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Abstract
Signal transducer and activator of transcription 3 (STAT3) is a well-validated anticancer target that promotes 
tumorigenesis. Although it has historically been considered “undruggable”, multiple classes of direct STAT3 
inhibitors have recently been discovered that successfully abrogate STAT3 activation or DNA-binding activ-
ity, ultimately generating selective cytotoxicity against cancerous cells. Considering the growing body of evi-
dence implicating STAT3 in the development of treatment resistance, direct STAT3 inhibitors have promising 
potential to augment the antitumor effects of conventional chemotherapy drugs, radiation, and molecular 
targeting agents, leading to improved patient outcomes. This chapter focuses on the progress made in devel-
oping direct STAT3 inhibitors and their evaluation in preclinical models and clinical trials.

ABBREVIATIONS

DBDI	 DNA binding domain inhibitor
DN	 Dominant-negative
EGFR	 Epidermal growth factor receptor
FDA	 Food and Drug Administration
FGFR	 Fibroblast growth factor receptor
HNSCC	 Head and neck squamous cell carcinoma
hSIE	 High affinity serum-inducible element
IL-6	 Interleukin-6
IL-6R	 Interleukin-6 receptor
JAK	 Janus kinase
mts	 Membrane-translocation sequence
NDI	 N-terminal domain inhibitor
NMR	 Nuclear magnetic resonance
NSCLC	 Non-small cell lung cancer
NTD	 N-terminal domain
pY	 Phosphotyrosine
SDI	 SH2 domain inhibitor
SH2	 SRC-homology 2
STAT	 Signal transducer and activator of transcription
VEGF	 Vascular endothelial growth factor
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7.1  INTRODUCTION

The family of signal transducer and activator of transcription (STAT) proteins facilitates 
a wide variety of physiological functions essential to cell survival, including proliferation, 
differentiation, and inflammation [1,2]. In total, there are seven members of the STAT fam-
ily (STAT1-4, STAT5a, STAT5b, and STAT6) [3,4]. Their structures consist of an N-terminal 
domain, coiled-coil region, DNA-binding sequence, and SRC-homology 2 (SH2) domain. The 
N-terminal domain facilitates STAT3 oligomerization, a poorly understood process that is 
important for enhanceosome stability and association with regulatory proteins. Similarly, 
the coiled-coil region serves as a loading site for regulatory proteins. The DNA-binding do-
main recognizes a specific DNA sequence motif, enabling direct interactions with response 
elements in the promoter regions of STAT target genes. The SH2 domain binds to phospho-
tyrosine (pY) residues present on activated tyrosine kinases, leading to subsequent phos-
phorylation of the STAT protein by the bound kinase. The SH2 domain also facilitates STAT 
dimerization via reciprocal associations with a key pY residue (pY705 in STAT3) of another 
monomer [1]. This dimerization plays an essential role in the binding of the STAT protein to 
DNA. Transient and highly regulated activation of STATs leads to expression of a variety of 
target genes, encoding proteins such as Bcl-XL, c-Myc, cyclin D1, and VEGF [1,5].

STAT activation can be achieved through multiple mechanisms (Fig. 7.1). In response to 
stimulation by growth factors and cytokines, cell-surface receptors dimerize, leading to acti-
vation of an intrinsic receptor tyrosine kinase activity or the activation of receptor-associated 
kinases like Janus kinases (JAKs). These activated kinases then facilitate recruitment of inac
tive STAT monomers by phosphorylating tyrosine residues in the cytoplasmic region of the 
receptor protein. The receptor pY residues serve as docking sites for the SH2 domain of STAT 
monomers within the cytoplasm. Once recruited, STAT monomers undergo receptor- or JAK-
mediated tyrosine phosphorylation, followed by dimerization via interactions between the 
SH2 domain of one STAT monomer with a pY residue on another monomer. The STAT dimers 
translocate into the nucleus where they act to modulate the expression of STAT target genes 
[1]. Well-studied signaling pathways, including those activated by interferon-gamma, inter-
leukin-6 (IL-6), epidermal growth factor, and platelet-derived growth factor, employ STAT 
activation as described [6–9]. In addition, nonreceptor tyrosine kinases, such as Abelson leu-
kemia protein and SRC-related kinases, have been shown to phosphorylate/activate STATs 
in the absence of an extracellular stimulus [10–12]. Cell confluence, leading to cadherin–
cadherin stimulation, has been proposed as another mechanism of nonreceptor-mediated  
STAT activation, although the role of cellular microenvironment in STAT activation is less 
well characterized [13–15].

Consistent with the multifaceted role of STAT in cellular proliferation and survival, a 
growing body of evidence supports the idea that dysregulated STAT activity—STAT3, in par-
ticular—plays a direct role in oncogenesis [16,17]. Constitutive STAT3 activation has been 
observed in multiple cancers and is associated with poor clinical prognoses [18–20]. In vitro 
studies have demonstrated that inhibition of STAT3 in cancer cell lines with aberrantly ac-
tivated STAT3 results in decreased proliferation and increased apoptosis [21–23]. However, 
inhibition of STAT3 does not appear to result in cytotoxicity in models of normal adult tissue, 
suggesting pathway redundancy under physiological circumstances and oncogenic depen-
dency in the context of cancer [1,24]. With numerous studies establishing additional roles for 
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STAT3 in metastasis, angiogenesis, treatment resistance, and suppression of antitumor immu-
nity, a large body of evidence identifies STAT3 inhibition as a promising therapeutic strategy 
with a low toxicity profile [1,25,26].

Four main classes of drugs have been developed to directly inhibit the activity of STAT3: 
SH2 domain inhibitors (SDI), DNA-binding domain inhibitors (DBDI), N-terminal domain 
inhibitors (NDIs), and STAT3 antisense (Figs. 7.2 and 7.3) [27]. Each of the first three classes 
utilizes a different aspect of the STAT3 domain structure to abrogate dimerization, protein–
DNA interactions, or formation of protein complexes necessary for transcription, while an-
tisense inhibitors act to prevent expression of the protein. Collectively, direct inhibitors of 

FIG. 7.1  STAT3 activation and signal transduction pathway. Ligand-activated receptor tyrosine kinases and 
activated nonreceptor tyrosine kinases phosphorylate STAT3 on pY705. The SH2 domain, indicated by the black 
region on STAT3, serves as a binding site for the pY705 residue of another activated monomer, facilitating reciprocal 
interactions essential to STAT3 dimerization. STAT3 dimers translocate to the nucleus for subsequent target gene 
expression.
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STAT3 face the multiple challenges of intracellular drug delivery, including cell membrane 
permeability, selectivity, and systemic toxicities. Although a fifth class of indirect STAT3 in-
hibitors exists in the form of upstream receptor/receptor-associated tyrosine kinase inhibi-
tors, this chapter will focus on depicting current progress related to direct STAT3 inhibitors 
and their potential use as standalone or adjuvant therapies for cancer.

7.2  ROLE OF STAT3 IN TREATMENT RESISTANCE

A growing body of literature has identified a connection between STAT3 activation and 
treatment resistance through experiments employing STAT3 dominant-negative (DN) mu-
tants, RNA interference, or treatment with STAT3 inhibitors. For example, exogenous ex-
pression of DN-STAT3(Y705F) markedly enhances radiation sensitivity in treatment-resistant 
glioblastoma cancer cells (U87) that harbor constitutively activated STAT3 [28]. Similarly, 
siRNA-mediated silencing of STAT3 in chemoradioresistant colorectal carcinoma results in 
increased sensitivity to 5-fluorouracil and radiation [29,30]. Indeed, a broad number of in-
vestigations have reported sensitization to chemotherapy and/or radiation in multiple solid 
tumors, including breast, prostate, and esophageal cancers, following STAT3 inhibition or 
downregulation [26,31–33].

Mechanistic studies have characterized the role of STAT3 in generating resistance to ra-
diation, chemotherapy, and immunotherapy. Investigation of non-small-cell lung cancer 
(NSCLC), melanoma, and colon cancer models resistant to epidermal growth factor receptor 
(EGFR) inhibitor have suggested that development of resistance to small-molecule inhibi-
tors is associated with autocrine stimulation of interleukin-6 receptor (IL-6R) and fibroblast 
growth factor receptor (FGFR), ultimately leading to downstream STAT3 activation [15,34,35]. 
The link between disruption of EGFR signaling pathways and activation of STAT3 has also 
been shown to be conserved across multiple cancer types, indicating that inhibition of STAT3 
may provide a general avenue for overcoming treatment resistance [36]. Similar autocrine 
feedback loops have been proposed to explain STAT3-mediated resistance to conventional 
chemotherapy drugs and radiation [26,37–39].

FIG. 7.2  Schematic of STAT3 domain structure and corresponding target sites for direct STAT3 inhibitors.
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Considering that multimodal therapy has become the standard approach to managing pa-
tients with solid tumors, targeting STAT3 may provide a promising method for enhancing 
the antitumor effects of conventional therapies, as well as novel molecular targeting and im-
munomodulatory agents. Although direct STAT3 inhibitors have not yet been translated to 
the clinic for standard of care use, concerted efforts to discover and evaluate drugs leading to 
STAT3 abrogation have generated multiple promising leads.

7.3  DIRECT INHIBITORS OF STAT3

7.3.1  SH2 Domain Inhibitors

The SH2 domain is essential to STAT3 activation. It facilitates association with receptor 
kinases at pY residues in the receptor cytoplasmic region. Ultimately, this physical association 
leads to STAT3 phosphorylation by either the receptor or receptor-associated kinases (e.g., 

FIG. 7.3  (cont.)
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JAKs). The SH2 domain also stabilizes reciprocal pY/SH2 interactions necessary for homo- 
or heterodimerization with other STAT monomers. Disruption of SH2-mediated interactions 
can abrogate STAT3 function and prevent the downstream expression of target genes, leading 
to inhibition of STAT3-mediated tumor growth. SH2 domains typically span approximately 
100 residues and recognize and bind pY residues that occur within specific sequence contexts 
[40]. The consensus SH2 recognition site for STAT3 has been reported as PY*LKTK (Y* indi-
cates the pY residue) [41]. While nuclear magnetic resonance (NMR) and X-ray crystallogra-
phy studies of phosphopeptide/SH2 domain complexes have been reported, including the 
SH2 domains of Src, Lck, and Grb2, the conformational structure of STAT3 binding to various 
receptors remains elusive [42]. Nonetheless, several different approaches, including phos-
phopeptide library screening, computer-assisted virtual screening, modification of naturally 
occurring STAT3 inhibitors, and fragment-based drug design have led to the discovery of two 
subcategories of SDIs: peptides/peptidomimetics and nonpeptidic small-molecule inhibitors 
(Table 7.1, Fig. 7.3A) [43,44].

The first proof-of-concept study for phosphopeptide and peptidomimetic STAT3 inhibi-
tors was reported in 2001 [41]. In these studies, the phosphopeptide PY*LKTK demon-
strated an in vitro dose-dependent inhibition of STAT3 DNA-binding activity in nuclear 
extracts. It was proposed that PY*LKTK binds to the SH2 domain of inactive STAT3 mono-
mers and competitively inhibits their homodimerization, preventing activation and target 
gene expression. However, the suppression of STAT3 activity by PY*LKTK was only ob-
served at high concentrations, with an IC50 of 235 µM. With respect to selectivity, DNA-
binding assays illustrated that PY*LKTK did not appreciably affect STAT5 activity, but did 
modestly inhibit STAT1 activity [41]. To overcome the obstacle of transporting a phosphor-
ylated peptide across the cell membrane, a hydrophobic membrane-translocating sequence 
(mts) was linked to PY*LKTK peptide at its C-terminus. Treatment of NIH 3T3/v-Src fi-
broblasts exhibiting hyperactivation of STAT3 with the PY*LKTK-mts peptide decreased 
STAT3 DNA-binding activity relative to treatment with an unphosphorylated control pep-
tide (PYLKTK-mts). The decreased STAT3 DNA-binding activity was accompanied by in-
creased apoptosis and reduced malignant transformation [41]. The concentration required 
to abrogate STAT3-mediated gene transcription was 1 mM, highlighting a need for greater 
potency to achieve clinical translation [41,89].

Although specificity, stability, and intracellular transport will continue to challenge the 
clinical translation of peptide inhibitors, some peptidic agents have yielded noteworthy pre-
clinical results. ISS-610, a tripeptide phosphopeptidomimetic based on the original PY*LKTK 
peptide, demonstrated increased potency with an in vitro IC50 of 42 µM for suppression of 
STAT3 DNA-binding activity [45]. It also suppressed the growth and survival of multiple 
cell lines with constitutively active STAT3, including Src-transformed fibroblasts and NSCLC 
and breast carcinoma cells.

In an additional attempt to overcome the poor cell permeability and stability associated 
with phosphopeptides, Mandal et al. [47] designed PM-73G, a novel pro-drug. PM-73G con-
tains a phosphonodifluoromethyl group to prevent dephosphorylation via phosphatases and 
esterase-labile pivaloyloxymethyl groups to hide the negative phosphate charges. In breast 
cancer cells, PM-73G disrupted both constitutively activated and IL-6-induced STAT3 DNA-
binding activity with an IC50 of 100–500 nM [47]. In vivo PM-73G also abrogated tumor growth 
and angiogenesis in mice harboring MDA-MB-468 breast cancer xenografts, although no 
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(Continued)

TABLE 7.1  Direct STAT3 Inhibitors

Drug 
candidate

Target 
domain

Proposed 
mechanism of action

Preclinical/Clinical 
evidence References

Short peptides PY*LKTK SH2 Inhibits 
homodimerization

In vitro [41]

ISS-610 SH2 Inhibits 
homodimerization

In vitro [45]

PM-73G SH2 Inhibits STAT3 
phosphorylation

In vitro, in vivo [46,47]

Peptidomimetics STA-21 SH2 Inhibits 
homodimerization

In vitro [48,49]

LLL-3 SH2 Inhibits 
homodimerization

In vitro, in vivo [50,51]

STATTIC SH2 Inhibits STAT3 
phosphorylation

In vitro, in vivo [52–54]

Nonpeptidic 
small-molecule 
inhibitors

BP-1-102 SH2 Inhibits 
homodimerization

In vitro, in vivo [55]

S3I-201.1066 SH2 Inhibits 
homodimerization

In vitro, in vivo [56]

S3I-1757 SH2 Inhibits 
homodimerization

In vitro [23]

STX-0119 SH2 Inhibits 
homodimerization

In vitro, in vivo [57,58]

HJC0123 SH2 Inhibits 
homodimerization

In vitro, in vivo [59]

OPB-31121 SH2 Inhibits 
homodimerization

In vitro, in vivo, 
Phase I (advanced 
solid tumors)

[60–64]

OPB-51602 SH2 Inhibits  
homodimerization

In vitro, in vivo, 
Phase I (advanced 
solid tumors)

[62,65,66]

Platinum-based 
compounds

CPA-1 DNA  
binding 
domain

Inhibits STAT3  
DNA binding

In vitro [67]

CPA-7 DNA  
binding 
domain

Inhibits STAT3  
DNA binding

In vitro, in vivo [67–69]

Platinum (IV)  
tetrachlo-
ride

DNA  
binding 
domain

Inhibits STAT3 
 DNA binding

In vitro [67]

IS3 295 DNA  
binding 
domain

Inhibits STAT3 DNA 
binding domain

In vitro [70]
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impact on apoptosis or cyclin D1 was detected [46]. Subsequent studies of PM-73G in other 
tumor models have not been reported.

Collectively, peptide and peptidomimetic inhibitors of the SH2 domain have sufficiently 
overcome the challenges of poor intracellular transport and stability in preclinical studies to 
warrant their evaluation in clinical trials. To date, PY*LKTK has primarily been employed as 
a research tool compound to identify and characterize STAT3-dependent processes, includ-
ing activation of STAT3 by cell confluence, innate and adaptive immune responses of bone 
marrow progenitor cells, and STAT3-mediated resistance to apoptosis in polyamine-depleted 
cells [89–91]. Despite their current lack of clinical utility, peptide and peptidomimetic inhibi-
tors that bind to the STAT3 SH2 domain have validated the concept that phosphopeptides 
can successfully disrupt or prevent STAT3 homodimerization. Further optimization may 
lead to the discovery of clinically viable agents in this class of compounds.

The search for STAT3 inhibitors has primarily shifted away from peptides to nonpeptidic 
small molecules because of the latters increased potency, stability, and cell membrane pen-
etration. Computational docking studies and molecular modeling have led to the rational 
design of multiple promising compounds (Fig. 7.3A) [44,49,54,55]. STA-21 is a small-molecule 
inhibitor derived from a naturally occurring deoxytetrangomycin that binds to pY*705 resi-
dues of STAT3 and prevents dimerization [49]. In human breast carcinoma, rhabdomyosar-
coma, and osteosarcoma cell lines that overexpress active STAT3, inhibition of STAT3 DNA 
binding and induction of apoptosis was observed with STA-21 concentrations of 20–30 µM 
[48,49]. Furthermore, STA-21 exhibited minimal cytotoxicity against human skin fibroblasts 
and breast carcinoma cells that lack overexpression of active STAT3 [49]. LLL-3 is an analog 

Drug 
candidate

Target 
domain

Proposed 
mechanism of action

Preclinical/Clinical 
evidence References

Double-stranded 
oligonucleotides

STAT3 decoy DNA 
binding 
domain

Competitively 
inhibits STAT3 
DNA binding

In vitro, in vivo, 
Phase 0 (HNSCC)

[71–79]

Cyclic 
STAT3 
decoy

DNA 
binding 
domain

Competitively 
inhibits STAT3 
DNA binding

In vitro, in vivo [5,74]

Antisense  
oligonucleotides

2′-O-meth-
ylethyl 
antisense 
oligonu-
cleotide

STAT3 
mRNA

Binds STAT3 mRNA 
for degradation

In vitro, in vivo [80–82]

AZD9150 STAT3 
mRNA

Binds STAT3 mRNA 
for degradation

In vitro, in vivo, Phase 
1 (lymphoma and 
NSCLC)

[83–86]

N-terminal helices ST3-H2A2 N-terminal 
domain

Inhibition of 
downstream 
suppressors of 
pro-apoptosis

In vitro [87,88]

TABLE 7.1  Direct STAT3 inhibitors (cont.)
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of STA-21 and was found to induce apoptosis of glioblastoma cell lines with hyperactivation 
of STAT3 at concentrations in the range 10–40 µM [50]. In vivo administration of LLL-3 to mice 
with intracranial glioblastoma tumors resulted in suppression of tumor growth and increased 
survival, relative to control treatment [50]. In view of evidence suggesting that disruption of 
STAT3 activity improves therapy response in malignant glioma cells, LLL-3 or related analogs 
hold potential for clinical application as a chemoradiotherapy adjunct in this devastatingly 
lethal malignancy [36,50,92,93]. Additional studies have shown that LLL-3 enhances the ac-
tivity of imatinib against the chronic myelogenous leukemia cell line K562 [51]. However, 
despite promising preclinical data, neither LLL-3 nor any of its derivatives have been evalu-
ated in human trials.

STAT3 inhibitory compound (STATTIC) is another SDI of STAT3. STATTIC was identified 
via fluorescence polarization-based assays that screened more than 17,000 compounds for 
their ability to dissociate phosphopeptide binding to STAT3 SH2 domain; subsequent elec-
trophoretic mobility shift assays confirmed that STATTIC inhibited STAT3 DNA-binding ac-
tivity [53,54]. In vivo studies have shown that STATTIC inhibits tumor growth and promotes 
apoptosis in breast cancer and head and neck squamous cell carcinoma (HNSCC) xenograft 
tumors [54]. Interestingly, STATTIC was demonstrated to sensitize nasopharyngeal carci-
noma cell lines to treatment with cisplatin and radiation [52]. Nasopharyngeal carcinomas 
are frequently characterized by constitutively activated STAT3, modest response to chemo-
radiation, and poor clinical prognosis [94]. However, no further investigations have been 
performed with STATTIC in multimodal treatment for this carcinoma, leaving its clinical 
utility largely unexplored.

A few nonpeptidic SDIs have demonstrated efficacy as orally bioavailable compounds. 
BP-1-102, a derivative of the lead compound S3I-201, has been shown to inhibit STAT3 DNA-
binding activity at an IC50 of 6.8 µM [55]. Oral administration of BP-1-102 to mice harboring 
breast cancer and NSCLC xenografts resulted in inhibition of tumor cell proliferation and 
invasiveness [55]. These data are consistent with results obtained with other nonoral analogs 
of S3I-201, including S3I-201.1066 and S3I-1757 [23,56]. Pharmacokinetic profiling in tumor-
bearing mice showed that steady-state BP-1-102 plasma levels can be achieved that exceed the 
in vitro IC50 for STAT3 inhibition. Uptake and accumulation within tumor tissues also reached 
therapeutic levels, supporting the clinical potential of this orally bioavailable drug [55].

STX-0119 is an orally bioavailable inhibitor that has been shown to inhibit the growth of 
human lymphomas in mouse models. In these studies, STX-0119 treatment was not associ-
ated with any observable nonspecific toxicities to the mice [57,58]. HJC0123, another orally 
bioavailable STAT3 inhibitor, was generated by fusing together STATTIC and STX-0119 [59]. 
HJC0123 has been reported to inhibit the growth of breast and pancreatic cancer cell lines 
with IC50 values (0.1–1.25 µM) lower than that can be achieved by either STATTIC or STX-
0119 components alone. Oral administration of HJC0123 inhibited the growth of estrogen 
receptor-negative breast cancer xenograft tumors in mice without evidence of adverse toxici-
ties [59].

OPB-31121 and OPB-51602 are the only two orally administered nonpeptidic SH2 domain 
antagonists to reach clinical trials to date. Computational docking and molecular dynamics 
simulation suggest that these antagonists bind with high affinity (Kd 10 nM) to the STAT3 
SH2 domain at a binding pocket distinct from the binding sites of other STAT3 SH2 domain 
antagonists [61,62]. Preclinical data for OPB-31121 demonstrate inhibition of STAT3 DNA 



156	 7.  STAT3 as a Major Contributor to Chemoresistance

﻿ �﻿﻿

binding across multiple cell lines and against xenograft tumors expressing constitutively ac-
tive STAT3 [61,63,64]. Furthermore, OPB-31121 has been shown to induce apoptosis in mod-
els of drug-resistant leukemia, while exhibiting synergistic antitumor effects in gastric cancer 
models when combined with 5-fluorouracil [63,64]. These findings indicate the potential of 
OPB-31121 to act as a monotherapy and to sensitize cancer cells to conventional chemothera-
py. However, the first-in-human phase I clinical trial of OPB-31121 in patients with advanced 
solid tumors demonstrated dose-limiting toxicities (nausea/vomiting, diarrhea, and fatigue) 
at drug concentrations significantly lower than needed to achieve target inhibition, ultimately 
resulting in failure to halt or reverse tumor progression [60]. In preclinical studies, OPB-51602 
demonstrated similar anti-tumor effects as OPB-31121 [65]. A phase I dose-escalation trial 
in patients with treatment-refractory solid tumors found that OPB-51602 initially exhibited 
tolerable toxicities (nausea/vomiting, diarrhea, peripheral neuropathy, and lactic acidosis) 
at therapeutic concentrations, although side effects increased after multiple treatment cycles 
and led to eventual treatment discontinuation [66]. Following administration of OPB-51602, 
phosphorylated STAT3 levels were decreased in peripheral monocytes, and tumor regression 
was observed in two NSCLC patients (5% of overall cohort; one patient had complete resolu-
tion of target lesions after 10 cycles of OPB-51602 and a 6.9-month progression-free interval; 
the other patient had a 41% reduction of measurable tumor burden, but stopped OPB-51602 
treatment after five cycles due to intolerable peripheral neuropathy) [66]. Both patients with 
tumor regression had known treatment resistance against EGFR tyrosine kinase inhibitors 
and had received at least one round of chemotherapy. However, post-treatment biopsies were 
not performed to establish changes in activated STAT3 concentrations [66]. A subsequent 
phase I trial has examined OPB-51602 in refractory hematologic cancers [65].

As a class, the landscape of STAT3 SDIs has steadily improved since their initial concep-
tion in 2001. Optimization of lead molecules through innovative methods of structure-based 
design has led to improved potency as evidenced by IC50 levels in the nanomolar range, 
increased intracellular uptake, enhanced antitumor effects in vivo, and greater specificity for 
STAT3. In spite of this progress, systemic toxicities and modest bioavailabilities continue to 
limit their translation to the clinic.

7.3.2  DNA-Binding Domain Inhibitors

As a transcription factor, STAT3 contains a unique DNA-binding region that enables rec-
ognition and association with corresponding response elements in the promoters of target 
genes. Targeting this STAT3:DNA association offers another approach to mitigating aberrant 
STAT3-mediated cellular processes that facilitate tumor growth and survival. STAT3 DBDIs 
have largely been derived from two distinct classes of compounds: platinum-based mole-
cules and decoy oligonucleotides (Table 7.1, Fig. 7.3B). Although the DBDIs have not received 
as much research focus as SDIs, a few stand out as potentially viable therapeutic agents.

In 2004, a screen of platinum-based compounds by Turkson et al. [67] identified CPA-1, 
CPA-7, and platinum (IV) tetrachloride, as molecules capable of disrupting STAT3:DNA as-
sociations (Fig. 7.3B). Although platinum (II)-based compounds such as cisplatin are known 
to produce antitumor effects by cross-linking to purines, platinum (IV)-based compounds 
were found to exert cytotoxicities by downmodulating expression of STAT3-dependent genes 
[67,95]. The effects of CPA-1, CPA-7, and platinum (IV) tetrachloride have been studied in 
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multiple cancer cell lines with constitutively activated STAT3, including v-Src-transformed 
mouse fibroblasts (NIH 3T3/v-Src), human breast carcinoma (MDA-MB-231, MDA-MB-435, 
and MDA-MB-468), colon cancer (CT26), and melanoma (M2 and Cl10) cells [67]. Treatment 
with these platinum-based compounds resulted in lower levels of activated STAT3, decreased 
STAT3 DNA binding activity, and induction of apoptosis (IC50 values ≤5.0 µM). Additionally, 
these novel compounds exhibited 2.5- to 4-fold greater selectivity for STAT3 over STAT1 [67]. 
Overall, CPA-1, CPA-7, and platinum (IV) tetrachloride demonstrate potency and selectivity 
comparable to the previously mentioned SDIs.

Despite promising in vitro findings with the platinum-based compounds, in vivo studies 
have only been performed with CPA-7. Intravenous treatment of mice harboring colon carci-
noma xenografts with CPA-7 (5 mg/kg) resulted in decreased STAT3 activity and induction of 
complete or partial tumor regression relative to treatment with vehicle control [67]. Additional 
investigations on human melanoma xenograft tumors confirmed inhibition of angiogenesis 
and induction of tumor regression following intravenous administration of CPA-7 [69]. How-
ever, CPA-7 failed to promote tumor regression in mice harboring intracranial melanoma and 
glioblastoma xenograft tumors, suggesting poor central nervous system penetration [68].

Another platinum (IV)-based compound, IS3-295, exhibits similar antitumor effects as 
CPA-7 [70]. IS3-295 was originally discovered by screening the NCI 2000 diversity set for 
compounds that decrease STAT3 DNA binding activity. Although its exact mechanism has 
not fully been elucidated, IS3-295 likely binds to the STAT3 DNA-binding domain [70]. Treat-
ment of breast carcinoma cell lines with IS3-295 resulted in Go/G1-phase cell-cycle arrest. 
Furthermore, TUNEL staining suggested that malignant cell lines harboring constitutively 
activated STAT3, including human breast cancer (MDA-MD-435), NSCLC (A549), prostate 
carcinoma (DU145), multiple myeloma (U266), and pancreatic carcinoma (Panc1), exhibited 
greater apoptosis after treatment with IS3-295 compared to control groups. Although IS3-295 
exhibits potent inhibitory activity against STAT3 and reduces STAT3-mediated expression of 
cyclin D1 and Bcl-XL in vitro, no in vivo studies have been reported to date [70]. As a subclass 
of STAT3 DBDIs, platinum (IV)-based compounds have demonstrated intriguing therapeutic 
potential. However, their translation is currently limited by lack of toxicity and pharmacol-
ogy studies and they remain untested in treatment-resistant models.

Double-stranded “decoy” oligonucleotides offer an alternative approach to disrupting the 
STAT3:DNA-binding interaction. Decoy oligonucleotides contain double-stranded DNA se-
quences that mimic the binding site of transcription factors, leading to competitive inhibition 
of authentic interactions between the transcription factors and their target genes [96]. Previ-
ous studies on arterial wall gene therapy and STAT6-mediated T helper 2 cell activity dem-
onstrated that adequate intracellular concentrations of decoy lead to successful inhibition of 
transcription factor DNA-binding activity and decreased expression of target genes [97,98]. 
Coupled with evidence that antisense oligonucleotides and dominant-negative STAT3 mu-
tants induce apoptosis in multiple cancer cell lines [99–102], these studies provided the con-
ceptual framework to pursue the design of a double-stranded decoy oligonucleotide that 
modulates STAT3-mediated gene expression.

In 2003, Leong et al. [72] synthesized and evaluated the first STAT3 double-stranded decoy 
oligonucleotide (Fig. 7.3B). The decoy consisted of the sequence 5′-CATTTCCCGTAAATC-3′ 
according to the STAT3 DNA-binding sequence located in the c-fos gene promoter (high-af-
finity serum-inducible element; hSIE) [41,103]. Confocal microscopy demonstrated cellular 
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uptake and nuclear and cytoplasmic localization of the STAT3 decoy following treatment of 
cancerous and noncancerous cells for 6 h. Dose-dependent inhibition of the proliferation of 
HNSCC cell lines was seen using STAT3 decoy concentrations ranging from 0.0125 to 25 µM. 
By contrast, a point mutant control decoy exerted only minimal effects on proliferation. Treat-
ment of HNSCC cells harboring an hSIE-luciferase construct with the STAT3 decoy resulted 
in decreased luciferase activity relative to mutant control decoy; similarly, reduced expression 
was also seen for antiapoptotic Bcl-XL—the product of a STAT3 target gene. Importantly, nor-
mal human oral keratinocytes demonstrated no cytotoxic effects after incubation with STAT3 
decoy, maintaining growth at rates similar to keratinocytes incubated with mutant control 
decoy or no treatment. Altogether, in vitro studies suggest that STAT3 decoy achieves intracel-
lular transport, leads to enhanced apoptosis, and decreases expression of STAT3 target genes, 
highlighting its potential as a therapy [72].

Follow-up in vivo studies on the antitumor efficacy of STAT3 decoy provided promis-
ing results in terms of both efficacy and specificity. In one study, athymic nude mice were 
xenografted with two HNSCC tumors each [77]. One tumor received daily intratumoral 
injections of STAT3 decoy and the other received mutant control decoy. A 3.25-fold in-
crease in cell death was observed in tumors treated with STAT3 decoy vs mutant control 
decoy. Decreased tumor cell expression of cyclin D1 and Bcl-XL was also seen [77]. STAT5 
activation was unaffected by treatment with STAT3 decoy, highlighting the specificity of 
the decoy. Similar inhibition of tumor growth and reduction in STAT3 activity has been 
observed in other tumor xenograft models following intratumoral injection of STAT3 de-
coy, including human glioblastoma multiforme (U251), lung carcinoma (A549), and ovar-
ian epithelial cancer (SKOV3) models [76,78,79]. The in vivo evidence suggests that STAT3 
decoy facilitates tumor growth inhibition via STAT3 blockade and is at least partially due 
to increased apoptosis.

STAT3 decoy therapy may be particularly useful in the case of cancers resistant to EGFR 
inhibitors [104–107]. Administration of the STAT3 decoy to multiple HNSCC cell lines with 
resistance to erlotinib, a Food and Drug Administration (FDA)-approved EGFR inhibitor, 
downmodulated STAT3 target gene expression and decreased cell proliferation compared to 
treatment with mutant control decoy (EC50 values ranged from 5.2 to 11.1 nM) [73]. Similar in  
vitro results were observed in bladder cancers resistant to cetuximab, an FDA-approved EGFR 
monoclonal antibody [73]. Studies of cetuximab-sensitive and cetuximab-resistant HNSCC 
xenograft tumors illustrated that STAT3 decoy augmented the antitumor effects of cetuximab 
in both the sensitive and resistant models compared to treatment with cetuximab plus mutant 
control decoy [73]. Since treatment with cetuximab and radiation has been shown to mod-
estly improve survival in HNSCC, relative to radiation alone, the addition of STAT3 decoy to 
this regimen may yield a more efficacious approach [108].

Synergistic activity of STAT3 decoy in combination with bortezomib has been observed in 
HNSCC cell lines [71]. These data are particularly encouraging in light of clinical evidence 
that show sustained decreases in tumor burden and disease stabilization among patients with 
recurrent HNSCC after treatment with bortezomib and radiation, suggesting that further op-
timization of bortezomib/radiation therapy has the potential to improve patient outcomes 
[109,110].

Treatment with STAT3 decoy has also demonstrated success in sensitizing tumors to che-
motherapy. Combination of STAT3 decoy and the chemotherapy drug cisplatin resulted in a 
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2.6-fold increase in apoptosis when compared to STAT3 decoy monotherapy in HNSCC cell 
lines [77,111]. In vivo studies using an HNSCC xenograft model confirmed that STAT3 decoy 
exhibited an additive effects with cisplatin, as evidenced by decreased tumor cell expres-
sion of VEGF, Bcl-XL, cyclin D1, and PCNA in comparison to treatment with the decoy alone 
[77]. In ovarian cancer cells (SKOV3 and OVCAR3), treatment with STAT3 decoy was able to 
render the cells more sensitive to paclitaxel [112]. Collectively, these preclinical data support 
further investigation of STAT3 decoy in combination with conventional chemotherapy drugs 
in multiple tumor models.

Toxicology studies with the STAT3 decoy have revealed no evidence of systemic or local 
toxicities [75]. Based on these favorable results, a phase 0 clinical trial was conducted to assess 
the safety profile and pharmacodynamic effects of STAT3 decoy in patients with resectable 
HNSCC [74]. STAT3 decoy and normal saline (control) were injected directly into the tumors 
at doses ranging from 250 µg to 1 mg per injection. No toxicities were reported in either study 
arm and the maximum tolerated dose remains unknown. Downmodulation of cyclin D1 and 
Bcl-XL was observed in tumor biopsies treated with STAT3 decoy compared to those treated 
with saline injections, demonstrating pharmacodynamic activity of the decoy in the target 
tissue [74].

Additional studies have assessed the antitumor effects of STAT3 decoy after intravenous 
administration. In an HNSCC xenograft model, systemic administration of STAT3 decoy 
failed to abrogate tumor growth, presumably due to nucleolytic degradation and/or ther-
mal denaturation of the oligonucleotide free ends [74]. To overcome this barrier, Sen et al. 
[74] generated a cyclic version of the decoy with hexaethylene glycol linkages replacing the 
free ends (Fig. 7.3B). The cyclic STAT3 decoy demonstrated markedly enhanced thermal 
stability and resistance to nucleases. Importantly, intravenous administration of the cy-
clic STAT3 decoy inhibited the growth of HNSCC xenograft tumors, relative to treatment 
with cyclic mutant STAT3 decoy [74]. Subsequent toxicity studies in mice demonstrated 
that systemically administered cyclic STAT3 decoy did not lead to organ damage, signifi-
cant changes in weight, or abnormal serum chemistries over a 2-week study period (no-
observable-adverse-effect-level was 100 mg/kg) [5]. Thus, the cyclic STAT3 decoy exhibits 
antitumor activity following systemic administration has a favorable safety profile and 
warrants further evaluation in clinical trials. Overall, STAT3 DBDIs demonstrate promis-
ing potential for translation to clinical settings. In particular, these inhibitors of STAT3 may 
be well suited for enhancing the antitumor effects of conventional chemotherapy drugs, ra-
diation, and molecular targeting agents. Cyclic STAT3 decoy exhibits notable potential due 
to a high degree of specificity for STAT3, lack of systemic toxicities, capacity for systemic 
delivery, and demonstrated efficacy in cancers resistant to multimodal therapy.

7.3.3  N-Terminal Domain Inhibitors

The N-terminal domain (NTD) of STAT3 provides another target site for inhibition of 
STAT3 activity. NMR and X-ray crystallography data suggest that the STAT3 NTD is com-
prised of 130 amino acids and 8 alpha helices and reflects a well-conserved structural re-
gion across STAT family members [87,113]. The STAT3 NTD facilitates tetramerization 
of activated STAT3 dimers; this tetramerization enables interactions with proteins that 
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stabilize enhanceosomes [114,115]. Presumably, these interactions increase the range of STAT3- 
mediated gene expression to include suppressors of pro-apoptotic genes, although further 
studies need to be performed to define the complete set of target genes regulated by the 
STAT3 NTD [88,113]. Other functions of the NTD include a role in chromatin remodeling 
and transnuclear shuttling of both phosphorylated and unphosphorylated STAT3, suggesting  
additional ancillary roles to gene regulation [88,116,117].

In 2007, Timofeeva et  al. [87] designed and evaluated a library of short peptide NTD 
inhibitors. The library was designed based on the second and eighth helices of the STAT3 
NTD. Diffusion of the peptides across the cell membrane was augmented by covalently at-
taching Penetratin, a peptide transduction motif, to the C-termini [87]. In vitro studies have 
shown that ST3-H2A2, an optimized NTD inhibitor, exhibits IC50 values in the low micromo-
lar range against breast cancer cells harboring constitutively active STAT3 (MDA-MB-231, 
MDA-MB-435, T47D, AND MCF-7) [87]. Similar effects of ST3-H2A2 on growth suppression 
and induction of apoptosis were observed in prostate cancer cells with high basal levels of 
phosphorylated STAT3 (LNCaP, PC3, and DU145) [88]. Although the precise mechanism of 
action is not completely understood, data from ChIP assays and human promoter arrays 
suggest that ST3-H2A2 decreases the number of genes bound by STAT3, possibly disrupting 
expression of pro-apoptotic suppressors [88,113]. Importantly, the cytotoxic effects of ST3-
H2A2 were not observed in normal mouse embryonic fibroblasts, suggesting the possibility 
of acceptable treatment toxicities [87].

Although preclinical data suggest therapeutic potential for NTD inhibitors, it is likely that 
the same issues of stability, specificity, and intracellular transportation that have challenged 
other peptide inhibitors of STAT3 will be encountered. In particular, cell membrane penetra-
tion will pose an obstacle for in vivo studies of ST3-H2A2 since the Penetratin motif exhibits 
low serum stability, limiting drug delivery to its site of action [87]. Moreover, peptide in-
hibitors are likely to generate an immune response, necessitating the need to develop pep-
tidomimetic anologs. Nonetheless, NTD inhibitors provide a novel alternative approach for 
abrogating STAT3-mediated cancer proliferation. Considering the nascent history of NTD 
inhibitors, future areas of research may include characterizing the mechanism of NTD inhibi-
tor action, defining the full complement of response genes modulated by the STAT3 NTD 
and NTD inhibitors and development of additional NTD inhibitor molecules.

7.3.4  STAT3 Antisense

Antisense oligonucleotides designed to bind and promote the destruction of STAT3 mRNA 
molecules provide another option for abrogating STAT3-mediated cell proliferation and tumor 
growth. Studies have been performed using a STAT3 antisense oligonucleotide comprised of 
the sequence 5′-GCTCCAGCATCTGCTGCTTC-3′, capped with 2′-O-methylethyl groups to 
prevent degradation of free ends (Table 7.1) [80,82]. Treatment with STAT3 antisense reduced 
the expression of STAT3 response genes in human melanoma, breast carcinoma, and prostate 
cancer cell lines containing elevated levels of phosphorylated STAT3 [80,118,119]. Treatment 
with antisense STAT3 led to significant reductions in angiogenesis and tumor size in mice har-
boring prostate and hepatocellular carcinoma xenograft tumors, including androgen-resistant 
prostate cancer models and models of hepatocellular lung metastases [80,81]. Considering 
the high recurrence rate of treatment-resistant prostate cancers and the aggressive nature of 
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hepatocellular carcinomas, these results raise the prospect of integrating STAT3 antisense oli-
gonucleotides into current treatment regimens for these malignancies [120–122].

Although preclinical studies suggest the potential for clinical application of antisense oli-
gonucleotides, AZD9150 (ISIS 481464) is the only STAT3 antisense that has been evaluated 
in human clinical trials (Fig. 7.3C). This second-generation STAT3 antisense oligonucleotide 
was optimized by replacing the 2′-O-methylethyl groups of previous iterations with 2′-4′ con-
strained ethyl-modified residues to increase stability [84]. In vitro experiments performed 
in lymphoma (KARPAS299 and SUP-M2) and neuroblastoma (IMR 32) cell lines showed 
that AZD9150 treatment led to reductions in total STAT3 protein and downstream targets 
[84,86]. Moreover, systemic administration of AZD9150 promoted antitumor effects against 
xenograft models of lymphoma, lung carcinoma, and neuroblastoma [84,86]. Interestingly, 
pretreatment with AZD9150 sensitized neuroblastoma tumors to cisplatin [86]. Toxicity stud-
ies with systemically administered AZD9150 have revealed a lack of end-organ damage and 
adverse toxicities [83]. These promising preclinical data provided the impetus for a phase I 
clinical trial (NCT01563302) in patients with advanced lymphoma and treatment-refractory 
solid tumors [85]. Intravenous administration of AZD9150 was well tolerated at doses of 2 
and 4 mg/kg; notable toxicities included a 70% reduction in platelet counts from baseline and 
one instance of treatment-related thrombotic microangiopathy at 4 mg/kg [85]. One patient 
in the 15-patient cohort experienced more than a 55% reduction in tumor size and another 
patient achieved sufficient partial response to undergo successful autologous stem-cell trans-
plantation [85]. The favorable safety profile and promising initial results of AZD9150 offer 
compelling evidence for further optimization and clinical trials.

7.4  CONCLUSIONS

In the last 30 years, improved understanding of the role of STAT3 in cancer biology has 
led to great strides in the discovery, optimization, and evaluation of anti-STAT3 agents. Col-
lectively, preclinical experiments have progressed well beyond proof-of-concept studies 
and should encourage optimism for the eventual realization of novel therapies that directly  
inhibit STAT3, although adequate specificity, potency, stability, and drug delivery persist as 
challenging issues. Despite these advances, patient response to treatment will ultimately de-
termine the clinical utility of STAT3 inhibitors, and given the paucity of randomized con-
trolled trials that have been conducted, research efforts should continue to pursue clinical 
validation. Possible future directions after clinical validation include identifying tumor bio-
markers that stratify patients according to STAT3 inhibitor sensitivity and investigating other 
disease processes that depend upon aberrant expression of targetable transcription factors. 
Overall, therapeutic inhibition of STAT3 has the potential to be another crucial turning point 
in the management of cancer, and the rapidly expanding base of knowledge surrounding 
STAT3 suggests that this promise may reach fruition within the upcoming decade.
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