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STAT3 and SHP-1: Toward Effective Management of Gastric Cancer
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The importance of signal transducer and activator of transcription 3 (STAT3) signaling in gastric carcinogenesis was
firmly evaluated in the previous studies. Fully activated STAT3 induces various target genes involving tumor invasion
and epithelial-mesenchymal transition (EMT), and mediates interaction between cancer cells and microenvironmental
immune cells. Thus, suppression of STAT3 activity is an important issue for inhibition of gastric carcinogenesis and
invasion. Unfortunately, data from clinical studies of direct inhibitor targeting STAT3 have been disappointing. SH2-con-
taining protein tyrosine phosphatase 1 (SHP-1) effectively dephosphorylates and inhibits STAT3 activity, which has
not been extensively studied gastric cancer research field. However, by summarizing recent data, it is evident that
protein and gene expression of SHP-1 are minimal in gastric cancer cells, and induction of SHP-1 effectively downregula-
tes phosphorylated STAT3 and inhibits cellular invasion in gastric cancer cells. Several SHP-1 inducers have been
investigated in the experimental studies, including proton pump inhibitor, arsenic trioxide, and other natural compounds.
Taken together, we suggest that modulation of SHP-1/STAT3 signaling axis may present a new way for treatment
of gastric cancer, and development of effective SHP-1 inducer may be an important task in the future search field of
gastric cancer.
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INTRODUCTION

Gastric cancer is one of the most frequently diagnosed
cancers and the 3" leading cancer-related cause of death with
more than 720,000 deaths per year worldwide. The global
incidence rate of gastric cancer, which shows the highest
incidence in East Asia including China, Japan and Korea.'
If gastric cancer is diagnosed in advanced stage with distant
metastasis, chance for cure is getting lower dramatically. Re-
cent pivotal study showed that if there is single metastasis
of gastric cancer outside stomach (i.e. liver), there was no signi-
ficant difference of overall and progression-free survival be-
tween chemotherapy alone and chemotherapy plus gastrec-
tomy group, and overall survival was less than 18 months
in both groups.” Thus, much remains to be done to achieve
complete conquest of stomach cancer, and the development
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of methods to effectively inhibit stomach cancer progression
remains one of the most important challenges.

In this article, we briefly review the importance of signal
transducer and activator of transcription 3 (STAT3) signaling
and inhibition of STAT3 activity in gastric cancer, and the
role of SH2-containing protein tyrosine phosphatase 1 (SHP-1)
in inactivating STAT3, and recent researches to induce SHP-
1 activity by pharmacologic interventions.

STAT3 Signaling and Inhibition
in Gastric Cancer

Janus kinase 2 (JAK2)/STAT3 signaling pathway mediates
multiple biologic reactions associated with gastric cancer,
such as chronic inflammation by Helicobacter pylori (H. pylo-
ri) infection or interaction between gastric epithelium and
microenvironmental stromal cells to promote stemness of
cancer cells.** Thus, suppression of JAK2/STAT3 activity is
considered as an optimal strategy for inhibition of multiple
steps in gastric carcinogenesis and invasion.’ Pathway activat-
ing JAK/STAT3 signaling in epithelial cancer cells and sur-
rounding immune cells is summarized as follows; various sti-
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Table 1. Experimental Inhibitors of STAT3 for Gastric Cancer Treatment

Author Inhibitor Study design

Functional effects

Suggested mechanism

Kim et al? OPB-31121 In vitro/in vivo

Stuart et al.>'®  AZD 1480 In vivo

Judd et al."! WP1066 In vitro/in vivo

Huang et al.'>  Proton pump inhibitor  /n vitro

T Apoptosis
Synergism with 5-FU and cisplatin

T Apoptosis

Downregulation of JAK2
SH2 domain of STAT3

Inhibition of JAK1/2

| ILA11 phosphorylation
| Pro-inflammatory cytokines Inhibition of JAK2
(IL-11, IL-6, IL-173) phosphorylation

T Apoptosis
| Secretion of pro-inflammatory

cytokine (IL-6)

Not presented

IL, interleukin; JAK2, Janus kinase 2; STAT3, signal transducer and activator 3

mulant are binding to their receptors, they serve the interact-
ing site for the phosphorylation of internal tyrosine kinase
JAK1 and JAK2, which, in turn, phosphorylate STAT3. Fully
phosphorylated STAT3 then forms homodimer to translocate
into the nucleus and finally activate different target genes
involved in cellular proliferation, survival, migration and in-
vasion in epithelial cancer cells as well as surrounding immune
cells.®

Thus, effective suppression of STAT3 activity is an impor-
tant topic for effective treatment of gastric cancer. Various
drugs or materials which are designed to suppress STAT3
activity have been developed and evaluated in the experi-
mental and clinical studies. There are two strategies for inhibi-
tion of STAT3 activity. First one is direct inhibition of STAT3
targeting Src homology 2 (SH2) domain, DNA binding do-
main, or N-terminal domain of STAT3, and oligonucleotide-
based inhibition of STAT3 such as siRNA or decoy oligonucle-
otide technology. Second one is indirect inhibition of STAT3
targeting upstream intracellular kinases such as JAK2 or Src
kinase.” STAT3 inhibitors which have been evaluated for
the management of gastric cancer are as follows; direct in-
hibitor (OPB-31121), inhibition of JAK1/2 phosphorylation
(AZD1480, WP1066)™" or unknown mechanism'" (Table
1). However, there are several limitations of the STAT3-
inhibitors. Most of them have been only evaluated in pre-clin-
ical studies, and significant clinical outcomes are lacking.
Furthermore, there are some technical difficulties to develop
more suitable and effective agent directly targeting STAT3.”
Thus, new strategy for inhibition of STAT3 activity might
be necessary.

Role of SHP-1: A Phosphatase to
Inactivate STAT3

SHP-1 is a non-receptor protein tyrosine phosphatase,

which in abundantly expressed in hematopoietic cell lineage
and dephosphorylates STAT3 as well as JAK2, and in turn
downregulates STAT3 activity and inhibits various STAT3
mediated target genes such as cell proliferation and survival,
angiogenesis, cellular migration or invasion.'> However, only
few studies have evaluated the aberrant expression of SHP-1
in epithelial cancer cells, such as estrogen receptor-negative
breast cancer cell lines or several prostate or pancreas cancer

51 In epithelial cells in GI tract, a previous study

cell lines.
showed that CpG promoter hypermethylation of SHP-1 was
frequently observed in colorectal cancer cells, and demethy-
lating agents (i.e. DNA methyltransferase inhibitor or 5-Aza-
2’-deoxycytidine) induced SHP-1 expression to downregulate
JAK2/STAT3 signaling."

However, data about SHP-1 expression in gastric cancer
are very limited, and several previous studies only briefly
reported methylation rate of SHP-1 in gastric cancer tissue
as 40 to 70%."° We previously investigated the promoter
hypermethylation and gene expression of SHP-1 in various
gastric cancer cells as well as the anti-invasive effect of SHP-1
by suppression of JAK2/STAT3 activity in SHP-1 negative
gastric cancer cells. We found that protein and mRNA ex-
pression of SHP-1 were reduced or absent in most of gastric
cancer cells by aberrant CpG island promoter hypermethylation.
Furthermore, reinforced SHP-1 expression in SHP-1 negative
gastric cancer cells downregulated p-JAK2/p-STAT3 as well
as their target genes including cyclin D1, matrix metal-
lopeptidase 9 (MMP-9), vascular endothelial growth factor
1 (VEGF1) and survivin. which, in turn, significantly sup-
pressed cell proliferation, migration and invasion in SHP-1
transfected gastric cancer cells.”” However, underlying mech-
anism of aberrant SHP-1 expression in gastric cancer is rarely
reported. Recently, Prof. Fang and their colleagues demon-
strated that the transmembrane protein with epidermal
growth factor and two follistatin motifs 2 (TMEFF2) is a
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key co-factor of SHP-1, and both cooperatively work to
suppress STAT3 activity in gastric cancer cells. The immuno-
fluorescence stain showed the co-expression of TMEFF2
and SHP-1 in the cytoplasm of gastric cancer cells. Furthermore,
silencing of SHP-1 significantly attenuated the TMEFF2-induced
anti-proliferative and pro-apoptotic effects. Thus, authors
concluded that TMEFF2 acts as a tumor suppressor in gastric
cancer through direct interaction with SHP-1 via its inter-
cellular domain, and the SH2 1/2 domains of SHP-1 are
important for its interaction with TMEFF2 and the tumor
suppressive function of TMEFF2."® They also showed that
mRINA expression of SHP-1 is the highest in normal gastric
tissues, followed by intestinal metaplasia, dysplasia and the
lowest in gastric cancer tissues. Aberrantly reduced expression
of SHP-1 in precancerous lesions and gastric cancers is gov-
erned by epigenetic mechanism, and methylation rate of
SHP-1 promoter was gradually increased in intestinal meta-
plasia, dysplasia and cancer compared with normal stomach
tissues. Furthermore, tumors with lower expression of both
TMEFF2 and SHP-1 significantly showed the worst prognosis
among gastric cancer patients, which suggested that both
SHP-1 and TMEFF2 are significantly associated with prog-
nosis of gastric cancer.

Induction of SHP-1 to Inhibit STAT3
in Gastric Cancer Cells

The molecular structure of SHP-1 is that two SH2 domains
in N-terminus, phosphatase domain, and C-terminus, which
enables autoinhibition of ligand-free SHP-1. That is, SH2
domains of SHP-1 are located at N-terminus, and inserted
into the catalytic cleft, thereby repressing the activity of
SHP-1. By binding of a phosphotyrosil peptide to SH2 do-
mains or phosphorylation of tyrosines in C-terminus lead
to disruption of the interaction between SH2 domains and
N-terminus, and in turn, activate phosphatase of SHP-1."
A few compounds have been reported to effectively suppress
constitutive STAT3 activity by enhancing SHP-1 expression
in cancer cells. Among them, Prof. Chen and his colleagues
have nicely showed that several chemotherapeutic agents
have anti-STAT3 effect via induction of SHP-1 in hep-
atocellular carcinoma (HCC).*® They include oral multiple
kinase inhibitors such as sorafenib,” dovitinib™* and regor-
afenib,” and their analogues.” They showed that SHP-1
tyrosine phosphatase activity is enhanced by its potential
to dock to the inhibitory N-SH2 domain and the catalytic
phosphatase domain of SHP-1 or directly relieve the in-
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hibitory N-SH2 domain of SHP-1.

Gene and protein expression of SHP-1 are very lacking
in most of gastric cancer tissues or cell lines. Thus, upregula-
tion of SHP-1 appears to be a reasonable option for effective
inhibition of constitutive STAT3 activity in gastric cancer
cells. We recently focused on the role of pantoprazole, which
is a well-known proton pump inhibitor (PPI), and is also
shows some unexpected effects such as anti-proliferation
and enhancing chemosensitivity. We tried to investigate the
anti-invasive effect of pantoprazole, and the role of SHP-1/
JAK2/STAT3 signaling axis under the effect (under submission).
Treatment of pantoprazole upregulated SHP-1, downregulated
the p-JAK2/p-STAT3, upregulated epithelial marker (E-cad-
herin) and downregulated mesenchymal marker (Snaill, vi-
mentin). Pantoprazole also showed same effect in IL-6 stimu-
lated STAT3 activated MKN-28 cells. Immunofluorescence
stain also showed that pantoprazole upregulated SHP-1 and
downregulated STAT-3 in AGS cells. Pantoprazole also showed
significantly increased wound closure distance, decreased
number of invasive cells and spindle-like cellular projection,
which indicate anti-invasion/migration effect. However, mod-
ulation of SHP-1/p-JAK2/p-STAT3 expression and anti-in-
vasion/migration effect by pantoprazole were attenuated by
the pharmacologic inhibitor or knockdown of SHP-1, which
suggested that SHP-1 might be an important mediator for
downregulation of STAT3 activity by pantoprazole. In xeno-
graft tumor model, intraperitoneal injection of pantoprazole
significantly reduced the tumor size and volume, which was
attenuated by concomitant injection of pharmacologic inhibitor.
Taken together, we suggest that pantoprazole downregulates
JAK2/STAT3 signaling through induction of SHP1 expression
to modulate the expression of EMT markers, and inhibit
cellular migration and invasion in gastric cancer cell.

We also found that arsenic trioxide, a chemotherapeutic
agent that is widely used in the treatment of hematopoietic
malignancies, showed same effect in gastric cancer cells, which
suggested that demethylation of SHP-1 promoter may be
one of molecular link for induction of SHP-1 and down-
regulation STAT3 activity in gastric cancer cells.” A previous
study also showed that treatment of honokiol, a small-molec-
ular weight natural product, downregulated p-STAT-3 ex-
pression, which was reversed by pervanadate or transfection
of siSHP-1 in AGS cells. They also showed that intraperitoneal
injection of honokiol significantly upregulated SHP-1 ex-
pression in xenograft tumors. Thus they suggested that hono-
kiol upregulates SHP-1 expression through increase of cal-
pain-II, a calcium-activated nonlysosomal cysteine protease,
and in turn, dephosphorylate STAT-3 in gastric cancer cells.”®
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Fig. 1. Signaling pathway of SHP-1 activation by pharmacologic intervention in gastric cancer cells.
Demethylation by ATO, activation of calpain-II by honokiol and inhibition of binding of HSP-90
to STAT3 may mediate the activation of SHP-1 and dephosphorylation of STAT3. ATO, arsenic
trioxide; HSP-90, heat shock protein 90; SHP-1, SH2-containing protein tyrosine phosphatase 1;

STATS3, signal transducer and activator.

Recently, Dr. Gao and their colleagues showed that luteolin,
a plant flavonoid, inhibited STAT3 activation through dis-
rupting the binding of HSP-90 to STAT3, which promoted
its interaction to SHP-1, resulted in the dephosphorylation
of STAT3 (Fig. 1).”

CONCLUSION

In summary, the biologic impact of STAT3 in gastric carci-
nogenesis and progression has been widely accepted in the
previous studies. A lot of efforts have been made to effectively
inhibit the STAT3 activity including direct STAT3 inhibitors,
which unfortunately showed no significant impacts in the
clinical studies. SHP-1 as an effective phosphatase for in-
activation of JAK2/STAT3 activity may be applied in gastric
cancer. The exploration of more effective enhancer of SHP-
land its underlying mechanisms in gastric cancer need to
be investigated.

Funding

This study was financially supported by Basic Science

Research Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Education (grant
number: NRF-2016R1D1A1A02936964).

Competing Interests

All authors have no potential competing interests (financial,
professional, or personal) that are relevant to this publication.

REFERENCES

1. Herrero R, Park JY, Forman D. The fight against gastric can-
cer - the JARC Working Group report. Best practice & re-
search Clinical gastroenterology 2014;28:1107-1114.

2. Fujitani K, Yang HK, Mizusawa J, et al. Gastrectomy plus
chemotherapy versus chemotherapy alone for advanced gas-
tric cancer with a single non-curable factor (REGATTA): a
phase 3, randomised controlled trial. The Lancet Oncology
2016;17:309-318.

3. Giraud AS, Menheniott TR, Judd LM. Targeting STAT3 in
gastric cancer. Expert Opin Ther Targets 2012;16:889-901.

4. Tida T, Iwahashi M, Katsuda M, et al. Tumor-infiltrating
CD4+ Th17 cells produce IL-17 in tumor microenvironment
and promote tumor progression in human gastric cancer.

Journal of Digestive Cancer Reports 6(1), June 2018 9



Moon Kyung Joo. STAT3 and SHP-1: Toward Effective Management of Gastric Cancer

10.

11.

12.

13.

14.

15.

16.

Oncol Rep 2011;25:1271-1277.

. Buchert M, Burns CJ, Ernst M. Targeting JAK kinase in solid

tumors: emerging opportunities and challenges. Oncogene
2016;35:939-951.

. Yu H, Lee H, Herrmann A, Buettner R, Jove R. Revisiting

STATS3 signalling in cancer: new and unexpected biological
functions. Nature reviews Cancer 2014;14:736-746.

. Yue P, Turkson J. Targeting STAT3 in cancer: how successful

are we? Expert opinion on investigational drugs 2009;18:
45-56.

. Kim MJ, Nam HJ, Kim HP, et al. OPB-31121, a novel small

molecular inhibitor, disrupts the JAK2/STAT3 pathway and
exhibits an antitumor activity in gastric cancer cells. Cancer
letters 2013;335:145-152.

. Stuart E, Buchert M, Putoczki T, et al. Therapeutic inhibition

of Jak activity inhibits progression of gastrointestinal tumors
in mice. Molecular cancer therapeutics 2014;13:468-474.
Judd LM, Menheniott TR, Ling H, et al. Inhibition of the
JAK2/STAT3 pathway reduces gastric cancer growth in vitro
and in vivo. PloS one 2014;9:¢95993.

Huang S, Chen M, Ding X, Zhang X, Zou X. Proton pump
inhibitor selectively suppresses proliferation and restores the
chemosensitivity of gastric cancer cells by inhibiting STAT3
signaling pathway. International immunopharmacology 2013;
17:585-592.

Shuai K, Liu B. Regulation of JAK-STAT signalling in the
immune system. Nature reviews Immunology 2003;3:900-911.
Yip SS, Crew AJ, Gee JM, et al. Up-regulation of the protein
tyrosine phosphatase SHP-1 in human breast cancer and cor-
relation with GRB2 expression. International journal of can-
cer 2000;88:363-368.

Zapata PD, Ropero RM, Valencia AM, et al. Autocrine regu-
lation of human prostate carcinoma cell proliferation by so-
matostatin through the modulation of the SH2 domain con-
taining protein tyrosine phosphatase (SHP)-1. The Journal of
clinical endocrinology and metabolism 2002;87:915-926.
Xiong H, Chen ZF, Liang QC, et al. Inhibition of DNA meth-
yltransferase induces G2 cell cycle arrest and apoptosis in hu-
man colorectal cancer cells via inhibition of JAK2/STAT3/
STATS signalling. Journal of cellular and molecular medicine
2009;13:3668-3679.

Bernal C, Aguayo F, Villarroel C, et al. Reprimo as a potential
biomarker for early detection in gastric cancer. Clinical cancer
research: an official journal of the American Association for

10 www.gicancer.or.kr

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

Cancer Research 2008;14:6264-6269.

Joo MK, Park JJ, Yoo HS, et al. Epigenetic regulation and
anti-tumorigenic effects of SH2-containing protein tyrosine
phosphatase 1 (SHP1) in human gastric cancer cells. Tumour
biology: the journal of the International Society for Oncode-
velopmental Biology and Medicine 2016;37:4603-4612.
Sun T, Du W, Xiong H, et al. TMEFF2 deregulation contrib-
utes to gastric carcinogenesis and indicates poor survival
outcome. Clinical cancer research: an official journal of the
American Association for Cancer Research 2014;20:4689-
4704.

Lopez-Ruiz P, Rodriguez-Ubreva ], Cariaga AE, Cortes MA,
Colas B. SHP-1 in cell-cycle regulation. Anticancer Agents
Med Chem 2011;11:89-98.

Fan LC, Shiau CW, Tai WT, et al. SHP-1 is a negative regu-
lator of epithelial-mesenchymal transition in hepatocellular
carcinoma. Oncogene 2015;34:5252-5263.

Tai WT, Cheng AL, Shiau CW, et al. Signal transducer and
activator of transcription 3 is a major kinase-independent tar-
get of sorafenib in hepatocellular carcinoma. J Hepatol 2011;
55:1041-1048.

Tai WT, Cheng AL, Shiau CW;, et al. Dovitinib induces apop-
tosis and overcomes sorafenib resistance in hepatocellular car-
cinoma through SHP-1-mediated inhibition of STAT3. Molecular
cancer therapeutics 2012;11:452-463.

Tai WT, Chu PY, Shiau CW, et al. STAT3 mediates regor-
afenib-induced apoptosis in hepatocellular carcinoma. Clinical
cancer research: an official journal of the American Association
for Cancer Research 2014;20:5768-5776.

Tai WT, Shiau CW, Chen PJ, et al. Discovery of novel Src
homology region 2 domain-containing phosphatase 1 agonists
from sorafenib for the treatment of hepatocellular carcinoma.
Hepatology 2014;59:190-201.

Kim SH, Yoo HS, Joo MK, et al. Arsenic trioxide attenuates
STAT-3 activity and epithelial-mesenchymal transition through
induction of SHP-1 in gastric cancer cells. BMC cancer 2018;
18:150.

Liu SH, Wang KB, Lan KH, et al. Calpain/SHP-1 interaction
by honokiol dampening peritoneal dissemination of gastric
cancer in nu/nu mice. PloS one 2012;7:e43711.

Song S, Su Z, Xu H, et al. Luteolin selectively kills STAT3
highly activated gastric cancer cells through enhancing the
binding of STAT3 to SHP-1. Cell death & disease 2017;8:
e2612.



