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Abstract: Signal transducer and activator of transcription 3 (STAT3) plays a critical role in promoting
the proliferation and survival of tumor cells. As a ubiquitously-expressed transcription factor, STAT3
has commonly been considered an “undruggable” target for therapy; thus, much research has focused
on targeting upstream pathways to reduce the expression or phosphorylation/activation of STAT3
in tumor cells. Recently, however, novel approaches have been developed to directly inhibit STAT3
in human cancers, in the hope of reducing the survival and proliferation of tumor cells. Several of
these agents are nucleic acid-based, including the antisense molecule AZD9150, CpG-coupled STAT3
siRNA, G-quartet oligodeoxynucleotides (GQ-ODNs), and STAT3 decoys. While the AZD9150 and
CpG-STAT3 siRNA interfere with STAT3 expression, STAT3 decoys and GQ-ODNs target constitutively
activated STAT3 and modulate its ability to bind to target genes. Both STAT3 decoy and AZD9150
have advanced to clinical testing in humans. Here we will review the current understanding of the
structures, mechanisms, and potential clinical utilities of the nucleic acid-based STAT3 inhibitors.

Keywords: hedging; transaction costs; dynamic programming; risk management; post-decision
state variable

1. Introduction

Signal transducer and activator of transcription 3 (STAT3) is a transcription factor that is
overexpressed and/or hyperactivated in multiple human cancers, where it enhances tumor cell
survival and invasion through transcription of anti-apoptotic and pro-proliferative genes [1]. STAT3
has also been shown to directly interact with mitochondrial DNA to contribute to Ras-dependent
malignant transformation and cancer progression by amplifying electron transport chain function [2–6].
STAT3 overexpression has been significantly associated with poor overall survival rates in patients with
solid tumors [7]. Aberrant phosphorylation of STAT3 on Tyrosine 705 or Serine 727 by upstream kinases
results in hyperactivation of the STAT3 protein [8,9]. In addition, genome silencing of phosphatases
that play a role in dephosphorylation/inactivation of STAT3, such as those encoded by PTPR genes [10],
can also result in constitutive activation of STAT3 in cancer [11].

In addition to contributing to the proliferation and survival of tumor cells, STAT3 hyperactivation
plays an important role in the resistance of tumors to conventional chemotherapy drugs, as
well as molecular targeting agents [12]. Moreover, STAT3 promotes immunosuppression in the
tumor microenvironment [13]. STAT3 activation in tumor cells leads to increased production of
immunosuppressive cytokines, including interleukin-6 (IL-6), IL-10, vascular endothelial growth
factor (VEGF), and transforming growth factor-b1 (TGF-β1) [14–17]. Cytokines and growth factors
produced by tumor cells also commonly lead to STAT3 activation in tumor-infiltrating immune
cells. The activation of STAT3 in infiltrating immune cells, in general, inhibits anti-tumor immunity.
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Specifically, STAT3 exhibits cell-autonomous inhibitory activities against cytotoxic T cells (CTLs),
natural killer (NK) cells, and dendritic cells (DCs), while increasing the levels of immunosuppressive T
regulatory (Treg) and myeloid-derived suppressor cells (MDSCs) [18].

Activation of STAT3 is known to occur via several general pathways (Figure 1). Ligand binding
initiates engagement of receptor tyrosine kinases, such as the receptors for epidermal growth factor
(EGF) or vascular endothelial growth factor (VEGF), or receptors that lack intrinsic tyrosine kinase
activity, such as the IL-6 receptor/gp130 complex, and/or nonreceptor tyrosine kinases such as c-Src [19].
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Figure 1. Pathways of signal transducer and activator of transcription 3 (STAT3) activation. Activation
of STAT3 occurs via the initial phosphorylation of tyrosine 705 on the STAT3 molecule. This can
occur in several ways: (1) Ligand binding activates Janus kinases (JAKs) that are associated with a
receptor that lacks intrinsic tyrosine kinase activity, such as the interleukin-6 (IL-6) receptor/gp130
complex; (2) Activated JAKs phosphorylate the cytoplasmic region of the receptor molecule which
then serves as a recruitment site for STAT3; (3) STAT3 is then phosphorylated by JAK. (4) Receptor
tyrosine kinases (RTK) such as epidermal growth factor receptor (EGFR) or vascular endothelial
growth factor receptor (VEGFR) have intrinsic kinase capabilities which directly phosphorylate STAT3
following ligand binding. (5) Receptor independent tyrosine kinases such as c–SRC can phosphorylate
JAK without receptor activation. Once Y705 of STAT3 is phosphorylated the SH2 domain of each
STAT3 molecule binds the phospho-tyrosine of another, resulting in dimerization of the two proteins.
These homodimers are then able to translocate to the nucleus and bind the promoter regions of target
genes and induce their transcription. Many of these target genes encode proteins that drive cellular
proliferation and survival.

In the case of receptors lacking kinase activity, the binding of ligand leads to activation of
receptor-associated Janus kinases (JAK). Activated JAKs phosphorylate the cytoplasmic region of the
receptor molecule, which then serves as a docking site for STAT3. Recruitment of STAT3 then results in
the direct phosphorylation of Tyrosine 705 by JAK. Phosphorylation of Serine 727 has also been shown
to occur secondarily as a mechanism for maximal activation [20]. Receptor tyrosine kinases, including
EGFR and VEGFR, harbor intrinsic kinase activity. Following ligand binding, the cytoplasmic regions
of receptor tyrosine kinases are subjected to autophosphorylation, and these sites of phosphorylation
then serve to recruit STAT3 which is subsequently phosphorylated/activated by the activated receptor.

Phosphorylation of Tyrosine 705 leads to homodimerization of STAT3 proteins, but STAT3 can
also participate in alternative heterodimerization with STAT1α [21,22]. Canonical homodimerization
occurs via SH2 recognition of the phospho-tyrosine residue in another STAT3 molecule and subsequent
binding. STAT3 homodimers translocate to the nucleus where they bind to the promoter regions of
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STAT3 target genes, inducing the transcription of a broad number of genes whose products drive
cellular proliferation and survival. STAT3 has also been demonstrated in an important role as a
transcription modulator for mitochondrial respiration and oxidative metabolism [23–25].

1.1. Peptide and Small Molecule Inhibitors of STAT3

The critical role that overexpression and/or hyperactivation of STAT3 plays in the development
of multiple cancers has spawned considerable effort to develop inhibitory molecules with potential
for clinical application. Early efforts were focused on the development of peptide-based inhibitors.
Additional pursuits have led to the identification of several small molecule inhibitors of STAT3.
Furthermore, natural derivatives and natural models as lead scaffolds for molecular design have
recently gained ground and demonstrated efficacy in STAT3 inhibition. In general, both peptidic
inhibitors and small molecule inhibitors of STAT3 suffer from issues of low potency, poor cell penetrance,
or undesirable nonspecific activities. However, a few recently discovered small molecule inhibitors
are showing considerable promise and have reached the stage of advancing to clinical testing [26].
Hence, before describing nucleic acid-based inhibitors of STAT3 we will briefly review progress made
in developing peptide and small molecule inhibitors.

1.2. Peptide Inhibitors

Critical to the function of STAT3 is the recognition of phosphotyrosine residues on activated cell
surface receptors (for the purpose of binding to the receptor), or phosphotyrosine 705 on another STAT3
molecule (for the purpose of homodimerization). Recognition of these phosphotyrosine residues occurs
via the STAT3 SH2 domain, which recognizes the consensus sequence PY*LKTK (where Y* represents
phosphotyrosine). Early studies by Turkson et al. demonstrated that phosphorylated PY*LKTK
peptide inhibited the DNA binding activity of STAT3 in nuclear extracts, but had no activity against
STAT5 [27]. However, exceptionally high concentrations of the phosphorylated peptide were required
to inhibit STAT3 activity in cells. In an effort to generate a more stable version of the PY*LKTK peptide,
a peptidomimetic version named ISS-610 was developed and shown to have improved capacity for
inhibiting STAT3 DNA binding activity in NIH3T3 cells (IC50 = 42 µM) [28]. ISS-610 also demonstrated
growth inhibitory activity against several different cancer cell lines characterized by hyperactivation of
STAT3. Mandal et al. made additional modifications in an effort to prevent dephophorylation of the
peptide, generating the agent PM-73G [29]. This novel drug disrupted STAT3 DNA binding activity in
the nanomolar range and also slowed the growth of MDA-MB-468 tumor xenografts.

Despite advances made in generating peptide and peptidomimetic inhibitors of STAT3, further
development is hindered by multiple factors. The potencies, stabilities, and cellular uptake of peptides
and peptidomimetic compounds will need to be improved and specificities will need to be closely
evaluated. Moreover, there is concern that peptides and peptidomimetics may stimulate an immune
response, which could limit their effectiveness.

1.3. Small Molecule Inhibitors

Given the obstacles associated with developing clinically relevant peptide inhibitors, greater
emphasis has been placed on identifying small molecule inhibitors of STAT3 [30,31]. A number of
small-molecule STAT3 inhibitors have been discovered using either experimental screening strategies
or virtual screening approaches. Among the best characterized small molecule inhibitors are STATTIC,
OPB-31121, OPB-51602, OPB-111077, and C188-9. In addition, an alternative pathway in mitochondrial
STAT3 inhibition has been described in the small molecule MDC-1112.

STATTIC was identified in a screen of 17,000 compounds that used a fluorescence polarization assay
to detect compounds capable of dissociating phosphopeptide from the SH2 domain of STAT3 [29,32].
STATTIC inhibits STAT3 DNA binding activity and slows the growth of xenograft tumors representing
breast cancer and head and neck squamous cell carcinoma [31]. Treatment with STATTIC has been
shown to enhance the activities of chemotherapy and radiation against cancer cells in vitro [33].
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OPB-31121, OPB-51602, and OPB-111077 are orally bioavailable inhibitors developed by Otsuka
Pharmaceutical Company. Molecular and computational modeling studies indicate high affinity
binding (Kd = 10 nM) of these compounds to the SH2 domain of STAT3 [34]. Preclinical studies with
OPB-31121 have shown that the compound inhibits STAT3 DNA binding and enhances the activities
of chemotherapy drugs in leukemia and gastric cancer models [34–36]. OPB-31121 also slows the
growth of primary leukemia and SNU484 gastric cancer xenograft tumors in mice [35,36]. A Phase
I trial of OPB-31121 revealed considerable dose-limiting toxicities at doses below those needed for
STAT3 inhibition. Furthermore, limited anti-tumor activity was observed [37]. Similar to OPB-31121,
OPB-51602 demonstrates growth inhibition against xenograft tumors in preclinical models [38].
Phase I testing of OPB-51602 demonstrated reduction of phosphorylated STAT3 in monocytic cells and
regression of tumors in two patients with non-small cell lung cancer [39]. One of these patients exhibited
complete regression of target lesions and a progression-free survival interval of 6.9 months, while the
other responder showed a 41 percent decline in tumor burden. However, treatment with OPB-51602
for multiple cycles resulted in substantial toxicities in multiple patients, including diarrhea, nausea,
lactic acidosis, and peripheral neuropathy, leading to necessary discontinuation of treatment [38,39].
Phase I evaluation of OPB-111077 has demonstrated greater tolerability, with only mild or moderate
side effects. To date, only modest anti-tumor responses have been observed with the OPB-111077, and
further clinical investigation is necessary.

The small molecule C188 was discovered via virtual screening of a large compound library (920,000
compounds) to identify small molecules that may bind to the STAT3 SH2 domain [40]. Evaluation of
C188 in cell-free assays demonstrated its ability to abrogate binding of phosphopeptide to the SH2
domain. Chemical optimization of C188 yielded the compound C188-9, also called TTI-101, with the
capacity to inhibit phosphopeptide/SH2 interactions in the low nanomolar range [41]. C188-9 is an
orally bioavailable STAT3 inhibitor that exhibits in vitro and in vivo activity against preclinical models
of non-small cell lung cancer [42], head and neck squamous cell carcinoma [41], liver cancer [43], and
breast cancer [44]. Phase I evaluation of C188-9 in patients with solid tumors is currently underway.

MDC-1112, or V-P, is a valporic acid derivative synthesized by Medicon Pharmaceuticals Inc.
which blocks the translocation of STAT3 into the mitochondria and promotes the production of reactive
oxygen species, inducing cellular apoptosis [45]. In combination with cimetidine, MDC-1112 inhibited
the growth of pancreatic cancer xenografts in mice by 60–70% [45] and glioblastoma multiforme
xenografts by 78.2% [46].

Napabucasin (2-acetylfuro-1,4-naphthoquinone or BBI-608) is a small molecule in clinical
development that has been reported to abrogate STAT3 signaling. A small Phase I trial in
combination with paclitaxel for advanced/recurrent gastric cancer reported that the combination
was well tolerated [47]. A Phase III trial investigating napabucassin in combination with nab-paclitaxel
and gemcitabine for metastatic pancreatic cancer is ongoing [48].

1.4. Future Directions for Small Molecule STAT3 Inhibitors

Although current small molecule inhibitors of STAT3, particularly C188-9, hold potential promise,
the success rate for generating clinically viable small molecule inhibitors is low. A number of factors
contribute to this low rate of success, including poor pharmacokinetic properties, insufficient potency,
and unacceptable levels of nonspecific activity leading to toxic side effects. In addition, acquired
resistance to small molecule inhibitors frequently occurs via mutation of the binding site on the target
protein. A new approach towards drug development using molecules called proteolysis-targeting
chimeras (PROTACs) may help to overcome some of the issues related to nonspecific activity and
acquired resistance [49,50]. In the PROTACs approach, a fusion molecule is generated in which a linker
sequence is used to covalently connect a small molecule inhibitor to a molecule (eg., thalidomide) that
can attract an intracellular E3 ubiquitin ligase. By bringing the E3 ligase in close proximity to the target
protein (eg., STAT3), the inhibitor fusion molecule serves to facilitate ubiquitination and subsequent
proteasomal degradation of the target protein [49,50]. This process is both rapid and catalytic, meaning
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the fusion inhibitor molecule is released after destruction of the target protein and can subsequently
interact and facilitate destruction of additional target molecules. Because of this catalytic nature, low
doses of the inhibitor fusion molecule can be used to achieve efficient removal of the target protein,
minimizing the impact of nonspecific activities that would be seen when higher doses are required for
target inhibition by a conventional small molecule inhibitor. Moreover, because elimination of the
target protein occurs rapidly, the risk of developing acquired resistance via target protein mutation is
minimized. The application of PROTACs to inhibition of STAT3 signaling is an exciting opportunity,
although, to date, no STAT3 PROTACs inhibitors have been reported.

1.5. Natural Inhibitors

Of the currently available anti-cancer agents used in current practice, it was found that over
40% were based in or derived from natural products [51]. Because of the increasing development
of resistance to chemotherapeutic drugs, novel strategies to generate treatments can be sought in
bioprospecting and combinatorial biosynthesis from nature-based derivatives. Recent advances in
plant-based derivatives that have shown efficacy in STAT3 inhibition include Erasin, bruceanitol,
and Curcumin.

Erasin is a chromone-based STAT5 inhibitor that has hydrophobic substituents at the 6-position,
resulting in STAT3 specific inhibition. Derived from the natural product classes of flavones and
isoflavones, it was determined to decrease STAT3 Y705 phosphorylation and increase apoptosis in
MDA-MB-231 breast cancer cells, as well as Erlotinib resistant non-small cell lung cancer (NSCLC)
cells [52].

From Brucinea javanica, a chinese plant used to treat cancer, bruceanitol (BOL) was isolated and
discovered to have potent anti-leukemic activity. BOL demonstrated the ability to suppress cell growth
in a wide range of genetically varied colorectal cancer cell lines, all of which were equally sensitive to
the compound [53]. Reductions in phosphorylated STAT3 and downstream target expression of Mcl-1,
c-Myc, and Survivin was observed at BOL concentrations of 30 nM. In vivo experiments on mice with
CRC xenografts reflected similar results with doses of 2 mg/kg and 4 mg/kg reducing p-STAT3 32%
and 80%, and tumor volume 35% and 58% respectively [53].

Diferuloylmethane is a polyphenol derived from the plant Curcuma longa, known as Curcumin,
and has been shown to downregulate the expression of downstream STAT3 expression targets such
as BCL-2 and Bcl-xL. Curcumin was shown to downregulate the production of Survivin mRNA
concordant with the reduction of p-STAT3 in pancreatic cancer cell lines [54].

Collectively these naturally-derived small molecules offer considerable potential in the inhibition
of STAT3 hyperactivation in pre-clinical studies. Natural products serve as promising starting points
for development of inhibitors, but represent a platform that is currently difficult to exploit because of
the lack of knowledge surrounding lead structures for rational design.

1.6. Nucleic Acid-Based Agents to Inhibit Expression of STAT3

1.6.1. AZD9150

Inhibition of STAT3-mediated gene expression can be achieved by directly inhibiting STAT3
expression using antisense oligonucleotides that promote the destruction or inhibit the translation
of STAT3 mRNA. These oligonucleotides are short, 12–25 nucleotide strands with sequences
such as 5′-GCTCCAGCATCTGCTGCTTC-3′, designed to pair with complementary STAT3 mRNA
sequence(s) [55,56]. Binding results in cleavage of the target via RNAse H, alteration of
post-transcriptional RNA splicing, or arrest of translation, leading to downmodulation of STAT3
expression [55]. Several generations of antisense oligonucleotides have been developed and chemically
modified to optimize stability and allow systemic administration [57].

Early versions of the STAT3 antisense molecule contained 2′-O-methyl or 2′-O-methoxyethyl
moieties to prevent free-end degradation and were synthesized with phosphorothioate chemistry
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to provide further stability [58]. Expression of STAT3 and STAT3 response genes was reduced
when prostate (DU145) [59,60], breast (SCK), and melanoma (B16) [61] cell lines were treated
with STAT3 antisense oligonucleotides. Furthermore, in vivo experiments showed inhibition of
STAT3-mediated tumorigenesis, angiogenesis, and tumor growth in xenograft mouse models of
prostate and hepatocellular carcinoma [59,62]. Sensitivity to STAT3 antisense treatment was also
demonstrated in androgen-resistant models of prostate cancer and in lung metastases arising from
hepatocellular primary tumors [59,62].

The second-generation antisense oligonucleotide AZD9150 (ISIS 481464) is the only STAT3
antisense molecule to enter clinical trials. The ASO structure of AZD9150 was optimized by replacing
the 2′-O-methoxyethyl groups with constrained ethyl modifications to increase stability and potency [63].
Preclinical studies with AZD9150 in lymphoma (KARPAS299 and SUP-M2) [63] and neuroblastoma
(IMR 32) [64] cell lines with aberrantly activated STAT3 showed a decrease in the expression of
STAT3 protein and downstream signaling targets. AZD9150 also demonstrated selective uptake
and promoted impaired growth in hematopoietic myelodysplastic and leukemic stem cells [65].
Systemic administration of AZD9150 to immunodeficient mice harboring lymphoma, neuroblastoma,
or non-small-cell lung cancer xenografts resulted in decreased STAT3 expression in tumor cells
and reduction of tumor initiating potential following serial implantation of the AZD9150-treated
tumors [63,64]. While established tumor growth in neuroblastoma xenografts was not inhibited,
systemic administration of AZD9150 led to reversal of STAT3-mediated resistance to cisplatin, as
indicated by a twofold decrease in the IC50 for cisplatin [64].

As a class, antisense oligonucleotides have demonstrated nonspecific immune system activation
due to the presence of unmethylated CpG motifs that are recognized as pathogenic [66]. Toxicological
effects of AZD9150 have been studied in cynomolgus monkeys and in mice, with key findings being
transient prolongation of intrinsic pathway clotting times, elevation of serum transaminase levels, and
accumulation in renal and liver tissue [67]. However, these effects occur in doses far greater than those
used in clinical trials, with no signs of end organ damage in kidneys or liver until doses of 40 mg/kg or
70 mg/kg, respectively, are reached.

A sufficient therapeutic margin provided the foundation to carry out a phase I clinical trial
(NCT01563302) in 30 patients with hematologic and solid malignancies refractory to at least one prior
systemic therapy [68]. All responses following administration of AZD9150 at dose levels of 2 mg/kg
and 3 mg/kg occurred in diffuse large B cell lymphoma (DLBCL) patients. Two DLBCL patients
achieved complete response, two achieved a partial response, and one maintained stable disease for a
response rate of 13% [69]. There was no significant difference in progression-free and overall survival
between the dose levels. Notable adverse events included transaminitis, fatigue, thrombocytopenia,
nausea, and anemia with thrombocytopenia being more closely related to high-grade events. Based on
the observed toxicities, the recommended phase 2 trial dose was 3 mg/kg. Peripheral blood analyses in
this trial suggested an impact of AZD9150 in selected immune cell populations [69].

The heterogeneity in the response of lymphoma patients, five of whom had DLBCL, to AZD9150
highlights the importance of exploring what factors predict the efficacy of treatment. STAT3 inhibition
may increase the immunogenicity of malignant cells through cell-autonomous processes and prevent
tumor microenvironment immunosuppression [70]. Immunogenic biomarkers could thus offer clues
to treatment progress and success. This could also lay the foundation for examining how combination
with immunotherapeutic agents may further increase therapeutic benefits.

1.6.2. CpG-coupled STAT3 siRNA

While STAT3 is known to be overexpressed in tumor cells, it is also dysregulated in tumor-associated
myeloid cells, such as dendritic cells and macrophages [71]. This results in a loss of MHCII expression
and the accumulation of inactive antigen presenting cells. In effect, there is reduced Th-1-mediated
CD8+ cytotoxicity towards tumor cells [13], and an increased presence of myeloid-derived
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suppressor cells (MDSCs) and regulatory T-cells (Tregs) generating an immunosuppressive tumor
microenvironment [72].

Selective targeting of STAT3 in tumor-associated myeloid-derived cells is possible with siRNA
conjugation to a CpG TLR-9 ligand [73]. TLR9 is a cell-surface transmembrane receptor that is
upregulated under conditions of cellular or environmental stress and is known to be expressed on
myeloid-derived cells in the tumor microenvironment [74]. It is also upregulated in acute myeloid
leukemia, multiple myeloma, and B-cell lymphoma, and activation has been shown to increase
antigenicity of primary malignant B-cells and induce apoptosis [75]. When activated by CpG
binding, TLR9 facilitates immunostimulatory signaling and the release of proinflammatory cytokines
as well as the presentation of tumor-specific antigens [74]. However, STAT3 signaling abrogates
CpG-activated immunostimulation.

Therefore, to generate a sufficient immune response, it is necessary to both stimulate TLR9 and
deactivate STAT3 [76,77]. RNA interference or RNAi, is another mechanism by which STAT3 mRNA
can be degraded, thereby silencing its expression. A segment of double-stranded RNA targeted to
the STAT3 sequence is introduced to cells where it is metabolized to 20-21 base-pair fragments and
incorporated into an RNA-induced silencing complex, RISC. The two strands of RNA are unwound, and
this allows the antisense strand to bind STAT3 mRNA. RISC endonuclease activity can then cleave the
target [78]. CpG-conjugated STAT3 siRNA is internalized into cells by endocytosis, where TLR9 binding
facilitates the release of Dicer-uncoupled siRNA from the early endosome before acidification [79].

In vitro studies of CpG-conjugated STAT3 siRNA showed that more than 80% of mouse
dendritic cells, macrophages, and B-cells were positive for uptake without transfection reagent
within 60 minutes [73]. STAT3 gene silencing was achieved with maximal reduction in expression
at high siRNA concentrations of 1 µM [73]. In mice bearing B16 melanoma, C4 melanoma, or
CT26 colon xenograft tumors, peritumoral injection with CpG-Stat3 siRNA led to tumor regression
and systemic administration reduced the number of B16 lung cancer metastases [73]. This was
associated with enhanced CD8+ T-Cell recruitment and cytolytic activity in association with increased
immunostimulatory cytokine and chemokine production [73,80].

Studies with murine models of AML have shown that intravenous delivery of CpG-STAT3 siRNA
results in a 70-80%, CD8+ T-cell-mediated, reduction of leukemic cells in bone marrow, spleen, lymph
nodes, and peripheral blood while simultaneously reducing Treg levels [81]. Combination intratumoral
administration of CpG-STAT3 siRNA with radiotherapy has demonstrated complete rejection of A20
lymphoma tumors in mice and generates long-term protective immunity against the primary tumor [75].
Similarly, CpG-STAT3 siRNA inhibits tumor growth of androgen-independent prostate cancer, with a
concomitant reduction of immunosuppressive MDSC levels in peritumoral lymph nodes [82].

1.7. Nucleic Acid-Based Agents that Act as Competitive Inhibitors of STAT3

1.7.1. G-Quartet Oligodeoxynucleotides (GQ-ODNs)

G-quartet oligodeoxynucleotides are macrocycles composed of four guanosine bases that, upon
hydrogen-bonding, form a polyguanylate, tetrad-helical structure in the presence of a monovalent
cation, usually potassium (Figure 2) [83,84]. In vivo, G-quartets are found in telomeric regions of
chromosomes and in the transcriptional regulatory regions of some oncogenes [85]. Their therapeutic
potential has been demonstrated as direct competitive inhibitors of HIV-1 integrase, blocking HIV-1
DNA integration into the host genome [86–88].
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Figure 2. Structure of G-quartet inhibitor. (A) The G-quartet oligodeoxynucleotide is comprised of
four guanosine macrocycles stacked on top of one another. To date, they have been used as competitive
inhibitors of HIV-1 integrase but have demonstrated potential STAT3 dimerization inhibitors. With
i.p. and i.v. injection in vivo mouse xenografts, G-quartets have been shown to reduce tumor growth
in breast, prostate, and non-small cell lung cancers [85–87]. (B) An overhead view of a G-macrocycle
demonstrates how hydrogen bonding generates a tetrad-helical structure with a monovalent cation at
its core.

GQ-ODNs have been proposed as a class of unique, anti-cancer STAT3 inhibitors which directly
destabilize the homodimerization of STAT3, and thus interfere with its DNA binding activity [89,90].
Computational analyses revealed a GQ-ODN interacts with residues Q643, Q644, N646, and N647
of the SH2 domain [91]. The folds that comprise the G-quartet intramolecular structure significantly
occlude single-stranded endonuclease access to its phosphodiester linkages, resulting in an inability to
cleave the oligonucleotide and in a long serum half-life [92]. However, because of their large size and
charge, G-quartets cannot penetrate cell membranes and must be delivered via a polyethyleneimine
(PEI) complex [93], or another delivery vehicle.

Preliminary in vitro assays demonstrated inhibition of IL-6-induced STAT3 activation in Hep2G
cells incubated with the PEI-GQ-ODN T40214 (90% inhibition at 50 ng/mL). Preincubation at the same
concentration inhibited the expression of anti-apoptotic mediators, with complete blockage of Bcl-XL
mRNA upregulation and 50% blockage of Mcl-1 mRNA upregulation [89].

Treatment with GQ-ODN has demonstrated inhibition of STAT3 and tumor growth in in vivo
models of head and neck squamous cell carcinoma (HNSCC) [94], breast cancer, prostate cancer [93],
and non-small cell lung cancer (NSCLC) [95]. Inhibition of tumor growth was accompanied by a
reduction in anti-apoptotic Bcl-2, Bcl-XL, Mcl-1, survivin, and VEGF in tumor tissue, and decreased
expression of proliferation mediators cyclin D and c-Myc.

GQ-ODN selectivity for STAT3 is a potential consideration, given that a negative regulator of cell
growth, STAT1 shares 50% sequence similarity with STAT3. Computational docking models indicate a
two- to four-fold greater IC50 for STAT1 over STAT3 [89], and 3D analysis showed different residues
involved in STAT1 and STAT3 surface interaction [96]. However, optimization of specificity for the
therapeutic target is necessary for further development of clinical potential.

1.7.2. STAT3 Decoys

Once activated, STAT3 acts as a transcription factor, binding to a response element in the promoter
regions of target genes to induce gene expression. Early investigation determined that STAT3 bound to
a 15-base pair (bp) response element termed human serum-inducible element (hSIE) in the promoter
region of the c-fos gene. We derived the decoy by systematically shortening the double stranded
oligonucleotide to determine the smallest formulation that retained binding activity to STAT3 on
gel shift assays. Figure 3A depicts the sequence of the SIE from the murine, feline, canine, and
human c-fos genes, demonstrating nearly perfect conservation across these species. Subsequent
studies identified optimal binding of STAT3 to a variant sequence of hSIE, specifically the sequence
5′-CATTTCCCGTAAATC-3′ (Figure 3A; [97]).
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Figure 3. STAT3 response elements and STAT3 decoys. (A) The human serum-inducible element (hSIE)
sequence is located upstream in the promoter region of the human c-fos gene and is almost perfectly
conserved across human, feline, canine, and murine species. Sequence differences are shown in red.
Below these is an optimized STAT3 binding sequence, with sequence modifications, shown in red,
at positions 3 and 11 [52]. This allows the decoy to act as a direct competitive inhibitor of the DNA
binding domain in the STAT3 molecule and thus inhibit expression of downstream anti-apoptotic and
pro-proliferative signals. (B) Structure of the first-generation linear STAT3 decoy and mutant STAT3
decoy which is administered intratumorally in in vivo models. The location of the mutation in the
mutant decoy is shown in blue. (C) Structure of the cyclic STAT3 decoy and mutant cyclic STAT3 decoy,
with hexaethylene glycol linkages which is administered intravenously in in vivo models. The location
of the mutation in the mutant decoy is shown in blue.
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We synthesized the double-stranded STAT3 binding sequence (Figure 3B), the STAT3 decoy,
and determined its effects when added to cells in culture [98]. As a negative control for binding
specificity, a point mutant version of the decoy (termed mutant STAT3 decoy, or MT STAT3 decoy)
was also synthesized and evaluated. In cell-free assays the STAT3 decoy, but not the MT STAT3
decoy, was confirmed to competitively inhibit binding of STAT3 protein to a radiolabeled decoy
sequence. Fluorescently-tagged versions of both the STAT3 decoy and the MT STAT3 decoy were
readily incorporated into the cytosol and nucleus of HNSCC cells and normal oral keratinocytes
(NOKs) within 6 hours after treatment. Remarkably, the STAT3 decoy potently inhibited the growth
of STAT3-dependent cancer cell lines, but not NOKs. The control molecule, MT STAT3, was largely
ineffective against either the cancer cell lines or the NOKs.

The inhibition of cell growth resulting from treatment with STAT3 decoy was associated with
induction of apoptosis and downregulation of the STAT3 target gene encoding Bcl-XL. Further
investigation [99] revealed that the STAT3 decoy also inhibits the STAT1 protein, which is known to
form heterodimers with STAT3. This finding was initially troubling, as STAT1 is known to have tumor
suppressor activity. However, the expression or activation of STAT1 did not alter the apoptosis-inducing
activity of the STAT3 decoy, indicating that the therapeutic activity of the decoy is independent of
STAT1 signaling. Subsequent studies have determined that the STAT3 decoy can inhibit the growth of
a broad variety of cancer cell lines, including cells representing melanoma and cancers of the bladder,
brain, breast, colon, liver, lung, and ovary [98,100–103]. In addition, intratumoral injection of STAT3
decoy has been shown to inhibit the in vivo growth of breast, glioma, head and neck, lung, and
ovarian xenograft tumors [98,100–103]. The anti-tumor effects of STAT3 decoy are associated with
reduced tumor cell proliferation, induction of apoptosis, and reduced expression of STAT3 target genes,
including the genes encoding Bcl-XL and cyclin D1 [101,104]. Based on these promising preclinical
results, we conducted a Phase 0 clinical trial to assess the pharmacodynamic impact of the STAT3
decoy [105]. Intratumoral delivery of the decoy was found to downmodulate expression of Bcl-XL and
cyclin D1 in the tumors of patients undergoing surgical resection of their head and neck cancer.

Fusion of the STAT3 decoy with CpG has enabled targeting of the decoy to TLR9-expressing
leukemia and lymphoma cells [106,107]. Treatment of preclinical mouse models harboring leukemia or
lymphoma with the CpG-STAT3 decoy resulted in potent in vivo growth inhibition of the malignant
cells. Hence, the CpG-STAT3 decoy fusion molecule may provide an effective means for treating
TLR9-expressing hematologic malignancies.

A major limitation of the first generation STAT3 decoy was the necessity for intratumoral injection.
In preclinical studies, systemic delivery of STAT3 decoy failed to inhibit xenograft tumor growth [105],
presumably due to rapid degradation of the molecule by nucleases in the blood. In an effort to produce
a more stable molecule, we [105] generated a cyclic version of the decoy, using hexaethylene glycol
linkages to cyclize the free ends (Figure 3C). The cyclic STAT3 decoy exhibited markedly enhanced
thermal stability and a longer half-life in human serum (8 hours; [105,108]). Intravenous delivery of
the cyclic STAT3 decoy has been shown to potently inhibit the growth of both non-small cell lung
cancer and head and neck cancer xenograft tumors [105,109,110]. The cyclic STAT3 decoy was well
tolerated in wild-type mice, with no apparent toxicity, even when delivered at a dose 20-fold higher
than the maximal effective dose for growth inhibition of HNSCC xenograft tumors [110].

The therapeutic value of treatment with the STAT3 decoy, as with other STAT3 inhibitors, may
be best realized in combination with other anticancer agents. In this regard, STAT3 decoy treatment
has been shown to enhance the sensitivity of head and neck xenograft tumors to cisplatin [101,104].
Similarly, the STAT3 decoy heightens the response of head and neck cancer cells to bortezomib [111],
ovarian cancer cells to paclitaxel [112], and leukemia cells to Adriamycin [113]. FDA IND-directed
pharmacologic and toxicity studies are planned to enable a Phase I trial of the cyclic STAT3 decoy in
cancer patients.
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2. Conclusion

Hyperactivation of STAT3 in malignant cells and tumor-associated immune cells promotes cancer
survival and growth through expression of anti-apoptotic and proliferative genes, as well as cytokines
that generate an immunosuppressive tumor microenvironment. Understanding the role of STAT3 in
cancer has led to promising strides in the development of specific nucleotide inhibitors (Figure 4).
These anti-STAT3 agents can silence STAT3 expression or directly inhibit STAT3 DNA-binding ability
and have shown promising in vivo results beyond proof-of-principle studies. However, optimization
of specificity, potency, stability, and delivery of these nucleotide therapeutics will be important for
enhancing their therapeutic benefits in the clinic.
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Figure 4. Mechanisms of STAT3 inhibition with nucleic acid-based agents. STAT3 inhibition with
nucleic acid-based agents occurs via two main mechanisms: (1 and 2) STAT3 decoys or G-quartet
deoxyoligonucleotides prevent STAT3 binding to promoter regions of target genes, and (3 and 4)
antisense or siRNAs promote degradation of STAT3 mRNA.

3. Discussion

Currently, there are four classes of drugs that directly inhibit STAT3: SH2 domain inhibitors;
DNA-binding domain inhibitors (eg., STAT3 decoys); N-terminal domain inhibitors; and STAT3
antisense and siRNA [114]. As a whole, translation to the clinical setting has been challenged by
intracellular drug delivery, selectivity for the target, and minimization of systemic toxicity. More
clinical success has been achieved with inhibition of upstream Janus kinases (JAKs) using Tofacitinib,
developed for the treatment of rheumatoid arthritis [115], and Ruxolitinib, developed for the treatment
of myelofibrosis [116]. Still, small molecule drugs often exhibit off-target effects and a lack of targeted
potency; thus, the limitations of monotherapy should be considered.

The future of STAT3 inhibition is likely to be in combination therapy with currently existing or
newly developed drugs. Blocking STAT3 could result in synergistic anti-tumor effects in combination
with inhibition of EGFR or other tumorigenic dysregulated transcription factors [117,118]. STAT3
inhibition resulting in resensitization to immunotherapies could pave the way for more efficacious
responses to checkpoint inhibitors or other immunotherapies [119–123]. Looking to the future, while
the role of STAT3 has been established in cancer biology, identifying tumor biomarkers that can indicate
patient sensitivity to STAT3 inhibition and expansion of target inhibition to other aberrant transcription
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factors will be important. Research efforts should continue to search for novel applications of STAT3
inhibition and continue to pursue clinical validation of efficacy.

Author Contributions: D.E.J. and J.R.G. are co-inventors of cyclic STAT3 decoy and have financial interests in
STAT3 Therapeutics. STAT3 Therapeutics holds an interest in cyclic STAT3 decoy.

Funding: This work was supported by National Institutes of Health grants R35 CA231998 and P50 CA097190
(J.R.G.) and R01 DE024728 (D.E.J.).

Conflicts of Interest: The remaining authors declare no conflicts.

References

1. Huynh, J.; Chand, A.; Gough, D.; Ernst, M. Therapeutically Exploiting STAT3 Activity in Cancer—Using
Tissue Repair as a Road Map. Nat. Rev. Cancer 2019, 19, 82–96. [CrossRef]

2. Gough, D.J.; Corlett, A.; Schlessinger, K.; Wegrzyn, J.; Larner, A.C.; Levy, D.E. Mitochondrial STAT3 Supports
Ras-Dependent Oncogenic Transformation. Science 2009, 324, 1713–1716. [CrossRef]

3. Gough, D.J.; Koetz, L.; Levy, D.E. The MEK-ERK Pathway is Necessary for Serine Phosphorylation of
Mitochondrial STAT3 and Ras-Mediated Transformation. PLoS ONE 2013, 8, e83395. [CrossRef]

4. Du, W.; Hong, J.; Wang, Y.-C.; Zhang, Y.-J.; Wang, P.; Su, W.-Y.; Lin, Y.-W.; Lu, R.; Zou, W.-P.; Xiong, H.; et al.
Inhibition of JAK2/STAT3 Signalling Induces Colorectal Cancer Cell Apoptosis via Mitochondrial Pathway. J.
Cell. Mol. Med. 2012, 16, 1878–1888. [CrossRef]

5. Yu, H.; Lee, H.; Herrmann, A.; Buettner, R.; Jove, R. Revisiting STAT3 Signalling in Cancer: New and
Unexpected Biological Functions. Nat. Rev. Cancer 2014, 14, 736–746. [CrossRef]

6. Yang, R.; Rincon, M. Mitochondrial Stat3, the Need for Design Thinking. Int. J. Biol. Sci. 2016, 12, 532–544.
[CrossRef]

7. Wu, P.; Wu, D.; Zhao, L.; Huang, L.; Shen, G.; Huang, J.; Chai, Y. Prognostic role of STAT3 in Solid Tumors: A
Systematic Review and Meta-Analysis. Oncotarget 2016, 7, 19863–19883. [CrossRef]

8. Sakaguchi, M.; Oka, M.; Iwasaki, T.; Fukami, Y.; Nishigori, C. Role and Regulation of STAT3 Phosphorylation
at Ser727 in Melanocytes and Melanoma Cells. J. Investig. Dermatol. 2012, 132, 1877–1885. [CrossRef]

9. Schuringa, J.-J.; Wierenga, A.T.J.; Kruijer, W.; Vellenga, E. Constitutive Stat3, Tyr705, and Ser727
Phosphorylation in Acute Myeloid Leukemia Cells Caused by the Autocrine Secretion of Interleukin-6. Blood
2000, 95, 3765–3770. [CrossRef]

10. Lui, V.W.Y.; Peyser, N.D.; Ng, P.K.-S.; Hritz, J.; Zeng, Y.; Lu, Y.; Li, H.; Wang, L.; Gilbert, B.R.; General, I.J.;
et al. Frequent Mutation of Receptor Protein Tyrosine Phosphatases Provides a Mechanism for STAT3
Hyperactivation in Head and Neck Cancer. Proc. Natl. Acad. Sci. USA 2014, 111, 1114–1119. [CrossRef]

11. Geiger, J.L.; Grandis, J.R.; Bauman, J.E. The STAT3 Pathway as a Therapeutic Target in Head and Neck
Cancer: Barriers and Innovations. Oral Oncol. 2016, 56, 84–92. [CrossRef]

12. Spitzner, M.; Ebner, R.; Wolff, H.A.; Michael Ghadimi, B.; Wienands, J.; Grade, M. STAT3: A Novel Molecular
Mediator of Resistance to Chemoradiotherapy. Cancers 2014, 6, 1986–2011. [CrossRef]

13. Lee, H.; Pal, S.K.; Reckamp, K.; Figlin, R.A.; Yu, H. STAT3: A Target to Enhance Antitumor Immune Response.
Curr. Top. Microbiol. Immunol. 2011, 344, 41–59.

14. Chen, M.-F.; Chen, P.-T.; Lu, M.S.; Lin, P.Y.; Chen, W.-C.; Lee, K.-D. IL-6 Expression Predicts Treatment
Response and Outcome in Squamous Cell Carcinoma of the Esophagus. Mol. Cancer 2013, 12, 26. [CrossRef]

15. Wu, C.-T.; Chen, M.-F.; Chen, W.-C.; Hsieh, C.-C. The Role of IL-6 in the Radiation Response of Prostate
Cancer. Radiat. Oncol. 2013, 8, 159. [CrossRef]

16. Cho, B.C.; Kim, S.M.; Solca, F.; Kim, J.-H. Abstract 1886: Activation of IL-6R/JAK1/STAT3 Signaling Induces
de Novo Resistance to Irreversible EGFR Inhibitors in Non-Small Cell Lung Cancer with T790M Resistance
Mutation. Exp. Mol. Ther. 2012, 11, 2254–2264.

17. Yu, H.; Kortylewski, M.; Pardoll, D. Crosstalk between Cancer and Immune Cells: Role of STAT3 in the
Tumour Microenvironment. Nat. Rev. Immunol. 2007, 7, 41–51. [CrossRef]

18. Ferguson, S.D.; Srinivasan, V.M.; Heimberger, A.B. The Role of STAT3 in Tumor-Mediated Immune
Suppression. J. Neurooncol. 2015, 123, 385–394. [CrossRef]

19. Rébé, C.; Végran, F.; Berger, H.; Ghiringhelli, F. STAT3 Activation: A Key Factor in Tumor Immunoescape.
JAKSTAT 2013, 2, e23010. [CrossRef]

http://dx.doi.org/10.1038/s41568-018-0090-8
http://dx.doi.org/10.1126/science.1171721
http://dx.doi.org/10.1371/annotation/5b4e222a-a9bc-4036-882e-cd975301ca89
http://dx.doi.org/10.1111/j.1582-4934.2011.01483.x
http://dx.doi.org/10.1038/nrc3818
http://dx.doi.org/10.7150/ijbs.15153
http://dx.doi.org/10.18632/oncotarget.7887
http://dx.doi.org/10.1038/jid.2012.45
http://dx.doi.org/10.1182/blood.V95.12.3765
http://dx.doi.org/10.1073/pnas.1319551111
http://dx.doi.org/10.1016/j.oraloncology.2015.11.022
http://dx.doi.org/10.3390/cancers6041986
http://dx.doi.org/10.1186/1476-4598-12-26
http://dx.doi.org/10.1186/1748-717X-8-159
http://dx.doi.org/10.1038/nri1995
http://dx.doi.org/10.1007/s11060-015-1731-3
http://dx.doi.org/10.4161/jkst.23010


Cancers 2019, 11, 1681 13 of 18

20. Wen, Z.; Zhong, Z.; Darnell, J.E., Jr. Maximal Activation of Transcription by Stat1 and Stat3 Requires both
Tyrosine and Serine Phosphorylation. Cell 1995, 82, 241–250. [CrossRef]

21. Zhong, Z.; Wen, Z.; Darnell, J.E., Jr. Stat3: A STAT Family Member Activated by Tyrosine Phosphorylation in
Response to Epidermal Growth Factor and Interleukin-6. Science 1994, 264, 95–98. [CrossRef]

22. Delgoffe, G.M.; Vignali, D.A.A. STAT Heterodimers in Immunity: A Mixed Message or a Unique Signal?
JAKSTAT 2013, 2, e23060. [CrossRef]

23. Wegrzyn, J.; Potla, R.-J.; Chwae, Y.; Sepuri, N.B.V.; Zhang, Q.; Koeck, T.; Derecka, M.; Szczepanek, K.;
Szelag, M.; Gornicka, A.; et al. Function of Mitochondrial Stat3 in Cellular Respiration. Science 2009, 323,
793–797. [CrossRef]

24. Carbognin, E.; Betto, R.M.; Soriano, M.E.; Smith, A.G.; Martello, G. Stat3 Promotes Mitochondrial Transcription
and Oxidative Respiration during Maintenance and Induction of Naive Pluripotency. EMBO J. 2016, 35,
618–634. [CrossRef]

25. Liu, F.; Jia, L.; Farren, T.; Gribben, J.; Agrawal, S. 2.21 Autocrine Interleukin-6 Production Correlated with
Survival of Chronic Lymphocytic Leukaemia Cells. Clin. Lymphoma Myeloma Leuk. 2011, 11, S172. [CrossRef]

26. Wake, M.S.; Watson, C.J. STAT3 the oncogene - still eluding therapy? FEBS J. 2015, 282, 2600–2611. [CrossRef]
27. Turkson, J.; Ryan, D.; Kim, J.S.; Zhang, Y.; Chen, Z.; Haura, E.; Laudano, A.; Sebti, S.; Hamilton, A.D.;

Jove, R. Phosphotyrosyl Peptides Block Stat3-mediated DNA Binding Activity, Gene Regulation, and Cell
Transformation. J. Biol. Chem. 2001, 276, 45443–45455. [CrossRef]

28. Turkson, J.; Kim, J.S.; Zhang, S.; Yuan, J.; Huang, M.; Glenn, M.; Haura, E.; Sebti, S.; Hamilton, A.D.; Jove, R.
Novel Peptidomimetic Inhibitors of Signal Transducer and Activator of Transcription 3 Dimerization and
Biological Activity. Mol. Cancer Ther. 2004, 3, 261–269.

29. Mandal, P.K.; Gao, F.; Lu, Z.; Ren, Z.; Ramesh, R.; Birtwistle, J.S.; Kaluarachchi, K.K.; Chen, X.; Bast, R.C., Jr.;
Liao, W.S.; et al. Potent and Selective Phosphopeptide Mimetic Prodrugs Targeted to the Src Homology 2
(SH2) Domain of Signal Transducer and Activator of Transcription 3. J. Med. Chem. 2011, 54, 3549–3563.
[CrossRef]

30. Schust, J.; Berg, T. A High-Throughput Fluorescence Polarization Assay for Signal Transducer and Activator
of Transcription 3. Anal. Biochem. 2004, 330, 114–118. [CrossRef]

31. Schust, J.; Sperl, B.; Hollis, A.; Mayer, T.U.; Berg, T. Stattic: A Small-Molecule Inhibitor of STAT3 Activation
and Dimerization. Chem. Biol. 2006, 13, 1235–1242. [CrossRef]

32. Auzenne, E.J.; Klostergaard, J.; Mandal, P.K.; Liao, W.S.; Lu, Z.; Gao, F.; Bast, R.C., Jr.; Robertson, F.M.;
McMurray, J.S. A Phosphopeptide Mimetic Prodrug Targeting the SH2 Domain of Stat3 Inhibits Tumor
Growth and Angiogenesis. J. Exp. Ther. Oncol. 2012, 10, 155–162.

33. Pan, Y.; Zhou, F.; Zhang, R.; Claret, F.X. Stat3 inhibitor Stattic Exhibits Potent Antitumor Activity and Induces
Chemo- and Radio-Sensitivity in Nasopharyngeal Carcinoma. PLoS ONE 2013, 8, e54565. [CrossRef]

34. Brambilla, L.; Genini, D.; Laurini, E.; Merulla, J.; Perez, L.; Fermeglia, M.; Carbone, G.M.; Pricl, S.;
Catapano, C.V. Hitting the right spot: Mechanism of action of OPB-31121, a novel and potent inhibitor of the
Signal Transducer and Activator of Transcription 3 (STAT3). Mol. Oncol. 2015, 9, 1194–1206. [CrossRef]

35. Hayakawa, F.; Sugimoto, K.; Harada, Y.; Hashimoto, N.; Ohi, N.; Kurahashi, S.; Naoe, T. A novel STAT
inhibitor, OPB-31121, has a Significant Antitumor Effect on Leukemia with STAT-Addictive Oncokinases.
Blood Cancer J. 2013, 3, e166. [CrossRef]

36. Kim, M.-J.; Nam, H.-J.; Kim, H.-P.; Han, S.-W.; Im, S.-A.; Kim, T.-Y.; Oh, D.-Y.; Bang, Y.-J. OPB-31121, a Novel
Small Molecular Inhibitor, Disrupts the JAK2/STAT3 Pathway and Exhibits an Antitumor Activity in Gastric
Cancer Cells. Cancer Lett. 2013, 335, 145–152. [CrossRef]

37. Bendell, J.C.; Hong, D.S.; Burris, H.A., 3rd; Naing, A.; Jones, S.F.; Falchook, G.; Bricmont, P.; Elekes, A.;
Rock, E.P.; Kurzrock, R. Phase 1, Open-Label, Dose-Escalation, and Pharmacokinetic Study of STAT3 Inhibitor
OPB-31121 in Subjects with Advanced Solid Tumors. Cancer Chemother. Pharmacol. 2014, 74, 125–130.
[CrossRef]

38. Ogura, M.; Uchida, T.; Terui, Y.; Hayakawa, F.; Kobayashi, Y.; Taniwaki, M.; Takamatsu, Y.; Naoe, T.;
Tobinai, K.; Munakata, W.; et al. Phase I Study of OPB-51602, an Oral Inhibitor of Signal Transducer and
Activator of Transcription 3, in Patients with Relapsed/Refractory Hematological Malignancies. Cancer Sci.
2015, 106, 896–901. [CrossRef]

39. Wong, A.L.; Soo, R.A.; Tan, D.S.; Lee, S.C.; Lim, J.S.; Marban, P.C.; Kong, L.R.; Lee, Y.J.; Wang, L.Z.;
Thuya, W.L.; et al. Phase I and Biomarker Study of OPB-51602, a Novel Signal Transducer and Activator

http://dx.doi.org/10.1016/0092-8674(95)90311-9
http://dx.doi.org/10.1126/science.8140422
http://dx.doi.org/10.4161/jkst.23060
http://dx.doi.org/10.1126/science.1164551
http://dx.doi.org/10.15252/embj.201592629
http://dx.doi.org/10.1016/j.clml.2011.09.054
http://dx.doi.org/10.1111/febs.13285
http://dx.doi.org/10.1074/jbc.M107527200
http://dx.doi.org/10.1021/jm2000882
http://dx.doi.org/10.1016/j.ab.2004.03.024
http://dx.doi.org/10.1016/j.chembiol.2006.09.018
http://dx.doi.org/10.1371/journal.pone.0054565
http://dx.doi.org/10.1016/j.molonc.2015.02.012
http://dx.doi.org/10.1038/bcj.2013.63
http://dx.doi.org/10.1016/j.canlet.2013.02.010
http://dx.doi.org/10.1007/s00280-014-2480-2
http://dx.doi.org/10.1111/cas.12683


Cancers 2019, 11, 1681 14 of 18

of Transcription (STAT) 3 Inhibitor, in Patients with Refractory Solid Malignancies. Ann. Oncol. 2015, 26,
998–1005. [CrossRef]

40. Xu, X.; Kasembeli, M.M.; Jiang, X.; Tweardy, B.J.; Tweardy, D.J. Chemical Probes that Competitively and
Selectively Inhibit Stat3 Activation. PLoS ONE 2009, 4, e4783. [CrossRef]

41. Bharadwaj, U.; Eckols, T.K.; Xu, X.; Kasembeli, M.M.; Chen, Y.; Adachi, M.; Song, Y.; Mo, Q.; Lai, S.Y.;
Tweardy, D.J. Small-Molecule Inhibition of STAT3 in Radioresistant Head and Neck Squamous Cell Carcinoma.
Oncotarget 2016, 7, 26307–26330. [CrossRef]

42. Lewis, K.M.; Bharadwaj, U.; Eckols, T.K.; Kolosov, M.; Kasembeli, M.M.; Fridley, C.; Siller, R.; Tweardy, D.J.
Small-Molecule Targeting of Signal Transducer and Activator of Transcription (STAT) 3 to Treat Non-Small
Cell Lung Cancer. Lung Cancer 2015, 90, 182–190. [CrossRef]

43. Jung, K.H.; Yoo, W.; Stevenson, H.L.; Deshpande, D.; Shen, H.; Gagea, M.; Yoo, S.-Y.; Wang, J.; Kris
Eckols, T.; Bharadwaj, U.; et al. Multifunctional Effects of a Small-Molecule STAT3 Inhibitor on NASH and
Hepatocellular Carcinoma in Mice. Clin. Cancer Res. 2017, 23, 5537–5546. [CrossRef]

44. Kettner, N.M.; Vijayaraghavan, S.; Durak, M.G.; Bui, T.; Kohansal, M.; Ha, M.J.; Liu, B.; Rao, X.; Wang, J.;
Yi, M.; et al. Combined Inhibition of STAT3 and DNA Repair in Palbociclib-Resistant ER-Positive Breast
Cancer. Clin. Cancer Res. 2019, 25, 3996–4013. [CrossRef]

45. Mackenzie, G.G.; Huang, L.; Alston, N.; Ouyang, N.; Vrankova, K.; Mattheolabakis, G.; Constantinides, P.P.;
Rigas, B. Targeting Mitochondrial STAT3 with the Novel Phospho-Valproic Acid (MDC-1112) Inhibits
Pancreatic Cancer Growth in Mice. PLoS ONE 2013, 8, e61532. [CrossRef]

46. Luo, D.; Fraga-Lauhirat, M.; Millings, J.; Ho, C.; Villarreal, E.M.; Fletchinger, T.C.; Bonfiglio, J.V.; Mata, L.;
Nemesure, M.D.; Bartels, L.E.; et al. Phospho-Valproic Acid (MDC-1112) Suppresses Glioblastoma Growth
in Preclinical Models Through the Inhibition of STAT3 Phosphorylation. Carcinogenesis 2019. [CrossRef]

47. Shitara, K.; Yodo, Y.; Iino, S. A Phase I Study of Napabucasin Plus Paclitaxel for Japanese Patients with
Advanced/Recurrent Gastric Cancer. In Vivo 2019, 33, 933–937. [CrossRef]

48. Sonbol, M.B.; Ahn, D.H.; Goldstein, D.; Okusaka, T.; Tabernero, J.; Macarulla, T.; Reni, M.; Li, C.-P.; O’Neil, B.;
Van Cutsem, E.; et al. CanStem111P trial: A Phase III Study of Napabucasin Plus Nab-Paclitaxel with
Gemcitabine. Future Oncol. 2019, 15, 1295–1302. [CrossRef]

49. Pettersson, M.; Crews, C.M. PROteolysis TArgeting Chimeras (PROTACs)—Past, Present and Future. Drug
Discov. Today Technol. 2019, 31, 15–27. [CrossRef]

50. Paiva, S.-L.; Crews, C.M. Targeted Protein Degradation: Elements of PROTAC Design. Curr. Opin. Chem.
Biol. 2019, 50, 111–119. [CrossRef]

51. Demain, A.L.; Vaishnav, P. Natural Products for Cancer Chemotherapy. Microb. Biotechnol. 2011, 4, 687–699.
[CrossRef]

52. Lis, C.; Rubner, S.; Roatsch, M.; Berg, A.; Gilcrest, T.; Fu, D.; Nguyen, E.; Schmidt, A.-M.; Krautscheid, H.;
Meiler, J.; et al. Development of Erasin: A Chromone-Based STAT3 Inhibitor which Induces Apoptosis in
Erlotinib-Resistant Lung Cancer Cells. Sci. Rep. 2017, 7, 17390. [CrossRef]

53. Wei, N.; Li, J.; Fang, C.; Chang, J.; Xirou, V.; Syrigos, N.K.; Marks, B.J.; Chu, E.; Schmitz, J.C. Targeting Colon
Cancer with the Novel STAT3 Inhibitor Bruceantinol. Oncogene 2019, 38, 1676–1687. [CrossRef]

54. Glienke, W.; Maute, L.; Wicht, J.; Bergmann, L. Curcumin Inhibits Constitutive STAT3 Phosphorylation
in Human Pancreatic Cancer Cell Lines and Downregulation of Survivin/BIRC5 Gene Expression. Cancer
Investig. 2010, 28, 166–171. [CrossRef]

55. Dean, N.M.; Bennett, C.F. Antisense Oligonucleotide-Based Therapeutics for Cancer. Oncogene 2003, 22,
9087–9096. [CrossRef]

56. Engelhard, H.H. Antisense Oligodeoxynucleotide Technology: Potential Use for the Treatment of Malignant
Brain Tumors. Cancer Control 1998, 5, 163–170. [CrossRef]

57. Khvorova, A.; Watts, J.K. The Chemical Evolution of Oligonucleotide Therapies of Clinical Utility. Nat.
Biotechnol. 2017, 35, 238–248. [CrossRef]

58. Shen, X.; Corey, D.R. Chemistry, Mechanism and Clinical Status of Antisense Oligonucleotides and Duplex
RNAs. Nucleic Acids Res. 2018, 46, 1584–1600. [CrossRef]

59. Barton, B.E.; Karras, J.G.; Murphy, T.F.; Barton, A.; Huang, H.F.-S. Signal Transducer and Activator of
Transcription 3 (STAT3) Activation in Prostate Cancer: Direct STAT3 Inhibition Induces Apoptosis in Prostate
Cancer Lines. Mol. Cancer Ther. 2004, 3, 11–20.

http://dx.doi.org/10.1093/annonc/mdv026
http://dx.doi.org/10.1371/journal.pone.0004783
http://dx.doi.org/10.18632/oncotarget.8368
http://dx.doi.org/10.1016/j.lungcan.2015.09.014
http://dx.doi.org/10.1158/1078-0432.CCR-16-2253
http://dx.doi.org/10.1158/1078-0432.CCR-18-3274
http://dx.doi.org/10.1371/journal.pone.0061532
http://dx.doi.org/10.1093/carcin/bgz069
http://dx.doi.org/10.21873/invivo.11561
http://dx.doi.org/10.2217/fon-2018-0903
http://dx.doi.org/10.1016/j.ddtec.2019.01.002
http://dx.doi.org/10.1016/j.cbpa.2019.02.022
http://dx.doi.org/10.1111/j.1751-7915.2010.00221.x
http://dx.doi.org/10.1038/s41598-017-17600-x
http://dx.doi.org/10.1038/s41388-018-0547-y
http://dx.doi.org/10.3109/07357900903287006
http://dx.doi.org/10.1038/sj.onc.1207231
http://dx.doi.org/10.1177/107327489800500207
http://dx.doi.org/10.1038/nbt.3765
http://dx.doi.org/10.1093/nar/gkx1239


Cancers 2019, 11, 1681 15 of 18

60. Mora, L.B.; Buettner, R.; Seigne, J.; Diaz, J.; Ahmad, N.; Garcia, R.; Bowman, T.; Falcone, R.; Fairclough, R.;
Cantor, A.; et al. Constitutive Activation of Stat3 in Human Prostate Tumors and Cell Lines: Direct Inhibition
of Stat3 Signaling Induces Apoptosis of Prostate Cancer Cells. Cancer Res. 2002, 62, 6659–6666.

61. Niu, G.; Wright, K.L.; Huang, M.; Song, L.; Haura, E.; Turkson, J.; Zhang, S.; Wang, T.; Sinibaldi, D.;
Coppola, D.; et al. Constitutive Stat3 Activity Up-Regulates VEGF Expression and Tumor Angiogenesis.
Oncogene 2002, 21, 2000–2008. [CrossRef]

62. Li, W.-C.; Ye, S.-L.; Sun, R.-X.; Liu, Y.-K.; Tang, Z.-Y.; Kim, Y.; Karras, J.G.; Zhang, H. Inhibition of Growth and
Metastasis of Human Hepatocellular Carcinoma by Antisense Oligonucleotide Targeting Signal Transducer
and Activator of Transcription 3. Clin. Cancer Res. 2006, 12, 7140–7148. [CrossRef]

63. Hong, D.; Kurzrock, R.; Kim, Y.; Woessner, R.; Younes, A.; Nemunaitis, J.; Fowler, N.; Zhou, T.; Schmidt, J.;
Jo, M.; et al. AZD9150, a Next-Generation Antisense Oligonucleotide Inhibitor of STAT3 with Early Evidence
of Clinical Activity in Lymphoma and Lung Cancer. Sci. Transl. Med. 2015, 7, 314ra185. [CrossRef]

64. Odate, S.; Veschi, V.; Yan, S.; Lam, N.; Woessner, R.; Thiele, C.J. Inhibition of STAT3 with the
Generation 2.5 Antisense Oligonucleotide, AZD9150, Decreases Neuroblastoma Tumorigenicity and Increases
Chemosensitivity. Clin. Cancer Res. 2017, 23, 1771–1784. [CrossRef]

65. Shastri, A.; Choudhary, G.; Teixeira, M.; Gordon-Mitchell, S.; Ramachandra, N.; Bernard, L.; Bhattacharyya, S.;
Lopez, R.; Pradhan, K.; Giricz, O.; et al. Antisense STAT3 Inhibitor Decreases Viability of Myelodysplastic
and Leukemic Stem Cells. J. Clin. Investig. 2018, 128, 5479–5488. [CrossRef]

66. Barton, B.E.; Murphy, T.F.; Shu, P.; Huang, H.F.; Meyenhofer, M.; Barton, A. Novel Single-Stranded
Oligonucleotides that Inhibit Signal Transducer and Activator of Transcription 3 Induce Apoptosis in Vitro
and in Vivo in Prostate Cancer Cell Lines. Mol. Cancer Ther. 2004, 3, 1183–1191.

67. Burel, S.A.; Han, S.-R.; Lee, H.-S.; Norris, D.A.; Lee, B.-S.; Machemer, T.; Park, S.-Y.; Zhou, T.; He, G.; Kim, Y.;
et al. Preclinical Evaluation of the Toxicological Effects of a Novel Constrained Ethyl Modified Antisense
Compound Targeting Signal Transducer and Activator of Transcription 3 in Mice and Cynomolgus Monkeys.
Nucleic Acid Ther. 2013, 23, 213–227. [CrossRef]

68. Phase 1/2, Open-Label, Dose-Escalation Study of IONIS-STAT3Rx, Administered to Patients with
Advanced Cancers—Full Text View—ClinicalTrials.gov. Available online: https://clinicaltrials.gov/ct2/

show/NCT01563302 (accessed on 10 July 2019).
69. Reilley, M.J.; McCoon, P.; Cook, C.; Lyne, P.; Kurzrock, R.; Kim, Y.; Woessner, R.; Younes, A.; Nemunaitis, J.;

Fowler, N.; et al. STAT3 Antisense Oligonucleotide AZD9150 in a Subset of Patients with Heavily Pretreated
Lymphoma: Results of a Phase 1b Trial. J. Immunother. Cancer 2018, 6, 119. [CrossRef]

70. Kroemer, G.; Galluzzi, L.; Zitvogel, L. STAT3 Inhibition for Cancer Therapy: Cell-Autonomous Effects Only?
Oncoimmunology 2016, 5, e1126063. [CrossRef]

71. Kortylewski, M.; Moreira, D. Myeloid Cells as a Target for Oligonucleotide Therapeutics: Turning Obstacles
into Opportunities. Cancer Immunol. Immunother. 2017, 66, 979–988. [CrossRef]

72. Hossain, D.M.S.; Pal, S.K.; Moreira, D.; Duttagupta, P.; Zhang, Q.; Won, H.; Jones, J.; D’Apuzzo, M.;
Forman, S.; Kortylewski, M. TLR9-Targeted STAT3 Silencing Abrogates Immunosuppressive Activity of
Myeloid-Derived Suppressor Cells from Prostate Cancer Patients. Clin. Cancer Res. 2015, 21, 3771–3782.
[CrossRef]

73. Kortylewski, M.; Swiderski, P.; Herrmann, A.; Wang, L.; Kowolik, C.; Kujawski, M.; Lee, H.; Scuto, A.; Liu, Y.;
Yang, C.; et al. In Vivo Delivery of siRNA to Immune Cells by Conjugation to a TLR9 Agonist Enhances
Antitumor Immune Responses. Nat. Biotechnol. 2009, 27, 925–932. [CrossRef] [PubMed]

74. Kortylewski, M.; Kuo, Y.-H. Push and Release: TLR9 activation plus STAT3 Blockade for Systemic Antitumor
Immunity. Oncoimmunology 2014, 3, e27441. [CrossRef] [PubMed]

75. Zhang, Q.; Hossain, D.M.S.; Nechaev, S.; Kozlowska, A.; Zhang, W.; Liu, Y.; Kowolik, C.M.; Swiderski, P.;
Rossi, J.J.; Forman, S.; et al. TLR9-Mediated siRNA Delivery for Targeting of Normal and Malignant Human
Hematopoietic Cells in Vivo. Blood 2013, 121, 1304–1315. [CrossRef] [PubMed]

76. Zhu, G.; Mei, L.; Vishwasrao, H.D.; Jacobson, O.; Wang, Z.; Liu, Y.; Yung, B.C.; Fu, X.; Jin, A.; Niu, G.; et al.
Intertwining DNA-RNA Nanocapsules Loaded with Tumor Neoantigens as Synergistic Nanovaccines for
Cancer Immunotherapy. Nat. Commun. 2017, 8, 1482. [CrossRef]

77. Kortylewski, M.; Kujawski, M.; Herrmann, A.; Yang, C.; Wang, L.; Liu, Y.; Salcedo, R.; Yu, H. Toll-like
Receptor 9 Activation of Signal Transducer and Activator of Transcription 3 Constrains Its Agonist-Based
Immunotherapy. Cancer Res. 2009, 69, 2497–2505. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.onc.1205260
http://dx.doi.org/10.1158/1078-0432.CCR-06-0484
http://dx.doi.org/10.1126/scitranslmed.aac5272
http://dx.doi.org/10.1158/1078-0432.CCR-16-1317
http://dx.doi.org/10.1172/JCI120156
http://dx.doi.org/10.1089/nat.2013.0422
https://clinicaltrials.gov/ct2/show/NCT01563302
https://clinicaltrials.gov/ct2/show/NCT01563302
http://dx.doi.org/10.1186/s40425-018-0436-5
http://dx.doi.org/10.1080/2162402X.2015.1126063
http://dx.doi.org/10.1007/s00262-017-1966-2
http://dx.doi.org/10.1158/1078-0432.CCR-14-3145
http://dx.doi.org/10.1038/nbt.1564
http://www.ncbi.nlm.nih.gov/pubmed/19749770
http://dx.doi.org/10.4161/onci.27441
http://www.ncbi.nlm.nih.gov/pubmed/24800162
http://dx.doi.org/10.1182/blood-2012-07-442590
http://www.ncbi.nlm.nih.gov/pubmed/23287859
http://dx.doi.org/10.1038/s41467-017-01386-7
http://dx.doi.org/10.1158/0008-5472.CAN-08-3031
http://www.ncbi.nlm.nih.gov/pubmed/19258507


Cancers 2019, 11, 1681 16 of 18

78. Setten, R.L.; Rossi, J.J.; Han, S.-P. The Current State and Future Directions of RNAi-Based Therapeutics. Nat.
Rev. Drug Discov. 2019, 18, 421–446. [CrossRef]

79. Nechaev, S.; Gao, C.; Moreira, D.; Swiderski, P.; Jozwiak, A.; Kowolik, C.M.; Zhou, J.; Armstrong, B.;
Raubitschek, A.; Rossi, J.J.; et al. Intracellular Processing of Immunostimulatory CpG-siRNA: Toll-like
Receptor 9 Facilitates siRNA Dicing and Endosomal Escape. J. Control. Release 2013, 170, 307–315. [CrossRef]

80. Herrmann, A.; Kortylewski, M.; Kujawski, M.; Zhang, C.; Reckamp, K.; Armstrong, B.; Wang, L.; Kowolik, C.;
Deng, J.; Figlin, R.; et al. Targeting Stat3 in the Myeloid Compartment Drastically Improves the in vivo
Antitumor Functions of Adoptively Transferred T cells. Cancer Res. 2010, 70, 7455–7464. [CrossRef]

81. Hossain, D.M.S.; Dos Santos, C.; Zhang, Q.; Kozlowska, A.; Liu, H.; Gao, C.; Moreira, D.; Swiderski, P.;
Jozwiak, A.; Kline, J.; et al. Leukemia Cell-Targeted STAT3 Silencing and TLR9 Triggering Generate Systemic
Antitumor Immunity. Blood 2014, 123, 15–25. [CrossRef]

82. Moreira, D.; Zhang, Q.; Hossain, D.M.S.; Nechaev, S.; Li, H.; Kowolik, C.M.; D’Apuzzo, M.; Forman, S.;
Jones, J.; Pal, S.K.; et al. TLR9 Signaling Through NF-κB/RELA and STAT3 Promotes Tumor-Propagating
Potential of Prostate Cancer Cells. Oncotarget 2015, 6, 17302–17313. [CrossRef] [PubMed]

83. Davis, J.T. G-quartets 40 years later: From 5′-GMP to Molecular Biology and Supramolecular Chemistry.
Angew. Chem. Int. Ed. Engl. 2004, 43, 668–698. [CrossRef] [PubMed]

84. Jing, N.; Gao, X.; Rando, R.F.; Hogan, M.E. Potassium-Induced Loop Conformational Transition of a Potent
anti-HIV Oligonucleotide. J. Biomol. Struct. Dyn. 1997, 15, 573–585. [CrossRef] [PubMed]

85. McMicken, H.W.; Bates, P.J.; Chen, Y. Antiproliferative activity of G-Quartet-Containing Oligonucleotides
Generated by a Novel Single-Stranded DNA Expression System. Cancer Gene Ther. 2003, 10, 867–869.
[CrossRef] [PubMed]

86. Jing, N.; Marchand, C.; Guan, Y.; Liu, J.; Pallansch, L.; Lackman-Smith, C.; De Clercq, E.; Pommier, Y.
Structure–Activity of Inhibition of HIV-1 Integrase and Virus Replication by G-quartet Oligonucleotides.
DNA Cell Biol. 2001, 20, 499–508. [CrossRef]

87. Mazumder, A.; Neamati, N.; Ojwang, J.O.; Sunder, S.; Rando, R.F.; Pommier, Y. Inhibition of the human
immunodeficiency virus type 1 integrase by guanosine quartet structures. Biochemistry 1996, 35, 13762–13771.
[CrossRef]

88. Rando, R.F.; Ojwang, J.; Elbaggari, A.; Reyes, G.R.; Tinder, R.; McGrath, M.S.; Hogan, M.E. Suppression of
Human Immunodeficiency Virus Type 1 Activity in Vitro by Oligonucleotides which Form Intramolecular
Tetrads. J. Biol. Chem. 1995, 270, 1754–1760. [CrossRef]

89. Jing, N.; Tweardy, D.J. Targeting Stat3 in Cancer Therapy. Anticancer Drugs 2005, 16, 601–607. [CrossRef]
90. Sen, M.; Grandis, J.R. Nucleic Acid-Based Approaches to STAT Inhibition. JAKSTAT 2012, 1, 285–291.

[CrossRef]
91. Zhu, Q.; Jing, N. Computational Study on Mechanism of G-Quartet Oligonucleotide T40214 Selectively

Targeting Stat3. J. Comput.-Aided Mol. Des. 2007, 21, 641–648. [CrossRef]
92. Bishop, J.S.; Guy-Caffey, J.K.; Ojwang, J.O.; Smith, S.R.; Hogan, M.E.; Cossum, P.A.; Rando, R.F.; Chaudhary, N.

Intramolecular G-quartet Motifs Confer Nuclease Resistance to a Potent anti-HIV Oligonucleotide. J. Biol.
Chem. 1996, 271, 5698–5703. [CrossRef] [PubMed]

93. Weerasinghe, P.; Li, Y.; Guan, Y.; Zhang, R.; Tweardy, D.J.; Jing, N. T40214/PEI complex: A Potent Therapeutics
for Prostate Cancer that Targets STAT3 Signaling. Prostate 2008, 68, 1430–1442. [CrossRef]

94. Jing, N.; Zhu, Q.; Yuan, P.; Li, Y.; Mao, L.; Tweardy, D.J. Targeting Signal Transducer and Activator of
Transcription 3 with G-quartet Oligonucleotides: A Potential Novel Therapy for Head and Neck Cancer.
Mol. Cancer Ther. 2006, 5, 279–286. [CrossRef] [PubMed]

95. Weerasinghe, P.; Garcia, G.E.; Zhu, Q.; Yuan, P.; Feng, L.; Mao, L.; Jing, N. Inhibition of Stat3 Activation and
Tumor Growth Suppression of Non-Small Cell Lung Cancer by G-Quartet Oligonucleotides. Int. J. Oncol.
2007, 31, 129–136. [CrossRef] [PubMed]

96. Fagard, R.; Metelev, V.; Souissi, I.; Baran-Marszak, F. STAT3 Inhibitors for Cancer Therapy: Have All Roads
Been Explored? JAKSTAT 2013, 2, e22882. [CrossRef]

97. Wagner, B.J.; Hayes, T.E.; Hoban, C.J.; Cochran, B.H. The SIF Binding Element Confers sis/PDGF Inducibility
onto the c-fos Promoter. EMBO J. 1990, 9, 4477–4484. [CrossRef]

98. Leong, P.L.; Andrews, G.A.; Johnson, D.E.; Dyer, K.F.; Xi, S.; Mai, J.C.; Robbins, P.D.; Gadiparthi, S.;
Burke, N.A.; Watkins, S.F.; et al. Targeted Inhibition of Stat3 with a Decoy Oligonucleotide Abrogates Head
and Neck Cancer Cell Growth. Proc. Natl. Acad. Sci. USA 2003, 100, 4138–4143. [CrossRef]

http://dx.doi.org/10.1038/s41573-019-0017-4
http://dx.doi.org/10.1016/j.jconrel.2013.06.007
http://dx.doi.org/10.1158/0008-5472.CAN-10-0736
http://dx.doi.org/10.1182/blood-2013-07-517987
http://dx.doi.org/10.18632/oncotarget.4029
http://www.ncbi.nlm.nih.gov/pubmed/26046794
http://dx.doi.org/10.1002/anie.200300589
http://www.ncbi.nlm.nih.gov/pubmed/14755695
http://dx.doi.org/10.1080/07391102.1997.10508967
http://www.ncbi.nlm.nih.gov/pubmed/9440003
http://dx.doi.org/10.1038/sj.cgt.7700652
http://www.ncbi.nlm.nih.gov/pubmed/14712312
http://dx.doi.org/10.1089/104454901316976136
http://dx.doi.org/10.1021/bi960541u
http://dx.doi.org/10.1074/jbc.270.4.1754
http://dx.doi.org/10.1097/00001813-200507000-00002
http://dx.doi.org/10.4161/jkst.22312
http://dx.doi.org/10.1007/s10822-007-9147-6
http://dx.doi.org/10.1074/jbc.271.10.5698
http://www.ncbi.nlm.nih.gov/pubmed/8621435
http://dx.doi.org/10.1002/pros.20807
http://dx.doi.org/10.1158/1535-7163.MCT-05-0302
http://www.ncbi.nlm.nih.gov/pubmed/16505101
http://dx.doi.org/10.3892/ijo.31.1.129
http://www.ncbi.nlm.nih.gov/pubmed/17549413
http://dx.doi.org/10.4161/jkst.22882
http://dx.doi.org/10.1002/j.1460-2075.1990.tb07898.x
http://dx.doi.org/10.1073/pnas.0534764100


Cancers 2019, 11, 1681 17 of 18

99. Lui, V.W.Y.; Boehm, A.L.; Koppikar, P.; Leeman, R.J.; Johnson, D.; Ogagan, M.; Childs, E.; Freilino, M.;
Grandis, J.R. Antiproliferative Mechanisms of a Transcription Factor Decoy Targeting Signal Transducer and
Activator of Transcription (STAT) 3: The Role of STAT1. Mol. Pharmacol. 2007, 71, 1435–1443. [CrossRef]

100. Shen, J.; Li, R.; Li, G. Inhibitory Effects of Decoy-ODN Targeting Activated STAT3 on Human Glioma Growth
in Vivo. In Vivo 2009, 23, 237–243.

101. Xi, S.; Gooding, W.E.; Grandis, J.R. In Vivo Antitumor Efficacy of STAT3 Blockade Using a Transcription
Factor Decoy Approach: Implications for Cancer Therapy. Oncogene 2005, 24, 970–979. [CrossRef]

102. Zhang, X.; Liu, P.; Zhang, B.; Mao, H.; Shen, L.; Ma, Y. Inhibitory Effects of STAT3 Decoy Oligodeoxynucleotides
on Human Epithelial Ovarian Cancer Cell Growth in Vivo. Int. J. Mol. Med. 2013, 32, 623–628. [CrossRef]
[PubMed]

103. Zhang, X.; Zhang, J.; Wang, L.; Wei, H.; Tian, Z. Therapeutic Effects of STAT3 Decoy Oligodeoxynucleotide
on Human Lung Cancer in Xenograft Mice. BMC Cancer 2007, 7, 149. [CrossRef] [PubMed]

104. Sen, M.; Joyce, S.; Panahandeh, M.; Li, C.; Thomas, S.M.; Maxwell, J.; Wang, L.; Gooding, W.E.; Johnson, D.E.;
Grandis, J.R. Targeting Stat3 Abrogates EGFR Inhibitor Resistance in Cancer. Clin. Cancer Res. 2012, 18,
4986–4996. [CrossRef] [PubMed]

105. Sen, M.; Thomas, S.M.; Kim, S.; Yeh, J.I.; Ferris, R.L.; Johnson, J.T.; Duvvuri, U.; Lee, J.; Sahu, N.; Joyce, S.;
et al. First-in-Human Trial of a STAT3 Decoy Oligonucleotide in Head and Neck Tumors: Implications for
Cancer Therapy. Cancer Discov. 2012, 2, 694–705. [CrossRef]

106. Zhang, Q.; Hossain, D.M.S.; Duttagupta, P.; Moreira, D.; Zhao, X.; Won, H.; Buettner, R.; Nechaev, S.;
Majka, M.; Zhang, B.; et al. Serum-Resistant CpG-STAT3 Decoy for Targeting Survival and Immune
Checkpoint Signaling in Acute Myeloid Leukemia. Blood 2016, 127, 1687–1700. [CrossRef]

107. Zhao, X.; Zhang, Z.; Moreira, D.; Su, Y.-L.; Won, H.; Adamus, T.; Dong, Z.; Liang, Y.; Yin, H.H.; Swiderski, P.;
et al. B Cell Lymphoma Immunotherapy Using TLR9-Targeted Oligonucleotide STAT3 Inhibitors. Mol. Ther.
2018, 26, 695–707. [CrossRef]

108. Lee, D.S.; O’Keefe, R.A.; Ha, P.K.; Grandis, J.R.; Johnson, D.E. Biochemical Properties of a Decoy
Oligodeoxynucleotide Inhibitor of STAT3 Transcription Factor. Int. J. Mol. Sci. 2018, 19, 1608. [CrossRef]

109. Njatcha, C.; Farooqui, M.; Kornberg, A.; Johnson, D.E.; Grandis, J.R.; Siegfried, J.M. STAT3 Cyclic Decoy
Demonstrates Robust Antitumor Effects in Non-Small Cell Lung Cancer. Mol. Cancer Ther. 2018, 17,
1917–1926. [CrossRef]

110. Sen, M.; Paul, K.; Freilino, M.L.; Li, H.; Li, C.; Johnson, D.E.; Wang, L.; Eiseman, J.; Grandis, J.R. Systemic
Administration of a Cyclic Signal Transducer and Activator of Transcription 3 (STAT3) Decoy Oligonucleotide
Inhibits Tumor Growth without Inducing Toxicological Effects. Mol. Med. 2014, 20, 46–56. [CrossRef]

111. Li, C.; Zang, Y.; Sen, M.; Leeman-Neill, R.J.; Man, D.S.K.; Grandis, J.R.; Johnson, D.E. Bortezomib up-Regulates
Activated Signal Transducer and Activator of Transcription-3 and Synergizes with Inhibitors of Signal
Transducer and Activator of Transcription-3 to Promote Head and Neck Squamous Cell Carcinoma Cell
Death. Mol. Cancer Ther. 2009, 8, 2211–2220. [CrossRef]

112. Zhang, X.; Liu, P.; Zhang, B.; Wang, A.; Yang, M. Role of STAT3 Decoy Oligodeoxynucleotides on Cell
Invasion and chemosensitivity in Human Epithelial Ovarian Cancer Cells. Cancer Genet. Cytogenet. 2010,
197, 46–53. [CrossRef] [PubMed]

113. Zhang, X.; Xiao, W.; Wang, L.; Tian, Z.; Zhang, J. Deactivation of Signal Transducer and Activator of
Transcription 3 Reverses Chemotherapeutics Resistance of Leukemia Cells via Down-Regulating P-gp. PLoS
ONE 2011, 6, e20965. [CrossRef] [PubMed]

114. Bharadwaj, U.; Kasembeli, M.M.; Tweardy, D.J. STAT3 Inhibitors in Cancer: A Comprehensive Update. In
Cancer Drug Discovery and Development; Springer: Berlin/Heidelberg, Germany, 2016; pp. 95–161.

115. Hodge, J.A.; Kawabata, T.T.; Krishnaswami, S.; Clark, J.D.; Telliez, J.-B.; Dowty, M.E.; Menon, S.; Lamba, M.;
Zwillich, S. The Mechanism of Action of Tofacitinib—An Oral Janus Kinase Inhibitor for the Treatment of
Rheumatoid Arthritis. Clin. Exp. Rheumatol. 2016, 34, 318–328. [PubMed]

116. Zhou, T.; Georgeon, S.; Moser, R.; Moore, D.J.; Caflisch, A.; Hantschel, O. Specificity and Mechanism-of-Action
of the JAK2 Tyrosine Kinase Inhibitors Ruxolitinib and SAR302503 (TG101348). Leukemia 2014, 28, 404–407.
[CrossRef]

117. Eiring, A.M.; Page, B.D.G.; Kraft, I.L.; Mason, C.C.; Vellore, N.A.; Resetca, D.; Zabriskie, M.S.; Zhang, T.Y.;
Khorashad, J.S.; Engar, A.J.; et al. Combined STAT3 and BCR-ABL1 Inhibition Induces Synthetic Lethality in
Therapy-Resistant Chronic Myeloid Leukemia. Leukemia 2017, 31, 1253–1254. [CrossRef]

http://dx.doi.org/10.1124/mol.106.032284
http://dx.doi.org/10.1038/sj.onc.1208316
http://dx.doi.org/10.3892/ijmm.2013.1431
http://www.ncbi.nlm.nih.gov/pubmed/23828376
http://dx.doi.org/10.1186/1471-2407-7-149
http://www.ncbi.nlm.nih.gov/pubmed/17683579
http://dx.doi.org/10.1158/1078-0432.CCR-12-0792
http://www.ncbi.nlm.nih.gov/pubmed/22825581
http://dx.doi.org/10.1158/2159-8290.CD-12-0191
http://dx.doi.org/10.1182/blood-2015-08-665604
http://dx.doi.org/10.1016/j.ymthe.2018.01.007
http://dx.doi.org/10.3390/ijms19061608
http://dx.doi.org/10.1158/1535-7163.MCT-17-1194
http://dx.doi.org/10.2119/molmed.2013.00104
http://dx.doi.org/10.1158/1535-7163.MCT-09-0327
http://dx.doi.org/10.1016/j.cancergencyto.2009.10.004
http://www.ncbi.nlm.nih.gov/pubmed/20113836
http://dx.doi.org/10.1371/journal.pone.0020965
http://www.ncbi.nlm.nih.gov/pubmed/21677772
http://www.ncbi.nlm.nih.gov/pubmed/26966791
http://dx.doi.org/10.1038/leu.2013.205
http://dx.doi.org/10.1038/leu.2017.14


Cancers 2019, 11, 1681 18 of 18

118. Wen, W.; Wu, J.; Liu, L.; Tian, Y.; Buettner, R.; Hsieh, M.-Y.; Horne, D.; Dellinger, T.H.; Han, E.S.; Jove, R.;
et al. Synergistic Anti-Tumor Effect of Combined Inhibition of EGFR and JAK/STAT3 Pathways in Human
Ovarian Cancer. Mol. Cancer 2015, 14, 100. [CrossRef]

119. Woessner, R.; McCoon, P.; Bell, K.; DuPont, R.; Collins, M.; Lawson, D.; Nadella, P.; Pablo, L.; Reimer, C.;
Sah, V.; et al. Abstract A93: STAT3 Inhibition Enhances the Activity of Immune Checkpoint Inhibitors
in Murine Syngeneic Tumor Models by Creating a More Immunogenic Tumor Microenvironment. Tumor
Microenviron. 2015, 3. [CrossRef]

120. Gao, Y.; Li, Y.; Hsu, E.; Wang, Y.; Huang, J.; Brooks, E.; Li, C.J. Abstract LB-140: Inhibition of Cancer Stemness
Sensitizes Colorectal Cancer to Immune Checkpoint Inhibitors. Tumor Biol. 2017. [CrossRef]

121. Weber, R.; Fleming, V.; Hu, X.; Nagibin, V.; Groth, C.; Altevogt, P.; Utikal, J.; Umansky, V. Myeloid-Derived
Suppressor Cells Hinder the Anti-Cancer Activity of Immune Checkpoint Inhibitors. Front. Immunol. 2018,
9, 1310. [CrossRef]

122. Johnson, D.E.; O’Keefe, R.A.; Grandis, J.R. Targeting the IL-6/JAK/STAT3 signalling axis in cancer. Nat. Rev.
Clin. Oncol. 2018, 15, 234. [CrossRef]

123. Yang, H.; Yamazaki, T.; Pietrocola, F.; Zhou, H.; Zitvogel, L.; Ma, Y.; Kroemer, G. STAT3 Inhibition Enhances
the Therapeutic Efficacy of Immunogenic Chemotherapy by Stimulating Type 1 Interferon Production by
Cancer Cells. Cancer Res. 2015, 75, 3812–3822. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/s12943-015-0366-5
http://dx.doi.org/10.1158/2326-6074
http://dx.doi.org/10.1158/1538-7445.AM2017-LB-140
http://dx.doi.org/10.3389/fimmu.2018.01310
http://dx.doi.org/10.1038/nrclinonc.2018.8
http://dx.doi.org/10.1158/0008-5472.CAN-15-1122
http://www.ncbi.nlm.nih.gov/pubmed/26208907
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Peptide and Small Molecule Inhibitors of STAT3 
	Peptide Inhibitors 
	Small Molecule Inhibitors 
	Future Directions for Small Molecule STAT3 Inhibitors 
	Natural Inhibitors 
	Nucleic Acid-Based Agents to Inhibit Expression of STAT3 
	AZD9150 
	CpG-coupled STAT3 siRNA 

	Nucleic Acid-Based Agents that Act as Competitive Inhibitors of STAT3 
	G-Quartet Oligodeoxynucleotides (GQ-ODNs) 
	STAT3 Decoys 


	Conclusion 
	Discussion 
	References



