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Introduction: Aberrant JAK-STAT Signaling  
in Tumors

The JAK-STAT pathway is an important oncogenic signaling 
cascade that consists of the Janus kinase (JAK) family of non-
receptor tyrosine kinases and the signal transducer of activator 
of transcription (STAT) family of transcription factors.1 Under 
physiological conditions, the ligand-dependent activation of the 
JAK-STAT pathway is transient and tightly regulated. However, 
in most malignancies, STAT proteins and particularly STAT3, is 
aberrantly activated (tyrosine phosphorylation) in the majority 
of cancers.2,3

A number of malignancies have been associated with genetic 
abnormalities that lead to increased STAT3 expression/activation 
(epithelial and hematopoietic). For example, somatic gain-of-
function mutations within the extracellular domain (D2) of the 
gp130 receptor chain resulted in the hyperactivation of the recep-
tor, the consequent phosphorylation of STAT3 and the develop-
ment of inflammatory hepatocellular adenoma.4 Other cancers 
display somatic mutations in the STAT3-inactivating phospha-
tases T and δ, whereas the epigenetic silencing of SOCS3—a 
negative regulator of STAT3—is observed in many epithelial 
cancers.5,6 Constitutively activating mutations within the STAT3 
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Persistent JAK-STAT3 signaling is implicated in many aspects 
of tumorigenesis. Apart from its tumor-intrinsic effects, STAT3 
also exerts tumor-extrinsic effects, supporting tumor survival 
and metastasis. These involve the regulation of paracrine 
cytokine signaling, alterations in metastatic sites rendering 
these permissive for the growth of cancer cells and subversion 
of host immune responses to create an immunosuppressive 
environment. Targeting this signaling pathway is considered 
a novel promising therapeutic approach, especially in the 
context of tumor immunity. In this article, we will review to 
what extent JAK-STAT3-targeted therapies affect the tumor 
microenvironment and whether the observed effects underlie 
responsiveness to therapy.
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gene (exon 21; SH2 domain) have also been identified in large 
granular lymphocytic leukemias,7 whereas aberrant activation of 
the JAK2 kinase—an upstream activator of STAT3—has also 
been directly implicated in several hematopoietic malignancies 
and myeloproliferative disorders, primarily due to genetic abnor-
malities (somatic activating mutation) in the JAK2 kinase (V617F 
exon 12) or in the thrombopoietin receptor (MPL) resulting in 
STAT3/5 hyperactivation.8

However, the most common mechanism mediating STAT3 
tyrosine phosphorylation in malignancies of epithelial origin is 
via increased/sustained IL-6 (family)/gp130 signaling.9,10 Indeed, 
the induction of IL-6 expression is positively regulated in a feed-
forward loop resulting in the amplification of this pathway.10 
NFκB, Notch and S1PR1 signaling are also positive regulators 
of IL-6 expression and are frequently co-expressed with activated 
STAT3 in cancers,11,12 whereas the aberrant signaling of other 
“oncogenic” pathways, such as EGFR, HER2, Ras and Rho can 
also result in increased IL-6 production and subsequent STAT3 
activation.13-15

Other positive regulators of the JAK-STAT3 pathway within 
the tumor stroma include IL-10, IL-21, IL-22, IL-27, IL-1β, 
TNFα, CCL2 (which also promote a pro-inflammatory micro-
environment), G-CSF, leptin, the PI3K/mTOR/PTEN pathway, 
the receptor tyrosine kinases MET and EGFR and the non-
receptor tyrosine kinases Abl, Src and Syk.16,17 In addition to 
tyrosine phosphorylation, STAT3 can also be serine phosphory-
lated within its transcriptional activation domain, acetylated, 
methylated, sumoylated and ubiquitylated, which alters its stabil-
ity, transcriptional activation and nuclear localization.18 Negative 
regulators of the JAK-STAT pathway comprise the SOCS pro-
teins, the protein tyrosine phosphatases LMW-DSP2, TC-PTP, 
PTPRD, SHP1 and SHP2.6,19,20 Thus, the regulation of STAT3 
activation in cancer is the result of the crosstalk between onco-
genic signaling pathways, and redundancies in these give rise to 
persistent STAT3 activation.

Role of JAK-STAT3 Signaling in Tumorigenesis

The JAK-STAT3 signaling has been regarded as a critical reg-
ulator of tumorigenesis. Indeed, the strength and duration of 
STAT3 activation and the formation of feed-forward signal-
ing loops within the tumor stroma are major determinants of 
cytokine responses and the arising cellular functions that pro-
mote tumor growth.21,22 Some of the tumor-intrinsic functions 
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inflammation, increased cytokine production and eventually 
to de novo tumorigenesis29 or targeted expression in the blad-
der or skin leading to mutagen induced invasive cancer.30,31 
Additionally, STAT3C expression in conjunction with the Her2-
neu oncogene enhanced metastasis.32 Mice expressing mutant 
forms of the gp130 receptor (gp130Y757F) resulting in STAT3 
hyperactivation, developed gastric adenomas and lymphopoi-
esis.33 In contrast, mice deficient for STAT3 in specific cell types 
do not develop oncogene- or mutagen-induced cancers and/
or develop less aggressive cancers.34,35 Furthermore, in studies 
using KRAS-driven mouse models of PDAC (pancreatic duc-
tal adenocarcinoma), it was revealed that STAT3 inactivation 
suppressed PDAC formation via multiple mechanisms affecting 
both the tumor cells and the tumor stroma, such as inhibition of 
macrophage recruitment, a decrease in inflammatory infiltrates 
and expression of pro-inflammatory cytokines, such as IL-6 
and LIF.36,37 The observation that silencing of STAT3 in many 
cancer-derived cell lines had marginal effects on in vitro cellular 
growth, but a significant reduction on in vivo tumor growth38,39 
suggest a dominant tumor-extrinsic role for STAT3. Indeed, 
STAT3 serves as a principal mediator of the crosstalk between 

of activated STAT3 include: differentiation, cancer stem cell 
expansion/survival (WNT5A, CD44 and jagged), proliferation 
(stimulates transcription of cyclin D1, cdc2, c-myc, cyclinB1, c-jun, 
c-fos and greb1), apoptosis (upregulates the expression of the pro-
survival Bcl-2, Bcl-xL, Mcl-1, Bcl-w and Survivin transcripts) 
and response to hypoxia and cellular metabolism (HIF1α, Glut1, 
Hsp70, Hsp90, p21 and Cdc2).3,16,23 The JAK-STAT3 pathway 
also regulates tumor-extrinsic aspects of tumorigenesis includ-
ing: angiogenesis (regulates transcription of VEGF and HIF1α), 
endothelial cell survival and neo-vascularization, immune cell 
infiltration, mesenchymal cell activation and finally progression 
to metastasis24,25 (Fig. 1). Activated STAT3 has also been recently 
found to regulate the expression of miRNAs (e.g., miR-200c, 
Let-7, miR-21, miR-181b-1 and others), which globally regulate 
the expression of numerous transcripts involved in inflammation 
and tumorigenesis.26-28

Much of the evidence supporting the pivotal role of acti-
vated STAT3 in tumorigenesis arises from studies involving 
the overexpression of activated STAT3 or its specific deletion. 
For example, inducible expression of a constitutively activated 
form of STAT3 (STAT3C) in the lungs resulted in chronic 

Figure 1. The role of activated STAT3 and its molecular targets in tumorigenesis.
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which in turn can transcriptionally regulate IL-6 expression.12,42 
Additionally, targeting other oncogenic pathways may effectively 
reduce IL-6 levels, which in turn can modify the tumor micro-
environment. For example, the Ido1 gene was disrupted in mouse 
models of lung and breast cancer, revealing a reduction in tumor 
burden that was associated with decreased IL-6 levels and an 
impairment of MDSC function.46

pSTAT3 expression and other cell types in tumor microen-
vironment. There is increasing evidence that links IL-6/STAT3 
to the functional properties of the cells that form the tumor 
microenvironment (Fig. 3). For example, contrary to normal 
fibroblasts, cancer-associated fibroblasts (CAFs) released high 
levels of IL-6 and CCL2 upon STAT3 activation in co-cultured 
breast cancer cells, promoting cancer stem cell renewal and 
mammosphere forming capacity.47 Cancer-associated adipocytes 
were also found to promote breast tumor radioresistance via an 
increase in IL-6 expression,48 while aggressive breast tumors (cor-
relating with the number of lymph nodes involved) expressed 
higher IL-6 levels in tumor-surrounding adipocytes, which in 
turn modified the cancer cell characteristics/phenotype to a 
more aggressive behavior with a greater migratory and invasive 
potential.43 Tumor-associated endothelial cells were also found 
to regulate STAT3 tumor-promoting responses. For example, 
soluble mediators from primary human dermal microvascular 
endothelial cells promoted phosphorylation of STAT3, Akt and 
ERK in a panel of head and neck squamous cell carcinoma cells; 
via an increase in IL-6, IL-8 and EGF expression in endothelial 
cells.49

In addition to the prominent role of activated STAT3 in 
the function of tumor-associated mesenchymal cells (fibro-
blasts, adipocytes and endothelial cells) in tumorigenesis and 
metastatic progression, emphasis should also be placed on the 
tumor-extrinsic role of STAT3 in promoting the creation of an 

tumor cells and the cells that constitute the tumor microenvi-
ronment, promoting an immunosuppressive microenvironment 
with tumor-enhancing properties.

JAK-STAT3 Signaling  
in the Tumor Microenvironment

pSTAT3 expression and paracrine cytokine expression. There 
is growing evidence supporting the role of STAT3 in the regu-
lation of the molecular processes shaping the tumor microenvi-
ronment as well as the function of the cells that constitute it. 
Immunohistochemical and immunofluorescent approaches 
used to examine the intensity, distribution and number of cells 
expressing activated STAT3 have revealed significant heterogene-
ity within the tumor stroma, as the highest pSTAT3 levels are pri-
marily located on the leading edge of tumors in association with 
stromal, immune and endothelial cells40 (Fig. 2). Phosphorylated 
STAT3 expression in cells that constitute the tumor stroma is 
now recognized as a critical contributor to cancer pathogenesis 
and response to therapy.

It has been hypothesized that the observed heterogeneity in 
pSTAT3 expression results from paracrine sources of IL-6 from 
cancer-associated fibroblasts, adipocytes or myeloid cells on the 
edge of the tumors and in metastatic sites.41-43 Significantly, IL-6 
is a central regulator of a network of autocrine and paracrine 
cytokines and growth factors such as IL-8, CCL5, CCL2, CCL3, 
IL1-β, GM-CSF, VEGF and MCP-1 that are overexpressed in 
the tumor microenvironment promoting malignant growth and 
metastasis.44,45 Furthermore, the paracrine expression of IL-6 
by tumor-associated cells can also induce the autocrine produc-
tion of IL-6 and thus increased pSTAT3 expression by tumor 
and stromal cells, suggesting the presence of autocrine-paracrine 
amplification loops, as IL-6 promotes STAT3 phosphorylation, 

Figure 2. Immunohistochemical (A) and immunofluorescent (B) images showing localization of activated STAT3 (red) on the edge of human breast 
tumors in association with myeloid (CD33+, green) cells.
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cells (PD-L1 is an inducer of toler-
ance and a negative regulator of anti-
tumor immunity).55 STAT3-mediated 
IL-10 secretion was found to promote 
the formation of M2-macrophages. It 
has also been demonstrated that M2 
macrophages regulate breast cancer 
stem cell function, via a novel EGFR/
STAT3/Sox-2 paracrine signaling 
pathway, further supporting STAT3’s 
participation in regulation of the 
tumor microenvironment.56

STAT3 activation prevents anti-
tumor immunity. STAT3’s role in 
preventing the initiation of anti-tumor 
responses is most evident from STAT3-
deletion studies. Specifically, inac-
tivation of STAT3 in hematopoietic 
cells revealed an anti-tumor response, 
which involved the activation of den-
dritic cells, T cells and natural killer 
(NK) cells, resulting in the suppres-
sion of tumor growth and metastasis 
in multiple syngeneic tumor models.57 
Analogous studies of STAT3 inacti-
vation in myeloid or T cells potently 
augmented effector functions of adop-
tively transferred T cells,58 while the 

prophylactic administration of breast cancer cells transfected 
with STAT3Y705 (a dominant-negative STAT3 vector) inhib-
ited primary tumor growth in vivo by triggering an anti-tumor 
immune response that involved the participation of CD4+ 
T cells and cytotoxic NK cells.59 The therapeutic immunization 
of these cells resulted in the inhibition of tumor growth, promo-
tion of tumor cell differentiation and decreased metastasis. The 
genetic or pharmacologic disruption of STAT3 in malignant 
B cells (MCL-bearing mice) augmented their immunogenicity, 
leading to increased activation of antigen-specific CD4+ T cells 
and activation of anti-lymphoma immunity in vivo,60 whereas 
the deletion of STAT3 in myeloid cells or in vivo targeting of 
STAT3 in tumor-associated myeloid-derived suppressor cells 
and B cells resulted in enhanced CD8+ T cell responses, acti-
vation of tumor-associated monocytes and dendritic cells, with 
tumor regression.61 Moreover, deletion of STAT3 in myeloid 
cells or in vivo targeting of STAT3 in TLR9+ cells, such as DCs, 
MDSCs and B cells, by synthetically linking a STAT3 siRNA 
to a CpG oligonucleotide agonist of TLR9, resulted in enhanced 
CD8+ cell-mediated responses and an anti-tumor response.62 
STAT3-deficient myeloid derived suppressor cells also failed 
to promote the formation of vessel-like structures in vitro, due 
to the reduction in the levels of the STAT3-dependent pro-
angiogenic factors VEGF, bFGF, IL-1β, MMP-9, CXCL2 and 
CCL2,25 suggesting that the tumor immune microenvironment 
also regulates tumor angiogenesis with STAT3 playing a key role 
in this process.

immunosuppressive microenvironment and abrogating anti-
tumor responses. The quality and quantity of immune-cell infil-
trates within the tumor stroma has been described to determine 
the clinical course and response to therapy. Indeed, aberrant 
STAT3 expression in cancers has been associated with both the 
quantity and quality of immunosuppressive tumor-promoting 
myeloid-derived suppressor cells (MDSCs) and Th17 cells, 
while reducing DCs and minimizing anti-tumor responses.16 For 
example, IL-6, IL-10 and VEGF activate STAT3 and STAT3 
hyperactivation conversely enhances myeloid-derived suppres-
sor cell numbers and activity in tumor bearing hosts and blocks 
the differentiation and expansion of functional dendritic cells.50 
IL-6 and STAT3 are also required for Th17 cell differentiation, 
which in turn sustains inflammation via the secretion of the 
IL-17 and IL-23 cytokines and are responsible for the secretion 
of the angiogenic factors VEGF and TGFβ in fibroblasts and 
endothelial cells. The secreted IL-17 and IL-23, in turn, stabilize 
the Th17 phenotype, demonstrating the presence of STAT3-
dependent feed-forward loops within the microenvironment 
of the tumor stroma.51,52 STAT3-mediated IL-23 production 
(IL-23α/IL-23β heterodimers) promotes the inhibition of effec-
tor T-cell proliferation,53 while IL-27, a member of the IL-6/
IL-12 family of cytokines was found to activate STAT3 stimu-
lating the generation of the tumor-promoting IL-10-producing 
type 1 regulatory T cells via the suppression of RANKL expres-
sion.54 STAT3 was also recently demonstrated to positively 
regulate PD-L1 expression on tolerogenic antigen-presenting 

Figure 3. The STAT3-dependent cytokine network as a regulator of cellular interactions with the 
tumor stroma.
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STAT3 dimerization, as well as antisense oligonucleotides and 
small inhibitory RNAs that inhibit STAT3 transcription and 
translation.69 Although many of these compounds have shown 
reasonable specificity to disrupting STAT3 function, few of them 
have been developed clinically because of the high concentrations 
required to impart their effects. A promising direction may be in 
the development of double-stranded decoy oligonucleotides that 
act as STAT3-competitors to binding to target genes which have 
been developed clinically for head and neck cancers.70 Moreover, 
there are clinically tested and available molecules described to 
act as inhibitors of STAT3-dependent transcription. For exam-
ple, nifuroxazide, a drug used for the treatment of diarrhea, was 
found to reduce pSTAT3 levels in multiple myeloma via inhi-
bition of JAK2 and Tyk2.71 Similarly, pyrimethamine, which is 
used for the treament of malaria, was described to inhibit STAT3 
activity and myeloma growth and is presently in clinical trials for 
the treatment of chronic lymphocytic leukemia (CLL) and small 
lymphocytic leukemia.72

JAK inhibitors. The use of JAK inhibitors has been shown 
to be clinically effective in the treatment of myeloproliferative 
disorders.73 Additionally, JAK inhibitors (JAK1, JAK2, JAK3 
and combinations) are currently in clinical trials (phases I and II) 
for the treatment of solid tumors (clinicaltrials.gov). Pre-clinical 
studies have shown that inhibitors specific to JAKs decreased the 
in vivo growth of a number of different cancer models includ-
ing pancreatic, brain, colorectal, gastric, liver, lung, ovarian and 
breast cancer.39,74 These studies revealed a critical role of JAK1/2 
and STAT3 activation in shaping the tumor-promoting micro-
environment, including a reduction in tumor angiogenesis, 
reduced recruitment of tumor-promoting myeloid cells and a 
reduced metastatic potential.38 These findings further underscore 
the notion that the contribution of the JAK-STAT3 pathway in 

Therapeutic Targeting of the JAK-STAT3 Pathway

Given the importance of the JAK-STAT3 pathway in the promo-
tion of tumorigenesis via tumor-intrinsic and -extrinsic effects, 
many attempts are currently under development in order to tar-
get this pathway therapeutically (Table 1). It is hypothesized that 
targeting STAT3 will significantly reduce the immunosuppres-
sive nature of the stroma and thus, may complement the exist-
ing forms of cancer therapy. Current attempts to target the IL-6/
JAK-STAT3 pathway include the clinical use of IL-6 and IL-6 
receptor blocking antibodies, the use of specific STAT3 inhibi-
tors and JAK inhibitors.

IL-6 blockade. IL-6 is considered as a therapeutic target 
in several types of cancer.63 Pre-clinical testing of IL-6 ligand-
binding antibodies and IL-6R blocking antibodies resulted in 
significant tumor growth inhibition either alone or in combina-
tion to chemotherapy.45 Clinically the IL-6 ligand-blocking anti-
body CNTO-328 is currently tested in phase I/II clinical trials 
in transplant-refractory myeloma and castrate-resistant prostate 
cancer.64,65

STAT3 inhibitors. Attempts to find direct inhibitors of 
STAT3 have focused on the development of agents that target 
the SH2 domain in order to prevent STAT3 phosphorylation 
and/or dimerization. For example, targeting the SH2 domain 
of STAT3 with a novel small molecule decreased the percent-
age of breast cancer tumor-initiating cells (CD44+/CD24-/low and 
ALDH+) as well as mammosphere formation.66 Similarly, the 
STAT3 SH2-binding proteins LLL12, 31 and 32, inhibit STAT3 
phosphorylation and induce apoptosis in medulloblastoma and 
glioblastoma cells, human hepatocellular as well as pancreatic 
and breast cancer cells.67,68 Other direct inhibitors of STAT3 
include peptidomimetics, designed small molecules that target 

Table 1. IL-6/JAK-STAT3 inhibitors

Inhibitor/drug Target Indication Status

CNTO-136, CNTO-328 IL-6 Myeloma, lupus, prostate cancer Phase II

REGN-88 IL-6 receptor Rheumatoid arthritis Phase I

Tocilizumab IL-6 receptor Rheumatoid arthritis FDA approved

TG101348 Pan JAK Myeloproliferative neoplasms Phase II

INCB18424 (Ruxolitinib) JAK1/2 and Tyk2 Myeloproliferative neoplasms FDA approved

AZD1480 JAK1/2 Solid tumors; hematologic malignancies Phase II

INCB28050 JAK1/2 Rheumatoid arthritis Phase II

CYT387 JAK1/2 Myeloproliferative neoplasms Phase II

SB1518, SB1578 JAK1/2 Myeloid/lymphoid malignancies Phase II

AEG41174 JAK2/BCR-ABL Hematologic malignancies Phase I

LY2784544 JAK2 Myeloproliferative neoplasms Phase I

AC-430 JAK2 Myeloproliferative disorders Phase I

BMS-911543 JAK2 Myeloproliferative disorders Phase II

CP690550 JAK3 Rheumatoid arthritis Phase III

AT-9283
JAK2/3

Aurora kinase A/B, ABL

Solid tumor

Myeloid malignancies
Phases I–II

CEP-701 (lestaurtinib) JAK2, FLT3, TrkA/B Myeloproliferative malignancies Phases I–II

STAT3 decoy STAT3 DNA competitor Head and neck cancer Phase 0
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of tumors with cytotoxic drugs (doxorubicin, paclitaxel) and 
radiation therapy induce necrosis, production of inflammatory 
mediators (e.g., IL-6) and the recruitment of immune cell infil-
trates potentially attenuating their therapeutic efficacy.78 Thus, 
the use of JAK inhibitors is hypothesized to mitigate the inflam-
matory response and thus increase the overall efficacy of these 
therapies.

Future Perspectives

We propose that the therapeutic use of IL-6/JAK-STAT3 inhibi-
tors in cancers holds significant promise through the induction of 
tumor cell death, inhibition of crosstalk between tumor cells and 
stroma with a reduction in angiogenesis, suppression of tumor-
promoting and therapy-induced inflammation. We consider that 
the simultaneous targeting of several “hallmarks” of cancer and 
the optimization of relevant combination therapies will lead to 
improved clinical responses.
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tumorigenesis extends beyond its documented effects on tumor 
cell proliferation and survival. Its implication in shaping the 
tumor microenvironment and the underlying tumor-promoting 
inflammatory responses suggest the potential application of JAK 
inhibitors as a therapeutic approach in virtually all cancers that 
are driven by a pro-inflammatory microenvironment. As the 
therapeutic use of JAK inhibitors is still under investigation, their 
exact molecular mode of activity remains to be thoroughly inves-
tigated. It is still unclear whether inhibition of JAK proteins can 
trigger the initiation/presence of an active anti-tumor response 
(activation of dendritic cells, M1 monocytes, or anti-tumor effec-
tor T cell subtypes). Moreover, as no noted tumor regression was 
evident after JAK inhibitor administration in solid tumors, the 
presence of complementary mechanisms cannot be excluded.

Combinatorial therapies. Considering the pivotal role of the 
immune microenvironment of the tumor in disease promotion, 
the simultaneous targeting of key pathways, such as STAT3 and 
NFκB in immune cells may hold therapeutic potential. Efforts 
are made toward using inhibitors of the JAK-STAT3 path-
way—particularly JAK inhibitors—as a therapeutic approach in 
combination with standard forms of cytotoxic chemotherapies. 
Although many in vitro studies have demonstrated that con-
comitant inhibition of the JAK-STAT3 pathway with cytotoxic 
chemotherapies can promote apoptosis in a variety of cancer-
derived cell lines, few in vivo studies have been performed sup-
porting these in vitro findings. As a consequence, combinatorial 
therapies involving the use of JAK inhibitors are currently under 
development.75,76 For instance, in gliomas, the percentage of 
pSTAT3-expressing cells resistant to anti-angiogenic therapy 
was found to be elevated. The concomitant administration of 
the JAK inhibitor, ADZ1480 with cediranib (a VEGFR inhibi-
tor) was demonstrated to significantly reduce tumor volume and 
microvascular density via reduced tumor hypoxia and infiltration 
of VEGF inhibitor-induced pSTAT3-macrophages.77 Treatment 
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