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Blocking the JAK2/STAT3 and ERK pathways suppresses the
proliferation of gastrointestinal cancers by inducing apoptosis
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Abstract: Dysregulated crosstalk between different signaling pathways contributes to tumor development, including resistance
to cancer therapy. In the present study, we found that the mitogen-activated extracellular signal-regulated kinase (MEK)
inhibitor trametinib failed to suppress the proliferation of PANC-1 and MGC803 cells by activating the Janus kinase 2 (JAK2)/
signal transducer and activator of transcription 3 (STAT3) signaling pathway, while the JAK2 inhibitor fedratinib failed to
inhibit the growth of the PANC-1 cells upon stimulation of extracellular signal-regulated kinase (ERK) signaling. In particular,
the most prominent enhancement of the anti-proliferative effect resulted from the concurrent blockage of the JAK2/STAT3 and
ERK signaling pathways. Furthermore, the combination of the two inhibitors resulted in a reduced tumor burden in mice. Our
evidence suggests novel crosstalk between JAK2/STAT3 and ERK signaling in gastric cancer (GC) and pancreatic ductal

adenocarcinoma (PDAC) cells and provides a therapeutic strategy to overcome potential resistance in gastrointestinal cancer.
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1 Introduction

Gastrointestinal (GI) cancer is one of the fore-
most health concerns in the world. It includes gastric
cancer (GC) and pancreatic cancer (PANC), both of
which are very lethal malignant tumors (Nie et al.,
2017). GC is the second leading cause of cancer-associated
mortality (Pourhoseingholi et al., 2015), whereas PANC
is the seventh most common cause of death from
malignancies worldwide (Schizas et al., 2020). Our
knowledge of GI cancer development and progression
has been greatly improved by intensive study during
the last decade. Currently, clinical trials directed at tar-
gets such as epidermal growth factor receptor (EGFR),
vascular endothelial growth factor receptor (VEGFR),
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hepatocyte growth factor (HGF)/scatter factor (SF)-MET
proto-oncogene, receptor tyrosine kinase (MET), Janus
kinase 2 (JAK2)/signal transducer and activator of
transcription 3 (STAT3), and rat sarcoma virus (RAS)/
rapidly accelerated fibrosarcoma (RAF)/mitogen-activated
extracellular signal-regulated kinase (MEK)/extracel-
lular signal-regulated kinase (ERK) signaling, as well
as other molecules, are in progress (Chen et al., 2014;
Samatar and Poulikakos, 2014; Mizukami et al., 2015;
Liu et al., 2020).

Janus kinases (JAKs) and their downstream sig-
nal transducer and activator of transcription (STAT)
represent a widely studied signaling pathway that re-
sponds to the stimulation of cytokines and growth fac-
tors (Xin et al., 2020). The JAK family consists of
JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK?2),
while seven family members of the transcriptional acti-
vator STATs have been identified (Pencik et al., 2016).
JAKSs, upon interactions between cytokine ligands and
their receptors, become phosphorylated and activated.
Sequentially, activated JAKs lead to the phosphoryla-
tion of STATs (Pencik et al., 2016), followed by nuclear
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translocation. A constitutively active mutation of
JAK?2 was found in the irregular proliferation of some
myeloid cells and in leukaemia (Wu et al., 2018,
2019). In addition, the transcriptional activity of
STAT3 increased due to the occurrence of STAT3
mutations in leukaemia (Andersson et al., 2016). Of
note, accumulated evidence has demonstrated the link
between the dysregulation of JAKs/STATs and tumors
(Groner and von Manstein, 2017). It has been reported
that the JAK/STAT signaling pathway is activated in
dozens of human tumors and cancers, and persistent
STAT3 signaling contributes to the development of can-
cers, including Ewing sarcoma and GC (Anderson et al.,
2014; Ashrafizadeh et al., 2020). Thus, JAKs/STATS sig-
naling has been viewed as an attractive therapeutic tar-
get for the treatment of cancer patients. Indeed, various
inhibitors targeting JAKs or STATs have been tested in
preclinical and clinical trials (Ashrafizadeh et al., 2020).

The RAS/RAF/MEK/ERK pathway is a well-
known signaling cascade that controls important cellu-
lar events, including cell growth and differentiation,
to maintain physiological homeostasis upon extracel-
lular mitogen stimulation. The binding of various growth
factors, such as epidermal growth factor (EGF), to
their receptors on the cell surface triggers activation
of receptor tyrosine kinase (RTK) and phosphorylates
RAS to initiate (ERK) signal transduction (Degir-
menci et al., 2020). A large number of studies re-
vealed that constitutively active mutations within
key molecules of the RAS/RAF/MEK/ERK signaling
pathway are ubiquitously detected in different can-
cers. In particular, active mutants of RAS and RAF
are present in 30% and 8% of human tumors, respec-
tively (Samatar and Poulikakos, 2014). Furthermore,
RAS and RAF perform an oncogenic function in
tumorigenesis by driving ERK signaling in vitro and
in vivo (Guo et al., 2020). In fact, specific inhibitors
targeting RAF or MEK are used to treat patients
with melanoma (Samatar and Poulikakos, 2014).
Hence, RAS/RAF/MEK/ERK signaling offers thera-
peutic candidates.

Signal transduction plays an essential role in regu-
lating cell behavior upon intrinsic and extrinsic sig-
nals. During the past two decades, our understanding
of the molecular mechanism of cell signal transduc-
tion has broadened extensively. Accumulating evidence
demonstrates that signals transmitted within mammalian

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2021 22(6):492-503 | 493

cells are not limited to one individual specific pathway
without interacting with other pathways (Chen et al.,
2016; Zhang et al., 2016; Hua et al., 2019). In fact,
different signaling pathways are integrated and form a
complex network through crosstalk to direct different
cell events, such as growth, differentiation, and apop-
tosis (Vert and Chory, 2011). Many oncogenes and tu-
mor suppressors act as a nexus in signaling pathways.
Mutations of oncogenes and loss-of-function mutations
of tumor suppressors result in persistent oncogenic
signaling to promote cancer development (Ezerskyte
et al., 2018; Wang et al., 2018). These findings provide
potential clinical biomarkers and therapeutic targets for
cancer treatment. However, targeting a single molecule
or signaling pathway in cancer therapies often results in
unsatisfactory outcomes. With the awareness of tumor
heterogeneity and signaling crosstalk, it is urgent to
test combinational targets for the treatment of cancer.
The object of our present study was to identify
novel crosstalk between the JAK2/STAT3 and MEK/
ERK signaling pathways in GC and pancreatic ductal
adenocarcinoma (PDAC) cells, and to demonstrate
the effects of JAK2/STAT3 and MEK/ERK signaling
inhibition in dramatically decreasing proliferation and
increasing apoptosis, as well as in the prevention of
tumor growth in a subcutaneous human gastric tumor
model. This study will provide a potential target for
combinational therapy for GI cancer treatment.

2 Materials and methods
2.1 Reagents and antibodies

Rabbit monoclonal antibodies against JAK?2 (Cat.
3230), phospho-JAK2 (p-JAK2)-1007/1008 (Cat. 3771),
STAT3 (Cat. 4904), p-STAT3-Tyr705 (Cat. 9145),
poly(adenosine diphosphate (ADP)-ribose) polymerase
(PARP; Cat. 9532), cleaved caspase-3 (Cat. 9664),
caspase-3 (Cat. 14220), cleaved caspase-9 (Cat. 20750)
and ERK (Cat. 4695), and mouse monoclonal anti-
bodies against caspase-9 (Cat. 9508) and p-ERK (Cat.
5726) were purchased from Cell Signalling Technology
(Danvers, MA, USA). A mouse monoclonal anti-f3-
actin (Cat. A5441) antibody was purchased from Sigma-
Aldrich (St. Louis, MO, USA). JAK2 inhibitor fedra-
tinib (Cat. S2736) and MEK inhibitor trametinib (Cat.
S2673) were provided by Selleck (Shanghai, China).
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2.2 Cell culture

The human GC cell line MGC803 and human
PDAC cell lines PANC-1 and MIA PaCa-2 were ob-
tained from the Cell Bank of Type Culture Collection
of Chinese Academy of Sciences (Shanghai, China).
MGCS803 cells were cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium (Cat. R5886, Sigma-
Aldrich). PANC-1 and MIA PaCa-2 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM;
Cat. 51435C, Sigma-Aldrich). The culture media were
supplemented with 10% heat-inactivated fetal bovine
serum (Cat. 12483020, Thermo Fisher Scientific,
Waltham, MA, USA), 1% (0.01 g/mL) L-glutamine
(Cat 25030081, Thermo Fisher Scientific), penicillin
(100 U/mL), and streptomycin (100 pg/mL; Cat.
15140122, Thermo Fisher Scientific). Cells were incu-
bated at 37 °C in 5% CO,.

2.3 Cell proliferation analysis

Cells (8000 cells/well) were seeded into 96-well
plates and cultured for 16 h, after which trametinib
was added to the growth medium at concentrations of
5 and 10 pmol/L and incubated for 24 to 72 h. Then,
the solution from the Cell Counting Kit-8 (CCK-8;
Cat. CK04, Dojindo, Japan) was added to the cells to
measure the number of viable cells. Briefly, the cells
were incubated with 10 uL. CCK-8 solution per well
for 13 h. The absorbance was measured at 450 nm using
a multiplate reader (Thermo Varioskan Flash, Waltham,
MA, USA). The results were calculated as mean+
standard deviation (SD) of values from at least three
individual experiments.

2.4 Apoptosis assay

Cells (1.6x10° cells/mL) were seeded into six-
well plates and were treated with inhibitors for 24 h.
Then, the cells were detached with ethylene diamine
tetraacetic acid (EDTA)-free trypsin and centrifuged
for collection. Next, the cell pellets were washed
twice with cold phosphate-buffered saline (PBS). In
accordance with the manufacturer’s instructions, the
resuspended cells in binding buffer were sequentially
incubated with propidium iodide (PI) and annexin-V-
fluorescein isothiocyanate (FITC) using the Apoptosis
Detection Kit (Cat. 556570, Becton Dickinson, Frank-
lin Lakes, NJ, USA). Double-stained cells were ana-
lyzed with a FACS CantoTMII (Becton Dickinson)

and CellQuest Pro software (BD Biosciences, Franklin
Lakes, NJ, USA).

2.5 Western blotting analysis

Whole-cell lysates were prepared using radio-
immunoprecipitation assay (RIPA) buffer supplemented
with protease inhibitors (Cat. 11697498001, Roche,
Indianapolis, IN, USA) and phosphatase inhibitors
(Cat. 524631, Merck, Temecula, CA, USA). Next, the
protein concentrations were determined using a DC™
Protein Assay Kit (Cat. 5000-0111, Bio-Rad, Hercules,
CA, USA). Equal amounts of protein were separated
by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE; 5% to 10% (1%=0.01 g/mL))
and transferred to polyvinylidene fluoride (PVDF)
membranes (Bio-Rad). Then, the filter was immersed
into blocking buffer, followed by incubation with pri-
mary and secondary antibodies. Finally, the protein
signals were visualized by using an enhanced chemi-
luminescence (ECL) reagent (Cat. 1705061, Bio-Rad).

2.6 Subcutaneous xenograft assays

BALB/c nu/nu mice (4—6-week-old) were ordered
from the Zhejiang Academy of Medicine (Hangzhou,
China). Subcutaneous xenografts were administered
by injecting MGC803 cells (4x10° cells in 200 uL of
RPMI-1640) into the right axillary regions of 6-week-old
female BALB/c nu/nu mice (one implantation site per
animal). Tumor size in three dimensions was measured
twice a week using a calliper after tumor appearance.
The mice were randomly divided into groups treated
with solvent only, fedratinib (30 mg/kg), trametinib
(0.75 mg/kg), or a combination of these two inhibitors,
respectively (eight animals per group) as the tumor
volume reached approximately 100 mm’. Three weeks
later, tumor tissues from the sacrificed mice were col-
lected and weighed. Finally, the tumor tissues were
removed from the animals and frozen in liquid nitro-
gen for western blotting analysis.

2.7 Statistical analysis

All data are expressed as meantstandard deviation
(SD) from three independent experiments. For statistical
analysis, one-way analysis of variance (ANOVA)
with Dunnett’s post-hoc test was performed using
SPSS 19.0 software. The differences were considered
significant when P<0.05.



3 Results

3.1 Abrogation of MEK/ERK signaling upregu-
lates tyrosine phosphorylation of JAK2 and STATS3,
blocking anti-proliferative effects in GC and PDAC
cancer cells

The MEK inhibitor trametinib has been used to
treat patients with melanoma. We first tested the effect
of inhibition of MEK/ERK signaling on the prolifera-
tion of GC and PDAC cells. Cell proliferation was
measured using a CCK-8 assay. There was no effect
of trametinib on the proliferation of MGCS803 cells
(Fig. la and Table S1). The proliferation of MIA
PaCa-2 was decreased by trametinib at 5 and 10 pmol/L
at 48 and 72 h (Fig. 1b and Table S1). However,
PANC-1 cells were dramatically suppressed only by
10 pmol/L trametinib at 72 h (Fig. lc and Table S1).
Next, we found that the application of trametinib in
human MGC803, MIA PaCa-2, and PANC-1 cells
resulted in a nearly total loss of tyrosine phosphoryla-
tion of ERK while prominently enhancing the tyrosine
phosphorylation levels of JAK2 and STAT3 proteins in
a dose-dependent manner (Fig. 1d). Additional time-
course analysis showed that the tyrosine phosphorylation
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levels of JAK2 and STAT3 proteins in MGC803 cells
were gradually elevated with a prolonged period of
treatment with trametinib (Fig. 1e). These data sug-
gested that the inhibition of the anti-proliferative effect
by trametinib in GC and PDAC cells may be related
to the activation of the JAK2/STAT3 pathway.

3.2 Inhibition of JAK2/STAT3 signaling upregu-
lates the tyrosine phosphorylation levels of EGFR
and ERK in GC and PDAC cells, respectively

Some malignancies have been proven to benefit
from fedratinib, a novel selective JAK2 antagonist
(Pardanani et al., 2015). Based on the above evidence,
we wondered whether fedratinib would promote GC and
PDAC cell proliferation more effectively by inhibiting
JAK2/STAT3 signaling. First, MGC803, PANC-1, and
MIA PaCa-2 cells were treated with fedratinib at dif-
ferent concentrations (0, 1, 2, and 5 pmol/L) for 24 h.
The relative survivals of MGC803 and MIA PaCa-2
cells were only significantly decreased by treatment
with fedratinib at 5 pmol/L, which had no effect on
the viability of PANC-1 cells (Fig. 2a and Table S2).
Then, fedratinib was added initially to MGC803 cells
in a time course (0, 2, 4, 8, and 12 h), and total protein
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Fig. 1 Mitogen-activated extracellular signal-regulated kinase (MEK) inhibitor trametinib fails to inhibit the viability of
human gastric cancer (GC) cells and pancreatic ductal adeno carcinoma (PDAC) cells sufficiently due to activation of
Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3) signaling. MGC803 (a), MIA PaCa-2 (b),
and PANC-1 (c) cells were exposed to trametinib at the concentrations of 5 and 10 pmol/L for 24, 48, or 72 h. Cell
survival was measured using a Cell Counting Kit-8 (CCK-8) assay. (d) Trametinib was added to MGC803, MIA PaCa-2,
and PANC-1 cells at different concentrations for 8 h, after which the states of the JAK2/STAT3 and extracellular signal-
regulated kinase (ERK) pathways were measured by western blot. (¢) MGC803 cells were treated with 10 pmol/L
trametinib at the indicated time points, and the tyrosine phosphorylation levels of JAK2 and STAT3 were measured by
western blot. The results are presented as meanststandard deviation (SD) from three independent experiments. * P<0.01
and ™" P<0.001 vs. control (no trametinib).
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Fig. 2 Janus kinase 2 (JAK?2) inhibitor fedratinib causes a loss in the ability to suppress the survivals of MGC803, MIA
PaCa-2, and PANC-1 cells via the inducement of extracellular signal-regulated kinase (ERK) signaling. (a) Fedratinib
was added to MGC803, MIA PaCa-2, and PANC-1 cells at the indicated concentrations for 24 h. Cell viability was
measured using a Cell Counting Kit-8 (CCK-8) assay. (b) MGC803 cells were treated with 5 pmol/L fedratinib at the
indicated time points, and the tyrosine phosphorylation levels of EGFR, JAK2, and STAT3 were measured by western
blot. (¢) Fedratinib was added to MGC803 cells at different concentrations for 4 h, and the tyrosine phosphorylation levels
of signal transducer and activator of transcription 3 (STAT3) and ERK were examined by western blot. (d) MIA PaCa-2
and PANC-1 cells were treated with fedratinib at different concentrations for 8 h, and the tyrosine phosphorylation
levels of STAT3 and ERK were examined by western blot. The results are presented as the mean+standard deviation
(SD) from three independent experiments. * P<0.05 and ™ P<0.01 vs. control (no fedratinib).

expression and tyrosine phosphorylation levels of
JAK2, STAT3, ERK, and EGFR were analyzed by
immunoblotting after exposure to different concentra-
tions (0, 1, 2, and 5 umol/L) of fedratinib. As expected,
addition of fedratinib had no effect on the total pro-
tein expression level of JAK2 or STAT3 but resulted
in a dose- and time-dependent decrease in the tyrosine
phosphorylation of JAK2 and STAT3 (Fig. 2b). Inter-
estingly, we found that the tyrosine phosphorylation
of EGFR was increased by fedratinib treatment after
2 and 4 h and was then reduced thereafter (Fig. 2b).
Surprisingly, tyrosine phosphorylation of ERK was
increased at low concentrations of fedratinib (1 and
2 umol/L) for 4 h in MGC803 cells (Fig. 2c). However,
a striking elevation in the phosphorylation of ERK was
observed in MIA PaCa-2 and PANC-1 cells treated
with fedratinib at different concentrations for 8 h, ac-
companied by a strong inhibition of tyrosine phos-
phorylation of STAT3 (Fig. 2d). Taken together, these
results suggested that an alternative signaling switch
between the JAK2/STAT3 and ERK pathways could

be triggered due to inactivation of either one of them
in GC and PDAC cells.

3.3 Proliferation of GC and PDAC cells is effec-
tively retarded by inhibition of JAK2/STAT3 and
ERK signaling

The results above demonstrate that there is cross-
talk between the JAK2/STAT3 and ERK signaling
pathways in GC and PDAC cells. We then tried to
identify how JAK2/STAT3 and ERK signaling path-
ways act on the biological function of cancer cells. We
examined the effect on the proliferation of GC and
PDAC cells by interrupting both JAK2/STAT3 and
ERK signaling. Treatment with 10 pmol/L trametinib
alone could not inhibit the viability of MGC803, MIA
PaCa-2, or PANC-1 cells (Figs. 3a—3c and Table S3).
The survival rates of MGC803 and MIA PaCa-2 cells
were slightly decreased by treatment with 2 pmol/L
fedratinib for 24 h (Figs. 3a—3c and Table S3). Finally,
when fedratinib and trametinib were combined for
treatment, the proliferation of the three cell lines was
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Fig. 3 Combination of trametinib and fedratinib results in an anti-proliferative effect in MGC803, MIA PaCa-2, and
PANC-1 cells through a decrease in the tyrosine phosphorylation levels of extracellular signal-regulated kinase (ERK)
and Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3) simultaneously. MGC803 (a),
MIA PaCa-2 (b), and PANC-1 (c¢) cells were treated with a combination of trametinib (10 pmol/L) and fedratinib
(2 pmol/L) for 24 h. (d) Cell lysates were collected for western blot analysis. The results are presented as mean+standard

deviation (SD) from three independent experiments.

" P<0.05 and " P<0.001 vs. control; “* P<0.01 and ““* P<0.001 vs.

10 pmol/L trametinib treatment; * P<0.01 and ** P<0.001 vs. 2 pmol/L fedratinib treatment.

significantly suppressed (Figs. 3a—3c and Table S3).
Twenty-four hours after treatment, the relative survival
rates of MGC803, MIA PaCa-2, and PANC-1 cells in
combination group were approximately (30.63+4.59)%,
(28.99+4.57)%, and (48.21£1.73)%, respectively
(Figs. 3a—3c and Table S3). Furthermore, the most
dramatic suppression of tyrosine phosphorylation levels
of JAK2, STAT3, and ERK proteins in MGCS803,
PANC-1, and MIA PaCa-2 cells was observed by the
combined treatment with fedratinib (2 umol/L) and
trametinib (10 pumol/L) for 24 h (Fig. 3d). These data
indicated that concomitant inactivation of JAK2/STAT3
and ERK signaling is able to lead to a synergistic
effect to suppress the proliferation of cancer cells.

3.4 Interference with JAK2/STAT3 and ERK sig-
naling triggers apoptosis in MGC803 GC cells

After having observed an anti-proliferative effect
on MGCB803, PANC-1, and MIA PaCa-2 cells through
disruption of the JAK2/STAT3 and ERK signaling
pathways, we investigated whether administration of

fedratinib alone or combined with trametinib could in-
duce apoptosis in MGC803 GC cells. We first added
fedratinib to MGC803 GC cells at different concen-
trations (0, 1, 2, and 5 pumol/L) for 24 h, after which
apoptotic cells were quantified by double staining
with annexin-V-FITC and PI, followed by FACS anal-
ysis. As shown in Figs. 4a, 4b and Table S4, the num-
ber of cells that underwent apoptosis increased with
the increase in fedratinib concentration. We further
examined the proteolytic processing of PARP, caspase-
3, and caspase-9. In support of the FACS analysis,
MGCR803 cells responded to fedratinib at 5 pmol/L
24 h after treatment. The cleaved fragments of PARP,
caspase-3, and caspase-9 were increased in MGC803
cells (Fig. 4c). A very much higher percentage of
apoptosis in MGC803 GC cells was observed with
the addition of fedratinib and trametinib combined
(Figs. 4d and 4e). It is notable that trametinib induced
a minor apoptotic effect in MGC803 GC cells, consis-
tent with its marginal effect on the proliferation in
MGCS803 cells. In addition, combinational treatment
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Fig. 4 Fedratinib alone or in combination with trametinib induces apoptosis in human MGC803 gastric cancer (GC)
cells. (a, b) Apoptotic level of MGC803 cells treated with fedratinib at the indicated concentrations for 24 h was examined
by FACS analysis. (¢) Expression of the apoptotic markers, including total caspase-3, caspase-9, poly(adenosine diphos-
phate (ADP)-ribose) polymerase (PARP), and their cleaved forms, was detected by western blot in MGC803 cells ex-
posed to fedratinib alone. (d, e) Apoptotic level of MGC803 cells treated with trametinib and fedratinib was examined by
FACS analysis. (f) Expression of caspase-3, caspase-9, PARP, and their cleaved forms in MGC803 cells treated with tra-
metinib and fedratinib was tested by western blot. The results are presented as meantstandard deviation (SD) from
three independent experiments. * P<0.05, ™ P<0.01, and ™" P<0.001 vs. control; “““ P<0.001 vs. 10 pmol/L trametinib
treatment; * P<0.05 vs. 2 pmol/L fedratinib treatment. PI, propidium iodide; FITC, fluorescein isothiocyanate.

with fedratinib and trametinib in MGC803 GC cells bands of PARP, caspase-3, and caspase-9 than fedra-
produced substantially stronger intensities of cleaved  tinib alone, whereas trametinib did not trigger the



breakdown of PARP, caspase-3, and caspase-9 in
MGC803 GC cells, consistent with the FACS results

(Fig. 4f).

3.5 Disturbance of JAK2/STAT3 and ERK signal-
ing profoundly impairs tumor growth in mice by
inducing apoptosis

To evaluate the roles of JAK2/STAT3 and ERK
signaling in GC cell growth in physiological condi-
tions, MGC803 GC cells were injected subcutaneously
into nude mice. After tumor formation, fedratinib and
trametinib were delivered individually or together into
the mice. The tumor volume was measured during the
11-d follow-up. The difference in tumor growth between
the control and the fedratinib groups was negligible,
whereas the trametinib or combination group displayed
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a retardation of tumor growth compared with the con-
trol group (Figs. 5a—5c¢ and Table S5). In particular,
treatment with a combination of fedratinib and tra-
metinib led to remarkable tumor growth suppression
in mice (Figs. 5a—5c and Table S5). Of note, dosages
of the two inhibitors received by the mice in the experi-
ment did not affect the weight of the mice (Fig. S1).
The delay in tumor growth was further assessed by
tumor weight after the mice were sacrificed. Tumor
weight was decreased by (23.06+25.51)%, (41.20+
16.39)%, and (66.48+1.89)% in the fedratinib, tra-
metinib, and combination groups, respectively (Fig. 5d
and Table S6). To address whether apoptosis involving
caspases also occurred in vivo, tumor tissue lysates from
control, fedratinib, trametinib, and combination groups
were subjected to immunoblotting; cleaved caspase-9

(c) 1000 -

~&- Control
- Fedratinib (30 mg/kg)
—4- Trametinib (0.75 mg/kg)
¥ Fedratinib (30 mg/kg)+trametinib (0.75 mg/kg)
600 1 ‘

[

800 A

*

Tumor volume (mm3)

200 - -

Time (d)

—
o
~
N
J

3 Control

[ Fedratinib (30 mg/kg)

B Trametinib (0.75 mg/kg)

W Fedratinib (30 mg/kg)+trametinib (0.75 mg/kg)

T

#it

Tumor weight (g)

(e)  Fedratinib _
(30 mg/kg) * *
Trametinib . +
(0.75 mg/kg)

kDa

Cleaved caspase-9 | ; ._E'" il 35

Fig. 5 Fedratinib combined with trametinib suppresses tumor growth and induces apoptosis in MGC803 gastric cancer
(GC) cell xenograft tumors in vivo. (a) Mice with tumors formed by subcutaneous injection of MGC803 GC cells re-
ceived fedratinib and trametinib alone or in combination (#=6). (b) Resected tumor tissues after the in vivo experiment
are shown (n=6). (¢) Tumor growth curve was documented based on tumor volume on the indicated following days.
(d) Weights of tumors exposed to fedratinib and trametinib alone or in combination were examined on the indicated
days (n=6). (¢) Apoptotic level was analyzed using immunoblotting of cleaved caspase-9 in tumor tissue lysates. The results
are presented as meanzstandard deviation (SD). * P<0.05 and " P<0.01 vs. control; ¢ P<0.05 vs. 0.75 mg/kg trametinib
treatment; * P<0.05 and * P<0.01 vs. 30 mg/kg fedratinib treatment.
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was detected in the trametinib group and was espe-
cially prominently augmented in the combination

group (Fig. Se).

4 Discussion

Therapy targeting key components in oncogenic
signaling is an attractive treatment for cancer. After
nearly three decades of efforts in basic research and
clinical trials, a milestone drug in targeted cancer ther-
apy, imatinib (known by its brand name Gleevec),
was developed and approved for clinical application
in patients with haematologic malignancy in 2001
(Thambi and Sausville, 2002; Gerber, 2008). Since
then, dozens of targeted agents have entered into clini-
cal practice and fundamentally changed the treatment
for many types of cancers, including breast, ovarian,
cervical, colorectal, and lung cancers, as well as mela-
noma, lymphoma, and leukaemia over the past fifteen
years. However, the efficiency of a targeted cancer
therapy using a monoagent is generally transient and
becomes invalidated after a couple of months (Holo-
han et al., 2013; Colmegna et al., 2018). Patients with
cancers lose their response to a single targeted agent,
and tumor burden relapses invariably. This, which is
characterized by a more aggressive phenotype. Hence,
resistance is the major challenge faced by targeted
therapy. Intensive studies have been carried out to ad-
dress the molecular mechanisms of therapy resistance.
Among the mechanisms being reported, one of the
major reasons leading to resistance has been attributed
to malfunction of crosstalk between different signal-
ing pathways. Investigations have revealed that inhibi-
tion of a pivotal component in a specific signaling
pathway using a single targeted agent could activate
other parallel signaling pathways (Chatterjee and
Bivona, 2019).

Several JAK2 inhibitors, such as ruxolitinib and
fedratinib, have been developed. In particularly,
ruxolitinib is clinically applied to treat myelofibrosis
(Verstovsek et al., 2017). Resistance to JAK?2 inhibitors
has been explored, and occurrence of an extra mutation
in JAK2 leads to loss of response to JAK2 inhibitors in
cancer cells (Bose and Verstovsek, 2017; Meyer, 2017).
Trametinib, the MEK inhibitor tested in our study,
has been successfully approved to treat patients with
melanoma characterized typically by an active RAF

mutation (Grimaldi et al., 2017). Recent studies have
revealed resistance to RAF and MEK inhibitors. RAF/
MEK/ERK signaling drives the inhibitory regulation
of upstream RTKs, such as EGFR. Upon treatment
with RAF and/or MEK inhibitors, activation of EGFR
signaling is triggered and initiates other oncogenic signal-
ing pathways, such as phosphoinositide 3-kinase (PI3K)/
serine-threonine-protein kinase (AKT) (Meierjohann,
2017). In this study, we found that the inhibition of
the JAK2/STAT3 or ERK signaling pathway caused
their reciprocal activation in PDAC and GC cells. Our
present study provides a novel finding that administra-
tion of JAK?2 inhibitors resulted in hyperactivation of
EGFR/ERK signaling in GI cancer cells. More inter-
estingly, the parallel JAK2/STAT3 and ERK signaling
pathways could be mutually activated upon treatment
with fedratinib and trametinib, respectively. Our results
disclose a new mechanism that induces resistance to
JAK2 and MEK inhibitors.

In our study, addition of either JAK2 or MEK in-
hibitor caused a significantly repressed proliferation
in PDAC cells but not in GC cells. Notably, human
PANC-1 and MIA PaCa-2 PDAC cells harbor active
mutations of Kirsten rat sarcoma viral oncogene ho-
molog (KRAS) (Deer et al., 2010) that are not detected
in MGC803 GC cells. This may suggest that both
RAS/RAF/MEK/ERK and JAK2/STAT3 signaling could
sustain the proliferation of PANC-1 and MIA PaCa-2
PDAC cells. Thus, PANC-1 and MIA PaCa-2 PDAC
cells become sensitive to either fedratinib or trametinib,
whereas MGC803 GC cells are more responsive to fe-
dratinib than to trametinib. This indicates that JAK2/
STAT3 might be the major signaling pathway to trans-
duce proliferative signaling in MGC803 GC cells.
Nevertheless, due to tumor heterogeneity and molecular
mechanisms mentioned above, such as the complex
crosstalk between different signaling pathways, resis-
tance to targeted therapy is inevitably induced. Com-
binational therapy is therefore recommended to reduce
resistance based on its effectiveness and cost savings
(Mokhtari et al., 2017). A combination of targeted
therapies, such as combining trametinib and dabrafenib,
a B-Raf proto-oncogene, serine/threonine kinase
(BRAF) inhibitor, has been approved in clinical prac-
tice (Meierjohann, 2017). In support of this recom-
mendation, we found that the simultaneous inactiva-
tion of the JAK2/STAT3 and ERK signaling pathways
using a combination of fedratinib and trametinib



achieved a very greater antitumor effect in vitro and
in vivo than that using the single addition of either
fedratinib or trametinib. Furthermore, it is noteworthy
that fedratinib has been viewed as a potential thera-
peutic agent for patients with myelofibrosis because
of the promising results in clinical trials (Blair, 2019).
However, a clinical trial of fedratinib was halted due
to adverse effects on the nervous system. Thus, agent
toxicity also hampers the further clinical application
and encourages combination therapy to decrease the
dosage of the agents and attenuate the various side
effects. Indeed, a combination of fedratinib and tra-
metinib at a lower concentration produced a more sig-
nificant effect than the addition of fedratinib or tra-
metinib alone with higher doses and could thus con-
tribute to a reduction in the dose of drugs required.

Of note, the anticancer function of fedratinib was
more dramatic than that of trametinib in our study
in vitro. In contrast, treatment with fedratinib in vivo
showed a less suppressive effect on tumor growth
than trametinib. The discrepancy between the in vitro
and in vivo results reflects the more complicated
physiological microenvironment. During the past ten
years, the tumor microenvironment has increasingly
been recognized as an essential player in tumorigene-
sis (Hirata and Sahai, 2017). Within the tumor micro-
environment, tumor cells reciprocally interact with
stromal components, such as extracellular matrix
molecules (ECMs) and stromal cells. ECMs not only
maintain the three-dimensional structure of the tumor
but also initiate cell signaling by binding to their recep-
tors on the cancer cell surface. Surrounding stromal
cells including fibroblasts, adipocytes, and immune
cells can be educated by tumor cells through para-
crine and direct cell-cell contact to promote cancer
development (Hirata and Sahai, 2017; Ramamonjisoa
and Ackerstaff, 2017). Therefore, the efficiency of the
targeted therapy would be considerably affected by the
tumor microenvironment.

5 Conclusions

The reactivation of one signaling pathway after
treatment with the inhibitor of another leads to a limited
survival benefit. Therefore, a novel combination therapy
in order to overcome the interaction among the possible
signaling pathways is needed. Our study discovered
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that trametinib failed to restrain tumor growth by reac-
tivating the JAK2/STAT3 signaling pathway, whereas
the effect of the JAK2 inhibitor on PADC and GC
cells was not able to suppress proliferation due to the
excitation of ERK signaling. Combinational therapy
with trametinib and fedratinib in our study exhibited a
significant inhibition in cell survival and induction of
apoptosis. These results may provide a potential thera-
peutic strategy for the treatment of GI cancers.
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