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Feedback Activation of STAT3
as a Cancer Drug-Resistance
Mechanism
Chengguang Zhao,1,2,3,5 Huameng Li,3,5 Huey-Jen Lin,4
Shulin Yang,1,* Jiayuh Lin,2,* and Guang Liang3
Signal transducer and activator of transcription 3 (STAT3) plays crucial roles in
several cellular processes such as cell proliferation and survival, and has been
found to be aberrantly activated in many cancers. Much research has explored
the leading mechanisms for regulating the STAT3 pathway and its role in
promoting tumorigenesis. We focus here on recent evidence suggesting that
feedback activation of STAT3 plays a prominent role in mediating drug resistance to a broad spectrum of targeted cancer therapies and chemotherapies.
We highlight the potential of co-targeting STAT3 and its primary target to
overcome drug resistance, and provide perspective on repurposing clinically
approved drugs as STAT3 pathway inhibitors, in combination with the FDAapproved receptor tyrosine kinase (RTK) inhibitors, to improve clinical outcome
of cancer treatment.
STAT3 Signaling in Cancer
STAT proteins play crucial roles in diverse biological processes including cell proliferation,
differentiation, survival, inﬂammatory response, immunity, and angiogenesis [1]. There are seven
members (STAT 1, 2, 3, 4, 5a, 5b, and 6) of the STAT family, which regulate gene transcription
and are activated by the signals from cytokine and growth factor receptors in the plasma
membrane [1,2]. One of the best-studied STAT members, STAT3, originally discovered by two
independent research groups in 1994 [3,4], has received particular attention owing to its crucial
roles in various physiological processes [5–8]. Constitutive activation of STAT3 has frequently
been observed in a variety of tumors, including melanoma, pancreatic, lung cancer, colorectal,
ovarian, endometrial, cervical, breast, brain, renal, prostate cancers, head and neck squamous
cell carcinoma (HNSCC), glioma, lymphoma, and leukemia [9–12]. A growing body of evidence
has shown that aberrant STAT3 activation contributes to cell proliferation, differentiation,
migration, and survival [13,14]. This review focuses on the feedback activation of STAT3 as
a side effect from the blockades of cancer-addicted signaling pathways or chemotherapies. This
unforeseen STAT3 activation could partly account for the drug resistance that often follows the
primary targeted therapies and chemotherapies.

Feedback Activation of STAT3 and Drug Resistance in Cancer Therapies
Mammalian cells can use multiple regulatory mechanisms to offset perturbations in cellular
homeostasis. The salvaging mechanisms include, but are not limited to, feedback loops as well
as crosstalk between signaling pathways. These connections provide compensatory mechanisms in signaling pathways, allowing cells to respond dynamically and adaptively to perturbations [15]. While these mechanisms are crucially required to sustain the cell viability under
dynamic physiological circumstances, they pose an impediment to the effective treatment of
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cancer. Small-molecule inhibitors and humanized monoclonal antibodies directed against RTKs
are among the effective targeted therapies in the clinic. However, the efﬁcacy of RTK-targeted
therapies is limited by the development of drug resistance. Study has shown that the underlying
mechanisms of resistance appear unrelated to genetic aberrations [15]. Because RTKs share
many common downstream effectors, a common strategy by which tumors can ignore RTK
inhibition is parallel activation of a second RTK that is not targeted by the drug (Figure 1).
Numerous studies have reported that activation of hepatocyte growth factor receptor (MET
proto-oncogene, receptor tyrosine kinase), insulin-like growth factor type 1 receptor (IGF-1R),
epidermal growth factor receptor (EGFR), nuclear transcription factor kB (NF-kB), and ﬁbroblast
growth factor receptor (FGFR) is partly responsible for both intrinsic and acquired resistance to
some tyrosine kinase inhibitor (TKI)-mediated therapies [16–21]. These results showed that, in
addition to the pre-existence of RTK ampliﬁcation or mutation, activation of RTK pathways could
be one of the possible mechanisms of resistance to TKIs [15,22], while the potential role of
STAT3 signaling in TKI resistance has only recently emerged [23].
Several studies have implicated STAT3 activation in treatment failure of EGFR/extracellular
signal-regulated kinase (ERK)-targeted therapies [24,25]. In a study of non-small-cell lung
cancer (NSCLC) cells, TKI erlotinib directly increased STAT3 activation in all tested lung cancer
cell lines that expressed EGFR mutants, but did not induce STAT3 activation in EGFR wild-type
cells. The evidence that erlotinib increased STAT3 activation gradually over time, but not in the
short-term, suggests that a feedback mechanism may underlie STAT3 activation. Transient
STAT3 knockdown via siRNA suppressed erlotinib-resistant colony formation, suggesting that
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Figure 1. Inhibition of Cancer Signaling Subsequently Activates STAT3 Pathways, an Event that Consequently Rescued Cell Death and Rendered Drug-Resistance Outcomes. (A) Under the normal physiological
conditions, RTKs and STAT3 signaling pathways interact with each other. Constitutively-active RTKs and STAT3, that result
from gene mutations, translocations, or ampliﬁcations, can augment cancer cell survival and proliferation. (B) Inhibition of
RTKs or the introduction of chemotherapeutic agents could relieve the feedback suppression of the STAT3 signaling, and
thereby restore cell survival and proliferation. (C) Combinatorial therapy targeting the RTKs and STAT3 signaling can
concurrently abrogate both pathways and thus lead to cell death. Abbreviations: AKT, v-Akt murine thymoma viral
oncogene homolog/protein kinase B; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase;
GP130, interleukin (IL)-6 signal transducer/IL6ST; MEK, mitogen-activated protein kinase kinase; P, phosphorylation; RTK,
receptor tyrosine kinase; STAT3, signal transducer and activator of transcription 3.
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early feedback activation of STAT3 contributes to the emergence of drug resistance [24].
Similarly, in human epidermal growth factor receptor-2 (HER2)-positive breast and gastric
cancers, trastuzumab resistance was associated with a STAT3-centered positive feedback
loop mechanism induced by both the upstream ﬁbronectin (FN)/EGF/interleukin (IL)-6 mediators
and the downstream mucins (MUC1/4) executioners [26]. Mechanistic studies clearly demonstrated that inhibition of various RTKs [including EGFR, MEK (mitogen activated protein kinase
kinase), FGFR, and HER2) could trigger the feedback activation of STAT3. To augment
tumorigenicity, the STAT3/miR-34a/Snail axis further promotes epithelial–mesenchymal transition (EMT)-mediated cancer invasion and metastasis [27]. Eiring et al. identiﬁed activation of
STAT3 is an essential feature of Breakpoint Cluster Region-Abelson 1 (BCR-ABL1) kinaseindependent TKI resistance in patient-derived chronic myeloid leukemia (CML) samples. BP5-087, a potent and selective STAT3 SH2 (SRC homology domain 2) inhibitor, restored TKI
sensitivity to CML progenitor cells, including leukemic stem cells (LSCs) [28]. These results once
again conﬁrm a tight linkage between the RTKs and STAT3 signaling pathways. Zhao et al.
recently reported that STAT3 was signiﬁcantly activated following MEK inhibition via AZD6244,
PD98059, or trametinib treatment of KRAS (Kirsten rat sarcoma viral oncogene homolog)
mutant-bearing pancreatic and colon cancer cells. By contrast, dual inhibition of STAT3 and
MEK with both the STAT3 inhibitor LY5 and the MEK inhibitor trametinib resulted in a signiﬁcant
antitumor effect in KRAS mutant pancreatic and colon cancer cells in vitro. Furthermore,
trametinib impaired tumor growth in vivo in STAT3 knockdown pancreatic cancer cells, as
compared to controls that retained wild-type STAT3 and exhibited robust tumor growth [29].
Crosstalk between various RTKs could also contribute to STAT3 activation. This phenomenon
has been substantiated by ﬁndings that RTK inhibition induced activation of FGFR/phosphatidylinositol 3-kinase (PI3K) and IL-6/Janus kinase (JAK) signaling pathways, which in turn trigger
the downstream signaling cascade of the STAT3 pathway [24]. In addition, inhibition of the ERKdependent metalloprotease A Disintegrin and A Metalloproteinase 17 (ADAM17) led to activation
of the MET/JAK/STAT3 signaling axis [25].
These collective ﬁndings suggest that RTK inhibition and STAT3 activation are closely related
and broadly conserved across tumor types and oncogenic contexts, where they contribute to
therapeutic failure. Thus, feedback activation of STAT3 pathway leads to resistance of targeted
therapies designed around RTK inhibition [30]. Concurrent blockade of both the EGFR and
STAT3 pathways appears to be more effective against human cancer than a single agent alone,
both in vitro and in vivo [31]. In hepatocellular carcinoma, cetuximab resistance was mediated
via STAT3 activation, and the combinational therapy using both inhibitors of EGFR and STAT3
signiﬁcantly suppressed tumor growth in vitro [32]. Combinational therapy, by co-targeting
RTK and STAT3 pathways, provides a promising strategy to improve clinical prognosis in
multiple cancer types. Table 1 lists the feedback activation of STAT3 following a variety of drug
therapies.
In addition, STAT3 is involved in resistance to conventional chemotherapy. Recent reports
showed that STAT3 activation is associated with drug resistance outcomes, and that blockade
of the STAT3 pathway can restore the efﬁcacy of chemotherapeutic agents. Through activation
of the STAT3/Snail pathway, cisplatin treatment rendered drug resistance, enhanced the EMTlike phenotype, increased migration and invasion abilities, as well as promoted the acquisition of
stem-like properties in atypical teratoid/rhabdoid tumor (ATRT) cells [33]. In addition, STAT3
activation also mediates resistance to the chemotherapeutic agents 5-ﬂuorouracil (5-FU),
oxaliplatin, and SN-380 [25], suggesting that a convergent mechanism is responsible for
acquired resistance to chemotherapeutic agents. In bladder [34], hematopoietic [35], glioma
[36], ovarian [37], and breast [38] cancer, as well as in acute myeloid leukemia [39], aberrant
STAT3 activation has been associated with chemoresistance, where subsequent ablation of
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Table 1. Feedback Activation of STAT3 in Response to Drug Therapies in Cancer Cells
Cancers

Cell Lines

Drivers

Drugs

Refs

Lung cancer

PC-9

EGFR mutant

Erlotinib/afatinib/AZD6244

[24]

HCC4006

EGFR mutant

Erlotinib/AZD6244

[24]

HCC2279

EGFR mutant

Erlotinib/AZD6244

[24]

HCC2935

EGFR mutant

Erlotinib/AZD6244

[24]

NCI-H1650

EGFR mutant

Erlotinib

[24]

AU565

HER2

Lapatinib/AZD6244

[24]

BT474

HER2

Lapatinib/AZD6244

[24]

SKBR3

HER2

Lapatinib/AZD6244

[24]

H2228

ALK

TAE684/AZD6244

[24]

KELLY

ALK

TAE684/AZD6244

[24]

SH-SY5Y

ALK

TAE684/AZD6244

[24]

EBC-1

MET

Crizotinib/AZD6244

[24]

GTL16

MET

Crizotinib/AZD6244

[24]

KATO II

MET

Crizotinib/AZD6244

[24]

A549

KRAS mutant

AZD6244

[24]

H23

KRAS mutant

AZD6244

[24]

H441

KRAS mutant

AZD6244

[24]

H460

KRAS mutant

AZD6244

[24]

H838

KRAS mutant

AZD6244

[24]

H2009

KRAS mutant

AZD6244

[24]

H2030

KRAS mutant

AZD6244

[24]

H2122

KRAS mutant

AZD6244/GDC-0973

[24]

SW1573

KRAS mutant

AZD6244

[24]

Erlotinib

[31]

HCT116

KRAS mutant

AZD6244/trametinib/
PD98059/UO126/
(chemotherapeutic
agents: 5-FU,
oxaliplatin, SN-38)

[25,29]

DLD-1

KRAS mutant

AZD6244/trametinib

[25,29]

SW620

KRAS mutant

AZD6244/PD98059/UO126/
(chemotherapeutic
agents: 5-FU,
oxaliplatin, SN-38)

[25]

HCC2998

KRAS mutant

AZD6244/(chemotherapeutic
agents: 5-FU,
oxaliplatin, SN-38)

[25]

LS174T

KRAS mutant

AZD6244/trametinib/
(chemotherapeutic
agents: 5-FU,
oxaliplatin, SN-38)

[25,29]

LoVo

KRAS mutant

AZD6244/UO126

[25]

H1975
Colon cancer

Pancreatic cancer
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GP5D

KRAS mutant

AZD6244

[25]

AsPC-1

KRAS mutant

AZD6244/trametinib/
PD98059

[29]

Capan-1

KRAS mutant

AZD6244

[29]
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Table 1. (continued)
Cancers

Cell Lines

Drivers

Drugs

Refs

PANC-1

KRAS mutant

AZD6244

[29]

HPAC

KRAS mutant

Trametinib

[29]

SKOV3

Geﬁtinib, paclitaxel

[30,37]

MDAH2

Geﬁtinib

[30]

OVCAR8

Paclitaxel

[37,40]

BT474R

Trastuzumab

[26]

T47D

Tamoxifen

[38]

Gastric cancer

NCI-N87R

Trastuzumab

[26,41]

Glioblastoma

U251

Temozolomide

[36]

U87

Temozolomide

[36]

Bladder cancer

T24

Nicotine

[34]

Ovarian cancer

Breast cancer

STAT3 activation by STAT3 siRNA, or treatment with JAK2 or STAT3 inhibitors, increased
susceptibility to chemotherapeutic agents [40,41].
Taken together, these ﬁndings provide convincing evidence that feedback activation of STAT3
contributes to resistance to a broad spectrum of targeted cancer therapies as well as to
conventional chemotherapies. Dual inhibition of STAT3 together with one of the following
targets: EGFR, MEK, ALK (anaplastic lymphoma receptor tyrosine kinase), or HER2, could
combat drug resistance and improve clinical outcome. As far as overcoming resistance to the
conventional chemotherapy agent treatments, JAK1/2–STAT3 blockade can similarly synergize
with 5-FU and oxaliplatin to enhance tumor-suppressive effects in the xenograft model.

Promising STAT3 Inhibitors as Therapeutics in Cancer
STAT3 is largely believed to be one of the key oncogenes and crucial therapeutic targets.
Therefore, intensive efforts have been devoted to developing STAT3 inhibitors. However, no
inhibitor that directly targets STAT3 has yet been approved by the FDA for clinical use. Previously
reported STAT3 inhibitors are reviewed in [14]. Below we highlight small-molecule inhibitors that
either have the potential for direct targeting of STAT3 or could be combined with RTKs inhibitors
to overcome drug resistance due to feedback STAT3 activation.

Inhibitors Targeting the STAT3 SH2 Domain
Structure-based drug design and computational docking have been used to model and
discover small-molecule inhibitors that hold promise for targeting the STAT3 SH2 domain,
which could abrogate STAT3 phosphorylation and dimerization. In 2005, Lin and colleagues
developed the ﬁrst non-peptide small-molecule STAT3 inhibitor, STA-21, through structurebased virtual screening (Figure 2). STA-21 (deoxytetrangomycin), an analog of natural product
tetrangomycin, not only blocked STAT3 dimerization and DNA binding [42,43] but also
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Figure 2. The Chemical Structures of
the First Small-Molecule STAT3 (Signal Transducer and Activator of
Transcription 3) Inhibitor, STA-21,
and its Analogs LLL12 and LY5.
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completed Phase I/II clinical trials for the treatment of psoriatic lesions [44,45]. Further development of the lead compound resulted in LLL12, a structurally optimized analog of STA-21
(Figure 2) [46,47]. Molecular docking showed that LLL12 binds to the STAT3 SH2 domain,
occupying the major phosphotyrosine pTyr705 site and side pocket, in a similar manner to STA21. Of note, LLL12 is an improved STAT3-speciﬁc inhibitor with an IC50 of (0.8–5) mM in multiple
human cancer cell lines. It displayed more potent antiproliferative activities than STA-21 in
multiple cancer cell lines that expressed high levels of STAT3. LLL12 blocked phosphorylation
and activation of STAT3, but not of STAT1 or other RTK targets, suggesting a speciﬁcity to target
STAT3 with drug-like properties [48–53]. Furthermore, another small-molecule STAT3 inhibitor,
LY5, was designed and developed using in silico site-directed fragment-based drug design
(FBDD) and the feature scaffold of LLL12 by Yu and colleagues (Figure 2) [54]. Molecular docking
showed LY5 binding to the major pTyr705 groove as well as the sub-pocket of the STAT3 SH2
domain. Fluorescent polarization (FP) assay demonstrated that LY5 competes with the native
the phosphotyrosine peptide for the pTyr705 binding site of STAT3 SH2 by which STAT3
activation can be inhibited. LY5 not only selectively inhibited STAT3 over STAT1, and suppressed various cancer cells with an IC50 range in 0.5–1.4 mM, but also reduced tumor growth in
mouse model in vivo. Most recent reports showed that, combined with MEK inhibitors, LY5
effectively suppressed feedback STAT3 activation in multiple human cancer cell lines [29,55].
Therefore, LY5 is a promising therapeutic drug candidate for human cancers, and may also
overcome drug resistance induced by feedback activation of STAT3 in targeted therapies.
S3I-201 (NSC 74859) is a selective inhibitor of STAT3 that blocks STAT3 phosphorylation and
dimerization (Figure 3). Molecular modeling shows that S3I-201 binds to the STAT3 SH2 domain
[56]. In an effort to identify STAT3–STAT3 homodimerization disruptors, Zhang et al. identiﬁed a
STAT3 inhibitor (S3I-1757) using previously published S3I-201 as a lead compound. S3I-1757
directly inhibits STAT3–STAT3 dimerization and STAT3–EGFR binding, which leads to inhibition
of STAT3 tyrosine phosphorylation and nuclear translocation [57] (Figure 3). Patrick T. Gunning
and colleagues further developed a library of analogs of S3I-201; the most active compound SF1-066 (also known as S3I-201.1066) demonstrated impressive in vitro and in vivo activities in
disrupting STAT3 dimerization [58,59]. By further optimization of SF-1-066 using structure–
activity relationship (SAR)-based drug design and screening, Eiring et al. identiﬁed salicylic acidbased BP-5-087 as a potent and selective STAT3 inhibitor. BP-5-087 showed inhibition with an
IC50 of 1.0 mM in TKI-resistant CML stem and progenitor cells, representing a 10-fold increase in
potency compared to SF-1-066 [28] (Figure 3). In addition, BP-1-102, a structurally modiﬁed
analog of SF-1-066, shows binding to three hotspots of the STAT3 SH2 domain, with a binding
afﬁnity Kd of 504 nM. It disrupted the homodimerization of phosphorylated STAT3 (p-STAT3) by
blocking STAT3 and pTyr peptide interactions. BP-1-102 inhibited STAT3 activation at 4.1–
6.8 mM. The improved speciﬁcity and oral bioavailability of BP-1-102 indicates a substantial
advance in the discovery of small-molecule STAT3 inhibitors as promising anticancer agents
[60,61]. Towards further improving the potency of BP-1-102, Haftchenary et al. synthesized and
evaluated its analogs: SH-5-07, a hydroxamic acid, and SH-4-54, a benzoic acid, showed
improved in vitro inhibitory activities at 1–8 mM [62] (Figure 3). The data are consistent with
the hypothesis that these agents interact with the STAT3 SH2 domains. Further, both
agents inhibited the in vivo growth of human glioma and breast cancer xenografts that harbor
aberrantly-active STAT3 [63].
More recently, OPB-31121 and OPB-51602, two potent, low molecular weight STAT3 inhibitors
were identiﬁed [64–67]. Interestingly, molecular docking and molecular dynamic simulations (MD)
show that both OPB-31121 and OPB-51602 could bind to a unique binding site of the STAT3
SH2 domain, and this did not overlap with binding sites for other STAT3 inhibitors. Isothermal
titration calorimetry (ITC) assay conﬁrmed OPB-31121 and OPB-51602 as direct STAT3 SH2
binders with a low nanomolar Kd of 5–10 nM. Cell culture assays showed they inhibited the
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phosphorylation of both Tyr705 and Ser727. These two compounds are the most potent STAT3
SH2 binders to date. Their distant binding pocket and potent afﬁnity for STAT3 SH2 make them the
most promising candidates for further development [68]. Preclinical studies have demonstrated
that OPB-31121 and OPB-51602 hold great promise as antitumor therapeutic agents, with potent
antitumor activity in solid and hematopoietic tumors both in vivo and in vitro. Both OPB-31121
and OPB-51602 have completed Phase I/II studies in advanced cancers [66–71].
Other notable STAT3 inhibitors, including stattic [72], alantolactone [73], cryptotanshinone [74],
piperlongumine [75], and silibinin [76], all display binding to the STAT3 SH2 domain, inhibition of
STAT3 activity, as well as reducing the growth and invasion of multiple tumor cell lines in
xenograft models (Figure 4).
Although many inhibitors targeting the STAT3 SH2 domain have been reported, few inhibitors
target the DNA-binding domain (DBD) of STAT3. The DBD has traditionally been considered to
be ‘undruggable’ because of its limited selectivity. Recently, Jian-Ting Zhang and colleagues
reported a small-molecule STAT3 DBD inhibitor (InS3-54) using an improved in silico approach.
In further investigation, Zhang et al. identiﬁed a more effective lead compound (InS3-54A18) via
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structure–activity-guided hit optimization and mechanistic characterization, and this molecule
showed improved speciﬁcity and pharmacological properties. InS3-54A18 not only binds
directly to the DBD and inhibits the DNA-binding activity of STAT3 both in vitro and in situ,
but also effectively inhibits IL-6-stimulated expression of STAT3 downstream target genes.
InS3-54A18 is completely soluble in an oral formulation and effectively inhibits lung xenograft
tumor growth and metastasis with little adverse effect on animals. Thus, InS3-54A18 may serve
as a potential starting-point for the further development of anticancer therapeutics targeting the
DBD of STAT3 [77,78].

Additional STAT3 Inhibitors Derived from Curcumin
Curcumin, a natural food spice extracted from the root of Curcuma longa, displayed modest
potency in inhibiting STAT3 phosphorylation and nuclear translocation, and without noticeable
dose-limiting toxicity. However, poor bioavailability limits the use of curcumin as a cancer
therapeutic agent [79]. Several compounds were designed as STAT3 inhibitors to increase
stability and bioavailability via structure optimization of curcumin. FLLL11 [80], FLLL12 [80],
FLLL31 [81], and FLLL32 [81–85] inhibited STAT3 phosphorylation and induced apoptosis both
in vitro and in vivo (Figure 5). Among them, FLLL31 and FLLL32 showed promising target
speciﬁcity owing to their negligible inhibition of other kinases or transcription factors including
ERK1/2, mammalian target of rapamycin (mTOR), protein kinase Cd (PKC-d), p70 ribosomal
protein S6 kinase (p70S6K), protein kinase B (AKT/v-Akt murine thymoma viral oncogene
homolog), or the SRC (SRC proto-oncogene) family of non-receptor tyrosine kinases.
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Figure 5. The Chemical Structures of STAT3 Inhibitors Derived from the Natural Spice Curcumin. Abbreviation:
MAC, mono-carbonyl analog of curcumin.

Furthermore, FLLL32 not only bound to the STAT3 SH2 domain, and inhibited STAT3 activation at
an IC50 of 2 mM, but also displayed undetectable inhibitory effect on tyrosine kinases such as
protein kinase Bb (AKT2), cyclin-dependent kinase-2 (CDK-2), EGFR, HER-2, and MET [81].
Similarly, two additional curcumin analogs, GO-030 [80] and HO-3867 [86–88], selectively
inhibited STAT3 phosphorylation and DNA binding without suppressing the expression of STAT1.

FBDD and Drug Repositioning To Identify Novel Inhibitors of IL-6/STAT3
Signaling
Poor safety and efﬁcacy of hits remain the major causes of the high attrition rates in drug
development. Conventional high-throughput screening (HTS) drug discovery has identiﬁed
many hits, but few of them can be developed into drugs. Li et al. described a drug design
and discovery method using multi-ligand simultaneous docking (MLSD) and drug repositioning
[89–91]. They hypothesized that using scaffolds from clinically approved drugs and drug
repositioning software would greatly improve the safety of lead compounds (Figure 6). Using
this computational drug-discovery workﬂow, a small pool of drug scaffolds for the binding
hotspots of the STAT3 SH2 domain were identiﬁed. The candidates were further screened by
MLSD to focus on the optimal combination of drug scaffolds [89,91]. Linkage of the fragments
could generate template compounds, which can further serve as a blueprint for STAT3 SH2
inhibitors. Applying the drug repositioning concept, a similarity search of these template compounds in DrugBank identiﬁed celecoxib as a novel inhibitor of STAT3 [90]. Furthermore,
celecoxib alone may act as a single-agent for hepatocellular carcinoma cell (HCC) therapy
by blocking the IL-6/STAT3 pathway, or it can be combined with other anticancer drugs to
reduce drug resistance caused by IL-6/STAT3 signaling reactivation [92]. Further optimization of
the identiﬁed drugs therefore could identify possible drug leads for STAT3 with great efﬁcacy and
safety. For example, two analogs of celecoxib were later developed as novel STAT3 inhibitors via
FBDD followed by the use of MLSD and drug repositioning tools [90,91]. In a recently study, Ren
et al. reported the identiﬁcation of niclosamide, an FDA-approved anthelmintic drug, as a new
STAT3 inhibitor. This compound potently inhibited the activation and transcriptional function of
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STAT3, and consequently induced cell growth inhibition, apoptosis, and cell cycle arrest in
cancer cells with constitutively active STAT3 [93]. Using a mechanistic-based screening,
researchers also identiﬁed the clinically-relevant antidiarrheal drug nifuroxazide as a potent
inhibitor of STAT3 that shows antitumor activity against myeloma and breast cancers
[94,95]. Drug-repositioning screening also identiﬁed piperlongumine as a direct STAT3 inhibitor
with potent activity against breast cancer [75].
The STAT3 pathway can also be activated through upstream signaling cascades such as
extracellular ligands, as well as via interactions between IL-6 and GP130 (IL-6 signal transducer/
IL6ST). Hence, the activation of STAT3 signaling pathway can be attenuated by disrupting the
interactions between IL-6 and GP130. At the IL-6/GP130 interface, the key residues (Trp157
and Leu57) of IL-6 can be viewed as two fragments: MLSD was applied to simulate the binding
of the two drug fragments to GP130. Use the computational workﬂow of MLSD and drug
repositioning, Li et al. identiﬁed the clinically approved drugs, raloxifene and bazedoxifene, as
potent inhibitors of IL-6/GP130 protein–protein interactions. Cancer cell assays demonstrated
that both compounds inhibited IL-6 induced phosphorylation of STAT3 [96].

STAT3 Inhibitors in Clinical Trials
Several small-molecule inhibitors targeting STAT3 are currently undergoing early-phase clinical
trials. Table 2 lists STAT3 inhibitors in clinical trials. STA-21 is a small molecule with potent
STAT3-inhibiting activity [42], and has completed Phase I/II clinical trials for the treatment of
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Table 2. STAT3 Inhibitors in Clinical Trials
Inhibitor

Structure

STA-21

O

OH
OPB-51602

O

Applications in Clinical Trials

Refs

Psoriasis
(Phase I/II, NCT01047943)

[44,45]

Nasopharyngeal carcinoma
(Phase I, NCT02058017)

[66,67]

O

Not reported

Advanced cancer
(Phase I, NCT01423903)
Multiple myeloma, non-Hodgkin
lymphoma, acute myeloid
leukemia, acute lymphoid
leukemia, chronic myeloid leukemia
(Phase I, NCT01344876)
Malignant solid tumor
(Phase I, NCT01184807)
OPB-31121

Not reported

Leukemia
(Phase I, NCT01029509)

[69–71]

Advanced cancer, solid tumor
(Phase I, NCT00955812)
Non-Hodgkin's lymphoma,
multiple myeloma
(Phase I, NCT00511082)
Hepatocellular carcinoma
(Phase I/II, NCT01406574)
Solid tumor
(Phase I, NCT00657176)
Pyrimethamine

NH2

Cl

Chronic lymphocytic leukemia,
small lymphocytic leukemia
(Phase I/II, NCT01066663)

[97]

N
H2N

N

psoriasis [44,45]. However, no results are publicly available at this time. Another STAT3 inhibitor,
pyrimethamine, is in Phase I/II trials for the treatment of chronic lymphocytic leukemia and small
lymphocytic leukemia [97] (Table 2). In addition, two promising STAT3 inhibitors, OPB-31121
and OPB-51602, have completed Phase I/II trials for the treatment of multiple advanced
cancers. Several Phase I studies of OPB-31121 have been completed, including trials for
advanced solid tumors in Korea (NCT00657176) [69] and the USA (NCT00955812) [70],
non-Hodgkin's lymphoma and multiple myeloma in Hong Kong (NCT00511082), and progressive hepatocellular carcinoma in Japan (NCT01406574) [71]. In addition, Phase I studies of
OPB-51602 have been performed for advanced solid tumors in Singapore (NCT01184807) [67]
and the USA (NCT01423903), and for hematologic malignancies in Japan (NCT01344876) [66].
Phase I/II studies of OPB-31121 and OPB-51602 show that both compounds have antitumor
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activities and are effective inhibitors of STAT3 phosphorylation in patients with advanced solid
tumor, with an acceptable safety proﬁle. Further clinical development of these compounds is
expected in the future.

Concluding Remarks
Numerous inhibitors for speciﬁc targets in signaling pathways are in clinical use, but the success
of targeted cancer therapy has been limited by the development of resistance to inhibitors [98].
The resistance often can develop in two ways: (i) mutations in the target such that targeted
therapy is no longer effective. (ii) Because of the complexity of cancer signaling pathways, cancer
cells use pathway redundancy, multi-level feedback loops, and crosstalk networking. As a result,
single-targeted inhibitors have not consistently shown satisfactory clinical outcomes [14].
Emerging evidence suggests that feedback activation of the STAT3 pathway is a common
cause of drug resistance to RTK-targeted therapies and conventional chemotherapy [24–26,
29–31,33]. Further gene proﬁling analysis showed that inhibition of RTKs upregulated FGFR
and IL-6/JAK factors, which in turn induced STAT3 activation. These important ﬁndings may
help to establish a new paradigm to overcome drug resistance in targeted cancer therapies
by co-targeting IL-6/JAK/STAT3 and RTK pathways. The STAT3 pathway inhibitors have
the potential to reverse acquired resistance, synergistically inhibit tumor growth, and induce
apoptosis in cancers (see Outstanding Questions).
Evidence continues to accumulate that STAT3 activation is a promising molecular target for
cancer therapies. The STAT3 signaling pathway is especially important for various aspects of
neoplasia, including proliferation, drug resistance, and survival of cancer cells through constitutive phosphorylation of STAT3 [12]. Although numerous direct STAT3 inhibitors have been
developed, and several STAT3 inhibitors have completed Phase I/II clinical trials, targeting
STAT3 as a cancer therapy remains frustratingly elusive as compared to targeting RTKs [14].
Therefore, there is an urgent demand to reassess the ongoing strategies to develop clinically
useful drugs. We hope that promising candidates with STAT3 inhibitory modalities are forthcoming in the near future. Two major problems remain to be resolved (see Outstanding
Questions). First, novel selective STAT3 inhibitors must be developed. So far there have been
limited data in clinical trials on the therapeutic efﬁcacy of any given STAT3 inhibitor, in light of
synergism with either standard treatments or experimental treatments such as EGFR or MEK
inhibitors. The approach of combining of MLSD and a drug repositioning program has the
potential to identify FDA-approved drugs as STAT3 inhibitors [89,91] that might be combined
with kinase inhibitors in clinical use to co-target RTKs and the unwanted STAT3 activation due to
the feedback inhibition of the primary target. Unlike conventional HTS, this innovative protocol
integrates network analysis of systems pharmacology, drug repositioning, and MLSD. The
method holds exciting feasibility for general applications to design drugs for other cancer targets.
For the older drugs used in clinical trials, their physicochemical properties, pharmacokinetics,
and safety should be guaranteed [99,100]. We expect that repositioning of existing drugs for
new indications could save costs and time in drug development. Parallel inhibition of RTK and
STAT3 pathways using approved kinase agents and FDA drugs as off-target STAT3 inhibitors
deserves further preclinical investigation. Second, the dependence of persistent STAT3 signaling may vary among patients and tumor types [12]. With the rapid development of Omics, human
medicine begins to enter the ‘precision medicine era’ [101], which will provide a broad prospect
of repurposing drugs and drug combinations [102,103]. Pharmacogenomics and personalized
medicine can detect STAT3 activation and addiction in the tumor before the administration of
STAT3 inhibitors. These approaches can provide guidance for setting goals and planning
treatment regimens involving STAT3 inhibitors. Most importantly, the combined use of RTK
agents together with STAT3 inhibitors should be investigated in clinical trials, to explore whether
STAT3 inhibitors might be administered at the earliest stage of targeted therapy to avoid
potential drug resistance.
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Outstanding Questions
Could co-targeting STAT3 and its primary targets hold the promise to overcome tumor cell drug resistance to
broad-spectrum targeted therapies?
Can the synergistic effect of combining
a STAT3 inhibitor and an RTK drug be
harnessed to help clinical development
of STAT3 inhibitors?
Could repositioning FDA-approved
drugs as a STAT3 inhibitor, in combination with an approved RTK inhibitor,
speed up the clinical development of
novel cancer treatments to overcome
drug resistance?
Can clinical biomarkers be developed
to detect STAT3 activation in patients
with drug resistance to targeted cancer
therapies?

From a clinical perspective, feedback regulation is likely to take center stage as a determinant of
resistance to new drugs and as a guide to selecting speciﬁc drug combinations [13]. These data
provide a preclinical rationale for initiating Phase I studies of EGFR/MEK inhibitors (erlotinib or
trametinib) combined with either IL-6/STAT3 signaling pathway inhibitors (celecoxib, raloxifene,
or bazedoxifene) in second-line treatment, or in the interval following ﬁrst-line chemotherapy
treatment of patients, to minimize or eliminate residual disease.
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