitumor
activity than SHPO99 or AZD6244 alone in four
DTC cell lines (K1, BCPAP, KTC-1 and TPC-1)
harboring the BRAF mutation or RET activation.
We verified the above mechanism using DTC a
xenograft model. Compared with other models,
transgenic animal model is thought to be able
to better simulate the process of human tumor-
igenesis and development than other models
since its mature immune system, and thus
have greater advantages for the study of tumor-
igenesis mechanisms and tumor-targeted ther-
apy. The combined strategy showed significant-
ly superior antitumor effects than the individual
treatments in the transgenic mouse model,
which further demonstrated the potential ther-
apeutic value of the combined strategy for DTC.

Materials and methods
Cells and drugs

The K1 (BRAF mutation) and BCPAP (BRAF mu-
tation) cell lines were purchased from Guang-
zhou Cellcook Biotech Co. (Guangzhou, China).
The TPC-1 (RET activation) and KTC-1 (BRAF
mutation) cell lines were purchased from the
Chinese Academy of Science (Shanghai, China).
All cell lines were identified by short tandem
repeat (STR) analysis and cultured in RPMI
1640 (Gibco) supplemented with 10% fetal
bovine serum, penicillin/streptomycin (5,000
units/mL, Gibco) and I-glutamine (2 mM, Gibco).
The passage number of the cells used for the
experiments was approximately 20-30. All cell
lines were tested for mycoplasma contamina-
tion. AZD6244 (Selleck Chemicals) and SHP-
099 (a potent, selective, orally available SHP2
inhibitor; Selleck Chemicals) were used in the
present study.

RNA-sequence (RNA-Seq) analysis

RNA was isolated from the DTC cell line BCPAP
and the MEKi-resistant model BCPAP-R. The
samples were then processed for RNA-sequ-
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Table 1. The shRNA targeting sequence

Sequence
shRNA 5’-gcTGAAATAGAAAGCAGAGTT-3’

encing using the NuGen Ovation Human FFPE
RNA-Seq Multiplex System. Total RNA quality
was determined (bioanalyzer), rRNA was de-
pleted with RiboMinus, multiplexed paired-end
libraries were prepared with lllumina TruSeq,
and sequencing was performed with an lllumina
HiSeq instrument. The quality of the sequenc-
ing was determined by running FastQC. GSEA
was performed to identify the enriched path-
ways and activated network modules. All of the
data have been deposited in the Dryad data-
base with access URL: https://datadryad.org/
stash/share/RuLPFKPoSPLWIYUstqt2awejpLG
koJGMC-gxsS561Ug.

Plasmid and cell transfection

A lentivirus containing the SHP2 shRNA plas-
mid was purchased from GeneChem Co. (GV-
298, Shanghai, China). The shRNA construct
for PTPN11 was inserted into the U6-MCS-
Ubiquitin-Cherry-IRES-puromycin vector. The
shRNA targeting sequence for human PTPN11
are listed in Table 1. Cells were seeded in 6-well
plates at a density of 50000 cells/well. For
transfection, the cells were cultured in RPMI
1640 comprising 10% fetal bovine serum and
lentivirus vectors for 48 h. After that, the cells
were transferred to RPMI 1640 comprising
10% fetal bovine serum and puromycin (4 uM)
for further screening. Transfection was con-
firmed by western blot analysis.

Small interfering RNAs (siRNA) and cell trans-
fection

Small interfering RNAs (siRNA) of SHP2 were
obtained from Qiagen. Transfections were per-
formed using Lipofectamine TM 3000 (Invitro-
gen) following the manufacturer’s instructions.
The siRNA sequences are listed in Table 2.
Cells were seeded in 6-well plates at a den-
sity of 50000 cells/well. 2 hours after the com-
plete medium was replaced with serum-free
1640 medium, a serum-free 1640 premix con-
taining 5 ul siRNA and 3 ul lipo3000 was added
to each well. After 4-6 h culture in the cell incu-
bator, the supernatant was discarded and
replaced with complete medium. After 24-48 h,
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RNA and cell precipitation were collected for
subsequent experiments.

Cell viability assay

Cells were seeded in a 96-well plate at a den-
sity of 500 cells per well. After incubation for 24
hours, the cells were treated with DMSO,
SHPO099 (10 uM), AZD6244 (1 uM), or the com-
bination of the inhibitors (Comb, 10 uM SHP099
and 1 yM AZD6244) at various concentrations.
After the indicated period of time, the cells
were incubated with CCK8 substrates (5 mg/
mL) for two hours. The optical density was mea-
sured at 450 nm.

Colony formation assay

Cells were seeded in a 24-well plate at a den-
sity of 200 cells per well. After 24 hours, the
cells were cultured with DMSO, SHP099 (10
uM), AZD6244 (1 uM), or the combination of
the inhibitors (Comb, 10 uM SHP099 and 1 uM
AZD6244) for two weeks. Then, the cells were
stained with 0.05% crystal violet before being
imaged.

Cell cycle analysis

The cells treated as described above were fixed
in cold 70% ethanol and incubated at 4°C over-
night. After incubation, the cells were resus-
pended in PBS supplemented with 60 ug/mL
RNase A and 25 pg/mL propidium iodide (PI)
for 15 minutes in the dark at room tempera-
ture. Then, the samples were analyzed using a
FACSCalibur flow cytometer (BD Biosciences).

Western blot analysis and RTK arrays

Cells treated as described above were lysed
in modified RIPA buffer comprising 1% PMSF.
Equal amounts of total protein were resolved by
SDS-PAGE and transferred onto PVDF mem-
branes (Millipore). Then, the membranes were
immunoblotted overnight with primary antibod-
ies. The primary antibodies used for the west-
ern blot were p-MEK (Cell Signaling Technolo-
gy, 2338; 1:1000), MEK (Cell Signaling Tech-
nology, 4694; 1:1000), p-ERK (Cell Signaling
Technology, 4370; 1:1000), ERK (Cell Signaling
Technology, 4695; 1:1000), p-SHP2 (Abcam,
ab62322; 1:1000), SHP2 (Abcam, ab32083;
1:1000) and GAPDH (Cell Signaling Technology,
5174; 1:40000). Human phospho-RTK arrays
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Table 2. The siRNA sequences

Sense Antisense

siRNA 5’-UUAGACUUGCCGUCAUUGCUC-3’ 5’-GCAAUGACGGCAAGUCUAAAG-3’

Table 3. The primers of RT-PCR assays

Forward Reverse
ETV1 CTTAGCCGTTCACTCCGCTAT TCTGTCTTCAGCAGTGGACG
ETV4 GCCCATTTCATTGCCTGGAC TACACGTAACGCTCACCAGC
ETV5 TAGAACCGGAAGAGGTTGCTC TTATCCGGGAAAGCCATGGAG

FOSL1 CAGCCCAGCAGAAGTTCCA ACTGAGGGTAGGTCAGAGGC

trol of the human thyroid
peroxidase (TPO) gene pro-
moter. Activated BRAFV600E
was expressed at physio-
logical levels in the BrafCA
mice. Endogenous Braf al-
leles were replaced by BR-
AFV60%E by crossing BrafCA
mice with TPO-Cre mice to
produce a set of double
transgene-positive offspr-
ing that develop DTC aro-

were purchased from R&D Systems (ARYOO1B)
and were used according to the manufacturer’s
guidelines.

Animal experiments

All animal experiments were approved by the
Tianjin Medical University Cancer Institute and
the Hospital Animal Care and Use Committee
and performed according to the IACUC proto-
col. To establish a drug resistance model in
vivo, ten mice with DTC xenografts of similar
volumes received oral doses of 20 mg/kg
AZD6244 once daily. After 15 or 40 days, rep-
resentative xenografts from the two groups
were picked for human phospho-RTK arrays.
The remaining xenografts from the mice treat-
ed for 40 days were cut into equal sections
and transplanted into other mice. After seven
days, the transplanted animals were randomly
assigned to the same four groups and treated
as described above. At the indicated time
points, the animals were sacrificed, and the
tumors were excised for further analysis.

To confirm the combination strategy in vivo, thy-
roid cancer cell line xenografts were estab-
lished through subcutaneous injection of 1x10°
cells into 4-week-old male NSG mice. When the
tumor volume reached approximately 15 mm?,
the animals were randomly assigned to four
groups: the control (Ctrl) group, which was oral-
ly treated with DMSO, q.d.; the SHP0O99 gro-
up, which was orally treated with 50 mg/kg
SHP099, q.o0.d; the AZD6244 group, which
received daily oral doses of 20 mg/kg AZD6244;
and the Comb group, which was treated with
the combination therapy. A transgenic mouse
model of spontaneous DTC was established as
previously described. Cre recombinase was
overexpressed in TPO-Cre mice under the con-
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und the age of 4-5 weeks
[25]. In our study, the mice
spontaneously developed DTC at 6-12 weeks of
age. According to their weight, six-week-old
TPO-Cre BrafCA mice were randomly assigned
to four groups: the control (Ctrl) group, which
was orally treated with DMSO, q.d.; the SHP-
099 group, which was orally treated with 50
mg/kg SHP099, q.o.d; the AZD6244 group,
which received daily oral doses of 20 mg/kg
AZD6244; and the Comb group, which was
treated with the combination therapy.

Immunohistochemistry (IHC)

To measure the expression levels of p-ERK and
Ki67 in the animal models, xenografts were col-
lected, fixed in 4% paraformaldehyde (PFA)
overnight, and embedded in optimum cutting
temperature compound (OCT). IHC was per-
formed according to standard protocols. The
primary antibodies used for the IHC assays
were p-ERK (Cell Signaling Technology, 4370)
and Ki67 (Cell Signaling Technology, 9027). The
stained slides were independently examined by
two pathologists who were blinded to the treat-
ment information. Hematoxylin and eosin stain-
ing was performed by the Department of
Pathology of Tianjin Medical University Cancer
Institute and Hospital. The expression levels of
p-ERK and Ki67 were quantified to determine
histological scores (histoscores). The staining
intensity in labeled cells was scored from weak
to strong as follows: O points (nuclei exhibited
no yellow granular bodies); 1 point (nuclei exhib-
ited light yellow granular bodies); 2 points
(nuclei exhibited brown yellow granular bodies);
and 3 points (nuclei exhibited dark brown yel-
low granular bodies). The positive cells and
total cells were counted with ImageJ software.
Histoscores was calculated according to the fol-
lowing formula: Histoscore = staining intensity
x (positive cell count/total cell count) x100%.
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RT-PCR

RT-PCR assays were performed as previously
described [21]. Briefly, total RNA was extract-
ed from cells using a RNeasy Mini Kit (Qia-
gen). cDNA synthesis was conducted using a
Transcriptor First Strand cDNA Synthesis Kit
(Takara) according to the manufacturer’s in-
structions. PCR was performed with FastStart
Universal SYBR Green Master Mix (Takara) on
an ABI ViiA7 system. The primers are listed in
Table 3.

Statistical analysis

The data are presented as the mean + SD of
three independent experiments. Statistical an-
alysis was performed using SPSS (IBM Cor-
poration, Armonk, NY, USA) and GraphPad Pri-
sm 8.0 software (La Jolla, CA, USA). T-tests and
ANOVA were used to determine the statistical
significance ("P<0.05, ""P<0.01, "P<0.001,
compared with the Ctrl group, ©P<0.05, ©®
P<0.01, ©®®P<0.001, compared with the Comb
group) of differences between the groups treat-
ed with different inhibitors treated and the
control.

Results

SHP2 is a potential therapeutic target for
MEKi-resistant DTC cell lines

To verify the intrinsic mechanism of MEKi resis-
tance, resistant models were constructed in
vitro utilizing BCPAP and TPC-1 cells. The cells
were cultured with increasing concentrations
of AZD6244 until drug-resistant clones termed
BCPAP-R and TPC-1-R were more than 10 tim-
es less sensitive to AZD6244 than their paren-
tal lines (Figure S1A). To confirm the resistan-
ce of BCPAP-R and TPC-1-R cells, we performed
a colony formation assay and found that the
MEKi-resistant cell lines were not significantly
inhibited after treatment with AZD6244, unlike
the primary cell lines, which were significantly
inhibited by AZD6244 (P<0.01 for both BCPAP
and TPC-1 cells) (Figure S1B). The above indi-
cated that cell lines developed acquired resis-
tance under the constant stimulation of MEKi.
Then we performed RNA-sequencing analysis
of BCPAP (N=3) and BCPAP-R cells (N=3), and
RNA-seq identified 4,270 mRNAs with signifi-
cant changes in BCPAP-R cells relative to
BCPAP cells (Figure S2A and S2B). Based on
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the total identified mMRNAs, GSEA revealed that
the mRNAs of RTKs pathways (including VE-
GFA, VEGF, IGF1 and EGFR) were significantly
enriched in BCPAP-R cells (Figure 1A and 1B).
SHP2 is a positive RTK downstream signal
transducer that was recently regarded as a
novel target for RTKs-driven cancers [22]. As a
marker of SHP2 downstream of RTK signaling
[26], p-SHP2 expression in both primary and
MEKi-resistant cell lines were determined by
western blot analysis. Compared with that in
the parental cell lines, p-SHP2 expression in
BCPAP-R and TPC-1-R cells was significantly
upregulated (Figure 1C). At the same time,
p-MEK and p-ERK expression was upregulated
continuously in the resistant cell lines com-
pared with the parent cell lines (Figure S3).

To verify whether SHP2 contributes to MEKi
resistance, two MEKi-resistant cell lines (BC-
PAP-R and TPC-1-R cells) were treated with
DMSO (Ctrl), SHP099, AZD6244, or the combi-
nation of SHP099 and AZD6244 (Comb). All
examined MEKi-resistant cell lines demonstrat-
ed susceptibility to SHPO99 with suppressed
cell colony formation and viability (all P<0.05)
(Figure 1D and 1E). Cell cycle analysis revealed
that SHP0O99 arrested MEKi-resistant cell lines
at G1/S phase (Figure 1F). Coadministration
with AZD6244 resulted in an increase in effi-
cacy with additive synergistic effects. SHP099
resensitized BCPAP-R and TPC-1-R cells to
AZD6244, and the combination strategy sup-
pressed cell colony formation, growth, and cell
cycle progression more effectively than either
SHP099 or AZD6244 alone (all P<0.05) (Figure
1D-F). These data indicated that RTK-induced
ERK reactivation was a dominant mechanism
of the MEKi-resistant phenotype, which was
significantly impaired by the SHP2 inhibitor
SHP099.

The combination strategy suppresses MEKi-
resistant tumor growth in vivo

To test the effectiveness of the combined strat-
egy in a MEKi-resistant murine model, mice
with K1 xenografts were established and treat-
ed as indicated in the flow chart (Figure 2A).
Ten mice with DTC xenografts of similar vol-
umes were divided into two groups and receiv-
ed oral doses of AZD6244 (20 mg/kg, g.d.) for
15 or 40 days. During the 40 days of AZD6244
treatment, the tumor growth rate was sup-
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Figure 1. SHP2 is a potential therapeutic target for MEKi-resistant DTC cell lines. (A) GSEA of all identified mRNAs.
mMRNA expression of RTKs significantly increased in BCPAP-R cells. (B) Heatmap of RTKs that were upregulated,
with the scale showing fold changes. (C) SHP2 was significantly activated in the BCPAP-R and TPC-1-R cell lines. Two
MEKi-resistant models were treated with DMSO (Ctrl), SHPO99 (10 uM), AZD6244 (1 uM), or both drugs (Comb).
(D) and (E) The cell viability (D) and colony formation (E) assays were performed on days 2-8 and 10, respectively;
“P<0.05, *P<0.01, "**P<0.001, compared with the Ctrl group, ®P<0.05, ®®P<0.01, ®*®P<0.001, compared with
Comb group, ANOVA. All experiments were repeated independently at least three times, and the data are presented
as the mean + SD. The data showed that the combination of SHPO99 and AZD6244 more significantly inhibited
proliferation in the MEKi-resistant model than the other treatments. (F) The combination of SHPO99 and AZD6244
significantly induced G1 phase arrest in the BCPAP-R and TPC-1-R cell lines. Cell cycle distribution was assessed by
flow cytometry. The percentage of cells in the G1, S and G2/M phases was plotted.
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pressed for approximately 25 days, and then
the tumors rapidly grew for approximately 25-
40 days (Figure S4). Representative xenografts
treated with AZD6244 for 15 or 40 days were
selected for the phospho-RTK array, which
revealed that multiple RTKs were consistently
activated after 40 days of MEKIi treatment (all
P<0.05) (Figure 2B). Consistent with our results
in vitro, above data revealed the reactivated
RTKs in DTC after long-term treatment with
AZD6244 in vivo.

To analyze the efficacy of the combined strate-
gy for RTK-activated xenografts, the remains
of xenografts treated with MEKi for 40 days
were cut into equal sections and transplanted
into other mice. After seven days, the trans-
planted mice were randomly assigned to four
groups and treated with DMSO (Ctrl), SHPO99,
AZD6244 or the combination of both drugs
(Comb) for 15 days. AZD6244 had minimal
effects on the RTK-activated tumors, demon-
strating that the tumor models had partial
resistance to the MEKI. The increased suscep-
tibility of MEKi-resistant tumors to SHP099
indicated that activated RTKs played a major
role in DTC cell proliferation. Of note, the com-
bination of SHP099 and AZD6244 caused
more effective tumor shrinkage than a single
agent (all P<0.05) (Figure 2C-E), demonstrating
that MEKI resistance development depended
on SHP2. As revealed by the IHC assay (Figure
2F), the group treated with the combination
of SHP099 and AZD6244 had lower p-ERK
expression and fewer Ki67-positive cells than
the groups treated with single agents (all
P<0.05). Stable weight, normal behavior and
health were observed in the MEKi-resistant
models after combination treatment (Figure
S5). These data suggested that the combina-
tion of SHP2 and MEK inhibition continued to
be effective in suppressing tumor growth in
MEKi-resistant models in vivo.

Suppression of SHP2 abrogates RTK-induced
MAPK/ERK pathway rebound

After treatment with MAPK inhibitors, ERK sig-
naling rebound induced by RTKs can develop
in various cancer models [26-29]. To examine
whether ERK rebound existed in the DTCs aft-
er treatment with MEKI, p-ERK expression
was detected after O, 1, 24 and 48 hours of
AZD6244 treatment. Western blot analysis
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revealed that p-ERK expression initially de-
clined after one hour and then rapidly rebound-
ed to baseline levels or to an even higher level
at 48 hours, indicating that the reactivation
of p-ERK rapidly appeared during 48 hours
MEKi treatment (Figure 3A). To verify the rela-
tionship between ERK signaling rebound and
activated RTKs in DTCs, a human phospho-RTK
array was performed to determine the RTK
activation status. As expected, the phosphory-
lation levels of several RTKs were increased in
K1 after MEKi treatment (all P<0.05) (Figure
3B). The expression of p-SHP2, which was
manipulated by activated RTKs, was signifi-
cantly increased (P<0.001) in all four cell lines
treated with AZD6244 (Figure 3C). Hence, it
was hypothesized that therapies targeting both
MEK and SHP2 could effectively abolish ERK
signaling reactivation.

For further confirmation, four DTC cell lines
were treated with DMSO, SHP099 alone, AZD-
6244 alone, or the combination of SHP099
and AZD6244, and the change in p-ERK expres-
sion within 48 hours was measured. Compared
with SHPO99 or AZD6244 alone, the combina-
tion of SHPO99 and AZD6244 persistently in-
hibited p-ERK expression (Figure 3D). As indi-
cated by ETV1, ETV4, ETV5, and FOSL1 mRNA
levels, ERK-dependent transcription was also
significantly inhibited (all P<0.05) by the combi-
nation strategy [30] (Figure 3E). In addition, the
combination of MEKi and SHP2 knockdown
had similar effects as SHP0O99/MEKI treat-
ment, indicating that SHP099 is “on-target” in
DTC cell lines (Figure 3F-H). Taken together,
these data demonstrated that the combination
of SHP099 and MEKIi could more effectively
suppress p-ERK expression than SHP099 or
AZD6244 alone and that dual SHP2/MEK inhi-
bition caused these observed effects.

SHP2 inhibition combined with AZD6244
inhibits cell progression in DTC in vitro

To determine whether the combination SHP2/
MEK inhibition was more effective in DTC cell
lines, colony formation and viability (CCK8) as-
says were performed (Figure 4A and 4B). As
a single agent, SHP099 had a variable effect
on colony formation in DTC cell lines with differ-
ent genetic backgrounds. A minimal effect was
detected in three BRAF mutation cell lines
(which was consistent with previous studies),
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Figure 2. SHP099 abolished MEKi resistance in a MEKi-resistant murine model. A. Treatment protocol for mice with
K1 xenografts. B. Phospho-RTK arrays revealed the upregulation of multiple activated RTKs in the tumor tissue of
mice after 40 days of AZD6244 treatment compared with 15 days of treatment. "P<0.05, *"P<0.01, *"P<0.001,
two-tailed t-test. C. Images of the dissected tumors obtained from xenograft mice in the Ctrl group (n=5), SHPO99
group (n=5), AZD6244 group (n=5) and Comb group (n=5). D. The growth curve of the xenografts after treatment
with DMSO (Ctrl), SHPO99 (50 mg/kg, g.0.d), AZD6244 (20 mg/kg, q.d.) and both drugs (Comb: 20 mg/kg AZD6244,
g.d.; 50 mg/kg SHPO99, g.0.d). The volumes of all transplanted xenografts were measured every five days until the
15™ day. E. The weights of the dissected tumors from transplanted mice were analyzed after treatment for 15 days;
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n=5, per group, “P<0.05, ""P<0.01, ""P<0.001, compared with the Ctrl group; ®P<0.05, ®P<0.01, ®®®P<0.001,
compared with the Comb group, ANOVA. F. Representative images and QuPath quantitation of p-ERK and Ki67 im-

munostaining in the xenografts.
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Figure 3. SHP099 abrogated the RTK-induced rebound of the ERK pathway in DTC cell lines after 48 h of MEKi treat-
ment. A. Western blot analysis revealed ERK reactivation in 4 DTC cell lines after 48 h of AZD6244 (1 uM) treatment.
Representative images from one experiment are shown. B. The phospho-RTK arrays revealed that multiple RTKs
were activated in the DTC cell line K1 after 48 h (1 uM) of AZD6244 treatment. "P<0.05, *"P<0.01, **P<0.001,
two-tailed t-test. C. Western blot analysis revealed the SHP2 activation level in DTC cell lines treated with or with-
out AZD6244 for 48 h. D. The ERK activation level was analyzed by western blotting in four DTC cell lines treated
with DMSO (Ctrl), SHPO99 (10 uM), AZD6244 (1 uM), or both drugs (Comb) within 48 h. E. The expression of ERK-
dependent genes (ETV1, ETV4, ETV5, and FOSL1) was assessed by qRT-PCR in 4 DTC cell lines that were treated
as indicated. "P<0.05, ""P<0.01, """P<0.001, compared with the Ctrl group, ®P<0.05, ®®P<0.01, ©®®P<0.001, com-
pared with the Comb group, two-tailed t-test. F and G. Knocking down SHP2 expression exhibited a similar effect
as SHP0O99 treatment in BCPAP and TPC-1 cell lines. F. Western blot analysis of SHP2 expression after knockdown
of SHP2 expression in BCPAP and TPC-1 cell lines. G. Knocking down SHP2 expression similarly abolished ERK
rebound after 48 h of MEKi treatment. H. The combination of AZD6244 (1 uM) and SHP2 knockdown suppressed
the expression of ERK-dependent genes (ETV1, ETV4 and ETV5, and FOSL1). All data are presented as the mean %
SD of three independent experiments.

while a marked effect (all P<0.01) was observed examine the antitumor activity of MEK/SHP2
in BRAF wild-type cells TPC-1 harboring the RET inhibition. Compared with mice treated with
fusion mutation. However, unlike after SHPO99 SHP099 or AZD6244 treatment alone, mice in
or AZD6244 treatment alone, few or no detect- the combination group had markedly reduced
able colonies were found in all DTC cells after tumor volumes and weight (all P<0.05) (Figure
treatment with the combination of SHP099 and 5A-C) and exhibited more effective suppres-
AZD6244 (all P<0.001). Similar effects were sion of p-ERK levels (all P<0.01) (Figure 5D).
observed in the cell viability assays. The combi- Xenografts isolated from combination-treated
nation treatment resulted in intense growth mice had fewer proliferating cells (all P<0.01)
inhibition (P<0.01) in all DTC cells. than those derived from other mice, as mea-

sured by Ki67 staining (Figure 5D). The effects
of a single agent were similar to the above in
vitro results. After treatment with the combina-
tion strategy, the mice had a stable weight,
appeared healthy and exhibited normal behav-
ior, and this effect was observed in all mice car-
rying K1 or TPC-1 xenografts (Figure S7A and
S7B).

Given the effect of the combination of SHP099
and AZD6244 on DTC cell lines, it was then
determined whether the combination treat-
ment suppressed cell proliferation by regulat-
ing cell cycle progression (Figure 4C). The com-
bination of SHP099 and AZD6244 arrested
DTC cell lines in G1/S phase. Similar to the pre-
vious study, SHP2 knockdown had similar
effects as SHPO99/MEKi treatment, suggest-
ing that SHPO99 is “on-target” in DTC cell lines
(Figures 4D-F and S6). These data suggested
that the combination of SHP2/MEK inhibition
could powerfully inhibit DTC cell proliferation in

We further confirmed our results in a transgen-
ic murine model of spontaneous thyroid cancer
(Figure 6A). Mice treated with SHPO99 or
AZD6244 treatment alone exhibited a reduc-
tion in tumor volume to approximately 40-50%

vitro. of the initial volume, although the combination
The combination of SHP099 and AZD6244 is of SHPO99 and AZD6244 produced greater
a promising therapeutic approach in vivo reductions in tumor volume and weight than

either therapy alone (all P<0.05) (Figure 6B and
To confirm our results in models in vivo, mice 6C). IHC assays revealed that the group treated
carrying K1 or TPC-1 xenografts were utilized to with the combination of SHP099 and AZD6244
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Figure 4. The combination of SHPO99 and AZD6244 exhibited synergistic effects in DTC cells with various genetic
backgrounds. (A) and (B) Four DTC cell lines were treated with DMSO (ctrl), SHPO99 (10 uM), AZD6244 (1 uM), or
both drugs (Comb). The colony formation (A) and cell viability (B) assays were performed on days 10 and 0-8, respec-
tively. "P<0.05, *"P<0.01, ""P<0.001, compared with the Ctrl group, ®P<0.05, ®®P<0.01, ®®®P<0.001, compared
with the Comb group, ANOVA. All data are presented as the mean + SD of three independent experiments. Com-
pared with the single agent, the combination of SHP0O99 and AZD6244 exhibited a more significant inhibitory effect
on the progression of the four DTC cell lines. (C) The combination of SHPO99 and AZD6244 significantly induced
G1 phase arrest in the four DTC cell lines. Cell cycle distribution was assessed by flow cytometry. The percentage of
cells in the G1, S and G2/M phases was plotted. (D-F) Colony formation assays (D), cell viability assays (E) and cell
cycle distribution analysis (F) revealed that knockdown of SHP2 expression exhibited a similar effect as SHP099

treatment after combination with AZD6244.

had lower p-ERK expression (all P<0.05) and
fewer Ki67-positive cells than the groups treat-
ed with the individual agents (all P<0.001)
(Figure 6D). Stable weight, normal behavior
and health were observed in the transgenic
models after combination treatment (Figure
S7C). These data suggested that the combina-
tion of SHP2/MEK inhibition could serve as
a powerful therapeutic approach for DTC, in
which single-agent targeted therapeutics usu-
ally have a limited effect.

Discussion

Though the study and application of MAPK
inhibitors have profoundly changed the treat-
ment prospects and prognoses of many malig-
nant tumors in recent years, acquired resis-
tance to MAPK-targeted therapy is almost in-
evitable. Detailed studies have explored the
mechanism of tumor resistance to MAPK inhibi-
tors in various cancer types. Adaptive resis-
tance to sorafenib is acquired in hepatocellular
carcinoma (HCC) cells through the reactiva-
tion of multiple RTKs, such as EGFR, AXL, and
EPH receptor A2, leading to RAS/MEK/ERK and
AKT reactivation [17]. Another study proved
that partial reprogramming of melanoma cells
induces dedifferentiation and adaptation to
MAPK inhibitors [31]. As an important factor in
the MAPK signaling pathway, MEK has been
targeted for inhibition to treat a variety of ma-
lignant tumors. Furthermore, drug resistance
to MEK inhibitors has also been studied. In
addition to RTK reactivation, tumors evade
long-term MEK blockade therapies via various
resistance mechanisms [32], such as BRAF
gene amplification in colorectal cancers har-
boring BRAFVY6%%E [33], increased formation of
Raf-1/B-Raf dimers in melanoma cells [34],
and enhanced activation of the PI3K/AKT path-
way in melanoma cells [35]. However, while
inhibiting the MAPK signaling pathway is a
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major strategy for targeting thyroid cancer,
studies on MAPK inhibitor resistance in DTC
remain rare and weak. Considering the limited
effective strategies for treating advanced DTC
and the different genetic backgrounds of DTC
compared with other malignancies, it is particu-
larly important to explore the mechanism of
DTC resistance to MEK inhibitors.

Upregulation of the expression of multiple RTKs
was revealed by RNA-seq in an MEKi-resistant
model in vitro and identified by an RTK assay
in MEKi-resistant models in vivo. SHP2, which
is activated by RTKs, interacts with Ras, par-
ticipating in signal transduction and activation
of the MAPK pathway to promote tumor pro-
gression [36]. Higher SHP2 activity was found
in all resistant clones, which indicated that
SHP2 can be activated by RTKs and plays a
major role in MEKi resistance. The combination
of AZD6244 and SHP0O99 significantly blocked
tumor growth and ERK activation in all MEKi-
resistant models, demonstrating that DTC mod-
els with either BRAFY6°°E mutation or RET acti-
vation acquire MEKi resistance through acti-
vated RTKs, and this mainly depends on SHP2.

The combined strategy of SHP2 inhibition and
MEK inhibition has been confirmed to be effec-
tive in a variety of tumor models, such as pan-
creatic ductal adenocarcinoma (PDAC), non-
small cell lung cancer and malignant peripher-
al nerve sheath tumor (MPNST) [21, 37, 38].
Moreover, the combined strategies associated
with SHP2 inhibitors and other MAPK inhibitors
have also been reported to be promising and
effective. The combination of SHP099 and
sorafenib has been proven to be a very pro-
mising and safe treatment [17] in hepatocellu-
lar carcinoma (HCC) by blocking downstream
SHP2 activation by RTK reactivation and imped-
ing RTK-driven reactivation of the ERK and
AKT pathways [17]. SHP2 inhibition can also
enhance systemic antitumor effects in the anti-
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Figure 5. The combination of SHPO99 and AZD6244 is a promising therapeutic approach for advanced DTC in
vivo. A. Images of tumors from NSG mice injected with K1 and TPC-1 cells. B. The growth curves of K1 and TPC-1
xenografts after treatment with DMSO (Ctrl), SHP099, AZD6244 and both drugs (Comb). All xenograft tumor tissue
volumes were measured every three days until the 18" day. C. The weight of the xenografts was analyzed after
treatment for 18 days; n=5, per group, "P<0.05, **P<0.01, **P<0.001, compared with the Ctrl group, ®P<0.05, ®©
P<0.01, ©®°P<0.001, compared with the Comb group, ANOVA. D. Representative images and QuPath quantitation
of p-ERK and Ki67 immunostaining in xenografts described above. “P<0.05, “"P<0.01, **P<0.001, compared with
the Ctrl group, ®P<0.05, ®®P<0.01, ®®®P<0.001, compared with the Comb group, ANOVA.
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Figure 6. The combined strategy was effective in transgenic murine models of spontaneous thyroid cancer. A.
Representative images of mouse thyroid tumors. B. Images of tumors from transgenic murine models. C. The
weights of the mouse thyroid tumors were analyzed after treatment for 18 days; n=5, per group, “P<0.05, **P<0.01,
“*P<0.001, compared with the Ctrl group, ®P<0.05, ®®P<0.01, ®®°P<0.001, compared with the Comb group, ANO-
VA. D. Representative images and QuPath quantitation of p-ERK and Ki67 immunostaining of mouse thyroid tumors
described above. “P<0.05, **P<0.01, "**P<0.001, compared with the Ctrl group, ®P<0.05, ®P<0.01, ©®°P<0.001,
compared with the Comb group, ANOVA.

PD-1-resistant model of non-small cell lung
cancer [39, 40]. The above studies highlight the
promising clinical value of SHP2 inhibition for
targeted therapy for various advanced cancers.
In our study, we not only confirmed the efficacy
of the combination strategy in DTC but also
demonstrated that the combination of SHPO99
and AZD6244 may be a promising treatment
approach for MEKi-resistant DTC. Considering
SHP2/MEK inhibition effectively suppressed
tumor progression in all tested DTC models
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both in vivo and in vitro, the combination of
SHP099 and AZD6244 is a promising thera-
peutic approach for advanced DTC and MEKi-
resistant one. A schematic model summarizing
the mechanism of the SHP099/AZD6244 com-
bination strategy in DTC is presented in Figure
S8.

In our research, SHP2 inhibitor failed to inhibit
DTC cell lines harboring BRAFY6%%F mutation.
However, after the long-term MEKI treatment,
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instead of BRAF mutation, activated RTKs
played the dominant role in ERK pathway acti-
vation in DTC cell lines which had developed
acquired resistance to MEKi. Hence, different
from the parental cells, SHP2 inhibitor can sig-
nificantly suppress the growth in MEKi-resistant
cell lines.

Different from DTC cell lines harboring BRAFV600E
mutation including BCPAP, K1, KTC-1, the TPC-1
cell line harbored activated RET, which is also
a kind of RTK [41]. As the downstream signal
of RTKs (including RET), the inhibition of SHP2
had certain therapeutic effects to TPC-1 cell
line. The effect of SHP2 inhibitor in immunode-
ficiency mice model was consistent with that
observed in vitro. Nevertheless, SHP2 inhibitor
can also partially inhibit the progression of DTC
in a transgenic murine model of spontaneous
thyroid cancer harboring BRAFY6°°E mutation,
revealing that distinct immune microenviron-
ment influenced the efficacy of SHP2 inhibitor,
which was proven by other studies. Above
results suggest that the efficacy of SHP2 inhibi-
tors may depend on the activated signhaling
pathways in tumor cells and the tumor microen-
vironment. However, the combination strategy
effectively inhibited tumor progression in all
tested DTC models, which indicates that the
combination strategy is effective, widely appli-
cable and of potential clinical value.

RET is an RTK involved in the development of
DTC and medullary thyroid carcinoma (MTC)
[42, 43]. RET/PTC fusions can be present in
papillary thyroid carcinoma (PTC) which is an
important classification of DTC, and their preva-
lence can reach 50-70% in pediatric patients
and in patients that have experienced radioio-
dine exposure [44]. In contrast with the DTC
cell line harboring the BRAF6°°E mutation, high
SHP2 activity and SHP099 sensitivity were
found in TPC-1, a DTC cell line harboring a RET
gain-of-function fusion. A similar trend also
occurred in TT (Eigure S9A and S9B), an MTC
cell line harboring the constitutive activation
RETC®3*W mutation [45]. The above data sug-
gested that SHPO99 significantly suppresses
RET activation-driven DTC progression, alth-
ough SHP2/MEK blockade produced greater
inhibition of tumor development.

The present study has several limitations. RAS
is the direct downstream signal for SHP2, and
the GTPase activity in different RAS mutants is
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positively correlated with sensitivity to SHPO-
99. Certain RAS mutations (G13D and Q61X)
have lower intrinsic GTPase activity than other
mutations, thereby showing emerging resis-
tance to this combination [37, 46, 47]. Our
study failed to evaluate the GTPase activity in
different DTC models. And, the effect of the
combination of SHPO99 and AZD6244 in DTC
cell lines harboring RAS mutations. This was
limited by the low mutation rate of RAS in DTC
[48] and the well-known relationship between
RAS mutations and the effect of SHP0O99 [20,
37, 46]. In addition, the impact of the combina-
tion strategy on the microenvironment of DTC
could not be evaluated. Both SHP099 and
AZD6244 have been reported to be correlated
with the activation of various immune cells [42,
49, 50]. Further studies are needed to deter-
mine the synergistic effect of SHP099 and
AZD6244 in shaping the microenvironment of
DTC.

In conclusion, SHP2 blockade abolished ERK
rebound-induced MEKIi resistance, resulting in
persistent growth inhibition. Compared with
the use of SHP099 or AZD6244 alone, the
combination strategy can more effectively over-
come MEKi-resistance due to activation of
MAPK pathway in DTC. The combination of the
SHP2 inhibitor SHPO99 and AZD6244 may be a
promising and effective therapeutic strategy
for advanced DTC and MEKi-resistant one.
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Figure S1. The MEKi-resistant models in vitro were verified. A. Parental (red lines) BCPAP and TPC-1 cells and
AZD6244 resistant (blue lines) BCPAP-R and TPC-1-R cells were treated in triplicate with as indicated concentrations
of AZD6244 for 6 days. Viable cell titer was relative to untreated controls for each cell line. B. The colony formation
assays verified the resistance of the MEKi-resistant models; "P<0.05, ""P<0.01, """P<0.001, two-tailed t-test. All
data were represented as mean + SD of three independent experiments.
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Figure S2. RNA-seq of the MEKi-resistant model and its parental line. A. The MEKi-resistant model (BCPAP-R) and
parental line were analyzed by RNA-seq. A Volcano plot highlights differentially expressed mRNAs. 4,270 mRNAs
were identified with significant change in BCPAP-R relative to BCPAP and plotted as blue (down-regulation) or red
(up-regulation), respectively. B. mRNAs with significant expression changes were plotted in the heatmap.
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Figure S3. The expression of p-MEK and p-ERK in the BCPAP-R and TPC-1-R cell lines.
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Figure S4. The growth curve for the K1 xenografts treated with AZD6244 for 15 or 40 days, respectively. The tumor
growth rate was significantly accelerated after 25 days of AZD6244 treatment. Representative xenografts were
picked for human phospho-RTK arrays, and their growth curve was marked in red.
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Figure S5. Weight curves of MEKi-resistant murine models.
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Figure S6. Knockdown of SHP2 expression by siRNA exhibited a similar effect as SHP0O99 treatment after combina-
tion with AZD6244. A. qRT-PCR analysis after siRNA knockdown of SHP2 expression in BCPAP and TPC-1 cell lines.
B. Western Blot analysis after siRNA knockdown of SHP2 expression in BCPAP and TPC-1 cell lines. C. Colony forma-
tion assays revealed that siRNA knockdown of SHP2 expression exhibited a similar effect as SHPO99 treatment
after combination with AZD6244.
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Figure S7. Weight curves of mice carrying xenografts. A. Weight curves of mice carrying K1 xenografts. B. Weight
curves of mice carrying TPC-1 xenografts. C. Weight curves of the transgenic mice.
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Figure S8. The mechanism of the SHP099/AZD6244 combination strategy in DTC. SHPO99 abolished the RTK-

induced ERK rebound after MEKi treatment, resulting in persistent growth inhibition in DTC harboring different
genetic backgrounds and MEKi-resistant models.
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Figure S9. The combination of SHPO99 and AZD6244 inhibit cell proliferation in TT cell line. The colony formation
(A) and cell viability (B) assays were assessed at 10 and 0-8 days, respectively. "P<0.05, ""P<0.01, "*P<0.001,
compared with Ctrl, ©P<0.05, ®®P<0.01, ©®®P<0.001, compared with Comb, ANOVA-test. All data were represented
as mean * SD of three independent experiments.



