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In recent years, it has become clear that members of the signal transducer and acti-

vator of transcription (STAT) family of genes play an important role in cancer. The

STAT family consists of seven genes, STAT1-4, STAT5A, STAT5B and STAT6, that are

involved in regulating cellular proliferation, apoptosis, angiogenesis and the immune

system response. Constitutive activation of STAT3, via mutational changes, is impor-

tant in oncogenesis in both solid and hematopoietic cancers. In the case of

hematopoietic neoplasms, STAT3 driver mutations have been described in T-cell

large granular lymphocytic (T-LGL) leukemia and chronic natural killer lymphoprolif-

erative disorders (CLPD-NK) and are seen in 30%-40% of T-LGL leukemia patients.

STAT5B is also mutated in T-LGL leukemia and CLPD-NK, but in a much smaller

proportion. Here we review past and current research on STAT genes in hemato-

poietic and solid cancers with emphasis on STAT3 and STAT5B and their roles in the

pathogenesis of hematopoietic malignancies, particularly T-LGL leukemia and CLPD-

NK.

K E YWORD S

CLPD-NK, JAK-STAT pathway, STAT3, STAT5B, T-LGL leukemia

1 | INTRODUCTION

The STAT family, encompassing 7 members (STAT1-4, STAT5A,

STAT5B and STAT6), has been studied widely and has many differ-

ent biological functions, including roles in cell differentiation, prolif-

eration, inflammation and apoptosis. These proteins participate in

the pathogenesis of many inflammatory, autoimmune and neoplastic

diseases due to their involvement in diverse signaling events down-

stream of cytokines, interleukins (IL-6, which is part of the IL-6 sig-

naling pathway, is the most important activator of STAT3) and

growth factor receptors.1 They operate both as cytoplasmic signaling

proteins and as nuclear transcription factors with a diverse set of

target genes, including oncogenes and tumor suppressors.2-4

Of the 7 members, STAT3 and STAT5, particularly STAT3, are

the most significant in cancer development; meanwhile STAT1,

STAT2, STAT4 and STAT6 appear to have more limited roles in

oncogenesis.

Signal transducer and activator of transcription (STAT) are part

of the JAK (Janus kinase)-STAT pathway, which is a signaling path-

way that allows direct communication between transmembrane

receptors and the nucleus. Ligands in the form of cytokines, inter-

leukins and growth factors bind to their respective transmembrane

receptors and upon ligand binding, receptor-associated JAK become

activated and phosphorylate each other and the intracellular portion

of their receptors. This phosphorylation then recruits STAT mono-

mers to the phosphorylated receptors, which then undergo tyrosine

phosphorylation themselves and dimerize. The STAT-STAT dimer

then translocates from the cytoplasm to the nucleus, where it can

bind to the DNA promotor sequences of target genes, and thereby

directly regulates gene expression by either enhancing or inhibiting

gene transcription. It is now clear that STAT bind to tens of thou-

sands of different sites in the genome and thereby regulate tran-

scription of thousands of protein-coding genes.2-6 The JAK-STAT

pathway is intricately regulated to create a fine balance between

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2018 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

Received: 5 July 2017 | Revised: 21 December 2017 | Accepted: 24 January 2018

DOI: 10.1111/cas.13525

926 | wileyonlinelibrary.com/journal/cas Cancer Science. 2018;109:926–933.

http://orcid.org/0000-0002-9410-6599
http://orcid.org/0000-0002-9410-6599
http://orcid.org/0000-0002-9410-6599
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/CAS


enhancement and inhibition because persistent stimulation of STAT

can result in both malignancy, autoimmune inflammatory dis-

eases.3,5,6

In addition, recent studies have shown that STAT3 not only reg-

ulates gene expression by acting as a transcription factor but regu-

lates gene expression ultimately through epigenetic mechanisms

such as DNA methylation and chromatin modification.1

The JAK part of JAK-STAT pathway is well researched and JAK

mutations and their importance in pathogenesis of hematological dis-

orders are well studied, with JAK2 V617F being the most well-known

mutation, which is detected in the majority of myeloproliferative

neoplasms, such as polycythemia vera, primary myelofibrosis and

essential thrombocytosis. Numerous JAK-STAT pathway inhibitors

have been developed; for instance, the JAK1/2 inhibitor ruxolitinib is

approved for treatment of polycythemia vera and primary myelofi-

brosis, and the pan-JAK inhibitor tofacitinib has also been used in

treatment of rheumatologic diseases.2,5 Studies have also demon-

strated that STAT3 may be the ultimate downstream target of JAK

inhibitors and in a study by Chen et al,7 it was demonstrated that

JAK inhibitors may have a place in treatment of anaplastic lymphoma

kinase negative anaplastic large-cell lymphoma (p-STAT3(+) ALK(–)

ALCL) even without occurrence of JAK or STAT3 mutations.

In this review, we focus on the STAT portion of the JAK-STAT

pathway with emphasis on STAT3 and STAT5B and their roles in the

pathogenesis of diverse diseases with main emphasis on hematopoi-

etic malignancies where we focus on STAT3 and STAT5B in T-cell

large granular lymphocytic (T-LGL) leukemia, CLPD-NK (Chronic NK

lymphoproliferative disorders), B and T cell lymphomas, in addition

to melanoma and other tumors.

2 | OVERVIEW AND INCIDENCE OF
SOMATIC STAT GENE MUTATIONS IN
CANCER

The STAT proteins all consist of the same 6 domains (Figure 1): an

N-terminal domain followed by a coiled-coil domain, a DNA-binding

domain (DBD), a linker, an Src-homology2 (SH2) domain and a C-

terminal transactivation domain (TAD) (Figure 1). The SH2 domain is

highly conserved and is the target of most STAT inhibitors that have

been tested to this date. The SH2 domain together with the N-term-

inal domain mediate homo and heterodimer formation of STAT

monomers. The coiled-coil domain functions as a nuclear localization

signal, while TAD undergoes serine phosphorylation and thereby

recruits additional transcriptional activators and enhances the tran-

scriptional activity of STAT. DBD, as the name implicates, determi-

nes DNA association.3-6,8

STAT3 and STAT5B are the 2 members of the STAT family that

are constitutively activated in multiple cancers. Constitutive activa-

tion of STAT3 can be caused by 4 mechanisms: increased upstream

stimulation of kinases, lack of negative regulation, positive feedback

loops and somatic mutations that cause hyperactivity to STAT3.

STAT3 is predominantly mutated in hematopoietic neoplasms,

especially in T-LGL leukemia where a high mutation rate (30%-40%)

is observed and in CLPD-NK (Figure 2) .

In addition to its role in oncogenesis, STAT3 is also involved in

the pathogenesis of autoimmune diseases. De novo germline activat-

ing STAT3 mutations can result in early onset autoimmune disorders,

while inactivating germline mutations are known to result in Hyper

IgE syndrome (HIES).9,10 In a study by Flanagan et al a cohort of

65 patients with early-onset autoimmunity (all patients were under

5 years of age at the time of the genetic testing) were tested for de

novo STAT3 mutations by exome sequencing, and 4 different de

novo heterozygous missense mutations were identified (K392R,

N646K, K658N and T716M). Flanagan et al11 conclude that these

mutations were disease-causing in these unrelated individuals. Inacti-

vating germline mutations in STAT3 are, in contrast, known to cause

HIES, which is characterized by eosinophilia, eczema and recurrent

bacterial infections, among other symptoms.9,10

It is now evident that STAT3 plays a critical role in cancer. Based

on data collected from the Catalogue of Somatic Mutations In Can-

cer (COSMIC), the frequency of somatic STAT3 and other STAT fam-

ily member mutations in different cancer subtypes (ie, skin cancers,

melanoma, gastrointestinal neoplasms, neural tumors and hematopoi-

etic neoplasms) are shown in Figure 3.12 As expected, STAT3 is the

most frequently mutated gene from the STAT family in hematopoi-

etic cancers, followed by STAT5B. STAT1 is unexpectedly the most

frequently mutated in melanoma, followed by STAT5B and STAT4,

even though the overall occurrence of STAT mutations is low in all

entities other than T-LGL and CLPD-NK (Figures 2 and 3).12

3 | GENETICS AND PATHOLOGIC
FEATURES OF CANCERS WITH STAT GENE
MUTATIONS

Here we review the mutational status of STAT3 and STAT5B in T-

LGL, CLPD-NK, aggressive B and T cell lymphomas, melanoma and

other tumors, with emphasis on T-LGL leukemia and CLPD-NK,

where STAT3 mutational status is useful as a diagnostic marker.

3.1 | T-cell large granular lymphocytic leukemia and
chronic natural killer lymphoproliferative disorders

T-cell large granular lymphocytic leukemia and CLPD-NK are rare

lymphoproliferative disorders ranging from 2% to 5% of all chronic

lymphoproliferative disorders and are characterized by expansions of

CD3+CD8+ cytotoxic T-cells or CD16+CD56+ NK-cells, respectively.

No significant differences in clinical course or therapy exist between

T-LGL leukemia and CLPD-NK. The median age for those diagnosed

with T-LGL leukemia is 55-60 years old, and only 20%-25% of

patients are younger than 50 years old: diagnoses are equally dis-

tributed among men and women.13,14

Patients affected by this disease typically show cytopenias (neu-

tropenia and/or anemia) and may have splenomegaly with recurrent

infections; some cases are associated with autoimmune diseases,
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such as rheumatoid arthritis (RA) and even systemic lupus erythe-

matosus (SLE).13,14 Interestingly, the clinical phenotype presents

itself differently in various ethnic groups. In Asian cohorts, as studied

by Ishida et al and Qui et al, pure red blood cell aplasia (PRCA) is

more frequently associated with a T-LGL leukemia diagnosis;

patients are typically not neutropenic, unlike patient cohorts from

Western countries where rheumatoid arthritis (RA) and infections

caused by neutropenia are seen more frequently.15-17

STAT3 is the first molecular marker that is highly specific for T-LGL

leukemia, and several mutational hotspots have been detected in

30%-40% of T-LGL leukemia patients and in one-third of the patients

with CLPD-NK; a smaller subset of T-LGL leukemia patients (2%) have

STAT5B mutations.18-23 In a study by Fasan et al,18 a cohort of 55 pa-

tients with unselected TCR rearrangements were studied and STAT3

mutations were detected in 72.7% of the patients (40 out of 55).

In most T-LGL leukemia cases, a clonal expansion of CD8+ large

granular lymphocytes exists, with a smaller subset originating from

CD4+ LGLs. In a study by Andersson et al,24 STAT5B mutations were

detected in 55% (6 of 11 patients) of the patients with CD4+T-LGL

leukemia and no STAT5B mutation was detected in CD8+ T-LGL leu-

kemia. The authors of this study concluded that STAT5B mutations

are more unique for the CD4+ phenotype than for the CD8+ pheno-

type. Clinically, these patients had an indolent disease, which argues

against previous assumptions about a more clinically aggressive dis-

ease in T-LGL leukemia patients with STAT5B mutations.24 Larger

cohorts need to be studied to confirm a potential correlation

between the CD4+ phenotype and existence of STAT5B mutations,

and to determine the clinical course in this group of patients.24

As described above, STAT3 is mutated in 30%-40% of T-LGL

cases and STAT3 mutational hotspots are mainly located in the SH2

domain, as shown in Figure 4. However, more recently, in a study by

Andersson et al, activating STAT3 mutations were also detected in

the DBD and the coiled-coil domain in a cohort of patients without

F IGURE 1 Signal transducer and activator of transcription (STAT) family members: 7 proteins that all consist of the same 6 domains: amino
acid length is indicated on the right for each member. SH2, Scr homology domain 2; TAD, transactivation domain

F IGURE 2 Frequency of STAT3 mutations in T-LGL (T-cell large
granular lymphocytic) leukemia, CLPD-NK (chronic NK
lymphoproliferative disorder),18,19,21-23,26 PTCL-NOS (peripheral T-
cell lymphomas not otherwise specified),52 ALCL (anaplastic large T-
cell lymphoma)34,36 and DLBCL (Diffuse large B cell lymphoma).31,32

STAT3 plays a major role in pathogenesis of CLPD-NK and T-LGL
leukemia where it is highly mutated
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known SH2 hotspot mutations in STAT3 or STAT5B. Phenotypically,

there was no difference between patients with somatic mutations in

the SH2 domain compared to those with mutations in the DBD and

in the coiled-coil domain Figure 4.25

Studies have, furthermore, shown that almost all T-LGL leukemia

patients have activation of the STAT3 pathway, even without

somatic mutations in the STAT3 gene. Andersson et al23 performed

exome sequencing on 3 STAT3-mutation negative T-LGL leukemia

patients and found an activated STAT3 pathway by RNA expression

and pSTAT analysis, indicating that T-LGL leukemia patients have

activation of STAT3 responsive genes even without the actual STAT3

somatic mutations. More research involving patient cohorts

F IGURE 3 Mutational frequencies of
Signal transducer and activator of
transcription (STAT) genes in different
entities. Data was obtained from the
Catalogue of Somatic Mutations In Cancer
(COSMIC). STAT3 is, as expected, the most
frequent gene mutated in hematopoietic
entities

F IGURE 4 Mutations in STAT3 and STAT5B are predominantly localized in the SH2 domain; however, recent studies have identified additional
mutations in the DNA binding domain and coiled-coil domain of STAT3, which are shown here: mutational hotspot changes are in bold
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diagnosed with T-LGL leukemia who lack STAT3/STAT5B mutations

needs to be conducted to characterize the mutational landscape in

this heterogeneous subgroup of T-LGL leukemia patients. Wild-type

and STAT3 mutant patients share many clinical features phenotypi-

cally and are believed to respond similarly to potential STAT inhibi-

tors.23,26

Despite the high mutational frequency of STAT3 mutations in T-

LGL leukemia and CLPD-NK, there are some studies that question

the role of the STAT3 mutations as the driver mutations in this

entity. In a study by Dutta et al, for instance, it was demonstrated

that expression of the STAT3 mutations were insufficient to induce

LGL leukemia in mice models, and it was suggested that STAT3

mutations do not play a causal role in development of T-LGL leuke-

mia and that additional gene mutations and deregulation of other

signaling pathways in association with STAT3 mutations may cause

T-LGL leukemia. However, it is well known that mouse models may

not always recapitulate human cancer biology due to tissue architec-

tural differences, different susceptibilities to malignant transforma-

tion, and engagement of different oncoprotein signaling pathways

between mice and humans.27

Cases of benign large granular lymphocytosis with clonal expan-

sion of T cells in reactive processes, such as in viral infections and

autoimmune diseases, complicate the diagnosis of large granular lym-

phocytic leukemia. Somatic STAT3 mutations can provide a diagnos-

tic tool to distinguish true malignant lymphoproliferation involving T

and NK cells from reactive expansions of LGL, and also provide a

novel therapeutic target for this entity.6,28

3.2 | Aggressive B-cell lymphomas

B cell lymphomas are more common than T cell lymphomas and

account for approximately 85% of all non-Hodgkin lymphomas

(NHL). Diffuse large B cell lymphoma (DLBCL) is the most common

form of NHL, accounting for 80% of aggressive lymphomas. Multiple

genetic sequencing studies with DLBCL cohorts have been per-

formed and demonstrate that STAT3 mutations are not frequent in

this entity. In a study by Guangzhen Hu et al,29 all exons of STAT3

gene from 40 DLBCL tumors were sequenced. Two point mutations

were identified in all cases: 1 missense mutation M206K and 1 syn-

onymous mutation 2552G > A. M206K was located in the coiled-coil

domain of STAT3 and shown to be an activating mutation that

increased STAT3 signaling and thereby caused cell proliferation.30

STAT3 somatic mutations have also been identified in DLBCL not

otherwise specified (DLBCL-NOS) and in B-cell lymphoma, unclassifi-

able, with features intermediate between diffuse large B-cell lym-

phoma and Burkitt lymphoma (BCLU, DLBCL/BL). In addition, in

DLBCL a higher mutation rate in STAT3 is seen in cases with CD30+

overexpression compared to those without CD30+ overexpression.31

Even though the occurrence of somatic STAT3 mutations are low

in DLBCL, the prevalence of pSTAT3 expression in DLBCL is high

and varies in different studies from 11% to 67%. In a study by Ok

et al, which included 443 patients with DLBCL, 16% of the patients

showed expression of pSTAT3. Expression of pSTAT3 seemed to

correlate with advanced stage, multiple sites of extra nodal involve-

ments, activated B-cell like (ABC) subtype, MYC expression and

MYC/BCL2 double expression. DLBCL patients with pSTAT3 expres-

sion demonstrated a more unfavorable prognosis with poorer overall

survival and progression free survival.32 It has even been suggested

that these patients are molecularly distinct from pSTAT3 (�) DLBCL

patients and may benefit from molecularly targeted therapy against

STAT3.32

Immunohistochemistry can be helpful to detect nuclear expres-

sion of STAT3 in DLBCL patients to identify a subgroup of patients

with poorer clinical outcome who can be given a more aggressive

treatment from the beginning. However, more research needs to be

done to determine the significance of pSTAT3 expression in DLBCL

patients and whether the presence of pSTAT3 worsens these

patients’ prognosis.33

3.3 | Aggressive T-cell lymphomas

T-cell malignancies other than T-LGL leukemia and CLPD-NK

demonstrate STAT3 mutations, as shown in Figure 2, although the

occurrence is lower than in T-LGL leukemia and CLPD-NK. STAT3

mutations are more frequently detected in CD30+ T-cell lymphomas

than in CD30� T-cell lymphomas and have been identified in

anaplastic lymphoma kinase negative anaplastic large cell lymphoma,

ALK(�) ALCL, ALK(+) ALCL, in peripheral T-cell lymphomas not

otherwise specified (PTCL-NOS) and in cutaneous T cell lymphoma

(CTCL).34-36

Genetic mutational sequencing studies of STAT5B have detected

mutations in a subset of patients with mycosis fungoides, in

enteropathy associated T-cell lymphoma (EATL) and in T-cell acute

lymphoblastic leukemia (T-ALL).2 In a study by Kiel et al, a patient

cohort of 50 patients with T-cell prolymphocytic leukemia (T-PLL)

was studied by whole exome sequencing (WES) and whole genome

sequencing (WGS), and a high percentage of the patients, 18 out of

50 (36%), had somatic mutations in STAT5B. In another study of T-

PLL by Lopez et al, STAT5B mutations were detected in 8 out of

39 patients (21%), and in both studies the mutations were located in

the SH2 domain of the STAT5B; no STAT3 mutations were found in

these studies. In addition to STAT5B, JAK3 was also frequently

mutated in T-PLL in both studies, even though STAT5B and JAK3

were mutually exclusive. These studies confirmed the significance of

JAK-STAT pathway in T-PLL and suggested that therapeutically tar-

geting the JAK-STAT pathway may potentially improve treatment of

T-PLL.37,38

3.4 | Melanoma

Melanoma is a genomic unstable disease and has the highest basal

mutation rate of any cancer sequenced to date. Different driver

mutations have been discovered for this disease, with discovery of

BRAF V600E mutation in over 50% of melanomas in 2002 being per-

haps most important.39 While most STAT genes are not mutated in

any significant frequency in melanoma, surprisingly, based on

930 | SHAHMARVAND ET AL.



COSMIC data, several STAT genes show relevant mutational fre-

quencies: STAT1 (6.93%) followed by STAT5B (5.3%), STAT4 (4.95%)

and STAT3 (0.88%), as shown in Figure 3. Although the mutation

rate of STAT genes, in particular STAT3, is not high in melanoma,

studies have shown that STAT3 activation plays a role in tumor

growth and angiogenesis of melanoma in tumor xenograft studies.

In a study by Xie et al, it was demonstrated that STAT3 activa-

tion is higher in brain metastasis than in primary melanoma, suggest-

ing a possible association between STAT3 activation and

development of brain metastasis in melanoma patients. STAT3 activ-

ity is believed to drive overexpression of the metastatic molecules

and thereby contribute to brain metastasis by increasing tumor inva-

sion and angiogenesis.40 More studies involving melanoma patients

need to be conducted to address whether increased levels of STAT3

protein in primary melanoma could indicate development of brain

metastasis later in these patients: if this is proven, STAT3 might have

potential as a targeted therapy for brain metastasis in melanoma and

may improve the prognosis in this patient cohort that usually has a

very dismal prognosis.

3.5 | Other tumors

The STAT family of genes are not significantly mutated in other

cancers beyond those listed above; however, constitutive activa-

tion of STAT3 has been identified in head and neck cancers, mul-

tiple myeloma as well as breast cancer, prostate cancer, ovarian

cancer, GI cancer, and neural tumors such as glioblastoma multi-

forme (GBM).41-43

In recent studies, it has been demonstrated that STAT3 is acti-

vated in significantly higher levels in GBM tumor cells than in normal

brain cells. The high STAT3 activation seems to be a negative prog-

nostic indicator in GBM, which is the most common primary brain

tumor and patients have a dismal prognosis.43 More research is obvi-

ously needed to determine if STAT3 activation plays any role in

GBM patients and if it has a negative prognostic effect.

4 | THERAPIES TARGETING THE STAT
PATHWAY

The development of STAT inhibitors has become an area of major

focus as such inhibitors may help in treatment of STAT3 and STAT5B

mutated T-LGL leukemia, CLPD-NK and other types of solid and

hematopoietic malignancies, as well as potential therapeutics in

autoimmune and inflammatory disorders. To this date, no clinically

effective inhibitor specifically of STAT proteins has been identi-

fied.44-46 However, mechanistically, STAT, in particular STAT3, can

be targeted in multiple ways directly or indirectly: by inhibiting

upstream kinases, such as JAK2 inhibitors, inhibiting dimerization of

STAT monomers by targeting SH2 domain, developing compounds

that cause dephosphorylating of STAT, inhibiting STAT DNA binding,

and neutralizing antibody against upstream receptors and ligands and

TAD inhibitors. As mentioned above, currently there is no STAT

inhibitor available in the clinic in part due to numerous challenges

facing development of these inhibitors: issues with bioavailability,

in vivo efficacy, adverse side effects and selectivity.28 Significant

homology, for instance, exists between STAT1 and STAT3, STAT1

facilitates functions such as apoptosis and pathogen defense, and an

off-target STAT1 blockade by a STAT3 inhibitor can result in

unwanted adverse effects such as increased survival of tumor

cells.28,46

To this date, targeted therapies focused on inhibiting the

SH2 domain in STAT3 have been investigated in several phase I/

II clinical trials in both solid tumors and hematopoietic cancers,

including OPB-31121 which was studied in a phase I/II trial for

hepatocellular carcinoma but had unacceptable adverse effects,

such as peripheral neuropathy, and had limited efficacy.47,48

OPB-51602 was another inhibitor which appeared safe and

effective in the treatment of solid tumors such as lung cancer

but was also associated with a high risk of peripheral neuropathy

and had poor bioavailability.45 Inhibitors of DBD, TAD and N-

terminal domains of STAT3 have also been investigated as

potential targets for therapy, and research is ongoing to develop

not only STAT3 inhibitors but also inhibitors of other members

of the STAT family of genes.28,45-47

STAT6, for instance, plays an important role in allergic pathways

acting downstream of IL-4 and IL-13 and phosphopeptides blocking

the SH2 domain of STAT6 are under investigation to inhibit phos-

phorylation and further downstream signaling of this pathway, which

may be useful in allergic diseases such as bronchial asthma.

5 | CONCLUSIONS

It is now evident that STAT proteins, in particular STAT3 and

STAT5B, play an essential role in oncogenesis. Multiple signaling

pathways, beyond the canonical JAK-STAT pathway are involved in

particularly activating STAT3: for instance, the IL-6 signaling path-

way, which encompasses multiple cytokines, such as IL-6 and IL-11,

activates STAT3.

Recent studies have revealed that known oncogenes such as

BCR-ABL and RAS can upregulate expression of IL-6, and thereby

indirectly activate the JAK-STAT3 pathway. STAT3 inhibitors may,

therefore, have the potential to block the effects of these onco-

genes.1

As described elsewhere, STAT3 activation is usually tightly regu-

lated through several mechanisms, such as protein inhibitor of acti-

vated STAT (PIAS), the suppressors of cytokine signaling (SOCS) and

several tyrosine protein phosphatases (PTP), which dephosphorylate

activated STAT. Hyperactive growth factor receptors and overex-

pression of stimulatory ligands in the form of IL-6 and IL-10 can,

however, lead to aberrant activation of STAT3. Activated STAT3 is

then translocated to the nucleus where it enhances transcription of

downstream target genes. STAT3-regulated genes encode cytokines,

growth receptors and angiogenic factors such as IL-6, IL-10 and vas-

cular endothelial growth factor (VEGF), which, in turn, activate
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STAT3 signaling and hereby a feed-forward loop is created between

activated STAT3 and cancer cells. In addition, STAT3 enhances gene

expression of specific genes epigenetically, such as by DNA methyla-

tion, to maintain its own activation in tumor cells and tumor-asso-

ciated immune cells.29,49,50

The majority of mutations occurring in the SH2 domain of

STAT3, such as Y640F and D661V, are gain-of-function mutations

leading to increased phosphorylation at tyrosine residue Tyr705 of

STAT3, which is needed for protein dimerization and activation of

STAT3. Once STAT3 is activated it can evade anti-tumor immune

responses by enhancing expression of IL-6, IL-10 and VEGF in the

tumor microenvironment and by activating transcription of oncoge-

nes which are involved in immune suppression.29

In recent studies, G-protein-coupled receptors and Toll-like

receptors have also been identified as new receptor groups, which

are involved in activating JAK-STAT3 pathway. Additional studies

need to be conducted to investigate these new receptors and their

potential as targets for blocking this pathway.1,51
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