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Abstract: Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) pathway is a common signaling pathway
used to transduce signals from the extracellular to the intracellular (nucleus) upon the binding of cytokines and growth factors to the
extracellular domain of specific cell surface receptors. This signaling pathway is tightly regulated and has a multitude of biological
functions such as cell proliferation, differentiation, and apoptosis. Besides, the regulated JAK2/STAT3 signaling plays a crucial role in
embryonic development, hemopoiesis, and controlling the immune system. Conversely, aberrantly activated JAK2/STATS3 is frequently
detected in varieties of tumors and involved in oncogenesis, angiogenesis, and metastasis of many cancer diseases that are usually
refractory to the standard chemotherapy. However, the JAK3/STAT3 pathway recently emerged interestingly as a new site for the
development of novel anti-tumor agents and becomes a promising therapeutic target in the treatment of many solid malignancies.
Herein, this review aimed to provide insight into the JAK2/STAT3 pathway, in the hope to gain an understanding of its potential role in
the pathogenesis, progression, chemotherapy resistance, and cancer therapy of solid tumors.
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Introduction

Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway is an essential intracellular signaling
network that was discovered nearly three decades ago. Many cytokines and growth factors use this signaling pathway to
transduce signals from the cell membrane to nucleus, where they activate genes through transcription in animals, from
humans to fruit flies.'

The receptor tyrosine kinase (RTK), JAK and STAT proteins are the key components of the JAK/STAT pathway.”
The RTKs are tyrosine kinases (TYK) linked membrane receptors that belong to the cytokine receptor superfamily and
bind with many cytokines and growth factor signals in the JAK/STAT signal pathway. Each RTK has an extracellular
domain to bind with ligands, a transmembrane domain, and an intracellular domain for downward cascading. The RTK
does not have kinase activity by itself but has a binding site for JAK in its intracellular domain.*

The Janus kinase (JAK) protein, originally known as “Just another kinase”, is named after Janus, the Roman god of
gates and doors. It is a family of non-membrane receptor TYK possessing catalytic domains that were discovered in
1992. On the other hand, the STAT proteins play a crucial role in signal transduction and activation of gene expression
(transcription). The first STAT protein (STAT1) was identified 30 years back in 1988, while the other protein members
were purified in the later years.” Besides these key components, other effector proteins have been identified to contribute
to at least a subset of JAK/STAT signaling events such as signal-transducing adapter molecules (STAMs), which are
adapter molecules with retained VHS and SH3 domains and interferon (IFN) regulatory factor 9 (IRF-9) in the case of
type I IFN activated JAK/STAT signaling.’
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The JAK/STAT pathway, particularly JAK2/STAT?3, is involved in different biological processes such as immunity,
cell division, cell death, and tumor formation.>® This review is primarily aimed to provide insight into JAK2/STAT3
signaling, in the hope to gain an understanding of its potential role in the pathogenesis, progression, chemotherapy
resistance, and cancer therapy of solid tumors.

The Structure of JAK and STAT Proteins

The JAK protein family consists of JAK1, JAK2, JAK3, and TYK2, which share structural and functional homologies. The
JAK proteins have seven JAK homology (JH) domains, containing two adjacent kinase domains at the carboxyl (C)-terminus,
named JH1 domain that is involved in phosphorylation of STATSs and receptors, and the pseudokinase (JH2) domain that lacks
catalytic activity but regulates JH1.” Besides, JAKs also contain an Src homology 2 (SH2)-like domain (JH3-4) that interacts
with phosphorylated tyrosine residues, 4.1 protein, ezrin, radixin, and moesin (FERM) domain (JH5-7) at the amino (N)-
terminus that is responsible for binding with receptors and regulating catalytic activity® (Figure 1A).

The STAT protein family comprises seven members, namely STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6.
They range in size from 750 to 850 amino acids and share several functional domains, including coiled-coil domain (CCD), DNA-
binding domain (DBD), SH2 domain, and transcriptional activation domain (TAD) (Figure 1B). The CCD is the functional
domain present at the amino end that enables dimerization of activated STATSs and interacts with other proteins.® A central DBD is
involved in DNA binding and nuclear translocation of STAT dimers. These domains are followed by a linker domain called SH2
domain containing two o-helices and a B-pleated sheet structure that consist of 575—680 amino acid residues. The SH2 domain
recognizes phosphorylated tyrosine residues on the receptors and activates STATs. STATSs also have the carboxyl-terminal TAD

that serves as an interaction domain for coactivators and co-repressors necessary for regulation of transcription.™’

The JAK2/STAT3 Signaling Pathway in Normal Cells
Activation of JAK2/STAT3 Pathway

Normally, the JAK2/STAT3 pathway is activated upon the binding of hormones like prolactin, growth factors such as
epidermal growth factor (EGF), and cytokines mainly interleukin-6 (IL-6) family to the extracellular domain of
specific cellular receptors (RTK).! In particular, the JAK2 mediates signaling via multiple cytokine receptors, such as
the IL-6, erythropoietin, leptin, and IFN-y receptors.! This interaction leads to dimerization/multimerization of the
receptor subunits, which brings JAK2 that are non-covalently associated with the intracellular domains of the
receptors in close proximity of each other. This brings phosphorylation of JAK2 to each other on their tyrosine
residues (known as autophosphorylation) and activates their kinase domain as shown in Figure 2. Tyrosine 221 and
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Figure | Schematic diagram of JAK and STAT structures. (A) JAKs contain a FERM domain (400 amino acid residues) that associates with receptors, a SH2 domain (100
amino acid residues) that binds phosphorylated tyrosine residues, and a kinase (JHI) domain (250 amino acid residues) and pseudo kinase (JH2) domain (300 amino acid
residues). The arrowhead pointed downward (JH1) indicates phosphorylation sites (tyrosine residues) needed for JAK activation. (B) STATs contain a CCD for dimerization,
a DBD, a SH2 domain, and a TAD for transcriptional activation of target genes. The arrowhead pointed downward (TAD) indicates the conserved tyrosine residue required
to be phosphorylated for STAT activation. N and C represents the amino- and carboxy-terminal ends respectively.

Abbreviations: CCD, coiled-coil domain; DBD, DNA-binding domain; FERM, four-point-one, ezrin, radixin, moesin; TAD, transactivation domain.

1350 M Journal of Inflammation Research 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Mengie Ayele et al

4 Receptor

Ligand (cytokines, Cell membrane

growth factors)

2) JAK2 phosphorylation Cytoplasm

1) Receptor binding 1

/7~ 3) STAT3 phosphorylation ™

| 4) STAT3 dimerization

© smars
(G [STATS

| 5) Translocation

o- Cyclin D1, cMye, Belxl, Bel-
o- j' 6) Geng expression » 2, MCL-1, P53

Promoter region

vy v v
Cell proliferation, differentiation,

Nucleus apoptosis, and immune regulation

Figure 2 Schematic representation of the JAK2/STAT3 signaling pathway. (1) Receptor binding: Ligands such as cytokines and growth factors bind to extracellular domains of
the receptors. (2) JAK2 phosphorylation: Following ligand binding receptor-associated JAK2 undergo phosphorylation to each other. (3) STAT3 phosphorylation: Activated
JAK2 kinase domain (JHI) phosphorylates cytoplasmic tails of receptors, recruiting STAT3 to the receptor, and becomes phosphorylated at Tyr 705. (4) Dimerization:
Phosphorylated STAT3 dimerizes at SH2 domain. (5) Translocation: Dimerized STAT3 translocates into the nucleus where it binds to the promoter region of DNA. (6) Gene
Expression: Dimerized STAT3 acts as transcription factor and activates the transcription of target genes involved in regulating cell growth.

570 in murine JAK2 have been found to be the sites of autophosphorylation from in vitro assay. Tyrosine 570 in JAK2
is conserved in humans, rats, mice, pigs, and fish. However, the corresponding tyrosine at 221 and 570 in JAK2 are
not found in JAKI, JAK3, or TYK2, and hence phosphorylation of tyrosine 221 and 570 in JAK2 may initiate
functions unique to JAK2.'® Once the JAK2 proteins are phosphorylated, then their activated kinase domain, in turn,
enables phosphorylation of the tyrosine residues on the receptor’s intracellular domains to create docking sites for
SH2 domain possessing proteins. This allows the binding of cytoplasmic STAT3 proteins to the phosphorylated
tyrosine residues on the receptor using their SH2 domains. Then STAT3 undergoes phosphorylation at Tyr705 by
JAKs, causing the STATs dimerization, dissociation from the receptor, and then translocation to the nucleus where
they bind to specific DNA sequences and induce transcription of their target genes.'* It has been documented that the
JAK2/STAT3 signaling can interact with other pathways such as MAPK/ERK and PI3K/AKT/mTOR signaling
pathway to integrate certain cellular activities.®

Regulation of JAK2/STAT3 Pathway

While tyrosine kinases play a crucial role in activating JAK2 and STAT3, numerous regulatory mechanisms are engaged in
tightly regulating JAK2/STAT3 signaling. This allows fine-tuning of cellular effects ensuring that it functions optimally
under normal physiological conditions, and prevents the inappropriate activity linked with disease (eg, tumor)
development.

Primarily, three main regulatory mechanisms have evolved to control the magnitude and duration of signaling. Firstly,
by removing phosphate group using the enzyme tyrosine phosphatases, including classical protein tyrosine phosphatases,
dual-specificity phosphatases, and low-molecular-weight phosphatases to terminate JAK2/STAT3 signaling and action
through dephosphorylation/deactivation of JAK2 and/or STAT3."" Secondly, by adding a small ubiquitin-like modifier by
the protein inhibitor of activated STAT (PIAS) onto proteins such as JAKs and STATs, which may block their
phosphorylation and modify their function.'? Thirdly, by forming a protein complex through the interaction between
suppressors of cytokine signaling (SOCS) with different proteins, which can then cause the breakdown of JAK2 and the
receptors themselves, therefore inhibiting JAK2/STAT3 signaling."
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Additionally, the JAK?2 activity can also be tightly controlled through the self-inhibitory effect of its JH2 domain,
which restricts the strength and duration of JAK2/STAT3 signaling under normal conditions.'* Similarly, JAK2/STAT3

signaling is tightly regulated at the STAT level in normal healthy conditions to be involved in myriads of functions.?

Role of JAK2/STAT3 Signaling in Normal Cells

JAK2/STAT3 signaling is a universal intracellular pathway that has significant functions in many biological processes
such as cell proliferation, differentiation, and apoptosis, and immune regulation. The JAK2/STAT3 signaling has also
been reported to play prominent roles in embryonic development, for instance in the maintenance of the self-renewal
capacity of embryonic stem cells and FMS-like tyrosine kinase 3 (F1t3) ligand-dependent dendritic cell (DC) differentia-
tion, as well as in the control of processes such as hematopoiesis, inflammatory response, and immune system.'”
Available evidence has documented the involvement of JAK2 in the progression of apoptosis, autophagy, and
proliferation of normal cells.”> It is also responsible for receptor signaling from IL-3 receptor or granulocyte-
macrophage colony-stimulating factor, both used in hematopoietic cell development.'® On the other hand, STAT3 is
thought to be an oncogenic transcription factor widely expressed in many tissues and plays a key role in controlling
cellular activities, such as angiogenesis via the transcription of vascular endothelial growth factor (VEGF).!” Although
STAT3 is a well-known transcriptional activator for many genes such as the VEGF gene, it has also recently been
documented to inhibit gene expression via tumor-suppressor gene promoter methylation. The STAT3 acetylation thus
influences tumor growth, DNA methylation, and silencing of the tumor-suppressor gene.'® Altogether, the JAK2/STAT3
pathway regulates the expression of genes related to cell survival, proliferation, angiogenesis, and immune evasion.

Potential Roles of JAK2/STAT3 Pathway in Solid Tumors

In normal conditions, the activation of JAK2/STAT3 is tightly regulated and transient. Nonetheless, the persistent
activation of JAK2/STAT3 signaling is found in many human solid tumors and plays essential biological roles in the
development of malignancies.'”

Human cancer is characterized by an abnormal and unregulated cell growth in the body. Thus, since the JAK2/STAT3
pathway can allow the expression of genes involved in cell division, over-regulation of JAK2/STAT3 signaling
potentially results in cancer formation.” Recently, ample evidence indicated that the overly activated JAK2/STAT3
pathway promotes tumorigenesis, tumor growth, cancer cell survival, and metastasis of solid tumors.'” Hence, these
findings suggest that targeting the abnormal JAK2/STAT3 pathway in carcinoma may hold great potential as a novel
therapeutic target for cancer therapy. Currently, drugs targeting the JAK2/STAT3 cascade are developed for solid tumors.
This section of the review discusses the role of the JAK2/STAT3 pathway in the pathogenesis and progression of human
solid malignancies as well as in chemotherapy resistance and cancer therapy.

Roles of JAK2/STAT3 Pathway in Tumorigenesis

Evidence suggests that constitutive activation of the JAK2/STAT3 pathway is frequently observed in cancer and plays
major functions in many solid tumors. Persistent activation and defects of JAK2/STAT3 have been linked with survival,
proliferation, angiogenesis, host immune evasion, resistance to apoptosis, carcinogenesis, and metastasis in many human
cancer cells.'®?%%? This oncogenic signaling is primarily attributed to the disruption of the tightly regulated JAK2/
STAT3 signaling in neoplasia as well as being due to the secretion of ligands by cancer cells and/or by cells from the
tumor microenvironment, which allows the JAK2/STAT3 pathway to be activated constitutively.**

Mutations of JAK2 and/or STAT3 were found to be associated with sustained activation of the JAK2/STAT3 pathway.
All JAK2 domains have shown mutations that have considerable effects on JAK expression, mostly on their kinase
activity, receptor binding, and intracellular transport.'” Multiple mutations like deletion of JAK2 and gain-of-function
mutations within JAK2 in mice were shown to be lethal as they abrogate the function of JH2 and sustain JAK2
activation. However, how cancer cells circumvent the autoinhibitory effect of the JH2 domain to sustain constitutive
activation of JAK2/STAT3 signaling remains puzzling.?**> Evidence showed that the JAK2 mutations are widely
observed in hematological malignancies such as leukemia, polycythemia vera, essential thrombocythemia, and myelo-
proliferative diseases, but comparable mutations have not been detected in solid tumors."'®
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The potential oncogenic role of STAT3 has been established by the expression of constitutively activated STAT3 in
many solid tumor cell lines including breast, colon, gastric, lung, head and neck, skin, and prostate cancers.?®
Persistently activated STAT3 promotes the survival, proliferation, motility, and progression of cancer cells, elicits
angiogenesis, and suppresses the immune response to tumors. The STAT3 activation in immune cells promotes tumor
immune evasion and oncogenesis, which is in part mediated by tumor-derived factors, such as hypoxia-inducible factor
1 (HIF-1), VEGF, IL-10, and IL-6. A strong unregulated STAT3 isoform activity involving JAK/STAT signaling
inhibition has been documented in tumorigenesis from in vivo and in vitro models.?” Conversely, STAT3 ablation in
immune cells leads to induction of Thl mediators involved in both innate and T-cell-mediated adaptive immunity. In
turn, this causes the increased anti-tumor activity of immune cells that impedes tumor progression.”® It has been
demonstrated that IL-6 signaling via STAT3 promotes the maintenance of Th17 in inflamed tissue and plays a regulatory
role in acute inflammation in various immune cells.”’ The release of proinflammatory mediators, including cytokines
and nitric oxide, is dramatically enhanced in STAT3-deficient macrophages and neutrophils on lipopolysaccharide
stimulation.°

The aberrant activation of the JAK2/STAT3 pathway could be ascribed to the downregulation of a tumor suppressor
gene, called p53-inducible cancer-associated RNA transcript 1 (PICART1), that affects cell apoptosis and migration.
Thus, the knockdown of PICART! in animal model promotes tumor formation, which is verified from the anti-
osteosarcoma effect of pterostilbene that produces its effect through downregulation of JAK2/STAT3.*'? JAK2/
STAT3 has also been involved in controlling the expression of genes linked with metastasis. Thus, anomalous JAK2/
STAT3 enhances the metastatic ability of solid tumors, such as lung cancer by IL-6/STAT3 signaling.>® Several in vitro
and in vivo experiments demonstrated that autophagy preserves the metastatic potential of cancer cells via JAK2/STAT3
activation.'”* This is further evident from recent studies showing that autophagy regulates JAK2/STAT3 signaling in

lung cancer, hepatocarcinoma, pancreatic cancer, and glioblastoma.>*-*

Roles of JAK2/STAT3 in Mediating Chemotherapy Resistance

In addition, the unabated JAK2/STAT3 activation has been identified to mediate resistance to standard chemotherapy or
radioresistance.®*>>® Studies on non-small cell lung cancer (NSCLC) and other cancers have found that resistance to
anti-EGFR agents is common and occurs through several suggested mechanisms. The de novo resistance was reported
due to genetic alteration of receptors or downstream signaling molecules in JAK2/STAT3, while acquired resistance was
demonstrated to be due to the activation of the alternative signaling pathways.”” Park and co-workers demonstrated that
the JAK2/STAT3/CCND2 pathway is a key mediator of radioresistance.® The standard chemotherapy resistance or
radioresistance in turn is associated with poor prognosis and less survival chance of cancer patients.®*> For this reason,
scholars suggested that combining cancer therapy with JAK2/STAT3 inhibitors could have clinical benefits, and thus
JAK2/STATS3 target-specific drug therapies are under clinical trials and some are now approved for clinical use.

Roles of JAK2/STAT3 Pathway in Cancer Treatment

Recently, the JAK2/STAT3 pathway is becoming a potentially valuable therapeutic target for cancer treatment, and it will
resolve the problem of chemotherapy resistance associated with an excessively stimulated JAK2/STAT3 pathway.*®
A constitutively activated STAT3 has been reported to be a critical oncogene to many types of cancer cells, and targeting
it is leading to the discovery of novel therapeutic approaches for human cancers.***° For instance, available evidence has
suggested that quinazolines block epidermal growth factor receptor (EGFR) activity by blocking JAK2/STAT3 as
a potential target of their action.*' Besides, studies have shown that the newly defined STAT3 inhibitor, dihydroartemi-
sinin (DHA), can be employed for chemoprevention, direct tumor-killing, and therapeutic sensitization in the treatment of
different malignancies harboring STAT3 phosphorylation.** Research has also shown that tannic acid induces G1 arrest
and apoptosis in human gingival cancer cells primarily by inhibiting the JAK2/STAT3 pathway, particularly by targeting
STAT3.** Moreover, the JAK2/STAT?3 targeted disruption with anti-tumor agents has been observed to downregulate the
expression of angiogenic factors which leads to suppression of angiogenesis and cancer cell metastasis.”®>> The effect of
pantoprazole on cancer cachexia-induced muscle wasting has also been found to be partially associated with the
inactivation of the JAK2/STAT3 pathway.**
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These drugs/inhibitors (whether approved or under clinical trials) are designed to target ligands, receptors, JAK2, and
STAT3 of the JAK2/STAT3 pathway for cancer therapy. The JAK2/STAT3 targeted antitumor agents have been proposed
and are being used in combination with the standard treatment of cancer. Overall, the JAK2/STAT3 pathway appears to
be a promising therapeutic target for solid tumors, while more investigations are needed to fully understand the molecular
mechanisms, efficacy, and side effects to improve clinical outcomes and possible personalized treatments. The
details of the JAK2/STAT3 targeted therapies in different human solid cancers are discussed separately in the next
section.

Roles of JAK2/STAT3 in Tumorigenesis and Treatment of Different Solid Tumors

This section of the review focuses on the current understanding of the molecular mechanisms of how JAK2/STAT3 plays
an intricate role in the progression of various solid tumors and how its disruption serves as a novel therapeutic target that
could pave the way for improved cancer therapies (Table 1).

Pancreatic Cancer
STAT3 is a latent cytosolic transcription factor that is phosphorylated by JAK2, leading to STAT3 dimerization and
nuclear localization to activate downstream genes. Recent studies have shown that STAT3 plays a critical role in KRAS-
driven pancreatic tumorigenesis as well as in enhancing matrix remodeling and stiffening in pancreatic cancer.*>**® In the
animal model, the STAT3-signaled oncogenic activities inhibit p5S3 expression, and, in turn, the P53 functional loss or
mutation in pancreatic tumor cells activates JAK2/STAT3 and constitutively phosphorylates STAT3.*” JAK2 and
phospho-STAT3 play a part in facilitating the transition from chronic pancreatitis to pancreatic cancer on pancreatic
ductal adenocarcinoma.*®

Targeting JAK2/STAT3 recently offered innovative insight into pancreatic cancer therapy. A promising result was
observed from the novel triterpenoid derived from Amoora rohituka stem, called aphanin, and it was seen to inhibit
oncogenic KRAS and thus exhibit antiproliferative effect in KRAS mutant pancreatic cancer by causing GO-Gl1 cell cycle
arrest.*” Besides, agents like gemcitabine, JAK2 inhibitors, and zerumbone (a phytochemical of Asian ginger) have been
shown to possess a novel inhibitory activity against JAK2/STAT3 and significantly block major pro-metastatic gene
expression in pancreatic cancer cells.”™' Moreover, epigallocatechin-3-gallate (EGCG) inhibits the JAK3/STAT3 path-
way in pancreatic cancer, phosphorylation of STAT3 and JAK2, and nuclear expression of phospho-STAT3 in both
AsPC-1 and PANC-1 cells, thereby enhancing the therapeutic potential of gemcitabine by inhibiting the cell cycle and
inducing apoptosis in pancreatic cancer.’® Further novel pancreatic cancer therapy targeting the JAK2/STAT3 pathway,
such as lestaurtinib and INCB-18424, has been used in clinical trials to act on JAK2.>?

Breast Cancer

Findings have demonstrated that the breast cancer cell line exhibits constitutively active JAK2/STAT3 signaling.>* In line
with this, another study has proved that JAK2/STAT3 plays a key role in the survival and progression of breast cancer.
The inhibition of this pathway reduces cell viability, invasion, and migration, and also induces cell apoptosis in breast
cancer.”> The molecular mechanism by which the JAK2/STAT3 signaling cascade ultimately regulates apoptosis and
breast tumor growth has been shown by abnormal STAT3 signaling in malignant cells.’® The reactive oxygen species
(ROS)-mediated activation of STAT3/VEGF signaling was also involved in the 27-hydroxycholesterol (27HC)-induced
angiogenesis in human breast cancer cells, thus either blocking the generation of ROS or knocking down of STAT3 led to
attenuation of the 27HC-induced autocrine activity of VEGF and angiogenesis.’’

There is an accumulation of evidence that the activation of the IL-6/JAK2/STAT3 pathway and stem cell-like
characteristics lead to poor outcomes of metastatic breast cancers.’® The IL-6/JAK2/STAT3 pathway was preferentially
active in CD44+CD24- breast cancer cells compared with other tumor cell types, and inhibition of JAK2 reduced their
number and blocked xenograft growth. Distinction has also been revealed between various breast cancer cell types, and
targets such as JAK2 and STAT3 have been identified that could lead to more specific and successful therapies for breast
cancer.”® A TRAIL agent, known as AG490, exhibits an effective inhibitory activity in cell growth as well as a potent
induction agent for cell death in STAT3-active breast cancer cell lines.’® Activation of JAK2/STATS3 is also required for

1354 "= Journal of Inflammation Research 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Mengie Ayele et al

Table | Table Summary on the Role of JAK2/STAT3 Signaling Pathway in Tumorigenesis and Treatment of Different Solid Tumors

Tumor Molecular Mechanism of JAK2/STAT3 Mechanism of Action Reference
Tumorigenesis Targeted Drug/
Inhibitors
Pancreatic cancer KRAS-driven tumorigenesis, mutation | Triterpenoid, Inhibition of oncogenic KRAS, JAK2, [45-53]
of p53 expression, STAT3 gemcitabine, JAK2/STAT3
overactivation zerumbone, EGCG,
lestaurtinib, INCB-
18424
Breast cancer ROS-mediated STAT3/VEGF signaling AG490, BP-1-102 JAK?2 inhibition, suppression of c-Myc, | [54-59,118]
activation, IL-6/JAK2/STAT3 Cyclin DI, Bcl-xL, Survivin, VEGF, and
stimulation, CCL20-induced JAK2 and Krippel-like factor 8 expression by
STAT3 phosphorylation targeting STAT3
Colorectal cancer GP130-mediated JAK2/STAT3 Salidroside, Inhibition of JAK2 and STAT3 [6,32,60-66]
activation; upstream signaling berberine, phosphorylation, downregulation of
regulation of PIM| expression; miR- hispidulin, and COX2/PGE2-mediated — and PIMI -
34c 5p/SIRT6/JAK2/STAT3; JAK2/ eriocalyxin B mediated — JAK2/STAT3 signaling
STAT3/CCND2 signaling
Ovarian cancer JAK2/STAT3 mediated upregulation of | Niclosamide, Inhibition of JAK2/STAT3, [68-72]
Bel-xL AG490 downregulation of p-STAT3 and XIAP,
increased expression of cleaved-PARP,
reduced Bcl-xL upregulation and
STAT3 phosphorylation
Esophageal B7-H4/STAT3/IL-6 stimulation Tocilizumab, Inhibition of B7-H4 expression, SOCS3 | [24,73,74]
squamous cell MPTOB098 mediated JAK2/STAT3 inhibition
cancer
Lung cancer miR-26a-5p-JAK2/STAT3 pathway; Curcumin, antrocin, | JAK2/STAT3 inhibition by lowering [75-78,118]
VEGF and bFGF mediated JAK2/STAT3 | INCBO018424, BP- JAK2 and STAT3 expression;
signaling 1-102 suppression of c-Myc, Cyclin DI, Bcl-
xL, Survivin, VEGF, and Krippel-like
factor 8 expression by targeting STAT3
Gastric cancer CCK2R-mediated JAK2/STAT3/PI3K/ OPB-31121, Inhibition of the constitutive activation | [79-83]
Akt dependent COX-2 induction, isocryptotanshinone | of STAT3 in JAK/STAT signaling
decreased SIRT6 expression
Cervical cancer Sustained JAK2/STAT3 activity Axitinib, AG490 and | Enhances antitumor effect via VEGFR2/ | [84,85]
propofol JAK2/STAT3 signaling and EGFR/JAK2/
STAT3
Hepatocellular IL-6/JAK2/STAT3 mediated WP1066, pacritinib, | Inhibition of IL-6/JAK2/STAT3, STAT3 [87-89]
carcinoma carcinogenesis cryptotanishinone, inhibition
AZD9150 and
ruxolitinib
Cholangiocarcinoma | IL-6/JAK2/STAT3; HGF/c-Met/STAT3; Recombinant Hormonal and cytokine receptor [90,92,96-101]
prolactin/JAK2/STAT3 signaling proteins for inhibitors
prolactin and IL-6
antagonist are
under trial
(Continued)
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Table | (Continued).
Tumor Molecular Mechanism of JAK2/STAT3 Mechanism of Action Reference
Tumorigenesis Targeted Drug/
Inhibitors
Prostate cancer Aberrant IL-6/JAK2/STAT3 signaling AG490, S31-201, IL-6 ligand blocking antibody, [102,103]
CNTO-328, decreased STAT3 expression, JAK2
Zerumbone, inhibition
AZD1480
Melanoma Increased JAK2/STAT3 activation by Amentoflavone Attenuate JAK2 and STAT3 [2,104,105]
JAK2 and STAT3 overexpression analogous, phosphorylation
atractylenoide
Renal cell carcinoma | JAK2/STAT3 overactivity Ginkgetin, sunitinib | STAT3 inhibition [106,107]
Bladder cancer Msi2 mediated JAK2/STAT3; Stattic, SH-4-54, STAT3 inhibition, [108-113]
STAT3 mediated expression of Bcl-xL WP1066, AG490, JAK2 inhibition
nifuroxazide
Glioblastoma Highly active JAK2/STAT3 Pacritinib, WP1066 | STAT3 inhibition [I15-117]

Abbreviations: XIAP, X-linked inhibitor of apoptosis proteins; PARP, poly ADP-ribose polymerase; EGCG, epigallocatechin-3-gallate, ROS, reactive oxygen species; EMT,
epithelial-mesenchymal transition; COX2/PGE2, cyclooxygenase 2/prostaglandin E2; PIMI, provirus integration site for Moloney murine leukemia virus; CCK2R, cholecys-
tokinin 2 receptor; SIRTS, sirtuin 6; PI3K, phosphatidyl inositol-3-kinase; VEGFR, vascular endothelial growth factor receptor; IL, interleukin.

chemokine ligand 20-mediated matrix metalloproteinase-2 expressions by AG490. For example, CCL20-induced phos-
phorylation of JAK2 and STAT3 may be inhibited by a specific JAK2 inhibitor.>

Colorectal Cancer

Park et al first identified the critical role of the JAK2/STAT3 signaling in promoting tumor initiation and radioresistance
by inhibiting apoptosis and enhancing clonogenic potential.° JAK2 was reported to be predominately overexpressed in
the stem cells of colorectal cancer, which leads to STAT phosphorylation, particularly STAT3. The direct binding of
STAT3 to the cyclin D2 (CCND2) promoter increased CCND2 expression which is required for persistent growth of
cancer stem cells (CSC). This suggests that JAK2/STAT3/CCND?2 signaling could serve as potential biomarkers and
therapeutic targets for improving outcomes of patients with colonic cancer.®

Numerous reports indicated that gastrin induces epithelial-mesenchymal transition (EMT) in colonic cancer by the
activation of JAK2/STAT3, while oncostatin induces EMT in tubular epithelial cells by GP130-mediated activation of the
JAK2/STAT3 pathway.**°*! Based on the mice model study, a consistently enhanced phosphorylated STAT3 (p-STAT3)
and total STAT3 has been shown in colonocytes from infected mice as the STAT pathway is presumed to be activated by
infection, which promotes epithelial cancer. There was also a huge variation in the distribution of STAT3 and p-STAT3 in
the colon between control and experimental groups.*?

Agents such as salidroside, through inhibition of JAK2 and STAT3 phosphorylation and inhibition of metastasis of
colon cell lines (SW1116), act as potential therapeutic target for human colonic cancer treatment.*> Similarly, another
agent called berberine inhibits invasion and metastasis of colorectal cancer cells via the cyclooxygenase 2/prostaglandin
E2 (COX2/PGE2)-mediated JAK2/STAT3 pathway.®® Besides, agents such as hispidulin represses JAK2/STAT3 activa-
tion in colorectal cancer via the downregulation of the provirus integration site for Moloney murine leukemia virus
(PIM1) expression since JAK2/STAT3 functions as an upstream signaling regulator of PIM1 expression.®® The hispidu-
lin-dependent inhibition of JAK2/STAT3 signaling, which is mediated by downregulation of PIM1 expression, is by
generating ROS in colorectal cancer.®?

Furthermore, eriocalyxin B has been suggested as a potential therapeutic target for human colonic cancer treatment by
inhibiting JAK2/STAT3 pathway in SW116 cells.** The sirtuin 6 (SIRT6) downregulation, partly due to the upregulation of
miR-34c-5p, also promotes colorectal cancer growth via activation of the JAK2/STAT3 pathway, and SIRT6 was found to be
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the most likely biomarker for predicting the prognosis of colorectal cancer. Thus, targeting the miR-34c-5p/SIRT6/JAK2/
STAT3 regulatory axis could be a promising strategy for colonic cancer treatment.®> A more recent in vitro study has
confirmed that a novel selective compound NSC13626 can be used for the treatment of colorectal cancer cells by inhibiting
cell growth, arresting cell cycle in the S phase, and downregulating phosphorylation of STAT3 in the JAK2/STAT?2 pathway.*®

Ovarian Cancer
Three ovarian cancer cell lines, including invasive CAOV-3 cells and the more invasive, aggressive OVCAR-3, and
SKOV-3 cells, have been identified.®” It has been suggested that JAK2 might be one of the key upstream activators of
STAT3 which upregulates Bcl-xL in CAOV-3 ovarian cancer cells. The phosphorylation of JAK2 leads to the
upregulation of Bcl-xL and phosphorylation of STAT3 in ovarian cancer cells, particularly in CAOV-3 cancer cell
lines. Thus, aberrant activation of JAK2/STAT3 signaling shows a significant impact on the survival of ovarian cancer
patients.®®

Although further analysis is required, suppression of the JAK2/STAT3 pathway is thought to be an approach worth
considering in the treatment of ovarian cancer, especially chemotherapy-resistant clear cell type.®®”’® Agents such as
niclosamide are known to have an antitumor effect by inhibiting the JAK2/STAT3 pathway. In addition, Western blot
analysis revealed the downregulation of p-STAT3 and x-linked inhibitor of apoptosis (XIAP) proteins, and increased
expression of cleaved-poly ADP-ribose polymerase (PARP) by treating with niclosamide in a dose-dependent
manner.®”’% It has also been observed that AG490 alone, and with cisplatin, reduces the upregulation of Bcl-xL as
well as the phosphorylation of STAT3, which ultimately induces apoptosis in ovarian cancer cell lines.”""?
Esophageal Squamous Cell Cancer (ESCC)
JAK2/STAT3 signaling is required for the cancer stem cell (CSC)-promoting effect of acylglycerol kinase (AGK).
A study has reported that JAK2/STAT3 activation is responsible for the enhancing effect of AGK on the CSC population
(tumorigenicity) in ESCC in vivo.?* B7-H4, which is highly expressed in three ESCC cell lines, Ecal09, TE1, and TE13,
plays a critical role in promoting cell proliferation through B7-H4/STAT3/IL-6 positive feedback stimulation. The B7-
H4 silence dampened IL-6 secretion through JAK2/STAT3 pathway inactivation, which accounted for ESCC cell
proliferation inhibition as well as apoptosis induction. An agent called tocilizumab has been shown to be a novel
inhibitor of B7-H4 expression.”> Furthermore, it has been identified that a unique microtubule inhibitor, named
MPTOBO09S8, displayed a novel mechanism to inhibit JAK2/STAT3 activity through SOCS3. The combination of
MPTO0B098 with STAT3 inhibitors, 5-FU, or cisplatin offers a synergistic effect to become a useful therapeutic strategy
for ESCC.™*

Lung Cancer

Aberrant expression of the JAK2/STAT3 pathway has also been involved in lung CSCs and can promote cancer initiation.
JAK2/STAT3 signaling mediates lung cancer cell metastasis through the activation of the miR-26a-5p-JAK2/STAT3
pathway.”> STAT3 is predominantly activated by JAK2-dependent phosphorylation of Y705 in non-small cell lung cell
lines (NSCLC) possibly by mutations and inhibition of mitogen-activated protein kinase kinase (MEK) and EGFR.
Besides, the JAK2/STAT3 activation promotes angiogenesis through VEGF and basic fibroblast growth factor (bFGF)
expression in NSCLC.”® The JAK2/STAT3 pathway might be a promising therapeutic target for lung cancer treatment.
Agents such as curcumin and antrocin are targeted on the suppression of stem-like traits of lung cancer cells via
inhibition of JAK2/STAT3.”” Moreover, a study done by Liu and co-workers reported that INCB018424 reversed the
increased p-JAK2 and p-STAT3Tyr705 protein levels in lung cell lines.”®

Gastric Cancer

Anomalous STAT3 activation has been linked with the development, progression, and angiogenesis of gastric cancer.”® It
has been reported that JAK2 and STAT3 proteins are expressed at higher levels in all gastric cancer cell lines, and the
JAK2/STAT3 axis was demonstrated as a novel signaling pathway.*® The G17 promotes gastric cancer cell proliferation
via CCK2R-mediated JAK2/STAT3/PI3K/Akt-dependent COX-2 induction.®' Based on the findings in animal studies,
SIRT6 inhibits JAK2/STAT3 pathway activation in gastric cancer cells in addition to their suppressive role on the growth

Journal of Inflammation Research 2022:15 hetps: 1357

Dove:


https://www.dovepress.com
https://www.dovepress.com

Mengie Ayele et al Dove

of SGC7901 cells. Hence, SIRT6 can serve as a promising biomarker and therapeutic target for gastric cancer patients.””
A novel small, potent molecular agent, called OPB-31121, has been reported to selectively inhibit constitutive activation
of STAT3 in the JAK/STAT signaling pathway in gastric cancer cells.*> Moreover, isocryptotanshinone has been reported
to have a more potent inhibitory effect on STAT3 in gastric cancer, which inhibits the proliferation, expression of cell
cycle, and apoptosis of gastric cancer cells in a dose- and time-dependent manner.®?

Cervical Cancer

Besides its involvement in carcinogenesis, the JAK2/STAT3 signaling that mediates growth arrest can be essential in the
clinical development of a new therapeutic approach in chemotherapy of cervical cancer. A study by Zhang and
colleagues showed that the synergistic action of axitinib and AG490 enhances the antitumor effect via VEGFR2/
JAK2/STAT3 signaling-mediated EMT in cervical cancer in vitro.** Another study demonstrated that propofol inhibits
cervical cancer cell viability, potentiates the inhibitory effect of cisplatin to cervical cancer cell growth, while it enhances
the anti-tumor effect of cisplatin via EGFR/JAK2/STAT3 pathway-targeted disruption.®

Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is the most prevalent malignant tumor of the liver, accounting for more than 80% of all
liver cancers, and the fourth leading cause of cancer-related death globally.*® In vivo and in vitro experimental studies
were done on JAK?2 knockout liver cancer cell lines and determined the key signaling pathway regulated by JAK2 for
liver cancer progression. It has been observed that activation of the JAK2/STAT3 pathway is a common mechanism by
which inflammation leads to liver carcinogenesis and serves as a potent promoting factor driving liver tumor formation.®’
Particularly, the IL-6/JAK2/STAT3 pathway is aberrantly activated and leads to the dysregulation of downstream target
genes that control survival, angiogenesis, stemness, immune surveillance, invasion, and metastasis. Pumpkin polysac-
charide-induced apoptosis in HepG2 cells is mediated by the JAK2/STAT3 signal transduction pathways, and therefore
this pathway may be considered one of the therapeutic options for HCC.® Thus, JAK2/STAT3 signaling pathways play
a direct role in the progression of liver cancer and is possibly a potential target for future therapeutic clinical approach.
Recently, it has been reported that WP1066, pacritinib, cryptotanishinone, and ruxolitinib are JAK2/STAT3 inhibitors
under clinical trials for their relevance in HCC treatment.

Cholangiocarcinoma

Cholangiocarcinoma, which comprises intrahepatic and extrahepatic cholangiocarcinoma, is one of the aggressive
malignancies of the biliary tract.”®°! In different experimental models, prolactin, IL-6, EGF, and HGF mediated
activation of the JAK2/STAT3 cascade and were found to induce carcinogenesis in cholangiocarcinoma tissues and
cell lines.’**? Prolactin participates in the stimulation of rat bile duct cell proliferation and cholangiocyte regulation of
bile water—salt balance, using JAK2/STAT3 as the main signaling pathway.’>** Prolactin receptor expression in human
cholangiocarcinoma samples is much higher than in normal cholangiocytes, indicating that the prolactin/JAK2/STAT3
pathway is involved in its development.”? Furthermore, leptin-mediated induction of JAK2/STAT3 signaling may be
involved in cholangiocarcinoma development, although further investigation is needed.”

Cholangiocarcinoma development is also associated with elevation of the systemic plasma IL-6 level, which activates
STAT3 proteins forming homodimers.”® In cholangiocarcinoma, sustained IL-6/JAK2/STAT3 signaling and enhanced
Mcl-1 expressions are linked with at least partial epigenetic SOCS3 silencing.”” The hepatocyte growth factor (HGF)-
induced receptor tyrosine kinase c-Met signaling activates STAT3 phosphorylation, which enhances matrix dissociation,
motility of epithelial cells, and invasiveness of tumor cells. In cholangiocarcinoma patients, serum HGF levels are
elevated, suggesting that this may increase the invasiveness of tumor cells.”®*” Recent breakthroughs in the development
of hormonal and cytokine inhibitors like prolactin and IL-6 suggest that they could be useful in the treatment of
cholangiocarcinoma.'*%'"!

Prostate Cancer
Recent Western blotting data revealed that p-STAT3 protein expression decreases significantly with AG490 and S31-201
treatment and thus suppressed prostate cancer cells growth.'®® Zerumbone exerts anticancer effects against hormone-
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refractory DU145 prostate cancer cells, possibly mediated through inhibition of aberrant IL-6/JAK2/STAT3 signaling

axis, and improves the sensitivity of paclitaxel and other anticancer drugs in DU145 cells.'%

Melanoma

The JAK2/STAT3 signaling pathway also plays a critical role in the tumorigenesis of human melanoma. There is
a strikingly increased STAT3 acetylation in melanoma tissues when compared with normal skin specimens.
Immunohistochemical analyses of human skin cancer tissues also showed that STAT3 acetylation was elevated in
malignant areas compared with normal tissue areas.” The JAK2/STAT3 pathway was observed to serve as a potential
molecular target for potent anti-melanoma therapeutics by inducing cell apoptosis. Amentoflavone analogues and
atractylenolide were tested and reported to inhibit the phosphorylation of JAK2 and STAT3 in human melanoma cells
but had no discernible effect on total JAK2 and STAT3 levels.'**!'%5

Renal Cell Carcinoma

Renal cell carcinoma (RCC) is a common malignant disease of the human urinary system and constitutes 90% of all
kidney cancers. An experimental study done by Hong et al showed that reduced JAK2/STAT3 activity contributes to the
ginkgetin-induced apoptosis in 786-O cells, which confirmed that ginkgetin is a promising therapeutic drug for RCC
patients.'°® The novel multitargeted tyrosine kinase inhibitor, sunitinib, is used as an antiangiogenic agent for the
treatment of several types of cancer, including metastatic RCC. Sunitinib inhibition of STAT3 has been shown to induce
tumor cell apoptosis and growth arrest in RCC while reducing immunosuppressive cells such as DCs and myeloid-

derived suppressor cells (MDSCs) in the animal model.""’

Bladder Cancer

Furthermore, studies have documented that Msi2 has an oncogenic role in the progression of bladder cancer, likely
through the activation of several signaling pathways but mainly by activating JAK2/STAT3 in bladder cancer cells,
driving EMT and tumor invasion.'®"'° Hindupur et al indicated that high STAT3 expression was detected in more than
half of the specimens from patients with invasive bladder cancer.'® The STAT3 inhibitors Stattic, SH-4-54, WP1066,
and nifuroxazide were observed to reduce the proliferation and increase the apoptosis of bladder cancer cells, possibly
through STAT3-mediated expression of anti-apoptotic proteins Bel-xL.'"'™''3 In addition to its promising results as
a novel monotherapy against bladder cancer, STAT3 inhibition has an additive effect when combined with the most
commonly used chemotherapeutic agents approved for bladder cancer, suggesting that this combination therapy could be
helpful in patients with STAT3-mediated chemoresistance.'” The JAK2 inhibitor AG490 has also been investigated in
bladder cancer with promising outcomes; however, Hindupur et al observed conflicting findings with the JAK inhibitors
ruxolitinib and BSK-805.'%%''

Glioblastoma

Glioblastoma, also called glioblastoma multiforme (GBM), is an aggressive type of cancer that starts in the astrocytes of
the spinal cord and brain.''* The JAK2/STAT3 pathway regulates many cellular processes in GBM, for instance, in the
survival, proliferation, invasion, anti-apoptosis, and immune evasion of the cells.!'® In the central nervous system, the
JAK2/STAT3 pathway is highly active during embryonic development. One mechanism through which the JAK2/STAT3
pathway is activated in GBM is through the upstream receptor of tyrosine kinases such as EGFR, which itself is highly
mutated in GBMs.''® The JAK2/STAT3 inhibitor, pacritinib, effectively suppresses patient-derived GBM brain tumor-
initiating cells in vitro and improves survival in an orthotopic xenograft model when used in combination with

temozolomide.'!”

Discussion

The field of JAK/STAT has developed from the discovery of the individual components three decades ago to high-
resolution molecular structures of both JAK and STAT, and an understanding of the complexities of the molecular
activation and inhibition of the pathway. This signaling pathway interacts with numerous cytokines and growth factors
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that result in complex, yet highly specific and regulated cellular responses. This article therefore comprehensively
reviews several recent publications to ease the understanding of this complex topic to readers.

Based on the existing evidence, our review appreciated how disruption and dysregulation of the JAK2/STAT3
pathway contribute to the development of a variety of solid tumors, although more research detailing the molecular
mechanism is required. Besides, the accumulated evidence indicated that the unabated JAK2/STAT3 activation mediates
standard chemotherapy resistance and may be associated with poor prognosis and less chance of survival in cancer
patients, urging a novel and better therapeutic intervention. Thus, the JAK2/STAT3 target-specific pharmacological
therapies are currently under clinical trials, with several already licensed for clinical use. Recently, there are some
approved JAK2/STAT3 targeted drugs that could be used as an alternative therapy and hold great promise for patients
with solid tumors. Notably, the JAK2/STAT3 inhibitors may offer more clinical benefits when they are considered in
conjunction with traditional cancer therapy, although their detailed antitumorigenic roles and efficacy in solid tumors
need to be further elucidated.

Current JAK2/STAT3 inhibitors, however, are not selective and may produce unwanted side effects due to the
extensive tissue expression and multifunctionality of the JAK2/STAT3 pathway. Targeting this pathway has pleiotropic
effects, making proof-of-concept difficult and increasing the likelihood of adverse outcomes. Hence, close monitoring of
side effects and toxicity for patients under JAK2/STAT3 targeted therapy may be required. Besides, it is believed that
increasing the selectivity of these inhibitors may reduce the side effects observed with current therapeutic options. We
look forward to the adoption of the next generation of JAK2/STAT3 targeted inhibitors which are more selective and
have fewer side effects (toxicity) in routine clinical treatment. In addition, we suggest that further investigations are
needed to improve clinical outcomes of the JAK/STAT targeted therapy and possible personalized treatments. Despite our
extensive effort to provide a comprehensive and up-to-date review regarding the role of JAK2/STAT3 signaling in
different human malignancies, this review covers only solid tumors, while this signaling pathway is critical in the
development and treatments of hematological malignancies.

Conclusion

In conclusion, a plethora of studies have demonstrated that the constitutively activated JAK2/STAT3 pathway is involved
in pathologies such as cancer and inflammation and that it promotes tumorigenesis, tumor growth, cancer cell survival,
and metastasis of solid tumors. Besides, there is considerable evidence that has revealed that the aberrantly active JAK2/
STAT3 pathway could also be implicated in mediating resistance to standard cancer therapies. This intriguing linkage of
the JAK2/STAT3 pathway to tumorigenesis confers novel targets in advance of chemotherapy and paves the way to
improved cancer therapy. Designing specific inhibitors against JAK and STAT proteins are showing promising results
that will undoubtedly bring new hope for the treatment of solid tumors. However, further in-depth investigations need to
be done for a detailed description of the molecular mechanism of JAK2/STAT3 in the progression of a wide range of
human malignancies and in resistance to the standard chemotherapy. Moreover, intensive researches have to be
conducted to demonstrate the efficacy of the JAK2/STAT3 targeted cancer therapy in combination with other standard
therapies prior to their clinical application as well as to discover additional novel anti-tumor agents targeting JAK2/
STATS3.
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