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Abstract

Inflammation is at the forefront of carcinogenesis, tumor progression and resistance to therapy. The Janus kinase 
(JAK)/signal transducer and activator of transcription (STAT) signaling axis is a central pathway that mediates the 
cellular response to inflammation and contributes to carcinogenesis. The JAK/STAT pathway coordinates intercellular 
communication between tumor cells and their immune microenvironment, and JAK/STAT activation leads to the expression 
of a variety of proteins involved in cell proliferation, cell survival, stemness, self-renewal, evasion of immunosurveillance 
mechanisms and overall tumor progression. Activation of JAK/STAT signaling also mediates resistance to radiation therapy 
or cytotoxic agents and modulates tumor cell responses to molecularly targeted and immune modulating drugs. Despite 
extensive research focused on understanding its signaling mechanisms and downstream phenotypic and functional 
consequences in hematological disorders, the importance of JAK/STAT signaling in solid tumor initiation and progression 
has been underappreciated. We highlight the role of chronic inflammation in cancer, the epidemiological evidence for 
contribution of JAK/STAT to carcinogenesis, the current cancer prevention measures involving JAK/STAT inhibition and the 
impact of JAK/STAT signaling activity on cancer development, progression and treatment resistance. We also discuss recent 
therapeutic advances in targeting key factors within the JAK/STAT pathway with single agents and the use of these agents 
in combination with other targeted therapies and immune checkpoint inhibitors.

Introduction
Inflammation is a hallmark of cancer, and chronic inflammation is 
associated with ~15–25% of cancer cases or deaths worldwide (1,2). 
Inflammation has also been proposed to contribute to carcino-
genesis even without obvious signs of inflammatory conditions. 
Whether clinically evident or occult, inflammation is triggered by 
a large variety of factors, each of which is individually implicated 
in increasing the risk of cancer, including infection, injury, envir-
onmental exposures, autoimmune disorders and obesity.

Perhaps the best documented epidemiological evidence 
linking inflammation to cancer is within the digestive system, 
where inflammation caused by poor diet, certain gut microbiota 
and infection is prevalent. Unresolved inflammation caused by 
Helicobacter pylori infection contributes to ~75% of gastric cancers 
and certain lymphomas (3,4). Chronic inflammation associated 
with the autoimmune disorders ulcerative colitis and Crohn’s dis-
ease increases the risk of developing colon cancer (5). Accessory 
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digestive organs are also highly susceptible to inflammation-
related cancers. For instance, inflammation caused by chronic 
pancreatitis is associated with a higher risk of developing pan-
creas cancer (6). Hepatitis B or C infection increases the risk of 
hepatocellular carcinoma (7). Additionally, inflammation insti-
gated by dietary factors such as frequent alcohol consumption 
and exposure to aflatoxins contributes to esophageal cancer 
and hepatocellular carcinoma (7). Inflammation also instigates 
cancer development in tissues outside the gut. The most not-
able example is the respiratory system, where ~80–90% of lung 
cancers are attributed to smoking exposures. Carcinogenic 
toxins in tobacco smoke elicit genetic and epigenetic changes 
in the cells lining the airways, causing chronic inflammation. 
Cigarette smoke also contains reactive oxygen species that drive 
expression of pro-inflammatory genes. Lung cancer risk is also 
increased by other chronic inflammatory conditions including 
asbestosis, emphysema, asthma and chronic bronchitis (8).

Intrinsic factors are also in play. With the increased preva-
lence of obesity worldwide, much attention has been recently 
given to the pro-inflammatory environment produced by ex-
cessive adipose tissue. The relationship between obesity and 
various cancers, including non–Hodgkin lymphoma and tumors 
of the breast, colon, esophagus, liver, pancreas, gallbladder, 
kidney and uterine endometrium, is now firmly established (9). 
Thus, chronic inflammation is unmistakably an overarching 
element linked to cancer. Our improved understanding of the 
mechanistic underpinnings of chronic inflammation in cancer 
development has led to an increased awareness about cancer 
prevention, augmented our understanding of tumor biology and 
expanded research focused on improving cancer therapy.

Mediators of inflammation
Inflammation is marked by elevated levels of cytokines and other 
secreted factors, including interleukin (IL)-6, IL-8, interferon 
(IFN)γ, tumor growth factor (TGF)-β, tumor necrosis factor-α, 
vascular–endothelial growth factor and nitric oxide (NO), among 
others. These factors are upregulated in response to inflamma-
tion and perpetuate the pro-inflammatory environment, leading 
to increased oxidative stress and subsequent DNA damage. 
Additionally, they contribute to malignant transformation by 
altering gene expression, cell proliferation, cellular senescence, 

cell survival and angiogenesis. Once cancer develops, IL-6 and 
IL-8, among others, are secreted by tumor infiltrating immune 
cells, e.g. tumor-associated macrophages, as well as other cells 
within the tumor microenvironment (TME), such as adipocytes, 
stromal fibroblasts and the tumor cells themselves (10,11). The 
secreted cytokine cascades propagate systemic and intratumor 
feed-forward loops, further amplifying the pro-inflammatory 
and pro-tumorigenic environment (12), as detailed below.

When a cell recognizes external pro-inflammatory signals, 
a number of downstream signaling pathways are activated. For 
example, the nuclear factor-kappaB pathway is activated in nu-
merous immune and epithelial cell types in response to external 
inflammation or antigens (e.g. IL1, lipopolysaccharides), which 
then drives cell proliferation and cell survival by upregulating 
genes involved in inflammation and cancer development (13). 
Hypoxia inducible factors also play an essential role in this pro-
cess. Inflamed tissue causes local oxygen concentrations to de-
cline, leading to activation of hypoxia inducible factors in the 
hypoxic tissues. Hypoxia inducible factors induce upregulation 
of pro-tumorigenic signals, including tumor growth and metas-
tases (14). One of the best recognized pro-tumorigenic signaling 
hubs that perpetuates this pro-inflammatory environment is 
the Janus kinase (JAK)/signal transducer and activator of tran-
scription (STAT) pathway, the topic of this review.

JAK/STAT signaling pathway and its 
regulation
JAK/STAT is an evolutionarily conserved and central pathway 
required for proper cellular function. Our knowledge of this 
pathway has been mostly gained from early studies on the im-
mune system. Globally speaking, JAK/STAT links diverse extra-
cellular signals to a wide variety of specific cellular responses, 
including cell proliferation, motility, survival, apoptosis, inflam-
mation, self-renewal, suppression of antitumor immune re-
sponse, stress response and other responses depending on the 
target tissue (Figure 1). The direct external activators include the 
pro-inflammatory IL-6 family of cytokines such as IL-6, IL-11, 
IL-31 and Oncostatin M (OSM), as well as the non-IL-6 family 
cytokines, such as IL-8, IL-10, IL-21, IL-32 and IFNγ. STATs can 
also be activated by various receptor tyrosine kinases (RTKs), 
including the human epidermal growth factor receptor (EGFR/
HER/ErbB) and vascular–endothelial growth factor R (15), as well 
as G-protein-coupled receptors, other cytokine receptors such 
as growth hormone receptors, toll-like receptors, non-RTKs 
including the Src kinases and other cytoplasmic kinases such 
as protein kinase C (16). JAK/STAT relays this large variety of 
signals from the external cellular environment to elicit the in-
tended cellular response.

In contrast to RTKs, the cell surface receptors that directly 
activate the JAK/STAT pathway generally lack catalytic activity. 
However, once the ligand engages with its receptor, additional 
proteins are recruited, and in effect, the activated receptor 
complex acts as an RTK. The proteins recruited share some 
common themes but there are distinct differences depending 
on the receptor. The receptor then undergoes a conformational 
change and induces the recruitment of subunits. For IL-6R, this 
subunit is the β-receptor glycoprotein 130 (gp130) homodimer. 
Engagement of the β-receptor subunit then leads to activation 
of one or more members of the receptor-associated JAK family, 
of which there are four (JAK1, JAK2, JAK3 and Tyk2). The en-
gaged JAK proteins then trans-phosphorylate each other as well 
as phosphorylate certain tyrosine residues on the cytoplasmic 
tail of the receptor complex. These tyrosine-phosphorylated 
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subunits provide a high-affinity docking site for a domain on 
STAT proteins, called SRC homology 2 (SH2), which also serves 
as a docking site for proteins in other downstream pathways, 
including PI3K/AKT, RAS/RAF/MEK/MAPK, and more recently 
identified, Hippo/YAP (17).

STAT proteins themselves are among the most potent and 
conserved transcription factors. The family comprises seven 
members (STAT1, 2, 3, 4, 5a, 5b and 6), all of which are typically 
located in the cytoplasm when inactive. Because the STAT pro-
teins share similar structural arrangement of their functional 
motifs, knowledge from one member may generally be applied 
to the others, although differences in their structure, expression 
levels, subcellular localization and others contribute to distinct 
and sometimes divergent cellular responses. For the purposes 
of this review, we will not only focus on the common themes 
across the family members but also provide a few protein-
specific examples. STATs are activated by phosphorylation on 
a C-terminal tyrosine residue. Once activated, STAT dissociates 
from JAK, undergoes stable dimerization, translocates to the 
nucleus, binds to specific palindromic DNA elements and regu-
lates the expression of hundreds of target genes (Figure 2). The 
best known palindromic DNA elements recognized by many of 
the STAT proteins are often called the IFNγ-stimulated response 
element sites.

JAK/STAT signaling from the receptor to the nucleus is a 
simple design, but as with other pathways that appear simple 
(18), the wide diversity of cellular effectors and outcomes are 
compounded by 60 or more cytokines and growth factors chan-
neling into this pathway, and the large set of non-overlapping 
downstream gene signatures. This complexity is further broad-
ened because both JAK and STAT proteins have additional func-
tions. For example, STAT3 can localize to the mitochondria to 
promote oxidative phosphorylation and membrane perme-
ability, whereas JAKs phosphorylate histones (16). The intriguing 
question becomes how are cell-type and context-dependent 
specificities achieved when so few pathway members are re-
sponsible for coordinating the intended response?

One answer lies with evidence that subtle changes in ex-
pression of specific JAK/STAT pathway proteins cause qualita-
tive differences in the efficiency, intensity or duration of STAT 

signaling, which can be calibrated with the receptor activated 
(16). For example, oscillating levels of STAT1 and STAT4 dictate 
responsiveness to cytokines in CD8+ T cells and NK cells (19,20), 
whereas changes in STAT5 availability profoundly influence 
T-cell functions (21). In addition, the ligands or intracellular pro-
teins activating JAK/STAT can engage one or more JAK and/or 
STAT proteins, which guides the magnitude and direction of re-
sponses. For example, IL-12 plays a distinct role in cell-mediated 
immune responses by inducing Th1 differentiation of CD4+ T 
cells through STAT4 activation (22). However, IFNα also activates 
STAT4 in the same cells, so pathway specificity cannot be entirely 
explained by STAT4 activation. Type I and II IFNs underpin both 
innate and adaptive antitumor immune responses in which the 
availability of cellular STAT1, along with the activation of STAT3, 
STAT4 and STAT5, facilitates crucial pathway crosstalk (23). The 
differential cellular responses are also dictated by (i) nuances in 
optimal DNA binding elements for the various STAT proteins, (ii) 
a complex combination of post-translational modifications, (iii) 
subcellular localization of STATs, (iv) recruitment of cell-type or 
context-dependent co-activators and (v) epigenetic modulation 
of target genes (24,25).

JAK/STAT signaling can also execute epigenetic changes that 
modulate gene expression, such as association of STAT2 with 
HDAC1, acetylation of STAT3 by the histone acetyltransferase 
p300/CBP, and recruiting DNA methyltransferase 1 (DNMT1) 
to gene promoters. STAT5 recruits histone methyltransferase 
EZH2, which is linked to tumor-associated immune suppres-
sion (25). Notably, STAT5 represses BMI1, a key component of 
the polycomb repressor complex 1 (PRC1) that controls cellular 
self-renewal (26). BMI1 regulates tissue stem cells and is a key 

Figure 1.  Pathways activating JAK/STAT signaling. The JAK–STAT pathway is ac-

tivated by diverse receptors, including those for IL-6 and IL-6 family cytokines, 

RTKs, G-protein-coupled receptors, toll-like receptors (TLRs), hormone receptors 

and the intracellular kinases, Src and protein kinase C. Activated STAT induces 

a genetic program that promotes various cellular processes that are depicted 

in the lower part of the diagram, including cancer therapy resistance, inflam-

mation, apoptosis, cell motility, immunosurveillance, stemness, survival, stress 

response and cell proliferation.

Figure 2.  Schematic representation of STAT3 activation and its pathways. STAT3 

is activated when IL-6 binds the IL-6 receptor, which triggers the recruitment of 

a gp130 homodimer and JAK, followed by a series of phosphorylations, leading 

to activation of STAT. Activated STAT dimers translocate to the nucleus, bind 

to specific DNA elements and induce the transcription of STAT target genes. 

Phosphorylated JAK also leads to activation of the RAS/RAF/MEK/ERK and PI3K/

AKT pathways. The negative regulators of the pathway include SHP1, SOCS, 

PTPNs, DUSP22, PTPRT, PTPRD and PIAS. JAK/STAT signaling can also be attenu-

ated by secretion of soluble IL-6R (sIL-6R), which binds extracellular IL-6.
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target in tumor stem-like cells as it mediates the clonal progres-
sion of multiple solid tumors (27), connecting stem cell signaling 
to JAK/STAT-mediated activities.

Negative regulators of JAK/STAT signaling

As with any cellular pathway, the mechanisms attenuating or 
inhibiting JAK/STAT signaling are just as important as those that 
activate it. The specific negative regulators can vary depending 
on which JAK and STAT proteins are involved. The four main 
classes of negative regulators of IL6–JAK–STAT3 pathway are 
(i) certain phosphatases, (ii) suppressors of cytokine signaling 
(SOCS) proteins, (iii) protein inhibitor of activated STAT (PIAS) 
proteins and (iv) soluble IL6 receptors (12). Since phosphoryl-
ation and dephosphorylation processes play opposing roles, pro-
tein tyrosine phosphatases (PTPs) are critical negative regulators. 
Protein phosphatases participate at multiple levels of control, 
from the point of surface receptors to the STAT proteins them-
selves (Figure 2). For example, PTP non-receptor type 2 (PTPN2) 
is a tumor suppressor that dephosphorylates RTKs and SRC kin-
ases, thus blocking upstream STAT3 activation (28). Other PTPs 
more directly regulate STAT3 activation, including PTPN1, PTPN6, 
PTPN9, PTPN11 (encodes SRC homology-2 domain containing 
phosphatase, SHP2) and dual specificity protein phosphatase 22 
(DUSP22). The tumor suppressors PTPRD and PTPRT were dem-
onstrated to dephosphorylate STAT3 itself (29,30). Under basal 
conditions, JAK1 and JAK2, among other proteins, can phos-
phorylate SHP2, limiting the activation of STAT in the absence of 
cytokine signaling. SOCS and SHP2 proteins suppress STAT acti-
vation by directly interacting with the kinase domain of JAK or 
by binding to the tyrosine phosphorylated gp130 subunit (31). As 
for PIAS proteins, they control the degree and duration of STAT3 
activation by inhibiting STAT3 transcriptional activity and regu-
lating its degradation (15). An additional layer of negative control 
may involve the trans-signaling JAK/STAT pathway (12). There is 
evidence that a single-nucleotide polymorphism (SNP) alterna-
tive splicing, or protein cleavage of IL-6R can produce a secreted 
soluble form (sIL-6R). Although the precise consequences are de-
bated, sIL-6R can bind extracellular IL-6 and, in some circum-
stances, reduce the cis-signaling of JAK/STAT in cells expressing 
IL6R on the cell surface. Cells can also secrete sgp130, allowing 
it to bind the IL-6/sIL-6R complex. The newly formed IL6/sIL6R/
sgp130 complex can then activate the trans-signaling JAK/STAT 
pathway, even in cells not expressing IL-6R (17). However, the 
increased levels of sIL-6R/sgp130 might buffer the system by 
blocking systemic low-grade IL-6 effects (32). Clearly, the built-in 
checks and balances controlling JAK/STAT signaling suggests that 
tight control is needed for normal physiology, and dysregulation 
of the pathway can lead to unwanted cellular consequences.

JAK/STAT pathway in cancer
JAK/STAT is among the top 12 signaling pathways aberrantly 
regulated in cancer. In solid tumors, persistent phosphorylation 
of STAT1, STAT3 and STAT5 has been shown in breast, lung, liver 
and head and neck cancers, generally mediated by upregulated 
cytokine levels in both autocrine and paracrine manners, and 
by an enhanced expression of cytokine receptors (33). Whether 
overexpressed cytokines and their receptors contribute as pri-
mary driver(s) of malignant transformation has been conten-
tious. However, it is largely accepted that upregulated JAK/STAT 
signaling via these mechanisms contributes to cancer aggres-
siveness by increasing ‘stemness’ or enhancing tumor pro-
gression through the induction of an epithelial–mesenchymal 
transition, as recently reviewed (34).

For many cancer types, including ovarian, cervical, lung, pros-
tate, skin, breast, brain, head and neck and colorectal cancers 
(CRCs), heightened JAK/STAT signaling is also associated with a 
worse prognosis, including increased risk for recurrence, and re-
duced overall survival (35,36). An IFNγ signature, associated with 
JAK/STAT signaling, contributes to prostate cancer health dis-
parities in the African American (AA) population, with increased 
risk of aggressive cancer and higher incidence, worse patho-
logical subtypes and higher mortality rates when compared 
with European Americans (37). Persistent activation of JAK/STAT 
generates an IFN response (38) and therefore induces an IFN-
related DNA damage resistance signature (IRDS) of biomarkers, 
which is detected in glioblastoma (39), and in breast or pros-
tate cancers more prevalently in AA than European American 
patients (40,41). Ongoing studies from our groups are evaluating 
the effects of modulating JAK/STAT signaling on IRDS expres-
sion in various tumor and TME cell types, and the potential clin-
ical use of IRDS targets for identifying patients with increased 
sensitivity to immune checkpoint blockade (ICB) therapy.

Somatic mutations in JAK/STAT pathway genes have been 
recognized as cancer drivers. Activating JAK mutations are 
found primarily in hematological cancers but also in some 
non-hematological cancers (17,42). The most highly studied 
mutation is JAK2V617F, which leads to constitutive JAK2 activa-
tion via destabilization of the pseudokinase domain, preventing 
its autoinhibitory function on the kinase domain. We recently 
reported non-recurrent JAK2 mutations in non-small cell 
lung cancer (NSCLC), which were found throughout the gene. 
Intriguingly, JAK2 mutations were four times more common in 
NSCLCs from AAs than European Americans (43,44). These mu-
tations were not the result of clonal hematopoiesis, suggesting 
they were tumor-specific (43). Their functional consequences 
are areas of intense ongoing studies.

STAT3 is the most commonly mutated STAT in cancer (17). 
As with JAK2, STAT3 mutations are prevalent in hematological 
tumors but also found in various solid tumors (17). Activating 
STAT3 mutations cluster in the SH2 domain, crucial for STAT3 
dimerization. These mutations increase the hydrophobicity of 
the homodimerization region, causing STAT3 to dimerize more 
readily, and promoting its nuclear localization and DNA binding 
(45). Mutations in the STAT3 phosphatases, PTPRD and PTPRT, 
were reported by Jennifer Grandis’ and Timothy Chan’s groups 
and were implicated in aberrant activation of STAT3 in head and 
neck cancers and glioblastoma (29,30). We recently reported the 
presence of PTPRT mutations in ~25% of lung adenocarcinomas 
from AAs as compared with only 7% of tumors from European 
Americans (43), further supporting a population-associated dif-
ference in JAK/STAT aberrations in NSCLC (46,47). It is important 
to note that, as with kinases, phosphatases also have multiple 
targets. PTPRT dephosphorylates paxillin, resulting in activation 
of the PI3K/AKT pathway, and PTPRT mutations inhibit T-cell 
adhesion in CRC (48). The JAK/STAT pathway can also be con-
stitutively activated by RTK mutations such as activating EGFR 
mutations or by constitutive activation of non-RTKs such as 
SRC family kinases. Activating gp130 mutations have been ob-
served in over half of inflammatory hepatocellular adenomas 
developed in cirrhotic livers (49), whereas in hepatocellular car-
cinoma, rare gp130 mutations were found to be accompanied by 
beta-catenin-activating mutations (50), suggesting a cooperative 
mechanism of these signaling pathways in hepatocellular car-
cinoma. Regardless of the mechanism, our increased knowledge 
about dysregulated JAK/STAT signaling has led to expanded 
studies aimed to better understand the impact of the pathway 
on cancer development.
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The biological role of STATs in the carcinogenic process has 
been delineated by the use of genetic mouse models and im-
mortalized cell lines. Notably, since STAT3, STAT5a and STAT5b 
are expressed in most cell types and are activated by various 
ligands, and other STATs play specific roles in host defenses, de-
letion of STAT3 leads to embryonic lethality, whereas deletion 
of STAT5a and STAT5b leads to developmental and immune de-
fects, respectively, in mice (51). STAT3 was first proposed to be 
an oncogene based on evidence that a constitutively dimerized/
activated form can transform immortalized mouse and rat fibro-
blasts, measured by their ability to grow into tumors in nude 
mice (52). In the classical mouse skin model of multistage car-
cinogenesis, where chemical initiators and promoters are dir-
ectly applied to the skin, John DiGiovanni’s group determined 
that STAT3 is upregulated and constitutively activated. The pri-
mary mechanism causing STAT3 activation in this model was 
through EGFR, and STAT3 was required during both the initi-
ation and promotion stages of skin carcinogenesis in vivo (53,54).

Although hyper-activated STAT3 is generally associated with 
tumor progression (12), there is also context-related evidence 
that STAT3 can act as a tumor suppressor. For example, STAT3 is 
a negative regulator of intestinal tumor progression in Apc(Min) 
mice (55). Moreover, inactivation of STAT3 increased tumor for-
mation and progression in the KrasG12D mouse model of lung 
adenocarcinoma. In this model, STAT3 inhibited IL-8-mediated 
myeloid-derived tumor infiltration, tumor vascularization and 
hence tumor progression (56). An additional layer of complexity 
that awaits further investigation is that STAT1 and STAT3, though 
sharing common activating stimuli, displaying high sequence 
homology, and interacting frequently as heterodimers, can still 
play opposing roles. Although STAT3 generally promotes a pro-
tumorigenic role, STAT1 enhances immunosurveillance, trig-
gering an antiproliferative and pro-apoptotic response in tumor 
cells. The relative abundance of STAT1 or STAT3 may determine 
their relative activation levels and biological effects in response 
to common activating stimuli (57).

Epidemiological evidence for JAK/STAT signaling in 
carcinogenesis

In addition to characterized somatic mutations, certain germline 
variants in JAK/STAT pathway genes are associated with cancer. 
In a large case–control study of CRC, SNPs in JAK2, SOCS2, STAT1, 
STAT3, STAT5A, STAT5B, STAT6 and TYK2 were significantly asso-
ciated with CRC, and many of these SNPs were associated with 
CRC survival (58). Of note, the association between several SNPs 
and CRC was modified by aspirin/NSAID use or smoking status 
(58), suggesting an interaction between inflammation and the 
SNPs. Likewise, in a large case–control study of breast cancer, 
11 SNPs in JAK1, JAK2 and STAT3 were significantly associated 
with breast cancer, modified by menopausal status or body-
mass index. In this study, SNPs in the JAK/STAT pathway were 
also significantly associated with breast cancer-specific survival, 
and these associations were modified by NSAIDs/aspirin use 
and smoking status, further suggesting a connection between 
JAK/STAT and lifestyle factors in contributing to cancer (59). 
These gene–environmental interactions highlight the potential 
of using genetics to guide behaviors in cancer prevention strat-
egies and further highlight the impact of inflammation-related 
pathways on cancer development. It is conceivable that similar 
to how the rs6983267 SNP in chromosome 8q24 was proposed as 
a biomarker for aspirin use to reduce risk of developing CRC (60), 
chemoprevention recommendations could be tailored by certain 
JAK/STAT pathway SNPs in CRC and breast cancer.

Inhibition of the JAK/STAT3 pathway for 
cancer prevention
As detailed throughout this review, JAK/STAT signaling integrates 
signals from a wide variety of inputs to upregulate hallmarks of 
cancer development, including cell growth, differentiation and 
survival. Thus, inhibition of JAK/STAT has been postulated as a 
cancer prevention strategy, mostly through the exploration of 
natural agents, such as phytochemicals. Certain phytochemicals 
from diverse plant origins have shown promise in exerting 
chemopreventive effects, at least partly, through attenuating 
JAK/STAT activation (61). For example, Resveratrol, a polyphenol 
found in berries, grapes and peanuts, is a potent inhibitor of 
SRC, STAT1 and STAT3 (62). Chalcones, flavonoids found in cer-
tain fruits and vegetables, have promising chemopreventive 
activity due to their antioxidant and anti-inflammatory effects 
(63). Chalcones prevent STAT3 phosphorylation in endothe-
lial cells exposed to IL6 (64). Polyphenols extracted from green 
tea have been the subject of cancer prevention studies since 
before the turn of the century (65). They are also found in cer-
tain fruits and vegetables, and they protect intestinal epithelial 
cells from inflammation by blocking JAK1 and STAT1 activa-
tion (66). It is important to note that although phytochemical 
natural compounds are well known for their non-toxic effects 
under physiological conditions and are good candidates for 
dietary supplements, they are highly unselective. Thus, the 
mechanisms by which they exert their chemopreventive effects 
are probably to be multifactorial. For example, Resveratrol also 
inhibits IGF2, induces AKT1 activation, causes cell cycle arrest 
by activating p38 MAPK and promotes apoptosis by inducing 
cleavage of caspase-3 (67). Despite their wide range of targets, it 
would be worthwhile to systematically test JAK-STAT pathway-
targeting phytochemicals in carefully controlled human trials to 
assess their cancer prevention capabilities.

Targeting JAK/STAT for cancer therapy
Given the central roles of JAK/STAT in cancer, great effort has 
been put into exploring JAK/STAT inhibitors for cancer therapy. 
Targeting JAK or STAT proteins with RNA interference (RNAi) or 
molecularly targeted compounds has been extensively studied, 
and the different types of JAK and STAT inhibitors were re-
cently reviewed elsewhere (68). JAK/STAT inhibition is clin-
ically effective in certain hematological conditions such as 
myeloproliferative disorders and diffuse large B-cell lymphoma 
(12,69), where activating JAK/STAT mutations are prevalent. 
Initial findings in epithelial cancer cell lines or mouse tumor 
xenografts have been promising, where JAK/STAT3 abrogation 
induced marked apoptosis and inhibited cell proliferation (69). 
In view of the encouraging pre-clinical data, many JAK/STAT in-
hibitors are being tested in phase I and II clinical trials in un-
selected patients with solid tumors such as brain tumors and 
melanomas. However, the outcome of trials on JAK or STAT in-
hibitors as single agents has been unsatisfactory, primarily due 
to toxicities and/or a lack of efficacy (12,69). As the field develops 
more specific inhibitors of the pathway, these new compounds 
might perform better, with fewer off-target or other-on-target 
effects. Notably, the trials on JAK/STAT pathway inhibitors in 
solid tumors were performed on unselected patients, and they 
did not report the oncogenic driver mutations; thus, it is unclear 
if the compounds are effective in the subset of tumors with 
activating JAK/STAT pathway mutations or additional genetic 
subsets of tumors. The need to select patients is particularly 
relevant for AAs with NSCLC, who have a higher prevalence of 
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JAK2 and PTPRT mutations (43). Given the speed by which JAK/
STAT inhibitors are being developed and optimized for hema-
tological disorders, it is worthwhile not only to examine them 
more carefully in selected solid tumors across mutational back-
grounds but also to examine how they impact the steady states 
between different STATs and STAT-mediated actions, which 
could provide unique therapeutic opportunities.

Role of JAK/STAT3 in cancer resistance and 
combination therapies

JAK/STAT pathway activation is a known mechanism of therapy 
resistance. An unanswered question is whether JAK/STAT in-
hibition in combination with other therapies would be effective 
in certain patients. DNA damage and genotoxic stress caused 
by standard chemotherapy or radiotherapy evokes an inflam-
matory response, leading to STAT3 activation. The subsequent 
cytokine and chemokine upregulation promotes therapy re-
sistance and increases the risk of tumor recurrence (70,71). 
Moreover, inflammation caused by necrotic cells from surgery 
or chemoradiotherapy promotes the acquisition of stem-like 
features in tumor cells through STAT3 activation (34). There 
has been increasing evidence from in vitro and animal studies 
that JAK or STAT inhibitors sensitize tumor cells to cytotoxic 
chemoradiotherapy, a topic reviewed in detail elsewhere (71,72).

STAT3 activation contributes to intrinsic and acquired re-
sistance against an increasing number of targeted therapies 
in oncogene-addicted solid tumors. Targeted therapies against 
oncogenic drivers are generally effective initially, but the treated 
tumors eventually develop adaptive or acquired resistance, re-
sulting in recurrence. A key example is in NSCLC, where patients 
with a RTK inhibitor (TKI)-sensitive, activating EGFR mutation 
are eligible for TKI-directed therapy. EGFR-mutant lung tumors 
respond well initially to these TKIs, but acquire resistance, after 
a median of 9–19 months, depending on the drug used (73–75). 
A potential strategy to delay or prevent the development of ac-
quired resistance is to combine the initial TKI treatment with 
a compound that inhibits intrinsic or adaptive resistance, to 
eliminate surviving cells that would later develop acquired re-
sistance. Jeff Settleman’s group determined that many TKI treat-
ments can induce STAT3 activation through IL-6/JAK1 and FGFR/
PI3K (70). Activated STAT3 was a key factor contributing to the 
resistance to TKIs, because knock-down or inhibition of STAT3 
restored sensitivity to TKIs (70). The same group observed a 
similar trend in tumors with other oncogenic drivers, such as 
HER2, ALK and MET. When tumor cells were treated with a TKI 
or MEK inhibitor, it engaged a positive feedback loop to activate 
STAT3, which limited the overall drug response. Their seminal 
report suggested that the co-inhibition of the oncogenic driver 
and STAT3 could prevent or delay the development of acquired 
resistance and potentially prolong progression-free survival. 
These data have been supported by other groups (76). Moreover, 
STAT3 can be activated by signaling through RTKs and PI3K, in-
dependently of JAK1/2, further supporting the combination of 
TKIs with STAT3 inhibitors.

SHP2 (encoded by PTPN11) is a negative regulator of JAK/STAT 
and is required for RAS-mediated RTK activation (77). SHP2 in-
hibitors were presented as a viable therapeutic option for RTK-
driven cancers but were ineffective in KRAS-mutant tumors (78). 
PTPN11 knockout profoundly inhibited tumor development in 
KRAS-mutant models of pancreatic ductal adenocarcinoma and 
NSCLC. Deletion or inhibition of SHP2 in established tumors only 
delayed tumor progression but synergy was observed when both 
SHP2 and MEK were targeted in patient-derived organoids and 
xenografts of pancreas and lung cancer, therefore presenting 

dual SHP2/MEK inhibition as a potentially targeted therapy for 
KRAS-mutant cancers (79). In unselected patients, clinical trials 
have unsurprisingly not been as encouraging. Combination 
of EGFR inhibitors with the JAK1/2 inhibitor ruxolitinib in two 
clinical trials was ineffective in NSCLC patients. In this setting, 
ruxolitinib was administered to recurrent tumors, after acquired 
resistance to the TKI had already developed (80,81). A  clinical 
trial in previously untreated EGFR-mutant lung cancer would 
directly test if JAK/STAT3 inhibition prevents or delays tumor 
progression.

Role of JAK/STAT3 in cancer immunotherapy

A timely, yet unanswered question is whether immuno-
therapy combined with JAK/STAT3 pathway inhibitors would 
be an effective therapeutic option for select cancer patients. 
Programmed cell death-1 (PD-L1) is a member of the family of 
immune checkpoint proteins that inhibits the T-cell response. 
When PD-L1 is expressed on the surface of tumor cells, it binds 
with PD-1 receptors on nearby activated T cells, leading to the 
inhibition of cytotoxic T cells and reduction of the antitumor re-
sponse within the TME (Figure 3). Immune checkpoint inhibi-
tors (ICIs), such as those targeting PD-1, act by re-engaging the 
antitumor T-cell response (82). PD-L1 is a STAT3 target gene, and 
STAT3 activation is associated with high PD-L1 expression in nu-
merous cancer types (83,84). In addition, increased IL-6 secretion 
caused by activated STAT3 results in the recruitment of myeloid-
derived suppressor cells and shifts the Th1/Th2 balance toward 
a Th2 phenotype, further suppressing the actions of antitumor 
cytotoxic T cells (Figure 3). Frameshift JAK1 mutations observed 
in prostate, urinary and endometrial cancers have been linked 
to altered immune cells in the TME, and the JAK2V617F mutation 
observed in NSCLC has been linked to alterations in tumor cell 
PD-L1. Alternatively, in melanoma, JAK1 and JAK2 inactivating 
mutations correlated with PD-L1 loss in the TME, resulting from 
dampened IFN signaling, which might contribute to these pa-
tients’ poor response to ICIs (85).

An obvious question is, what impact would JAK/STAT3 in-
hibitors have on ICB therapy efficacy? Targeting JAK or STAT3 

Figure 3.  JAK/STAT3 activation induces a tumor immunosuppressive micro-

environment. STAT3 increases expression of PD-L1, which suppresses the ac-

tion of cytotoxic T cells. Upregulated secretion of IL-6 caused by activated 

STAT3 recruits myeloid-derived suppressor cells to the TME and suppresses 

the antitumor immune response. IL-6 shifts the Th1/Th2 balance toward a Th2 

phenotype, further supporting a tumor immunosuppressive environment.



H.E.Sabaawy et al.  |  1417

could have a synergistic antitumor effect with ICIs (83), partly 
because the same immune checkpoint pathway is hit twice by 
two different mechanisms. The JAK/STAT3 pathway also regu-
lates the immune TME independently of PD-L1. For example, 
activated STAT3 attenuates dendritic cell differentiation, which 
decreases CD8 T-cell activation (86). Consistent with this no-
tion, activation of JAK/STAT by prolonged IFNγ signaling might 
contribute to adaptive resistance to ICIs, and blocking IFNγ 
signaling can restore responses to ICIs, at least in part by ex-
panding distinct T-cell populations (87). A few trials addressing 
this important point are ongoing, including a trial in metastatic 
CRC combining pembrolizumab with BBI-608, a compound that 
attenuates STAT3 activation (88).

JAK/STAT pathway inhibition has the potential to improve 
responses to other types of immunotherapy. For example, chi-
meric antigen receptor (CAR) T-cell therapy is a promising 
cancer immunotherapy that has been successful in leukemia 
and lymphoma and is being explored in solid tumors. An un-
fortunate side effect of CAR T-cell therapy is cytokine release 
syndrome, with an abundant secretion of cytokines including 
IFNγ and IL-6. The JAK1 inhibitor, itacitinib, reduced or even pre-
vented cytokine release caused by CAR T cells, in both in vitro 
and in vivo models (89), and a phase II clinical trial combining 
itacitinib with CAR T-cell therapy is ongoing (NCT04071366).

Paradoxically, loss of PD-L1 expression caused by JAK/STAT 
inhibition could reduce the efficacy of PD-1 inhibitors. When the 
JAK/STAT pathway is intact, IFNγ provides signals to cancer cells 
to inactivate antitumor T cells by the adaptive expression of 
PD-L1 (82), thereby specifically escaping their cytotoxic effects. 
Antoni Ribas’ group recently reported that loss-of-function al-
terations in JAK1/2 occurred in cases of acquired resistance to 
anti-PD1 therapy (pembrolizumab) in melanoma (90). This may 
be explained by a lack of adaptive PD-L1 expression from the loss 
of response to IFNγ signaling (91). JAK/STAT pathway alterations 
might also impact other ICB therapies. Loss of JAK2 by genomic 
deletion in melanoma was identified in non-responders to the 
anti-CTLA-4 therapy, ipilimumab, suggesting JAK2 loss and con-
sequential loss of IFNγ response is associated with primary re-
sistance to anti-CTLA-4 therapy (92). Thus, combining STAT3 
inhibitors with ICB and/or sequential treatment strategies merit 
additional and extensive pre-clinical investigations.

The crosstalk between different STATs in the context of 
cancer therapy also requires further consideration. In the pres-
ence of specific TME, different stimuli can modulate the relative 
intensity and duration of activation of STAT1 and STAT3 levels, 
thus providing a favorable microenvironment for neoplastic 
transformation and growth. STAT1 blocks tumor cell cycle pro-
gression and inhibits angiogenesis, therefore triggering, in most 
cases, antiproliferative and pro-apoptotic responses in tumor 
cells. STAT3’s role in promoting tumor metastasis and therapy 
resistance continues to emerge, as does the impact of STAT3 as 
a suppressor of immune cell function in the TME. Many of the 
inflammatory mediators produced by tumor cells upon STAT3 
inactivation are typically STAT1 targets (e.g. CXCL10, CCL5 and 
ICAM1), suggesting that reciprocal regulation between STAT3 
and STAT1 may occur in tumors. Additionally, IFNβ activates 
STAT1 and STAT2, which form a complex with IRF9 to create the 
transcription factor complex ISGF3. IFNβ/P-ISGF3 signaling was 
shown to induce mesenchymal-to-epithelial transition, differen-
tiation into a less aggressive epithelial state, reduced migratory 
potential and reduced tumor sphere forming capabilities (93). 
Importantly, IFNβ and OSM/STAT3 signaling pathways strongly 
oppose one another. OSM represses the transcription of IFNβ, 
thereby eliminating autocrine and paracrine IFNβ-mediated 

activation of ISGF3 in both tumor and immune cells (93). STAT5 
is also essential for many immune cell functions and activated 
STAT5 dampens antitumor immune function through CD4+/
CD25+T-regs, a subset of T cells that contribute to tumor pro-
gression and metastasis (94). Systemic suppression of STAT5 ac-
tivity could undermine NK cell-mediated tumor immunity and 
promote tumor progression (95). Therefore, reducing the aber-
rant activation of STAT5 without complete ablation or specific 
suppression of STAT5 in immune-suppressive T-reg cells could 
prove beneficial. Furthermore, activating STAT1 and STAT2 
within the TME cells could prevent metastasis and enhance the 
therapeutic efficacy of ICBs.

Concluding remarks
Chronic inflammation plays a complex role in driving tumori-
genesis. The JAK/STAT signaling pathway is a major nexus 
that bridges inflammation with cancer. The large repertoire of 
ligands and receptors triggering JAK/STAT signaling, the nu-
merous pathways that JAK/STAT signaling interacts with, and 
the hundreds of related STAT target genes lay a strong testa-
ment to the importance of coordinating JAK/STAT signaling. 
Numerous pre-clinical and molecular characterization studies 
revealed that the JAK/STAT pathway is a central contributor to 
tumor initiation and progression. Epidemiological evidence also 
supports the role of the JAK/STAT pathway in carcinogenesis. 
Since JAK or STAT inhibitors are routinely used to treat a variety 
of inflammatory conditions (96), including to possibly mitigate 
COVID-19 symptoms (97), an unresolved question in the field is 
whether inhibition of JAK/STAT decreases cancer risk. Despite 
the very promising pre-clinical data in cancer cells or xeno-
grafts, the outcome of clinical trials on JAK/STAT inhibitors as 
single agents has been disappointing because of poor efficacy or 
toxicity. The intricacies of the JAK/STAT signaling could be better 
deciphered by utilizing (i) advanced single-cell analyses to re-
solve heterogeneity and integrated signaling redundancies in 
tumor, immune and other stromal cell subsets at the resolution 
of individual cells (98); (ii) modeling of clonal and TME inter-
actions using patient-derived models (99); and (iii) rigorously 
devised patient selection criteria in precision medicine clin-
ical trials to identify more effective and synergistic therapies. 
Perhaps a feasible approach to target JAK/STAT signaling will in-
clude a combinatorial targeted therapy, particularly now that we 
are empowered by a more in depth understanding of tumor het-
erogeneity and knowledge of the intrinsic signaling redundancy 
mechanisms. With the recent advances in immunotherapy, 
combining ICB with JAK/STAT inhibition may be pursued with 
caution, by carefully considering the pleotropic impact of JAK/
STAT signaling on the tumor and its microenvironment.
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