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Studies in the past few years have provided compelling evidence for the critical role of aberrant Signal Transducer 
and Activator of Transcription 3 (STAT3) in malignant transformation and tumorigenesis. Thus, it is now generally 
accepted that STAT3 is one of the critical players in human cancer formation and represents a valid target for novel 
anticancer drug design. This review focuses on aberrant STAT3 and its role in promoting tumor cell survival and sup-
porting the malignant phenotype. A brief evaluation of the current strategies targeting STAT3 for the development of 
novel anticancer agents against human tumors harboring constitutively active STAT3 will also be presented. 
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Introduction

Signal Transducer and Activator of Transcription 3 
(STAT3) belongs to the STAT family of proteins, which are 
both signal transducers and transcription factors. At least 
seven members in this family have been identified, namely, 
STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and 
STAT6, which are encoded by distinct genes. Alternative 
splicing also gives rise to naturally occurring truncated 
forms of some of the STAT proteins, such as STAT1β 
and STAT3β, which are splice variants of the wild-type, 
full-length STAT1 and STAT3 proteins, respectively, with 
deletions of the C-terminal domains. Structurally, STAT 
proteins have the following distinct domains: the N-termi-
nal, coiled-coil, DNA binding, the Linker, Src-homology 2 
(SH2) and C-terminal transactivation domains (Figure 1). 
Each of these domains has a distinct function. For example, 
the N-terminal domain is important in STAT dimer-dimer 
interactions; the DNA binding domain forms complexes 
between STAT proteins and DNA; the SH2 domain engages 
in dimerization between two activated STAT monomers 
through reciprocal phospho-tyrosine (pTyr)-SH2 domain 
interactions, while the C-terminal portion of the protein 

functions as the transcriptional activation domain [1, 2].
The STAT proteins are differentially activated in a 

context-dependent manner in response to growth factors, 
cytokines, or other polypeptide ligands. They have impor-
tant roles in fundamental processes, including proliferation, 
development, differentiation, inflammation, and apoptosis. 
STATs activation is initiated by the phosphorylation on a 
critical tyrosyl residue. Upon the binding of growth factors 
or cytokines to their cognate receptors on the cell surface, 
STATs are recruited to the cytoplasmic portions of the re-
ceptors, where they become phosphorylated on a critical 
tyrosyl residue (Y) in the C-terminus by Tyr kinases of 
growth factor receptors, or by cytoplasmic, non-receptor 
Tyr kinases, including Src, Janus kinases (Jaks) or Abel-
son (Abl) kinase (Figures 1 and 2). In the transactivation 
domain of some STAT proteins is a serine residue (S) 
(Figure 1), the phosphorylation of which maximizes the 
transcriptional activity of these proteins [3]. Tyrosine-
phosphorylated STATs then dimerize through reciprocal 
pTyr-SH2 domain interactions, translocate into the nucleus 
and bind to specific STAT-response elements in the pro-
moters of target genes, thereby inducing the transcription 
of those genes essential for their physiological functions. 
Under normal biological conditions, STATs activation 
is rapid and transient. However, aberrant activation of 
certain STAT proteins, particularly STAT3 and STAT5, is 
associated with many human cancers (for a comprehensive 
review, see [4-11]). 
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Aberrant STAT3 and malignant transformation

Constitutive activation of STAT3 was first observed 
associated with oncogenic transformation by the viral Src 
oncoprotein [12]. A similar observation was subsequently 
also reported for transformation by other oncogenic Tyr 
kinases, such as v-Ros, v-Fps, Etk/BMX, v-Abl, and 
Lck [13-18], or by viruses/viral proteins that directly or 
indirectly activate Tyr kinase pathways, including human 
T lymphotropic virus (HTLV)-1, polyomavirus middle T 
antigen, Epstein-Barr virus (EBV) and herpes virus saimiri 
[16, 19-24]. Subsequent genetic and molecular evidence 
indicated that aberrant STAT3 is a necessary requirement 
for malignant transformation [25, 26]. These studies were 
followed by another that provided genetic evidence sup-

porting STAT3 as an oncogene by showing that expres-
sion of an artificially engineered, constitutively dimerized 
STAT3C alone was sufficient to transform normal mouse 
fibroblasts, and that the STAT3C-transformed cells were 
able to form tumors in nude mice [27].

Compelling evidence has now established that aberrant 
STAT3 is a molecular abnormality that has a critical role 
in the development and progression of human tumors. In 
that regard, many human solid and hematological tumors 
harbor constitutively active STAT3 [7, 8, 10, 11]. A variety 
of molecular causes contribute to promoting constitutive 
STAT3 activation in malignant cells. In the absence of 
any known naturally occurring activating mutations in the 
stat3 gene, aberrant STAT3 activation is predominantly 
due to persistent Tyr phosphorylation signals emanating 

Figure 1 A schematic representation of STAT protein structure. Linear representation of the domain structures of the STAT 
proteins. The critical tyrosyl residue (Y) is shown, the phosphorylation of which initiates STAT activation and the dimerization 
between two STAT monomers through a reciprocal pTyr-SH2 domain interactions. A serine (S) residue is present in the C-ter-
minal transactivation domain of some STAT proteins and is phosphorylated to enhance transcriptional activity. NH2, amino (N) 
terminus; COOH, carboxy (C) terminus. 
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Figure 2 Activation of the STAT signaling pathway. STAT activation is induced by the binding of ligands, such as growth factors 
and cytokines to their cognate receptors (R) on the cell surface, which initiates the phosphorylation of the critical tyrosyl residue 
of STATs by growth factor receptor Tyr kinases (RTKs) or by non-receptor Tyr kinases (NRTKs), such as Jaks, Src or Abelson 
(Abl) kinase. NRTKs can also directly phosphorylate STATs in the absence of ligand-binding to receptors. Tyr-phosphorylated 
and activated STAT monomers engage in reciprocal pTyr-SH2 domain interactions for dimerization, and the resulting dimers 
translocate to the nucleus to regulate the transcription of specific genes by binding to specific STAT-responsive promoter se-
quences.
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from dysregulated upstream Tyr kinases, such as hyperac-
tive growth factor receptors or non-receptor Tyr kinases, 
including Src or Jaks, or the result of over-expression of 
stimulatory ligands, such as EGF or IL-6 [25, 28-36]). 
These molecular events are exemplified by the persistent 
stimulation of the IL-6/gp130 and the Jak/STAT pathway 
in multiple myeloma (MM), large granular lymphocyte 
(LGL) leukemia, and prostate cancer [28, 37, 38], and by 
the elevated EGFR-mediated signaling, as well as Src and 
Jak kinases activities in breast cancer, prostate cancer, non-
small cell lung cancer (NSCLC), melanoma, pancreatic 
cancer, and head and neck squamous carcinoma (HNSCC) 
cells [16, 29-31, 34-36, 39-41], which result in constitu-
tive STAT3 activation. While the molecular and biological 
mechanisms by which persistently activated STAT3 medi-
ates cancer formation continue to be investigated, available 
evidence strongly supports the role of aberrant STAT3 in 
the promotion of uncontrolled cell proliferation and growth, 
cell survival, induction of angiogenesis, and the suppression 

of host immune surveillance (Figure 3) [8, 10, 11, 42]. At 
the molecular level, evidence indicates that aberrant STAT3 
causes expression changes of critical genes that dysregulate 
cell cycle and cell growth. Studies in transformed cells and 
using both solid and hematological tumor cells in vitro and 
in vivo, including HNSCC, NSCLC, glioma and breast 
cancers, show that constitutive activation of STAT3 is as-
sociated with the induction of Cyclin D1/Cyclin D2 and 
c-Myc expression, and down-regulation of expression of 
the cyclin-dependent kinase inhibitor, p21WAF (see [4-11, 
43] for extensive reviews).

Moreover, evidence indicates that abnormal STAT3 
activity promotes tumorigenesis in part by up-regulating 
the expression of antiapoptotic proteins, such as Bcl-xL/
Bcl-2, and Mcl-1 [28, 37, 44, 45]. Thus, the expression of 
the artificially designed, constitutively dimerized STAT3C 
alone induced the expression of Bcl-xL in transformed 
cells [27]. Furthermore, inhibition of constitutive STAT3 
activation in malignant cells suppressed the induction of 

Figure 3 Model of constitutive STAT3 activation and its role in oncogenesis. Aberrant signals from upstream growth factor RTKs, 
cytokine R, their overexpressed ligands, or activated NRTKs produce persistent Tyr kinase signals that induce constitutive 
STAT3 activation. Constitutive STAT3 activation results in dysregulation of cell cycle control and apoptosis genes, and genes 
that promote invasion, metastasis, and angiogenesis, and also leads to the suppression of host immune surveillance. These 
molecular changes together contribute to oncogenesis.
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the bcl-x or mcl-1 genes [28, 37, 46, 47]. Among the mem-
bers of the Inhibitors of Apoptosis (IAP) family, Survivin 
is particularly highly expressed in various types of human 
cancers, including lung, colon, breast, pancreas, stomach, 
liver, prostate, ovarian, and hematopoietic malignancies, 
as well as melanoma [48]. It has recently been shown that 
constitutive activation of STAT3 induces the expression of 
Survivin in malignant cells [49, 50]. Mutation of Tyr705 
in STAT3 or inhibition of the constitutively active STAT3 
repressed Survivin expression in malignant cells, includ-
ing human breast cancer cell lines and cells derived from 
patient samples, and induced apoptosis [49-51]. Aberrant 
STAT3 is also noted to repress the expression of the p53 
tumor suppressor gene [52], thereby down-regulating pro-
apoptotic genes and contributing to promoting the survival 
of tumor cells. As a pro-apoptotic transcription factor, the 
p53 protein up-regulates a number of genes, including 
those for the Bcl-2-associated X protein (BAX), an apop-
totic protein that antagonizes Bcl-2/Bcl-xL function, the 
apoptotic peptidase activator factor (APAF1), caspase 6, 
and FAS [53, 54]. Studies have also shown that constitutive 
STAT3 activation is associated with the inhibition of death 
receptor- or FAS-mediated apoptosis, and cooperates with 
JUN in blocking FAS transcription in cancer cells [53]. 
STAT3 is also associated with the regulation of apoptosis 
by the noncanonical nuclear factor-κB (NF-κB) pathway 
[53]. Moreover, constitutive STAT3 activation promotes 
tumor angiogenesis via the induction of VEGF [55, 56] or 
hypoxia-inducible factor 1-alpha (HIF-1α) [57], and also 
facilitates tumor migration, invasion and metastasis [58].

Aberrant STAT3 activation and human tumors

A large number of studies with tumor cell lines and 
patient samples have provided evidence for the incidence 
of constitutive STAT3 activity in human tumors. Solid 
tumors, including breast, brain, colon, prostate, lung, pan-
creatic, pituitary, gastrointestinal, ovarian, and cervical 
tumors, HNSCC, and melanoma, as well as hematological 
malignancies such as lymphomas and leukemias all harbor 
persistently activated STAT3 (see [4-11, 42] for reviews). 
Studies with experimental tumor models in vitro and in 
vivo indicate a requirement for aberrant STAT3 activity 
in tumor maintenance and progression, and illustrate the 
biological significance of the STAT3 protein in the context 
of malignant transformation and tumorigenesis, which are 
briefly discussed below. 

Breast and prostate cancers, head and neck squamous cell 
carcinoma, melanoma

Incidence of aberrant STAT3 signaling has been ob-
served in breast cancer. Studies in breast cancer cell lines, 

tumor models, and human tumor samples have revealed the 
incidence of hyper-phosphorylation of STAT3 (on Tyr705) 
and constitutive STAT3 activity. While the mechanisms 
for constitutive STAT3 activation continue to be explored, 
available evidence has drawn a link to the activities of 
the non-receptor Tyr kinases Jaks and Src [29, 59]. The 
IL-6/gp130/Jak pathway and the Src kinase both mediate 
aberrant STAT3 activation [29, 60], such that the inhibi-
tion of either of these pathways results in attenuation of 
STAT3 activation. Although the EGFR family Tyr kinases 
and their ligands are over-expressed or hyperactivated in 
breast cancer [61], and further ligand-induced stimulation 
of the EGFR pathway induces additional STAT3 activation 
[29], there is little evidence at this time to suggest that 
the constitutive STAT3 activation in breast cancer cells is 
directly linked to aberrant activities of the EGFR pathway 
[16, 29]. However, given that signal transduction from the 
growth factor receptor Tyr kinases has been implicated in 
many cancers and cancer progression [62], and the role 
that Src and Jaks play in constitutive STAT3 activation, it 
is increasingly likely that EGFR, Src, Jaks, and STAT3 act 
in concert to promote breast carcinogenesis. Thus, inhibi-
tors of Src or Jak kinases blocked STAT3 activation and 
induced apoptosis in breast cancer cells [29, 59]. Moreover, 
aberrant STAT3 activity is implicated in possible resistance 
to apoptosis of metastatic breast tumor cells [63]. Direct 
inhibition of STAT3 or disruption of STAT3 dimerization 
induced apoptosis of breast tumor cells in part by down-
regulation of Bcl-xL, Bcl-2, Survivin and Mcl-1, and 
correlated well with the inhibition of human breast tumor 
growth in xenograft models [29, 46, 47, 49, 50, 59, 63].

The HNSCC exhibits constitutive activation of STAT3. 
Substantial evidence indicates the up-regulated EGFR 
signaling pathway is key in the induction of hyper-phos-
phorylation of STAT3 [64]. Evidence further suggests 
EGFR-mediated aberrant STAT3 activation contributes to 
HNSCC carcinogenesis [39]. Thus, abrogation of consti-
tutive STAT3, either directly by decoy oligonucleotides 
or indirectly by blocking the EGFR Tyr kinase, inhibited 
cell growth, induced apoptosis, and led to decreased tumor 
volumes in animal models. Furthermore, down-regulation 
of aberrant STAT3 inhibited the induction of cell growth 
control and survival genes, including Cyclin D1, VEGF, 
and Bcl-xL [34, 55, 65, 66]. There is also some evidence 
indicating that Src kinase mediates aberrant STAT3 activity 
in HNSCC. In that regard, down-regulation of Src function 
with inhibitors or dominant-negative mutant suppressed 
STAT3 activation and inhibited the growth of tumor cells 
in vitro [65].

In melanoma, persistent STAT3 activation has been 
reported to be due to Src and Jak kinase activities [30, 
57]. Aberrant STAT3 promotes the growth and survival of 
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melanoma cells [30, 67]. Recent evaluation of melanoma 
patient samples showed that constitutive STAT3 activa-
tion correlates with the expression of Bcl-xL and Mcl-1, 
consistent with the induction of antiapoptotic genes, which 
promote the survival and progression of melanoma [68]. 
Furthermore, studies reveal that persistent STAT3 activity 
promotes in vivo angiogenesis, in part by inducing the vas-
cular endothelial growth factor (VEGF), a potent inducer of 
angiogenesis [56, 69], and stimulates invasion and metas-
tasis by inducing matrix metalloproteinase-2 (MMP-2) in 
vitro and in vivo [69]. Thus, inhibition of aberrant STAT3 
suppresses VEGF expression and angiogenesis [56, 69], 
potentially contributing to the antitumor effects associated 
with the inhibition [56]. These reports suggest potential 
therapeutic benefits through inhibition of constitutively 
active STAT3 in melanoma patients.

Prostate cancer is associated with persistent activity of 
STAT proteins. In that regard, the presence of activated 
STAT3 has been detected in prostate cancer tissue samples 
[70]. Investigative studies have shown that aberrant STAT3 
activation in prostate cancer cells is associated with sig-
nal transduction from the IL-6 and IL-11 cytokines, and 
is mediated by kinase activities of the EGFR and Jak 
families [38, 71]. The mechanisms for STAT3-mediated 
prostate cancer development are currently under investi-
gation. Available evidence suggests STAT3 promotes the 
dysregulation of cell cycle and cell growth, and enhances 
the survival of prostate cancer cells [70]. Studies further 
show that activation of the IL-6R/Jaks/STAT3 pathway 
is involved in the development of hormone-refractory 
prostate cancer [71]. Several reports further indicate a 
correlation between the constitutive activation of STAT3 
and the expression of anti-apoptotic proteins Bcl-xL and 
Mcl-1 in prostate cancer cells. Inhibition of constitutively 
active STAT3 induces cell growth inhibition and apoptosis 
of prostate cancer cells [70, 72-75], and inhibits prostate 
tumor growth in vivo [76]. 

Brain, pancreatic, colon, ovarian, lung, and other solid 
tumors

There are several reports of constitutive activation of 
the Jak/STAT pathway in brain tumors [77-80]. Studies 
indicate that constitutive activation of STAT3 in brain tu-
mors is mediated in part through signaling from the gp130 
cytokines, including Oncostatin M and IL-6, and from the 
VEGFR-2 [77, 78, 81, 82]. Evidence further indicates that 
Jaks are the predominant Tyr kinases that induce the aber-
rant STAT3 activation. In support of the requirement of 
aberrant STAT3 for the malignant phenotype, blockade of 
persistent STAT3 activity by Jak kinase inhibitors, domi-
nant-negative STAT3 mutant, or by RNAi in glioma cells 
leads to apoptosis [78, 79, 83]. 

Human pancreatic, ovarian, lung, renal, esophageal, 
cervical, colon, and gastrointestinal tumors also harbor 
aberrant STAT3 activity, which promotes the survival of the 
tumor cells and supports the malignant phenotype [84-90]. 
Evidence suggests that the persistent activation of STAT3 
is induced in part by the IL-6/gp130 pathway in NSCLC 
[35], and by the growth factor receptor and non-receptor 
Tyr kinases in other tumors, including pancreatic, ovarian, 
and colon cancers. In that regard, there is an association 
between STAT3 activity and the overexpression and/or 
the hyperactive states of VEGF, EGFR family, Src, Jaks, 
and c-Met/HGFR pathways [41, 91-99]. The constitutive 
activation of STAT3 promotes the induction of Mcl-1, Bcl-
xL, and Survivin, thereby promoting the survival of tumor 
cells [91, 92, 94]. Evidence further indicates that under 
hypoxic conditions activated STAT3 promotes VEGF in-
duction [95], in part by inducing the HIF-1α [99]. Increased 
expression of activated STAT3 has also been reported to be 
associated with tumor resistance to chemotherapy-induced 
apoptosis [84].

Hematological malignancies
There is a high incidence of persistent STAT3 activa-

tion in many hematological malignancies (see [7, 9-11], 
for more extensive reviews). These include hyperactive 
STAT3 in MM, anaplastic large T cell lymphoma (ALCL), 
EBV-related Burkitt’s lymphoma, and the cutaneous T-cell 
lymphoma, mycosis fungoides/Sezary syndrome. Aberrant 
STAT3 is also associated with the HTLV-1-dependent 
leukemia, erythroleukemia, acute lymphocytic leukemia 
(ALL), chronic lymphocytic leukemia, acute myelogenous 
leukemia (AML), chronic myelogenous leukemia (CML), 
megakaryocytic leukemia and LGL leukemia [28, 37, 44, 
100-104]. Mechanistically, there is evidence suggesting a 
strong association between constitutive STAT3 activation 
and autocrine/paracrine cytokine signaling. Studies indicate 
that signals from the IL-6/gp130 receptor pathway, through 
the Jak family kinases, promote constitutive activation of 
STAT3 in MM [28, 105, 106]. Also, constitutively active 
Jaks and STATs are associated in the EBV-infected B cell 
lines from patients with post-transplant lymphoproliferative 
disorder [20, 22]. Other cytokines and their related path-
ways that have been implicated in STAT3 activation include 
IL-12 in the cutaneous T-cell lymphoma, Sezary syndrome 
[102], and erythropoietin (EPO) in erythroleukemia [103], 
while IL-10-induced Jak/STAT activation is associated 
with B cell non-Hodgkin’s lymphoma [44] and with the 
spontaneous lymphobastoid cells from post-transplant lym-
phoproliferative disease [22]. Moreover, there is evidence 
to indicate an association between methylation-induced 
silencing and inactivation of the suppressor of cytokine 
signaling 1 (SOCS-1) in MM and AML [107, 108]. The 
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SOCS-1 protein is a physiological negative regulator of 
the Jak/STAT signaling pathway [109, 110]. Methylation-
mediated inactivation of SOCS-1 expression would lead 
to STAT hyper-activation due to the lack of mechanisms to 
down-regulate the upstream receptor-mediated activation 
events. Recent evidence also indicates that the Bcr-Abl 
Tyr kinase promotes STAT3 activation via the Jak pathway 
[111]. Moreover, Src kinase is also reported to be important 
in STAT3 activation in hematological malignancies and 
in the development of leukemias [112]. Thus, inhibition 
or blockade of Jaks and Bcr-Abl has been reported to 
abolish constitutive STAT3 activation in hematological 
malignancies [28, 113] or down-regulate total STAT3 at 
protein and mRNA levels [111]. As with solid tumors, 
constitutive STAT3 activity up-regulates the expression of 
antiapoptotic genes, including Bcl-xL, Bcl-2, and Mcl-1, 
and promotes the survival of tumor cells, thus contributing 
to the resistance to Fas- or chemotherapy-induced apopto-
sis [28, 37]. Inhibition of STAT3 down-regulated Bcl-xL 
expression, induced apoptosis, and sensitized tumor cells 
to drug-induced cell death [28, 44, 45].

STAT3 as a regulator of cancer cell survival

Conditional knockout of the STAT3 gene or inhibition 
of STAT3 function blocked v-Src-induced transforma-
tion in cancer model systems [25, 26, 114], indicating a 
pivotal role for STAT3 in malignant transformation. As an 
important proof for the oncogenic potential of STAT3, an 
artificially engineered, constitutively dimerized STAT3C 
alone is sufficient to induce malignant transformation and 
tumor formation in mice [27]. Aberrant STAT3 dysregulates 
fundamental biological processes that culminate in malig-
nant transformation [10, 11]. Apoptosis is a physiological 
cell suicide process to maintain tissue homeostasis and 
eliminate genetically altered and unstable cells [54, 115]. 
In cancer, this process is greatly compromised, leading to 
increased survival of cancer cells and the accumulation of 
cells with varying degrees of genetic instability. For many 
of the human tumors, evidence indicates a strong correlation 
between persistent STAT3 activity and the maintenance of 
the malignant phenotype (see [6-11] for extensive reviews). 
There is increasing evidence that persistent STAT3 activity 
dysregulates growth control and apoptosis. While the exact 
mechanisms by which constitutively active STAT3 medi-
ates malignant transformation and human tumor formation 
continue to be investigated, there is sufficient evidence for 
the conclusion that persistent STAT3 activation induces 
gene expression changes that favor tumorigenesis. Gene 
expression changes induced by constitutively sactive 
STAT3 represent critical molecular events that lead to the 
dysregulation of cell cycle control and apoptosis, thereby 

promoting cell growth and survival and contributing to 
malignant transformation and tumorigenesis (Figure 3). 
Among the genes affected by STAT3 activation are the cell 
cycle regulators, Cyclin D1 and Cyclin D2 [27, 116]. Con-
stitutively active STAT3 further up-regulates the survival 
factors, Bcl-2, Bcl-xL, and Mcl-1 [28, 30, 37, 117, 118], and 
the inhibitor of apoptosis members, Survivin and c-IAP2 
[49, 50, 118], promotes the induction of Akt [119], represses 
the expression of p53 [52], and facilitates the induction of 
the angiogenesis factor, VEGF [56, 57]. Consistent with 
these molecular changes, several studies have shown that 
pharmacological or genetic disruption of STAT3 signaling 
pathways leads to the inhibition of expression of Bcl-xL, 
Mcl-1, Bcl-2 [28, 37, 46, 117], and Survivin [49], activates 
the expression of the pro-apoptotic protein BAX [45, 120] 
in MM, LGL leukemia, breast cancer, prostate cancer, 
pancreatic cancer, melanoma, gastric cancer cell lines and 
xenograft models [55], and induces apoptosis of tumor 
cells [8-11]. Consistent with STAT3’s role in preventing 
apoptosis, the combination of STAT3 inhibitors and chemo-
therapy sensitizes cancer cells to apoptosis [121, 122], thus 
supporting the potential use of small-molecule inhibitors of 
STAT3 as chemo-sensitizers. Altogether, numerous studies 
have provided compelling evidence in support of the critical 
role of constitutive STAT3 activation in the development 
and progression of human cancers.

STAT3 protein as a novel anticancer drug target

STAT3 is now well established as a critical molecular 
abnormality in the biological processes leading to cancer 
development. Constitutively active STAT3 mediates critical 
gene expression changes and molecular events that dysreg-
ulate cell growth and apoptosis, and promote angiogenesis, 
invasion, metastasis, and the development of resistance 
to apoptosis. STAT3’s functions and its critical roles in 
tumorigenesis and tumor maintenance have qualified it 
as a valid target for the development of novel anticancer 
therapeutic modalities [8, 9, 11]. Initial work demonstrated 
that inhibition of persistently activated STAT3 specifi-
cally suppressed cancer cell survival and induced tumor 
regression. Therefore, effective and specific inhibition of 
aberrantly activated STAT3 or targets of STAT3 pathways 
may potentially alter the course of cancer pathogenesis. 
Significant evidence has been gathered from several inves-
tigations involving the use of dominant-negative STAT3 
mutants, anti-sense oligonucleotides, and activated STAT3 
mutants, as well as pharmacological modulators of STAT3 
in cell-culture and animal models. These studies showed 
that the effect of antagonizing STAT3 includes inhibiting 
tumor cell survival and inducing apoptosis of cells harbor-
ing constitutively active STAT3, inhibiting angiogenesis, 
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and up-regulating host immunocompetence [67, 123-127]. 
As a now validated anticancer drug target, the stage is set 
for the development of inhibitors of the STAT3 pathway 
as a novel approach to inducing cancer cell apoptosis and 
hence treating cancer patients.

Strategies to target STAT3

There are several strategies for designing and identify-
ing inhibitors of the aberrantly activated STAT3 signaling 
pathway (Figure 3). The upstream growth factor receptor 
Tyr kinases and non-receptor Tyr kinases (NRTKs) are 
logical target choices for blocking aberrant STAT3 activa-
tion and are extensively pursued for drug development. In 
that regard, several different kinds of Tyr kinase inhibitors 
have been developed that are active against their respective 
targets, and in doing so inhibit aberrant STAT3 activity and 
tumor growth in animal models. Some of these molecular-
targeted agents are currently in clinical trials. An alternative 
approach is to directly target the STAT3 protein, which 
is currently being pursued by a number of groups both 
in the academia and in the pharmaceutical industry. One 
can also take the approach of mimicking the physiologi-
cal negative modulators, thereby down-regulating the Tyr 
phosphorylation step. Some of these approaches are briefly 
discussed below.

Receptor antagonists
Aberrant activation of Tyr kinases has been implicated 

in many human tumors. In consideration of their key 
roles in inducing persistent activation of STAT3 and other 
signaling molecules and in mediating tumorigenesis, cell 
surface receptors represent attractive therapeutic targets for 
controlling the malignant phenotype. In that regard, growth 
factors and their receptors, such as the EGFR family, and 
receptors for cytokines, including the gp130/IL-6 receptor 
family, are among the targets presently considered for de-
veloping effective therapeutic modalities to control cancer 
(Figure 3, Step 1). These receptors either have intrinsic 
Tyr kinase activity, as with growth factor receptors, or are 
associated cytoplasmic Tyr kinases, as in the case of cyto-
kine receptors. In experimental models, strategies targeting 
these receptors prevent or inhibit the activation of STAT3 
in malignant cells. To modulate cell surface receptors, 
antibodies or other molecular entities could be designed 
that specifically compete against the physiological ligands 
for binding to the receptor [128, 129]. Such approaches 
are currently utilized to develop pharmacological agents 
against the EGFR family of receptors, which are frequently 
overexpressed in breast, pancreatic, ovarian, and lung 
cancers, as well as HNSCC and other tumors [128]. Mono-
clonal antibodies are one of the earliest and widely popular 

approaches to inhibit the EGFR family. The early human 
anti-mouse EFGR antibody had low efficacy, and this led 
to the development of chimeric human mouse MAb 225 
(monoclonal antibody, IM-C225, Cetuximab) that proved 
to be an effective standalone therapy (see [128] for a review 
on this subject). This MAb is also used in combination 
with chemotherapy or radiation therapy in the treatment 
of HNSCC, colorectal cancer and NSCLC [128]. Earlier 
work with IL-6 indicated that inhibition of the binding of 
this ligand to its receptor was sufficient to abolish STAT3 
activation and modulate the malignant phenotype. In the 
U266 MM cell line, inhibition of the IL-6 receptor by the 
IL-6 “super antagonist” Sant7 suppressed aberrant STAT3 
activation and the viability of these cells [28]. While this 
approach holds some potential, it has not been extensively 
exploited. More studies are needed to evaluate the effec-
tiveness of ligand antagonists as therapeutic modalities for 
the many human cancers in which aberrant activation of 
STAT3 is implicated.

Tyrosine or serine kinase inhibitors
STAT3 is downstream of receptor and non-receptor Tyr 

kinases (RTKs and NRTKs). The occurrence of aberrant 
TKs has been noted in many human tumors, including 
breast, lung, prostate, colon, and pancreatic cancers, as 
well as glioblastoma and other cancers [130, 131]. As 
with the cell surface receptor antagonists, one of the 
strategies is to block the aberrant Tyr kinase activities of 
RTKs or NRTKs, thereby inhibiting constitutive activation 
of STAT3. The inhibition of the intracellular Tyr kinase 
activities of RTKs (Figure 3, Step 2) has been shown to 
sufficiently induce apoptosis and modulate tumor growth 
in part by suppressing constitutive activation of STAT3 
[34, 35]. Recently, the NRTKs, Src and Jaks, which also 
mediate STAT3 activation [29, 35, 40], are receiving in-
creasing attention for developing small-molecule inhibi-
tors as novel therapeutic agents. Studies have shown that 
the small-molecule Src inhibitors, PD166285, SU6656, 
and PD180970, induced cell cycle arrest and apoptosis of 
tumor cells, including melanoma, lung and breast cancers 
by mechanisms involving the inhibition of aberrant STAT3 
and down-regulation of STAT3 target genes, including 
those for Bcl-xL and Mcl-1 anti-apoptotic proteins [29, 35]. 
Also, the Src kinase inhibitor, Dasatinib (BMS-324825), 
induced antitumor effects in lung cancer cells that harbor 
mutations in the EGFR, in part by the inhibition of aber-
rant STAT3 activity [36]. In other studies, the irreversible 
EGFR Tyr kinase inhibitor, PD 0169414, was effective in 
controlling a number of epidermoid carcinomas in mouse 
xenografts, including lung and breast cancers [132]. Several 
other studies showed the activity of the Jak kinase inhibi-
tor AG490 in malignant cells [28, 133]. AG490 blocked 
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STAT3 activation [28, 133], inhibited Bcl-xL expression 
[28], and induced apoptosis of malignant cells [28, 133], as 
well as inhibited the proliferation of ALL cells in vitro and 
in vivo [134]. In studies of the myeloproliferative disorder, 
myelofibrosis with myeloid metaplasia, in which aberrant 
Jak kinase activity is implicated in the pathogenesis, a Jak 
inhibitor blocked constitutive Jak/STAT3 activation and 
inhibited cell proliferation [135, 136].

An area that has not been explored much is the target-
ing of serine kinases, which are also known to have a key 
role in regulating STAT3 transcriptional activity [3]. It has 
been shown that phosphorylation of the serine727 residue 
is essential for maximal transcriptional activity of STAT3 
[3]. Although more than one kinase has been reported to 
phosphorylate Ser727 within the transcriptional activation 
domain of STAT3, the identity of the key serine kinase(s) 
and the role of serine kinases in STAT3-mediated malig-
nant transformation remain to be clearly defined. Initial 
work indicated that inhibition of the Ser phosphorylation 
blocked v-Src-mediated transformation [137], suggesting 
the potential to down-regulate the oncogenic activity of 
STAT3 by suppressing its transcriptional activity through 
inhibition of serine phosphorylation.

Direct inhibition of constitutively active STAT3
Activated STATs form a dimer through pTyr-SH2 

domain interactions, and dimerization is essential for the 
DNA-binding activity of STATs [138]. Thus, disruption or 
prevention of dimerization (Figure 3, Step 3) can be an ef-
fective approach for controlling persistently active STAT3 
and its functions [139]. This is supported by the finding 
that mutation of the critical Tyr705 residue of STAT3 to 
phenyalanine inactivates STAT3 signaling and blocks its 
biological functions [26]. Recently, a number of reports 
have highlighted approaches to develop direct inhibitors of 
STAT3. The development and evaluation of phosphopeptide 
and peptidomimetic analogs of the STAT3 SH2 domain-
binding peptide have provided the proof-of-concept that 
small-molecule-mediated disruption of dimerization can 
inactivate the STAT3 protein and abolish its function [139, 
140]. These peptidomimetics have paved the way for the 
design of non-peptide analogs with better physicochemi-
cal properties, which brought it a step closer to identifying 
STAT3 dimerization disruptors as potential novel anticancer 
therapeutics [47, 140]. Based on computational modeling 
along with structure-based virtual high throughput screen-
ing and design, a new molecule IS3-201 [46] has recently 
been identified that disrupts STAT3 dimerization. The 
evaluation of molecules including S3I-M2001 and S3I-
201 in both cell-based studies and xenografts models of 
human breast tumors showed potent antitumor activities 
[46, 47]. Other approaches taken to directly inhibit aberrant 

STAT3 include platinum (IV) complexes [75, 124], which 
may directly interact with the DNA-binding domain of 
the protein and inhibit its DNA-binding activity, G-rich 
oligodeoxynucleotides capable of forming four-stranded 
structures, called g-quartet molecules [141], peptide aptam-
ers [142], cucurbitacin [125], and STA-21 (NSC 628869) 
and its derivatives [143, 144], as well as the small-molecule 
inhibitor of dimerization, Stattic [145]. Studies with these 
molecules show that direct inhibition of persistently active 
STAT3 induces apoptosis of a variety of malignant cells, 
including breast, prostate, and colon tumors, and induces 
tumor regression.

Physiological negative modulators of STAT3
Different physiological negative protein modulators of 

the STAT3 signaling pathway have been identified, includ-
ing the cytokine-inducible SH2-containing (CIS) protein 
or suppressor of cytokine signaling protein (SOCS-1 and 
SOCS-3), Jak binding protein (JAB) and STAT-induced 
STAT inhibitor, and the protein inhibitors of activated 
STATs (PIAS) [109, 110, 146-148]. The SOCS proteins 
prevent the Jak kinases from activating STAT3. The acti-
vation of SOCS-3 inversely correlates with STAT3 activa-
tion. Of relevance to cancer, transcriptional silencing of 
SOCS-1 by hypermethylation has been reported in human 
hepatocellular carcinoma [149, 150], with evidence for a 
phenotype that is consistent with hyperactivated STAT3. 
These studies provide the initial indication that small-mol-
ecule mimics of SOCS-1 and SOCS-3 might be useful in 
suppressing events that lead to persistent STAT3 activation, 
thereby producing beneficial antitumor effects. Indeed, 
recent work showed that a cell-permeable SOCS-1-mimic 
peptide (Tkip) inhibited IL-6-induced STAT3 activation 
and blocked prostate cancer cell growth [151]. In addition, 
activation and inactivation of the STAT family proteins 
also depend on the modulation of phosphatase (PTPase) 
activities in cells. STAT3 (and other STATs) pathways are 
regulated by phosphatases SHP1 and SHP2 [152]. Serine 
phosphorylation and distribution of STAT3 in cutaneous 
T-cell lymphoma are regulated by the PP2A phosphatase 
[153]. Thus, selective modulation of phosphatase activity to 
control STAT3 activation in cancer cells might be a useful 
therapeutic approach.

Other approaches
The decoy antisense oligodeoxynucleotide (ODN) 

could be useful as a therapeutic approach. ODN will bind 
mRNA transcript of STAT3, preventing the expression of 
the protein and occluding the protein’s functions. The use 
of STAT3 ODN in HNSCC has shown promise and dem-
onstrated the potential to utilize this approach to inhibit 
tumor formation [39, 154, 155]. Additionally, the study 
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with dominant-negative STAT3β in mouse melanoma that 
induced apoptosis of tumor cells through the down-regula-
tion of anti-apoptotic Bcl-xL and Mcl-1 genes, and induced 
tumor regression suggests the potential that gene therapy 
approach could be applied to human tumors that harbor 
aberrant STAT3 [123].

The crystal structure of STAT3 dimer [156] provides 
important information on STAT3 DNA-binding mecha-
nisms and on the critical amino acids that are involved in 
the interaction with DNA. Such information will be useful 
for designing disruptors of STAT3 DNA-binding activity. 
Moreover, STAT3 requires transcriptional co-activators 
for transcriptional activity. For example, the proteins 
CBP/p300 and Sp1 are known transcriptional co-activators 
of STAT3 in the induction of specific genes [157, 158]. 
Design of artificial co-factors could compete with these 
natural proteins and repress the ability of STAT3 to induce 
gene transcription.

Significance of aberrant STAT3 in clinical trials of 
molecular-targeted therapeutic agents

A number of novel molecular-targeted therapeutic mo-
dalities are either currently in different phases of clinical 
trials or have been approved for clinical application. Prior 
to the approval for patient treatment, these agents would 
have to go through extensive experimental evaluations 
regarding their activity and mechanism of action, efficacy, 
and toxicity, providing investigators a good assessment of 
the potential benefits to patients. Tyrosine kinase inhibi-
tors (TKIs), such as modulators of EGFR, are perhaps the 
largest class of novel molecular-targeted therapeutics to 
be approved. Given that the molecular entities that are 
downstream from the growth factor receptor families and 
other Tyr kinases include STAT3, the monitoring of phos-
pho-Tyr levels of STAT3 in tumor specimens from patients 
receiving TKIs could represent a useful surrogate marker 
for agents’ activities, as well as provide a way to explore 
any correlation between efficacy, and the modulation of 
TK activity and its downstream targets in patient samples. 
In that regard, a similarly conducted study that monitored 
the skin biopsies of patients that participated in the phase I 
clinical trial of the EGFR TKI, ZD1839 (Gefitinib, Iressa) 
showed a significant effect of the TKI on EGFR-dependent 
downstream signaling molecules, including p27, phospho-
Tyr STAT3 and phospho-MAPK [159-162].

Conclusion

The evidence is overwhelming regarding the critical 
role of abnormal STAT3 activity in diverse tumorigenic 
processes, including the dysregulation of cell cycle and 

promotion of uncontrolled growth, induction of survival 
factors and inhibition of apoptosis, as well as the media-
tion of angiogenesis and the suppression of host’s immune 
surveillance. Several important studies have provided con-
vincing evidence establishing the proof-of-concept for the 
potential antitumor effects of inhibition of aberrant STAT3 
activity, in both cell-culture and whole-animal models for 
a variety of human tumors. Several key studies to deter-
mine the impact on normal cells have also been performed 
which demonstrate a slow-down of growth of normal cells 
without significant apoptosis. The stage is therefore set for 
identifying and developing safe STAT3 inhibitors that will 
have potential clinical applications. Given the substantial 
biological and molecular evidence supporting STAT3 as a 
valid target and the increasing number of human tumors 
that harbor constitutively-active STAT3, novel anticancer 
therapeutic modalities based on STAT3 inhibition will 
have widespread therapeutic applications. They can either 
be used as standalone agents or in combination with che-
motherapy or other molecular-targeted therapeutic agents. 
STAT3 inhibitors will also have applications as agents for 
sensitizing tumors in the case of drug resistance based on 
the initial evidence that aberrant activity of the STAT3 pro-
tein participates in the underlying molecular and biological 
mechanisms that promote resistance to apoptosis.
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