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  Pref ace   

 Signal Transducer and Activator of Transcription (STAT) proteins were discovered 
over two decades ago as transcription factors mediating the actions of interferons on 
responsive cells. Over the intervening time period, STATs have become recognized 
as a paradigm for facilitating rapid changes in gene transcription in response to an 
array of external factors, with additional ‘non-canonical’ functions also established. 
STATs have diverse roles in normal biology, but especially in the development and 
function of blood and immune cells. However, they also represent important media-
tors of a number of diseases, especially various cancers, which has led to the devel-
opment of a variety of direct and indirect inhibitors of relevance to oncology. 

 In this volume, Liongue et al. provide a broad summary of STATs in normal biol-
ogy and its perturbation in disease (Chap.   1    ), with O’Keefe and Grandis extending 
this to their role in cancer specifi cally (Chap.   2    ). Liu and Frank then present an 
overview of the approaches applicable to STAT inhibition, highlighting the key 
challenges and most promising strategies (Chap.   3    ). The next two chapters focus on 
inhibitors of the most important STAT in cancer, STAT3, with Yu et al. detailing the 
history of STAT3 inhibitors along with early clinical studies (Chap.   4    ) and Bharadwaj 
et al. providing a wide-ranging description of the various STAT3 inhibitors being 
investigated (Chap.   5    ). Finally, the last two chapters examine approaches to indi-
rectly inhibit STATs through targeting upstream activators, with Rasighaemi and 
Ward focusing on Janus kinase inhibitors (Chap.   6    ) and Kumar detailing inhibitors 
of receptors and other kinases (Chap.   7    ). Collectively, this work provides compre-
hensive and state-of-the-art information about STAT inhibitors in cancer.  

  Warun Ponds, VIC, Australia     Alister     C.     Ward     
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    Chapter 1   
 STATs in Health and Disease                     

     Clifford     Liongue     ,     Rowena     S.     Lewis     , and     Alister     C.     Ward    

    Abstract     Signal Transducers and Activators of Transcription (STATs) represent 
a central paradigm of cell-cell signaling, providing a rapid and effective mecha-
nism to transfer an external signal into a transcriptional response. They act as core 
components downstream of a myriad of cytokine and other receptors to mediate a 
diverse range of functions. This chapter provides an overview of the STAT protein 
family, their structure, mode of activation, specifi city, variants and negative regu-
lation along with their multiple roles in both normal biology as well as the etiol-
ogy of disease.  

  Keywords     Cytokine receptor   •   Signaling   •   JAK-STAT   •   STAT1   •   STAT2   •   STAT3   
•   STAT4   •   STAT5   •   STAT6  

1.1       Introduction 

 Signal Transducers and Activators of Transcription (STATs) were fi rst identifi ed 
over 20 years ago in the context of interferon signaling [ 1 ]. They are now fi rmly 
established as one of the most important signaling modalities, particularly in the 
context of mediating rapid responses of target cells to specifi c external factors, 
with a veritable mountain of studies detailing a variety of functions for these tran-
scription factors in a myriad of cell systems across diverse species. STAT proteins 
play numerous roles in normal biology, particularly within immune and blood 
cells, and contribute to the etiology of disease, notably including a range of 
malignancies.  

        C.   Liongue      •    R.  S.   Lewis      •    A.  C.   Ward      (*) 
  School of Medicine ,  Deakin University ,   Melbourne ,  VIC ,  Australia    
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1.2     STAT Protein Structure, Regulation and Specifi city 

 Seven STAT proteins are present in humans: STAT1–6, which includes the 
closely- related STAT5A and STAT5B proteins that are encoded by adjacent but 
distinct genes [ 2 ]. 

1.2.1     Structure 

 Each member of the STAT family is composed of several variably conserved 
domains: the N-terminal, coiled-coil, DNA binding, linker, Src-homology 2 (SH2) 
and C-terminal domains [ 3 ,  4 ] (Fig.  1.1 ). The hydrophilic four helix-bundle 
N-terminal domain has numerous functions, including mediating important protein- 
protein interactions and controlling nuclear translocation, the coiled-coil domain 
regulates the activation of STAT proteins and mediates nuclear export, whereas the 
β-barrel DNA binding domain is responsible for the interaction with specifi c DNA 
sequences. This is connected via a helical linker to a highly conserved SH2 domain 
that facilitates interactions with phosphotyrosine residues on receptor components 
as well as other STATs [ 4 ]. The so-called ‘transactivation domain’ (TAD) regions at 
the C-terminus of different STAT proteins show the lowest sequence conservation 
and contain alternate protein motifs responsible for infl uencing transcription, either 
directly or via recruitment of other transcriptional regulators [ 5 ].

1.2.2        Activation 

 One of the defi ning characteristics of STAT proteins is their ability to be activated 
rapidly in response to external stimuli. This is a consequence of the pre-formed 
STATs existing in a latent state in the cytoplasm such that they are able to be readily 
activated – through tyrosine phosphorylation – following stimulation of different 

  Fig. 1.1    Structure/function of STAT proteins. Schematic representation of the structure of STAT 
proteins, showing the conserved domains and the sites of post-translational modifi cations       
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upstream receptors. The most notable of these are the class I and II cytokine recep-
tors, but they also include receptor tyrosine kinases (RTKs) and G-protein coupled 
receptors [ 6 ]. 

 The basic schema of canonical STAT activation was described long ago [ 7 ], 
although many variations and exceptions have since been noted. But at its core is a 
mechanism by which an extracellular signal is rapidly transmitted to the nucleus to 
mediate transcriptional changes. Thus, binding of ligand causes multimerization of 
the cell-surface receptors and conformational changes that result in activation of 
intrinsic kinase activity in the case of RTKs, or associated tyrosine kinases in the 
case of cytokine receptors, particular members of the so-called Janus kinase (JAK) 
family (Fig.  1.2 ). This mediates tyrosine phosphorylation of the receptor complex, 

  Fig. 1.2    Activation of STATs by cytokine receptors. Binding of a specifi c cytokine to its receptor 
leads to conformational changes that activate JAK kinases associated with their intracellular 
domain. These can then phosphorylate components of the receptor complex in addition to STAT 
proteins that are recruited by binding to specifi c phosphotyrosines. The phosphorylated STATs can 
then form dimers and translocate to the nucleus to induce transcription of responsive genes via 
specifi c DNA binding sequences. These include those encoding SOCS proteins that—along with 
SHPs and other negative regulators—serve to extinguish signaling       
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generating docking sites for a variety of signaling proteins. These include STAT 
proteins, which associate via their SH2 domains, with other kinases such as SRC 
family members also recruited. The various kinases are then able to phosphorylate 
a conserved tyrosine residue at the C-termini of the STAT proteins. Subsequently, 
the STATs are able to form stable dimers by interactions between the SH2 domain 
of one STAT protein and the phosphotyrosine of another. These dimers are then able 
to translocate to the nucleus, where they impact on the transcription of important 
target genes by binding to specifi c regulatory sequences in their promoter, generally 
exerting a positive effect in this regard [ 8 ].

1.2.3        Receptor Specifi city 

 Different receptors are able to activate different STAT proteins, which are then able 
to mediate appropriate cellular responses. The specifi city in activation profi les is 
largely a consequence of the ability of the STAT to be recruited to the receptor com-
plex via its SH2 domain (Table  1.1 ). Recruitment is typically facilitated by direct 
binding of a STAT to specifi c tyrosine (Y) residues within the cytoplasmic domain 
of the receptor that become phosphorylated following receptor ligation. For instance, 
STAT1 is able to dock specifi cally to Y440 of the interferon gamma (IFNγ) R1 
receptor chain [ 9 ]. STAT3 is recruited via a consensus Y××Q motif present in sev-
eral glycoprotein 130 (GP130)-related cytokine receptor chains as well as RTKs 
[ 10 – 13 ], although it can dock at other sequences as well [ 14 ]. Similarly, STAT5 
docks to activated receptors at consensus Y××V/L/M motifs [ 15 ,  16 ]. Furthermore, 
STAT6 can dock to Y578 and Y606 of the interleukin-4 (IL-4) receptor α chain [ 17 ].

   However, activation of STAT proteins is not reliant on direct docking to receptor 
phosphotyrosine residues. For example, STAT1 molecules are able to be recruited 
by binding to STAT2 molecules docked at Y466 of IFNαR1 [ 18 ]. In addition, it has 

   Table 1.1    Key activators of individual STAT proteins   

 STAT protein 

 Activators 

 References  Cytokines  Other factors 

 STAT1  IFNα/β, IFNγ, IFNλ  FGF, CCL5  [ 99 ,  101 ,  102 , 
 105 ,  106 ,  277 ] 

 STAT2  IFNα/β, IFNλ  [ 101 ,  113 ,  277 ] 
 STAT3  IL-6, IL-11, IL-21, IL-23, 

OSM, LIF, LEP, G-CSF, 
IL-10, IL-22, IFNλ 

 EGF, PDGF, VEGF TSH, 
CCL5, TLR-ligands, 
catecholamines, nicotine 

 [ 103 ,  106 , 
 116 – 128 ] 

 STAT4  IL-12, IL-23  [ 139 ] 
 STAT5 A/B  IL-2, IL-7, IL-9, IL-15, IL-21, 

IL-3, IL-5, GM-CSF, EPO, 
TPO, PRL, GH, G-CSF 

 PDGF, CSF-1, NRG  [ 21 ,  141 – 149 , 
 278 ] 

 STAT6  IL-4, IL-13  [ 169 ] 

C. Liongue et al.
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been shown that STAT1 activation by growth hormone [ 19 ], STAT3 activation by 
granulocyte colony-stimulating factor (G-CSF) [ 20 ] and STAT5 activation by 
granulocyte- macrophage colony-stimulating factor (GM-CSF) [ 21 ], erythropoietin 
(EPO) [ 15 ] and G-CSF [ 22 ] can occur in the total absence of receptor tyrosines. In 
these cases, phosphotyrosine residues present on other components of the receptor 
components are utilized. Thus, STAT1 and STAT5 can be recruited via docking to 
activated JAK proteins [ 23 ,  24 ], while STAT3 can dock to phosphotyrosines on 
other receptor-associated kinases [ 25 ]. STAT specifi city is therefore determined by 
recruitment to all components of a receptor complex, rather than just the receptor 
cytoplasmic domain. 

 The repertoire of STATs activated by specifi c receptors can also be affected by the 
particular cell-type and/or its differentiation state, refl ecting differential expression 
of the STATs themselves or other essential signaling components [ 26 ,  27 ]. Additional 
modulation of STAT activation can be facilitated by receptor “cross- talk”. For 
instance, interleukin (IL)-4 stimulation can suppress IL-2-mediated STAT5 acti-
vation in the same cell [ 28 ], IL-10 can similarly suppress IFN-mediated STAT1/2 
activation [ 29 ], whereas prostaglandin E2 and other cyclic adenosine monophos-
phate (cAMP)-elevating agents can dampen IL-2-dependent signaling by down-
regulating levels of the critical JAK3 protein [ 30 ].  

1.2.4     Gene Specifi city 

 STATs are able to affect transcription of specifi c target genes by binding directly to 
DNA response elements in their promoters. The core recognition site is TTCN 2–4 GAA, 
but this varies between different STATs [ 31 – 33 ], and so different genes are targeted 
for induction by different STATs (Table  1.2 ). For example, STAT1 homodimers act 
via the so-called gamma interferon activated site (GAS), a regulatory element in the 
promoter of interferon γ-inducible genes [ 34 ]. In contrast, the heterotrimeric STAT1/
STAT2/p48 complex utilizes the interferon stimulated response element (ISRE) 
found upstream of genes induced by IFNs [ 35 ]. Moreover, many responsive genes 
contain closely adjacent tandem sites, with STAT dimer- dimer (tetramer) interac-
tions required to induce maximal transcriptional stimulation, as has been described 
for STAT5 [ 36 ].

   The effects of STATs on transcription are mediated, at least in part, through 
direct association with components of basal transcriptional machinery, including 
the helicase MCM5 [ 37 ] and the histone transacetylase CBP/p300 [ 38 ]. In addition, 
STATs can interact with a range of other transcription factors bound at neighboring 
sites: for example, STAT1 and Sp1 associate on the ICAM promoter [ 39 ], STAT3, 
c-Jun and the glucocorticoid receptor (GR) form a complex on the α2-macroglobulin 
promoter [ 40 ], STAT5, CEBP/β and GR interact on the β-casein promoter [ 41 ], 
while STAT1 and STAT5 associate with N-myc interacting (Nmi) protein on many 
promoters [ 42 ].  

1 STATs in Health and Disease
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1.2.5     Alternate STAT Isoforms 

 Naturally-occurring splice variants exist for several STATs, including STAT1β, 
STAT3β, STAT4β, and STAT5β, which lack a C-terminal activation domain, and so 
function as a dominant-negative in some, although not all, cell types [ 43 – 47 ]. 
Similarly, mast cells express a specifi c STAT6 isoform that appears to act as a 
repressor of IL-4 transcription [ 48 ]. Other isoforms are produced through specifi c 
proteolysis, such as STAT3γ [ 49 ], STAT3δ [ 50 ] and STAT5 p80 [ 51 ]. Furthermore, 
while STATs typically form homodimers, they can also heterodimerize to extend the 
range of DNA site specifi cities [ 52 ]. For example, G-CSF signaling mediates acti-
vation of STAT3, STAT5 and some STAT1 homodimers, but also STAT1/STAT3 

   Table 1.2    Selected genes induced by STAT proteins   

 STAT  Gene function  Genes encoding  References 

 STAT1  Th1 promoting  TBX21; IL-12; CD40; CD80; 
IRF-1; 2’,3’ dioxygenase 

 [ 34 ,  265 ,  279 , 
 280 ] 

 Anti-viral  ISG54; CIITA 
 Negative regulatory  p21 Cip ; SOCS1 
 Pro-apoptotic  Caspases 

 STAT1/STAT2/p48 
(ISGF3) 

 Th1 promoting  2’,3’-dioxygenase  [ 34 ,  265 ] 
 Anti-viral  2’,5’ oligoadenylate synthetase; 

ISG15; ISG54 
 STAT3  Th17 promoting  IL-17; IL-21/22; IL-2Rα  [ 235 ,  244 ,  252 , 

 258 ,  260 ,  271 , 
 280 – 283 ] 

 Anti-apoptotic  BCL2; BCL-x L ; Survivin 
 Pro-proliferative  JUNB; c-MYC; Cyclin D 
 Differentiation  Integrins 
 Acute phase  SAA3; CRP 
 Negative regulatory  p19 Ink4D ; p21 Cip1 ; p27 Kip1 ; SOCS3 
 Angiogenesis  VEGF 
 Metastasis  MMPs; Twist; Snail 

 STAT4  Th1 promoting  IFNγ; IL-18 R1  [ 280 ,  284 ] 
 Differentiation  FcγRI; IRF-1; MHC class II; 

CD23 
 STAT5 A/B  Treg promoting  FoxP3; IL-2Rα  [ 83 ,  152 ,  154 , 

 241 ,  250 , 
 285 – 287 ] 

 Anti-apoptotic  BCL-x L  
 Pro-proliferative  Pim1; Cyclin D1; IGF-1; OSM 
 Differentiation  α-lactalbumin; MUP 
 Negative regulatory  p21 Cip1 ; SOCS2; CISH 
 Metabolic  Adiponectin; PDK4; LPL; AOX 

 STAT6  Th2 promoting  GATA3; IL-24; GFI1; IL-4Rα  [ 48 ,  238 ,  245 , 
 288 ]  Differentiation  MHC; CD86; FcεRIIa; Cε; Cγ1; 

Cγ4 
 Anti-apoptotic  Bcl-x L ; Bcl-2 

C. Liongue et al.
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and STAT3/STAT5 heterodimers [ 53 ,  54 ]. Similarly, STAT4 is able to form a heterodi-
mer with STAT1 downstream of IL-35R [ 55 ], and with STAT3 downstream of 
IL-23R [ 56 ]. Finally, the duration of STAT activation can signifi cantly affect the 
transcriptional response [ 54 ].  

1.2.6     Additional Post-Translational Modifi cation 

 Several mechanisms exist to control STAT activation to either modify or extinguish 
the response (Fig.  1.1 ). In addition to tyrosine phosphorylation, STATs are able to 
undergo serine phosphorylation that affects transcriptional activity. For example, 
phosphorylation of Ser (S) residues – S708 and S727 on STAT1 and S727 on 
STAT3 – facilitates an altered transcriptional response that can represent an enhanced 
or a reduced response depending on the setting [ 57 – 60 ], and is mediated through 
effects on co-activator recruitment [ 37 ] or homodimerization [ 61 ]. Specifi c STATs 
can also be modifi ed by methylation [ 62 ], acetylation [ 63 ], SUMOylation [ 64 ] and 
ubiquitination [ 65 ,  66 ] that impacts on their activity. Methylation appears to be a 
mechanism that enables STAT3 to integrate signals related to energy balance [ 67 ], 
SUMOylation inhibits STAT1 activity via several mechanisms [ 64 ,  68 ], ubiquitina-
tion plays a similar inhibitory role for several STATs [ 65 ], while acetylation appears 
to be important for non-canonical functions of STAT3 [ 69 ,  70 ].  

1.2.7     Negative Regulators 

 There are a number of mechanisms by which STATs are negatively regulated 
(Fig.  1.2 ). Activated STATs are able to be dephosphorylated to return them to an 
inactive state. This can occur via the transmembrane protein tyrosine phosphatase 
receptor-type (PTPRT) [ 71 ], or cytoplasmic proteins such as SH2 domain- 
containing protein tyrosine phosphatase (SHP) proteins that are recruited to acti-
vated receptor complexes to dampen signaling [ 72 ,  73 ], or nuclear proteins such as 
T cell PTP (TC-PTP) [ 74 ]. The mechanistic details of serine dephosphorylation 
remain to be elucidated, although protein phosphatase 2A has been implicated 
[ 75 ]. STATs also induce the transcription of genes encoding the Suppressor of 
Cytokine Signaling (SOCS) family of negative regulators [ 76 ]. SOCS proteins sup-
press STAT activation by directly blocking JAK activity, competing for docking 
sites on the receptor complex or targeting receptor components for degradation 
[ 77 ]. Protein inhibitor of activated STATs (PIAS) proteins, in contrast, interact 
with specifi c STATs to block their nuclear activity [ 78 ], which is due – at least in 
part – to their ability to SUMOylate STATs [ 79 ]. A variety of other mechanism 
exist to modulate transcriptional responses. For example, STAT5 and BCL6 have 
antagonistic functions, showing reciprocal occupancy of DNA binding sites due to 
overlapping binding specifi city [ 80 ]. 

1 STATs in Health and Disease
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 There are several layers of specifi city with regard to these negative regulatory 
mechanisms. Firstly, at the level expression. Thus, the expression of SHP-1 [ 81 ] and 
TC-PTP [ 82 ] is restricted to hematopoietic and immune cells, and so can only act 
on STAT activation in these lineages, whereas SHP-2 is more broadly expressed and 
so has a wider range of infl uence [ 81 ]. Amongst the SOCS proteins, CISH is prin-
cipally induced by STAT5 [ 83 ], whereas SOCS3 is largely induced by STAT3 [ 77 ]. 
Secondly, at the level of protein-protein interactions. For, SHP and SOCS proteins, 
SH2 domain specifi city is a major determinant. For example, the effects of SHP-1 
on STAT5 activation is mainly due to its ability to associate with upstream recep-
tors, such as EPO receptor [ 84 ], whereas SHP-2 can dock directly to STAT5A [ 85 ]. 
Finally, several of these regulators can act indirectly to promote STAT activation, such 
as via the ability of SHPs to block the action of SOCS proteins [ 86 ].  

1.2.8     Non-Canonical STAT Signaling 

 While STATs participate in an enormous range of biological roles as part of the canon-
ical signaling outlined above, it is clear that they exert numerous effects outside of this 
paradigm. Perhaps the most widespread of these is the ability of STATs to mediate 
transcriptional repression at specifi c promoters, such as described for STAT5 on the 
promoters for IRF8 [ 87 ] and Igk [ 88 ]. Certain STATs can also be activated indepen-
dent of JAKs and receptors. For example, STAT6 can be activated by tyrosine and 
serine phosphorylation in the endoplasmic reticulum via the protein STING induced 
by viral infection [ 89 ], whereas STAT3 can be phosphorylated in the nucleus by pyru-
vate kinase M2 in response to changes in glucose metabolism [ 90 ]. Amongst the most 
profound variations from the canonical pathway, however, are the biological roles that 
have been attributed to unphosphorylated STATs, namely controlling the function of 
mitochondria and other organelles [ 91 ], chromatin remodeling [ 92 ] and the modula-
tion of transcriptional responses [ 93 – 96 ]. Interestingly, many of these functions still 
relate to cytokine signaling since this is one of the mechanisms by which the levels of 
STAT proteins are up-regulated, which serves to increase the levels of unphosphory-
lated STATs [ 97 ]. Importantly, several of these non-canonical roles are conserved in 
the single STAT found in  Drosophila  [ 98 ].   

1.3      Role of STATs in Normal Biology 

 The collective results from a raft of studies point to critical roles for STAT proteins 
in development, particularly of immune and blood cells, and as part of various 
homeostatic and defense processes (Table  1.3 ).

C. Liongue et al.
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   Table 1.3    STAT functions phenotypes of selected mouse knockouts   

 STAT  KO type  Relevant phenotypes 
 Factors 
affected  References 

 STAT1  Global  • ↓ innate immune 
responses/↑ sensitivity to 
infection 

 IFNs α/β, γ, λ  [ 107 – 109 , 
 289 ] 

 • ↓ chondrocyte proliferation  FGF  [ 105 ] 
 Myeloid-specifi c  • ↑ microbial sensitivity  IFNs  [ 111 ] 
 T cell-specifi c  • ↑ microbial sensitivity 

(partial)/↓ protective 
immunity 

 IFNs  [ 111 ] 

 DC-specifi c  • ↓ protective immunity  IFNs  [ 111 ,  112 ] 
 STAT2  Global  • ↓ innate immune 

responses/↑ sensitivity to 
infection 

 IFNα/β  [ 114 ] 

 STAT3  Global  • Embryonic lethality  LIF  [ 129 ] 
 T cell-specifi c  • ↑ lymphocyte 

proliferation/↓ apoptosis 
 IL-2, IL-6  [ 130 ] 

 Myeloid-specifi c  • ↑ infl ammation/Th1 
responses 

 IL-10  [ 133 ] 

 Skin-specifi c  • Impaired wound healing/
disorganized hair cycle 

 IL-6, EGF  [ 135 ] 

 Liver-specifi c  • Impaired acute-phase 
response 

 IL-6  [ 12 ] 

 Thymic 
epi.-specifi c 

 • Disruption of post-natal 
thymus architecture 

 ?  [ 138 ] 

 Neuron-specifi c  • ↓ sensory neuron survival  LIF, CNTF  [ 136 ] 
 Mammary- 
specifi c 

 • Delayed mammary gland 
involution 

 PRL  [ 137 ,  290 ] 

 Myocardium- 
specifi c 

 • ↑ susceptibility to heart 
failure 

 IL-6 family  [ 134 ] 

 CD4 +  -specifi c  • ↓ Th17 cells  IL-6, IL-23  [ 131 ] 
 Treg-specifi c  • Lethal auto-immune 

syndrome 
 IL-6  [ 132 ] 

 Uterus-specifi c  • Embryo implantation 
failure 

 LIF, 
Progesterone 

 [ 291 ] 

 STAT4  Global  • ↓ Th1 cells/↑ Th2 cell/↓ 
NK cell-mediated 
cytotoxicity 

 IL-12  [ 140 ] 

 • ↓ obesity-induced insulin 
resistance/infl ammation 

 IL-12?  [ 292 ] 

 STAT5A  Global  • ↓ mammary gland 
development/lactogenesis 

 PRL  [ 150 ] 

 • ↓ T cell proliferation  IL-2  [ 151 ] 
 STAT5B  Global  • ↓ postnatal growth  GH  [ 152 ] 

 • ↓ NK proliferation/activity  IL-2, IL-15  [ 153 ] 

(continued)
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1.3.1       STAT1 

 STAT1 is strongly activated via the receptors for IFNα/β, IFNγ and the IFNλs to 
form STAT1 homodimers [ 99 – 101 ], with IFNα/β and IFNλs also stimulating the 
formation of the unique STAT1/STAT2/p48 heterodimer [ 101 ,  102 ], called inter-
feron-stimulated gene factor 3 (ISGF3) [ 35 ]. STAT1 is also stimulated by other 
cytokine receptors such as G-CSF receptor and growth hormone (GH) receptor, but 
typically at lower levels compared to other STATs, generating homodimers as well 
as heterodimers such as with STAT3 in response to G-CSF [ 103 ,  104 ]. Several other 
receptor types can also activate STAT1, such as those for fi broblast growth factor 
(FGF) and the chemokine CCL5 [ 105 ,  106 ]. 

 STAT1-defi cient mice exhibit almost complete abrogation of IFN signalling, 
resulting in ineffective innate immunity against viral and microbial pathogens 
[ 107 – 109 ]. However, STAT1 also exerts roles outside of the immune system, with 

Table 1.3 (continued)

 STAT  KO type  Relevant phenotypes 
 Factors 
affected  References 

 STAT5A/B  ΔN/Global  • ↓ mammary gland 
development/↓ postnatal 
growth 

 PRL/GH  [ 154 ] 

 • ↓ T cell proliferation/NK 
cell defi ciency 

 IL-2  [ 156 ] 

 • Fetal anemia  EPO  [ 155 ] 
 • ↓ B cells  IL-7  [ 157 ] 

 Global  • ↓ T cell proliferation & 
survival/B cell 
differentiation block 

 IL-7  [ 158 ] 

 Mammary- 
specifi c 

 • ↓ mammary gland 
development 

 PRL  [ 164 ] 

 Liver-specifi c  • Hepatosteatosis/impaired 
liver regeneration/↓ growth 

 GH  [ 165 – 167 ] 

 Skeletal 
muscle-specifi c 

 • ↓ postnatal growth  GH  [ 168 ] 

 CD4 + -specifi c  • Th17 cells  IL-2  [ 161 ] 
 • Tfh cells  IL-2  [ 160 ] 

 Hematopoietic- 
specifi c 

 • Impaired erythropoiesis  EPO  [ 162 ,  163 ] 
 • Impaired granulopoiesis  GM-CSF  [ 293 ] 

 Pro B-specifi c  • ↑ V(H) recombination/↓ B 
cell survival 

 IL-7 

 STAT6  Global  • ↓ Th2 cells/block in B cell 
IgE class-switching 

 IL-4, IL-13  [ 129 ,  170 ] 

 • Resistance to diet-induced 
obesity 

 IL-4  [ 294 ] 
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defective FGF-dependent chondrocyte proliferation observed in STAT1-defi cient 
embryos [ 105 ], but no other overt developmental defects. However, STAT1-defi cient 
mice developed spontaneous tumors, which was exacerbated in the absence of p53, 
indicating a tumor suppressor role [ 110 ]. Specifi c ablation in myeloid and T cells 
resulted in enhanced microbial sensitivity [ 111 ], whereas ablation in T cells and 
dendritic cells (DCs) resulted in decreased protective immunity [ 111 ,  112 ].  

1.3.2     STAT2 

 STAT2 is activated by IFNα/β and IFNλs and principally forms the STAT1/STAT2/
p48 heterodimeric complex [ 101 ,  102 ,  113 ]. STAT2-defi cient mice exhibit pheno-
types that largely overlapped those observed in STAT1-defi cient mice, being unre-
sponsive to IFNα/β with high susceptibility to viral infections, although they are 
still able to respond to IFNγ [ 114 ]. Mice in which both STAT1 and STAT2 had been 
ablated were not responsive to IFNs and showed enhanced susceptibility to infec-
tion compared with either single knock-outs, indicating that STAT2 exerts some 
STAT1-independent effects [ 115 ].  

1.3.3     STAT3 

 STAT3 is activated by a broad range of cytokine receptors, particular members of the 
IL-6R family and related receptors, including IL-6R, IL-11R, oncostatin M receptor 
(OSMR), leukemia inhibitory factor receptor (LIFR), G-CSFR and leptin receptor 
(LEPR) as well as the immunomodulatory IL-10R, IL-21R, IL-22R and IL-23R 
[ 103 ,  106 ,  116 – 128 ]. STAT3 is also robustly activated by a variety of other receptors, 
such as epidermal growth factor receptor (EGFR), platelet-derived growth factor 
receptor (PDGFR), vascular endothelial growth factor receptor (VEGFR), thyroid 
stimulating hormone receptor (TSHR), chemokine receptors, Toll-like receptors 
(TLR), as well as the adrenergic and nicotinic receptors [ 103 ,  106 ,  116 – 128 ]. 

 STAT3-defi cient mice exhibited embryonic lethality prior to gastrulation, a result 
of ineffective embryo implantation due to defective LIFR signaling [ 129 ]. Numerous 
tissue-specifi c STAT3-defi cient mice have subsequently been produced that have 
identifi ed a myriad of roles for this protein later in development. Loss of STAT3 in T 
cells resulted in reduced T lymphocytes as a consequence of increased apoptosis due 
to impaired IL-6-induced survival signals and decreased IL-2-mediated proliferation 
[ 130 ], and reduced T helper (Th)17 cells due to impaired responsiveness to both IL-6 
and IL-23 [ 131 ]. In constrast, ablation in regulatory T (Treg) cells resulted in a lethal 
auto-immune syndrome due to loss of IL-6 signals [ 132 ]. Myeloid cell- specifi c 
STAT3 loss also resulted in increased infl ammatory responses, including enhanced 
susceptibility to chronic enterocolitis and endotoxic shock, but this was due to loss 
of IL-10 signals that caused increased Th1 responses [ 133 ]. Liver- specifi c STAT3 
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ablation impaired the acute-phase response, also largely attributable to disruption of 
IL-6R signaling [ 12 ], with myocardium-specifi c ablation leading to increased sus-
ceptibility to drug-induced heart failure due to disruption of signals from IL-6 and 
related cytokines [ 134 ]. Other tissue-specifi c lines have revealed diverse other roles 
such as various epidermal and follicular functions mediated by IL-6 and EGF, includ-
ing hair cycle and wound healing [ 135 ], sensory neuronal survival via LIF and ciliary 
neurotropic factor (CNTF) [ 136 ], prolactin (PRL)-mediated mammary gland involu-
tion [ 137 ], and maintenance of thymic function [ 138 ].  

1.3.4     STAT4 

 STAT4 is activated exclusively in response to IL-12 and IL-23 [ 139 ]. As a conse-
quence, STAT4-defi cient mice showed similar phenotypes to IL-12-defi cient mice, 
with lymphocyte development skewed toward T H 2 cells at the expense of T H 1 cells. 
This was principally due to the inability of natural killer (NK) cells to respond to 
IL-12 to produce the T H 1-inducing cytokine IFNγ [ 140 ].  

1.3.5     STAT5 Proteins 

 The STAT5A and STAT5B proteins are encoded by adjacent genes and are highly 
homologous, with around 96 % amino acid identity [ 21 ,  141 ]. The STAT5 proteins 
are activated by a large number of upstream receptors [ 6 ]. These include a wide 
range of cytokine receptors as a result of recruitment to several common signaling 
chains, including β C  (shared by IL-3R, IL-5R and GM-CSFR) and γ C  (shared by 
IL-2R, IL-7R, IL-9R, IL-15R and IL-21R), but also through recruitment to several 
single chain receptors, including EPO receptor, thrombopoietin (TPO) receptor 
PRL receptor and GH receptor, as well as being activated to a lesser extent by other 
receptors such as G-CSFR [ 21 ,  141 – 149 ]. Additionally, several RTKs strongly acti-
vate STAT5 including EGFR, PDGFR and colony stimulating factor-1 (CSF-1) 
receptor [ 21 ,  141 – 149 ]. 

 A variety of different STAT5-defi cient mouse lines have been generated. 
Surprisingly, ablation of individual STAT5 proteins resulted in distinct and specifi c 
phenotypes. STAT5A-defi cient mice were principally defective in mammary gland 
development and lactogenesis attributable to loss of PRL signals, with STAT5B 
unable to compensate [ 150 ], and also showed reduced IL-2-mediated T cell prolif-
eration [ 151 ]. STAT5B-defi cient mice, on the other, exhibited loss of sexually- 
dimorphic post-natal growth defect due to ablated growth hormone signals [ 152 ], as 
well as reduced NK cell prolifereation and activation due to abrogated IL-2 and 
IL-15 signals [ 153 ]. 
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 The initial mouse line in which both STAT5A and STAT5B were targeted was 
subsequently demonstrated to possess some functional N-terminally truncated 
STAT5 protein. Despite this, these so-called ‘ΔN’ mice showed a combination of the 
phenotypes that were observed with the respective single knockouts, including 
reduced PRL-mediated mammary gland development and GH-mediated post-natal 
growth, as well as female infertility due to a block in PRL-induced development of 
the corpora lutea [ 154 ]. Further analysis of these mice revealed fetal anemia as a 
result of abrogated EPO signaling [ 155 ], a block in IL-2R-mediated T cell prolifera-
tion [ 156 ], and reduced B cell precursors due to disrupted IL-7R signals [ 157 ]. 
Subsequently, a new doubly-defi cient mouse line was generated in which no STAT5 
proteins were produced [ 158 ]. These mice showed >99 % perinatal lethality, with the 
fetuses displaying severe hematopoietic defects, with anemia comparable to EPOR 
defi cient mice, a reduction in thymocytes similar to IL-7R and γ c  defi cient mice and 
in splenocytes even more severe than γ c  defi cient mice, suggesting the involvement 
of other receptors [ 158 ]. The small number of mice surviving weaning had signifi -
cantly reduced thymocytes and B cells due to defective IL-7 signaling [ 158 ]. 

 Lineage-specifi c STAT5 knockouts have revealed additional details, including 
defective IL-2 signals leading to increased Th17 and follicular T helper (Tfh) cells 
[ 159 ,  160 ] and perturbed IL-7 signals leading to inceased V(H) recombination and 
decreased B cell survival [ 161 ]. They have also confi rmed roles in EPO-mediated 
erythropoiesis [ 162 ] and GM-CSF-mediated emergency granulopoiesis [ 163 ], PRL- 
mediated mammopoiesis [ 164 ] as well as GH-mediated growth and liver regenera-
tion [ 165 ,  166 ], with distinct roles for STAT5 in GH signaling between liver and 
skeletal muscle [ 167 ,  168 ].  

1.3.6     STAT6 

 STAT6 is activated principally by IL-4 and IL-13 via specifi c recruitment to the 
common receptor chain shared by their respective receptor complexes [ 169 ]. 
STAT6-defi cient mice were defective in lymphocyte proliferation and Th2 cell 
differentiation, showing a more profound defect than that of IL-4R defi cient mouse, 
due to the additional loss of IL-13 signals [ 129 ,  170 ].   

1.4      Role of STATs in Disease 

 Given the important roles played by STATs, it is not surprising that dysregulation 
and mutation of STATs are associated with signifi cant pathological outcomes, with 
a particularly important etiological role in immune and infl ammatory disorders as 
well as cancer [ 171 ]. 
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1.4.1     Immunodefi ciencies 

 Several STAT mutations have been described that impact on the immune system 
such that they exacerbate the consequence of microbial exposure. Patients harboring 
loss-of-function mutations in STAT1 exhibited increased susceptibility to mycobac-
terial and viral infections, consistent with defective IFN signaling [ 172 – 174 ]. 
Dominant-negative STAT3 mutations underpin hyper IgE syndrome in which T cell 
memory defects result in enhanced susceptibility to viral infection [ 175 ], and 
mutations in STAT5B are also associated with immune defi ciency [ 176 ]. In other 
disorders, abrogated STAT activation downstream of other mutations appears to 
represent one of the key mediators of disease, such as defective STAT5 activation 
downstream of IL-7R and JAK3 mutations in SCID [ 177 ] and G-CSFR mutations 
in severe congenital neutropenia [ 178 ].  

1.4.2     Immune Disorders 

 In contrast, a number of immune and infl ammatory disorders are associated with 
enhanced STAT activation. Patients with asthma exhibited increased levels of acti-
vated STAT1 that correlated with T cell accumulation [ 179 ], and those with gain-of- 
function STAT1 mutations were susceptible to fatal viral infections due to 
hyper-responsiveness to IFNs and other cytokines [ 180 ,  181 ]. STAT3 polymorphisms 
have been linked to autoimmune disorders such as multiple sclerosis [ 182 ], whereas 
STAT4 polymorphisms were associated with the chronic infl ammatory disease 
rheumatoid arthritis as well as systemic lupus erythematosus [ 183 ]. Constitutive acti-
vation of STAT3 and STAT4 was also observed in intestinal T cells in Crohn’s dis-
ease [ 184 ]. Chronic obstructive pulmonary disease patients exhibited elevated levels 
of STAT4 activation that skewed T cells to a Th1 phenotype that exacerbated lung 
injury [ 183 ,  185 ], and constitutive activation of STAT5 was also observed in immune 
cells of primary Sjogren’s syndrome patients [ 186 ]. Finally, polymorphisms in 
STAT6 have been associated with several allergic diseases [ 187 ].  

1.4.3     Microbial Pathogenesis 

 As a corollary of their role in immune defi ciencies, STAT proteins have been identi-
fi ed as common targets for viruses to augment their infection. For example, para-
myxoviruses target STAT1 and STAT2 for degradation to evade IFN signaling 
[ 188 ], such that STAT2 has been shown to serve as a key determinant of host range 
amongst specifi c virus strains [ 189 ]. Herpes virus can also evade IFN signaling but 
this is achieved via inhibition of STAT1 nuclear entry [ 190 ]. Infection with HIV 
caused similar impairment of nuclear access, but via action on STAT5 to disrupt IL-7 
signaling and potentially contribute to loss of CD4+ T cells [ 191 ].  
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1.4.4     Myeloproliferative Neoplasms/Leukemias/Lymphomas 

 Constitutive activation of a variety of STATs has been reported in a large number of 
hematopoietic disorders characterized by increased proliferation at the expense of matu-
ration, specifi cally myeloproliferative neoplasms (MPNs), leukemias and lymphomas. 

 In MPNs, constitutive STAT5 activation appears to play the most important etio-
logical role. This is often mediated by hyperactivating mutations in the upstream 
JAK2 most commonly in polycythemia vera [ 192 ], the BCR-ABL translocation in 
chronic myelogenous leukemia (CML) [ 193 ], as well as activating mutations in 
several cytokine receptors, including erythropoietin receptor in erythrocytosis [ 194 ] 
and thrombopoietin receptor in thrombocythemia [ 195 ]. In several cases, the pivotal 
role of STAT5 has been formally demonstrated [ 196 – 198 ]. 

 In hematological malignancies, constitutive STAT1 activation has been observed 
in acute myeloid leukemia (AML), various forms of acute lymphoblastic leukemia 
(ALL) erythroleukemia and Epstein-Barr virus related lymphomas [ 199 ,  200 ], 
STAT3 in AML, Hodgkins lymphoma, human T cell lymphotropic virus (HTLV) 
dependent T cell leukemia and multiple myeloma [ 184 ,  199 – 204 ], STAT5 in AML, 
megakaryocytic leukemia, and ALL, including HTLV-dependent [ 199 ,  200 ] and 
STAT6 in Hodgkin’s lymphoma [ 205 ]. This can be due to activating mutations in 
the upstream JAKs, including point mutations in JAK1, JAK2 and JAK3 [ 206 – 208 ] 
translocations such as ETV6-JAK2 [ 209 ], as well as overexpression and/or activat-
ing mutations of cytokine receptors, including IL-3R components [ 210 ,  211 ] and 
G-CSFR [ 212 ], autocrine secretion of cytokines [ 213 ] or by mutations in other 
genes that cause activation by as yet unknown mechanisms [ 214 ]. Alternatively, 
gain-of-function mutations of both STAT3 and STAT5 have been reported in Sezary 
syndrome lymphomas [ 215 ]. Animal models have confi rmed the hyperproliferative 
effects mediated by STAT5 in myeloid and lymphoid cells [ 216 ,  217 ].  

1.4.5     Solid Tumors 

 Constitutive activation of STATs is also a common observation in a variety of solid 
tumors, especially of STAT3 and to lesser extent STAT5. For STAT3 this includes 
squamous cell carcinoma [ 218 ], prostate cancer [ 219 ], gastric cancer [ 220 ], pancre-
atic cancer [ 221 ], lung cancer [ 222 ] and ovarian cancer [ 223 ], while both STAT3 
and STAT5 have been implicated in breast cancer [ 203 ,  224 ] and glioblastoma 
[ 225 ]. This can be mediated by activation of upstream oncogenes, such as EGFR 
[ 11 ] and SRC [ 226 ,  227 ], enhanced secretion of cytokines and growth factors, 
including as a result of infl ammation or infection [ 228 ] or disruption or suppression 
of key negative regulators [ 229 ,  230 ]. Importantly, constitutive STAT3 and STAT5 
activation is typically associated with increased tumor proliferation, survival and 
invasion [ 231 ], with several studies confi rming the key role for these STATs in several 
cancer types [ 220 ,  232 ]. In contrast, STAT1 activation often correlates negatively 
with tumor progression [ 228 ,  233 ].  
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1.4.6     Other Diseases 

 STAT proteins have also been implicated in an ever-increasing array of other diseases. 
For example, loss-of-function STAT5B mutations lead to growth defects associated 
with growth hormone insensitivity and insulin-like growth factor defi ciency [ 176 ], 
while in contrast increased STAT5 activation has been observed in cardiovascular 
disease [ 234 ]. However, these are beyond the scope of this chapter.   

1.5     Mechanisms of STAT Action 

 It is apparent from the studies described in Sects  1.3  and  1.4  that STAT proteins 
exert pleiotropic functions across diverse cell types participating in a vast range of 
biological processes. However, closer analysis reveals that many of the underlying 
mechanisms of STAT action can be grouped into distinct categories that are appli-
cable to both normal biology and disease states. This section summarizes these 
mechanisms, noting that the same mechanism can be employed by different STAT 
proteins, different mechanisms can be utilized by the same STAT in different cells, 
and that more than one may operate concurrently in the same cell. 

1.5.1     Proliferation 

 STATs are able to directly contribute to cell proliferation. This can be mediated by 
inducing key mediators of cell cycle progression. For example, STAT1, STAT3 and 
STAT5 can stimulate proliferation by inducing c-MYC [ 235 – 237 ], STAT3 and STAT5 
can induce the cell cycle regulator cyclin D1 [ 238 – 240 ], while STAT5 can induce 
PIM-1 [ 237 ]. STATs can also induce pro-proliferative cytokines, such as STAT3-
mediated IL-6 production [ 228 ] and STAT5-mediated OSM production [ 238 ].  

1.5.2     Differentiation 

 STAT proteins can also facilitate various aspects of cell differentiation. This can be 
at the level of infl uencing lineage commitment, such as the ability of STAT6 to 
induce GATA-3 and c-MAF to promote Th2 differentiation and function [ 238 ], of 
STAT4 to induce IFNγ to skew T cell differentiation toward the Th1 subtype by 
[ 140 ], or STAT5 to induce ELF5 to stimulate the development of mammalian 
epithelium [ 241 ]. Repression can also play a role, with STAT5 repressing BCL6A 
to promote B cell differentiation [ 242 ] and IRF8 to block plasmacytoid DC 
development [ 87 ]. As an additional mode of regulation, unphosphorylated STAT5 
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has been shown to elicit a transcriptional program inhibitory for megakaryocyte 
 differentiation, with STAT5 activation relieving this inhibitory effect to allow 
 differentiation to proceed [ 96 ]. STATs can be antagonistic with regard to differen-
tiation, such as STAT3 and STAT5 in Th9 cell development [ 243 ]. In addition, STAT 
proteins can stimulate the production of key proteins that represent the fi nal and 
often defi ning stages of differentiation. For example, G-CSFR-mediated STAT3 can 
induce integrins and promote cell adhesion during granulocytic maturation [ 244 ], 
while IL-4 acts via STAT6 to induce key B cell proteins, such as CD86, MHC mol-
ecules and Fc receptors [ 245 ]. Finally, PRLR-mediated STAT5 induces hundreds of 
genes in the mammary gland, many related to the production of milk proteins [ 246 ].  

1.5.3     Survival 

 Another key action of STAT proteins is to enhance survival. This is typically 
mediated through induction of anti-apoptotic genes, including members of the 
BCL-2 family [ 247 ]. Thus, BCL-2 itself is induced by GP130-mediated STAT3 
activation [ 248 ], the BCL-2-like gene A1 by GM-CSF induced STAT5A [ 249 ]. 
BCL-x L  is induced by STAT3 activated downstream of IL-6R [ 202 ], by STAT5 pro-
teins activated downstream of IL-3R [ 250 ] or EPOR [ 251 ] and by STAT6 down-
stream of IL-4R [ 245 ]. Other pro-survival proteins can also be induced, including 
as Survivin by STAT3 [ 252 ] and Akt by STAT5 [ 253 ], or alternatively pro-apoptotic 
genes can be suppressed, such as Fas and Bad by STAT1 [ 254 ]. The enhanced sur-
vival mediated by STAT proteins can indirectly augment effects on both prolifera-
tion and differentiation.  

1.5.4     Negative Regulatory Functions 

 STAT proteins are also able to exert negative regulatory effects. Indeed, for STAT1 
such negative effects represent a major function, with STAT1-defi cient mice showing 
propensity to develop spontaneous tumors, identifying STAT1 as a tumor suppres-
sor [ 110 ]. These can be subtle affects to dampen signaling, including via induction 
of negative regulators such as the SOCS family of proteins; for example, IFNγ-
mediated STAT1 induced SOCS1 to limit the potentially pathologic effects of this 
cytokine [ 255 ]. Alternatively, STATs can regulate the cell cycle. Thus, IFN- mediated 
activation of STAT1 induced the cell-cycle inhibitors p27 kip1  [ 256 ] and p21 cip  [ 257 ]. 
Moreover, G-CSF-mediated STAT3 activation similarly induced p27 kip1  in myeloid 
cells [ 244 ,  258 ], and TPOR-mediated STAT5 activation induced p21 cip  in mega-
karyocytes [ 259 ], whereas IL-6-mediated STAT3 activation induced the alternate 
cell cycle inhibitor p19 INK4B  [ 260 ]. Conversely, essential cell cycle components can 
be repressed. For example, IFN-mediated STAT1 activatin repressed c-MYC [ 261 ] 
and led to degradation of Cyclin D [ 262 ], with IL-6R- mediated STAT3 activation 
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able to repress expression of both c-MYB and c-MYC [ 263 ,  264 ]. These effects on 
the cell cycle can also represent major drivers for differentiation, the terminal stages 
of which require cell cycle exit. For example, STAT5-mediated p21 cip  induction is 
suffi cient for megakaryocyte differentiation [ 259 ].  

1.5.5     Immune Modulation 

 Another core property for STAT proteins is their ability to modulate immune 
responses, which is very relevant in the context of cancer. For example, STAT1 and 
STAT2 were shown to be important in the polarization of macrophages toward an 
M1 phenotype [ 265 ], and both STAT2 and STAT4 promoted Th1 polarization [ 266 , 
 267 ], which collectively contribute to anti-tumor immune responses. In contrast, 
STAT3 was demonstrated to drive M2 polarization, suppress DC maturation and 
promote Th17 development, STAT5 contributed to Treg development [ 268 ], while 
STAT6 promoted M2 and Th2 polarization [ 269 ,  270 ]. As a result, STAT3, STAT5 
and STAT6 contribute to a tumor- promoting microenvironment that can play an 
important role in both tumor initiation and malignant progression [ 228 ].  

1.5.6     Other Mechanisms 

 STATs can exert their actions via several additional mechanisms, especially in the 
context of cancer, as investigated in most details with respect to STAT3. These 
include the stimulation of angiogenesis [ 271 ] and metastasis [ 272 ], the latter due to 
increased motility and invasion [ 273 ]. This is often concurrent with induction of 
epithelial- to- mesenchymal transition [ 274 ], as well as maintenance of stem cell-
ness [ 275 ] and induction of chemoresistance [ 276 ].   

1.6     Conclusion 

 STAT proteins are clearly pivotal in mediating a range of biological processes 
through their actions on key genes. A strong illustration of their critical nature is the 
multiple layers of control that govern their activity, being selectively activated by an 
array of factors and regulated by diverse mechanisms including phosphorylation 
status, alternative splicing, specifi c proteolysis, receptor “cross-talk” and negative 
feedback loops. Together, this complex control of specifi city enables individual 
cells to instigate the appropriate transcriptional program, and hence biological 
response, to the myriad of signals it receives at any given time. However, as a result 
of these pivotal functions, perturbations in STAT activation represent a key mecha-
nism underpinning a wide range of diseases, especially including cancer, as detailed 
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in the next chapter. Moreover, the effects on health and disease often utilize similar 
underlying mechanisms that must be considered when engineering therapeutic 
approaches to target STAT proteins.     
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    Chapter 2   
 STAT Proteins in Cancer                     

     Rachel     A.     O’Keefe      and     Jennifer     R.     Grandis    

    Abstract     The seven members of the signal transducer and activator of transcrip-
tion (STAT) family of proteins are transcription factors that are activated in response 
to, and mediate signaling downstream of, growth factors and cytokines. STATs are 
dysregulated in a broad range of cancer types. Although the genes that encode 
STATs are rarely mutated in cancer, constitutive phosphorylation and hence activa-
tion of STATs, particularly STAT3, is a common alteration in cancer. STAT3 and 
STAT5 are considered to play primarily pro-tumorigenic roles in tumor cells and 
within the tumor microenvironment (TME), while STAT1 has been described as a 
tumor suppressor (although recent publications have also revealed pro-tumorigenic 
functions of STAT1). In this chapter, we survey STATs in cancer, providing a 
general overview of STAT function and regulation in tumor cells and in immune 
cells within the TME.  

  Keywords     STAT1   •   STAT3   •   STAT5   •   JAK/STAT   •   Cancer   •   Tumor 
microenvironment  

2.1       Introduction 

 The signal transducer and activator of transcription (STAT) family comprises seven 
structurally similar proteins (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, 
and STAT6) that can function as both signaling proteins and transcription factors. 
STAT5A and STAT5B are encoded by two different genes that generate highly 
homologous proteins [ 1 ,  2 ]. Although STAT5A and STAT5B are distinct proteins 
with overlapping but non-redundant functions, they are often referred to collectively 
as STAT5. 

 Each STAT protein consists of six functionally conserved domains, including an 
SH2 domain and the C-terminal transactivation domain (TAD), which can be 
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 phosphorylated on a conserved tyrosine residue (Tyr705 in STAT3) [ 3 – 6 ]. Tyrosine 
phosphorylation of STATs often occurs downstream of cytokine and growth factor 
receptors. STAT protein phosphorylation leads to STAT dimerization and transloca-
tion into the nucleus, where the STAT dimers can activate or repress transcription. 
Thus, phosphorylation of STATs links growth factor and cytokine signaling to gene 
expression. 

 Tyrosine phosphorylation of the TAD domain is the most well-characterized 
post-translational modifi cation of STAT proteins. Serine phosphorylation of STATs 
also occurs and has been shown to be dysregulated in cancer [ 1 ,  4 ,  7 – 12 ]. Additional 
STAT regulatory mechanisms include ubiquitination, sumoylation, acetylation, and 
interactions with protein inhibitor of activated STAT (PIAS) proteins, which block 
STAT-DNA binding. This chapter will focus on the regulation of tyrosine phos-
phorylation of STATs in cancer. Recent reviews have addressed alternative STAT 
regulatory mechanisms [ 1 ,  3 ,  13 – 15 ].  

2.2     Tyrosine Phosphorylation of STAT Proteins 

 In normal (non-transformed) cells, tyrosine phosphorylation of STAT proteins is 
triggered by the binding of growth factors and cytokines to their cognate receptors. 
Though the precise mechanism of activation is specifi c to each ligand/receptor 
complex, a common mechanism of STAT phosphorylation downstream of these 
receptors is by members of the Janus kinase (JAK) family of non-receptor tyrosine 
kinases (JAK1, JAK2, JAK3, and TYK2) [ 4 – 7 ,  13 ,  16 ,  17 ] (Fig.  2.1 ).

   Following receptor dimerization, JAKs are recruited to and phosphorylate intra-
cellular tyrosine residues on these receptors [ 4 – 7 ,  13 ,  16 ,  17 ]. For some receptors, 
phosphorylation of these sites can also be accomplished by autophosphorylation. 
This creates docking sites for STAT proteins, as the SH2 domains of STATs can 
bind the phosphorylated residues and, in turn, become phosphorylated by JAKs at 
the conserved tyrosine residue within the TAD. Phosphorylation at this site pro-
motes STAT homo- or heterodimerization via reciprocal interactions between the 
SH2 domain of one STAT molecule and the tyrosine-phosphorylated TAD of its 
dimerization partner. Phosphorylated STAT dimers can be recognized by importins 
and transported into the nucleus [ 3 ,  7 ,  18 ], where they can activate or repress gene 
expression. It should be noted that, while JAKs are the primary mediators of STAT 
tyrosine phosphorylation downstream of cytokine and growth factor receptors, 
other kinases have also been shown to phosphorylate STATs. 

 Given the importance of tyrosine phosphorylation for STAT function and the 
involvement of STATs in cellular processes that are often dysregulated in cancer, it 
is not surprising that aberrant phosphorylation of STATs has been observed in many 
cancer types. Constitutive phosphorylation of STAT proteins often occurs down-
stream of oncogenic proteins and/or as a result of increased secretion of cytokines 
or growth factors in the TME. Oncogenic proteins can drive STAT phosphorylation 
independent of extracellular ligands, uncoupling STAT protein phosphorylation 
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from growth factor/cytokine signaling, while increased secretion of cytokines or 
growth factors in the TME can elicit STAT protein hyperphosphorylation by activating 
receptors upstream of these STATs [ 4 ,  7 ,  13 ,  19 – 22 ]. Notably, these secreted factors 
can induce phosphorylation of STATs not only in tumor cells, but also in stromal 
cells and tumor-infi ltrating immune cells.  

2.3     Negative Regulators of STAT Signaling 

 Spatial and temporal regulation of STAT protein phosphorylation is coordinated by 
a number of phosphatases. While some of these phosphatases act directly on STATs, 
phosphatases targeting upstream molecules can also elicit downregulation of STAT 

  Fig. 2.1    IL-6-induced activation of JAK/STAT3 signaling and gene expression. STAT proteins are 
important mediators of signal transduction downstream of cytokine and growth factor receptors. 
Depicted here is STAT3-mediated IL-6 signaling. Binding of IL-6 to IL-6 receptor α (IL-6Rα) 
induces formation of the IL-6 receptor complex. This leads to activation of JAK family kinases 
(often JAK1, but also JAK2 or TYK2), which can subsequently phosphorylate several tyrosine 
residues on gp130. The SH2 domain of STAT3 can then bind to phosphorylated gp130, positioning 
STAT3 for phosphorylation by JAKs. This promotes STAT3 dimerization, which occurs via recip-
rocal interactions between the SH2 domain of one STAT3 molecule and the tyrosine- phosphorylated 
transactivation domain (TAD) of another STAT. STAT3 homodimers can be transported into the 
nucleus and promote expression of many genes. Shown are examples of STAT3 target genes that 
promote tumor cell proliferation ( CCND1 ,  MYC ), protection from apoptosis ( BCL2L1 ,  BCL2 ), and 
immunosuppression in the TME ( IL6 ). Notably, STAT3 induction of  IL6  gene expression generates 
a feed-forward loop that further drives IL-6/JAK/STAT3 signaling. On the other hand, STAT3 also 
promotes expression of the gene encoding SOCS3 (an inhibitor of JAK1, JAK2, and TYK2). This 
generates a negative feedback loop that can be disrupted by hypermethylation of the  SOCS3  
promoter, which has been detected in several cancer types. IL-6 signaling can also lead to activa-
tion of STAT1, which can reduce STAT3 homodimerization by sequestering STAT3 molecules in 
STAT1:STAT3 heterodimers       
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phosphorylation. Loss of expression or function of these phosphatases or other 
inhibitors of the JAK/STAT pathway can lead to constitutive activation of STAT 
proteins and contribute to the malignant phenotype [ 6 ,  19 ,  23 – 25 ]. 

 Among the STAT pathway inhibitors that have been shown to be dysregulated in 
cancer are members of the protein tyrosine phosphatase (PTP) and suppressor of 
cytokine signaling (SOCS) families [ 3 – 6 ,  17 ,  19 ,  23 – 28 ]. Interestingly, several of 
the genes encoding SOCS proteins, which downregulate STAT signaling via inhibition 
of growth factor/cytokine receptors and members of the JAK family of protein 
tyrosine kinases, are STAT transcriptional targets [ 28 – 30 ]. This negative feedback 
loop is disrupted in malignant cells that exhibit hypermethylation of  SOCS  gene 
promoters [ 19 ,  25 ,  31 ].  

2.4     STAT Function in the Nucleus 

 STAT protein dimers are transported into the nucleus by importins [ 3 ,  7 ,  18 ]. Once 
inside, STAT proteins can either promote or downregulate gene expression, often by 
cooperating with co-activators and co-repressors of transcription [ 1 ,  3 ,  12 ,  15 ]. 
Thus, STAT target gene expression can be shaped by not only the expression, 
phosphorylation, and nuclear translocation of STAT proteins themselves, but also 
by a cadre of transcriptional co-regulators. 

 It should be noted that, although tyrosine phosphorylation of STAT proteins 
plays a major role in STAT function, dimerization can occur independent of tyrosine 
phosphorylation, and unphosphorylated STAT proteins have also been shown to 
enter the nucleus and activate gene transcription, often in cooperation with other 
transcription factors [ 15 ,  19 ,  32 ,  33 ]. For example, unphosphorylated STAT3 can 
promote transcription of the oncogene  MET  in cooperation with nuclear factor 
kappa B (NF-KB) [ 32 ,  34 ].  

2.5     STAT Proteins in Tumor-Infi ltrating Immune Cells 

 The mechanisms that regulate STATs within tumor cells also govern their functions 
in immune cells, wherein STATs have been shown to play diverse roles in innate and 
adaptive immune cells in the TME. While STAT2 and STAT4 promote the anti- tumor 
immune response, STAT3 and STAT6 mediate immunosuppression in the TME, and 
STAT1 and STAT5 have been implicated in both activation and suppression of the 
anti-tumor immune response (Table  2.1 ). Thus, the roles of STAT proteins in cancer 
extend beyond their functions in tumor cells themselves. It is now well-established 
that immunosuppression in the TME contributes to tumor progression, and therapies 
that activate the anti-tumor immune response have demonstrated effi cacy in a num-
ber of cancer types. The functions of STATs in tumor-infi ltrating immune cells will 
be discussed alongside their tumor cell-intrinsic roles in the following sections.
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2.6        STAT1 

 STAT1 was initially considered to function primarily as a tumor suppressor. Though 
studies continue to demonstrate tumor suppressive roles of STAT1, pro-tumorigenic 
roles of STAT1 have also been identifi ed. 

2.6.1     STAT1 Opposes Tumor Cell Proliferation and Survival 

 STAT1 can oppose cell proliferation through the activation of genes that promote 
growth arrest and through mechanisms independent of its role as a transcription fac-
tor. Several STAT1 target genes encode proteins that negatively regulate cell cycle 
progression, including the cyclin-dependent kinase (CDK) inhibitors p21 Cip1/Waf1  
(gene name:  CDKN1A ) and p27 Kip1  ( CDKN1B ) [ 11 ,  27 ]. STAT1 can also promote 
stabilization of p27 Kip1  through transcriptional repression of the gene encoding 

     Table 2.1    Diverse roles of STAT proteins in immune cells in the TME   

 STAT 
protein 

 Effects on immune cells in the TME  References 

 Anti-tumorigenic  Pro-tumorigenic 

 STAT1  • Promotion of Th1 
response 

 • Expansion of MDSCs  [ 2 ,  9 ,  13 ,  16 ,  27 , 
 33 ,  40 – 47 ] 

 • M1 polarization 
of macrophages 

 • M2 polarization of macrophages 

 • Promotion of 
anti-tumor 
functions of DCs 

 • Expression of PD-L1 

 STAT2  • Promotion of Th1 
response 

 [ 16 ,  81 ] 

 STAT3  • Expansion of and 
immunosuppression by MDSCs 

 [ 2 ,  13 ,  16 ,  21 ,  42 , 
 72 – 75 ,  78 ] 

 • M2 polarization of macrophages 
 • Inhibition of DC maturation 
 • Differentiation of Th17 cells 
 • Differentiation and expansion of T regs  

 STAT4  • Promotion of Th1 
response 

 [ 16 ,  80 ] 

 STAT5 
A/B 

 • Promotion of 
cytotoxic CD8 +  T 
cells 

 • Differentiation and expansion of T regs   [ 13 ,  16 ,  78 ,  79 ] 

 STAT6  • Expansion of MDSCs  [ 16 ,  42 ,  82 ,  84 – 86 ] 
 • M2 polarization of macrophages 
 • Inhibition of tumor infi ltration by 

CD8 +  T cells 

2 STAT Proteins in Cancer



38

S-phase kinase-associated protein 2 (Skp2), a ubiquitin ligase that tags p27 Kip1  for 
proteasomal degradation [ 35 ]. In addition, serine-phosphorylated STAT1 can block 
progression through G1 by interacting with the cyclin D1/CDK4 complex and 
inducing proteasome-mediated degradation of cyclin D1 [ 9 ]. 

 STAT1 can inhibit proliferation by repressing transcription of the proto- oncogene 
 MYC  [ 12 ,  27 ]. It should be noted, however, that STAT1 was recently identifi ed as a 
positive regulator of  MYC  transcription in serous papillary endometrial cancer 
(SPEC) and thus acted as a driver of tumor progression in this cancer type [ 36 ]. 
STAT1 can promote apoptosis by activating the expression of pro-apoptotic genes 
and inhibiting expression of pro-survival genes [ 27 ]. On the other hand, unphos-
phorylated STAT1 has been shown to protect cells from apoptosis by suppressing 
the expression of Fas and Bad [ 37 ].  

2.6.2     STAT1 Can Promote or Inhibit the Anti-Tumor Immune 
Response 

 Additional pro- and anti-tumorigenic roles of STAT1 have emerged from studies on 
STAT1 in tumor-infi ltrating immune cells and in modulation of the anti-tumor immune 
response by tumor cells (Table  2.1 , Fig.  2.2 ). Many functions of STAT1 in cancer are 
linked to its role as a mediator of type I and type III interferon signaling.

  Fig. 2.2    Roles of STAT1 in tumor cells and immune cells within the TME. STAT1 is thought to 
act primarily as a tumor suppressor through its ability to inhibit growth and promote apoptosis of 
tumor cells and through its promotion of Th1-type anti-tumor immune responses (left side of fi g-
ure). STAT1 can promote the activation of tumor cell-targeting Th1 cells by DCs and mediate type 
I interferon-induced activation of anti-tumor (M1) macrophages (MΦ) and CD8 +  T cells. However, 
STAT1 can also promote expansion of immunosuppressive MDSCs and M2 polarization of MΦ 
(right side of fi gure), and can induce expression of PD-L1 on tumor cells, protecting them from 
T cell-mediated lysis       
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   T helper 1 (Th1) immune responses are characterized by the activation of the 
Th1 subset of CD4 +  T cells, which can drive anti-tumor immune responses by 
releasing pro-infl ammatory cytokines such as interferon gamma (IFN-γ) that can 
mobilize anti-tumor macrophages and cytotoxic CD8 +  T cells [ 13 ,  16 ,  38 ]. STAT1 
is an important mediator of the Th1 immune response, as it promotes the expression 
of IL-12 (a cytokine that induces the polarization of naïve CD4 +  T cells into Th1 
cells) and mediates the expression of many IFN-γ-inducible genes [ 13 ,  16 ,  39 ]. 
Among these genes are those encoding class I major histocompatibility complex 
(MHC) and co-stimulatory molecules, which are required for effective antigen pre-
sentation to and activation of anti-tumor T cells by dendritic cells (DCs) [ 2 ,  7 ,  33 ]. 
This implicates STAT1 in the anti-tumor immune response. 

 STAT1 can antagonize the anti-tumor immune response by inducing expression 
of the gene encoding programmed death-ligand 1 (PD-L1), an immune checkpoint 
molecule [ 8 ,  40 ,  41 ]. PD-L1 expressed on tumor cells engages the inhibitory recep-
tor programmed death-1 (PD-1) on activated natural killer (NK) and T cells in the 
tumor microenvironment, thereby protecting tumor cells from NK- and T-cell- 
mediated destruction [ 8 ,  41 ]. A recent study identifi ed activation of the JAK2/
STAT1 axis in response to epidermal growth factor (EGF) and interferon gamma 
(IFN-γ) in head and neck cancer cells [ 8 ]. In this system, inhibition of JAK2 abro-
gated STAT1-dependent expression of PD-L1 and enhanced the ability of NK cells 
to lyse tumor cells [ 8 ]. 

 An additional mechanism by which STAT1 promotes tumor immune evasion is 
through the induction of myeloid-derived suppressor cells (MDSCs) [ 27 ,  42 ,  43 ]. 
MDSCs are a heterogeneous class of immature myeloid cells that share the ability 
to suppress both innate and adaptive immune cells, thereby impeding the anti-tumor 
immune response [ 42 ]. Immunosuppressive cytokines trigger the expansion of 
MDSCs, and STAT1 has been shown to promote their accumulation within tumors 
[ 27 ,  43 ]. 

 STAT1 has also been implicated in immune suppression mediated by another 
subset of cells of the myeloid lineage: tumor-associated macrophages (TAMs). 
Macrophages in the tumor microenvironment tend to be polarized toward the immu-
nosuppressive type 2 (M2) phenotype. These TAMs oppose the anti-tumor immune 
response and are associated with poor prognosis in cancer [ 44 – 46 ]. STAT1 has been 
implicated in the expansion of M2-polarized macrophages in mouse mammary 
tumors [ 44 ] and in the immunosuppressive functions of M2 TAMs [ 47 ]. STAT1 has 
also been shown to promote M1 macrophage polarization, which is thought to pro-
mote the anti-tumor immune response [ 45 ,  46 ]. 

 Overall, the evidence suggests that whether STAT1 functions as a tumor pro-
moter or suppressor is context-specifi c [ 27 ,  33 ]; i.e., while STAT1 functions as a 
tumor suppressor by inhibiting tumor cell proliferation and survival in many cancer 
types, tumor-promoting roles of STAT1 have also been identifi ed (for example, in 
serous papillary endometrial cancer) [ 36 ]. In addition, while STAT1 is a critical 
mediator of the Th1 response and thereby promotes anti-tumor immunity, it can also 
effect immunosuppression through expansion of MDSCs and upregulation of the 
immune checkpoint molecule PD-L1 on tumor cells.   
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2.7     STAT3 

 In contrast to STAT1, the functions of STAT3 identifi ed in cancer thus far have been 
almost exclusively pro-tumorigenic. STAT3 is well-established as a proto-oncogene 
[ 3 ,  48 ], and constitutive activation of STAT3 has been observed in a broad range of 
cancer types. In addition, ample evidence implicates STAT3 in suppression of the 
anti-tumor immune response. 

2.7.1     STAT3 Promotes Tumor Cell Proliferation, Survival, 
Invasion, and Metastasis 

 Like the other STAT proteins, STAT3 is rarely mutated in cancer. However, STAT3 
is phosphorylated downstream of a number of oncogenes, including EGFR [ 49 – 51 ], 
Src [ 19 ,  51 ,  52 ], and c-MET [ 19 ,  51 ]. Secretion of STAT3-activating growth factors 
and cytokines, such as IL-6, and hypermethylation of or loss-of-function mutations 
in the genes encoding negative regulators of STAT3 signaling, such as SOCS3 or the 
phosphatases PTPRD and PTPRT, are additional mechanisms by which STAT3 can 
be constitutively phosphorylated in cancer [ 4 ,  23 ,  24 ,  31 ]. 

 The pro-tumorigenic functions of STAT3 stem in part from its ability to activate 
genes that promote proliferation, protect cells from apoptosis, stimulate angiogen-
esis, and drive invasion and metastasis [ 3 ,  13 ,  22 ,  33 ]. STAT3 target genes that 
induce cell proliferation include those encoding cyclin D1 ( CCND1 ) and c-Myc 
( MYC ) [ 4 ,  13 ,  15 ,  32 ,  33 ,  48 ,  53 ,  54 ]. Tumor cell survival can be enhanced by 
STAT3-mediated expression of the genes  BCL2 ,  BCL2L1 , and  BIRC5 , which encode 
the anti-apoptotic proteins Bcl-2, Bcl-xL and Survivin, respectively [ 4 ,  5 ,  10 ,  13 , 
 15 ,  16 ,  32 ,  33 ,  54 ]. STAT3 promotes angiogenesis in part by activating transcription 
of the gene encoding vascular endothelial growth factor (VEGF). VEGF, in turn, 
can promote activation of STAT3 [ 4 ,  10 ,  15 ,  55 ,  56 ]. Additional mediators of 
STAT3-induced angiogenesis are the matrix metalloproteinases MMP-2, MMP-7, 
and MMP-9, which degrade the extracellular matrix and basement membrane, facil-
itating angiogenesis and tumor cell invasion and metastasis [ 13 ,  16 ,  33 ,  56 ,  57 ]. 
STAT3 also induces epithelial–mesenchymal transition (EMT), a transdifferentia-
tion program that has been shown to enable metastasis, by promoting expression of 
the EMT-associated transcription factors Snail ( SNAI1 ), Twist ( TWIST1 ), and ZEB1 
( ZEB1 ) [ 56 ,  58 – 62 ]. 

 Another key function of STAT3 is mediating resistance to cancer therapy, includ-
ing, but certainly not limited to, the EGFR-targeted monoclonal antibody cetuximab 
[ 63 ], the Src-family kinase inhibitor dasatinib [ 64 ], and chemotherapy [ 20 ,  65 ]. In a 
recent paper, feedback activation of STAT3 was found to mediate resistance to a 
number of oncogene-targeted therapies [ 66 ]. The authors fi rst identifi ed a STAT3- 
activating feedback loop in an EGFR-mutant non-small cell lung cancer (NSCLC) 
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cell line (PC-9) treated with the EGFR tyrosine kinase inhibitor (TKI) erlotinib. 
In these cells, erlotinib treatment led to the secretion of molecules that induced 
tyrosine phosphorylation of STAT3. Exposing erlotinib-naïve PC-9 cells to condi-
tioned medium from erlotinib-treated cells could induce resistance to erlotinib, and 
knockdown of STAT3 abrogated this effect, demonstrating that inhibition of EGFR 
could paradoxically drive STAT3 activation and induce STAT3-mediated drug 
resistance through secretion of STAT3-activating factors. Feedback activation of 
STAT3 via this mechanism was subsequently observed in many other oncogene-
addicted cancer cell lines treated with an inhibitor targeting their driver oncogene. 
Thus, cumulative evidence supports activation of STAT3 as a common mechanism 
of resistance to cancer therapy and suggests that targeting STAT3 is a rational strat-
egy to overcome resistance, as has been suggested previously [ 63 ,  65 ,  66 ]. 

 The STAT3-activating feedback loop reported by Lee and colleagues was identi-
fi ed in the absence of immune cells, but highlights the paradigm of secreted factors 
in the tumor microenvironment inducing STAT3 phosphorylation within tumor cells 
[ 25 ,  67 ]. These secreted factors, which may be tumor-, stroma-, and/or immune 
cell-derived, can also effect STAT3 activation in tumor-infi ltrating immune cells, 
thereby promoting tumor immune evasion.  

2.7.2     Activation of STAT3 in Immune Cells in the TME 
Dampens the Anti-Tumor Immune Response 

 Activation of STAT3 in tumor cells can promote expression of the genes encoding 
the immunosuppressive cytokines IL-6, IL-10, and vascular endothelial growth fac-
tor (VEGF), which can promote the continued activation of STAT3 in tumor cells in 
an autocrine or paracrine manner [ 16 ,  55 ,  68 ]. These cytokines can also drive activa-
tion of STAT3 within tumor-infi ltrating innate and adaptive immune cells, thereby 
promoting immunosuppression in the TME [ 16 ,  68 ] (Table  2.1 , Fig.  2.3 ).

   Like STAT1, STAT3 can promote the expansion of MDSCs in the TME [ 16 ,  42 , 
 68 ]. Tumor-derived S100A9 protein, the expression of which is promoted by 
STAT3, drives accumulation of MDSCs [ 42 ,  69 ]. Moreover, STAT3 mediates the 
immunosuppressive functions of MDSCs by inducing their production of the T cell- 
suppressive enzymes arginase-I and indoleamine 2,3-dioxygenase (IDO) [ 70 ,  71 ]. 
STAT3 has also been shown to mediate the secretion of pro-angiogenic factors by 
MDSCs [ 16 ,  22 ]. 

 STAT3 further promotes immunosuppression in the TME by driving M2 polar-
ization of TAMs and inhibiting dendritic cell (DC) maturation. Activation of 
STAT3 in TAMs inhibits secretion of pro-infl ammatory cytokines and promotes 
secretion of immunosuppressive cytokines (such as IL-6 and IL-10) that activate 
STAT3 in DCs [ 13 ,  16 ,  21 ,  45 ,  68 ,  72 – 74 ]. STAT3 inhibits the functional maturation 
of DCs, impeding their ability to activate T cells to mount an effective anti-tumor 
immune response [ 13 ,  21 ,  45 ,  68 ,  72 – 75 ]. 
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 Activation of STAT3 in naïve CD4 +  T cells can promote their differentiation into 
Th17 cells, a T-cell population associated with tumor progression [ 33 ,  68 ,  76 ,  77 ]. 
In addition, STAT3 is implicated in the expansion and immunosuppressive func-
tions of regulatory T cells (T regs ) [ 78 ]. STAT3 mediates expression of immunosup-
pressive cytokines in both T regs  (which produce IL-10 and transforming growth 
factor (TGF)-β) and Th17 cells (IL-17 and IL-22) [ 16 ,  77 ]. Secretion of these cyto-
kines can further facilitate immunosuppression in the TME [ 16 ].   

2.8     STAT5 

 STAT5 is often implicated in hematologic malignancies, where it is activated down-
stream of the oncogenic fusion protein BCR-ABL (in chronic myelogenous leuke-
mia (CML)) and as a result of activating mutations in JAK proteins [ 1 ,  16 ,  18 ,  19 ]. 
In solid tumors, cytokines often drive activation of STAT5 [ 19 ]. 

 Compared to STAT3, relatively little is known about the role of STAT5 in the 
anti-tumor immune response. While expression of a constitutively active STAT5 
mutant in CD8 +  T cells was shown to promote their ability to lyse tumor cells in 
an immunocompetent mouse model of melanoma [ 79 ], suggesting that STAT5 

  Fig. 2.3    Roles of STAT3 in tumor cells and immune cells within the TME. Activation of STAT3 in 
tumor cells promotes proliferation, survival, and secretion of the immunosuppressive cytokines 
IL-6, IL-10, and VEGF. These cytokines can feed back to tumor cells in an autocrine or paracrine 
manner to further activate STAT3 in tumor cells. In addition, these cytokines can induce phos-
phorylation of STAT3 in innate and adaptive immune cells in the TME. Activation of STAT3 in 
MDSCs promotes their expansion and their ability to secrete immunosuppressive enzymes such as 
arginase-I and IDO. STAT3 promotes M2 polarization of macrophages (MΦ) and inhibits matura-
tion of DCs. STAT3 can also promote differentiation of Th17 and T reg  cells and mediate their secre-
tion of IL-17 and IL-22, and IL-10 and TGF-β, respectively. Collectively, activation of STAT3 in 
tumor-infi ltrating immune cells facilitates immunosuppression in the TME       
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can promote the anti-tumor immune response, STAT5 can also mediate IL-2-
induced differentiation of T regs , known antagonists of the anti-tumor immune 
response [ 13 ,  16 ,  78 ].  

2.9     STAT2, STAT4 and STAT6 

 The remaining STAT proteins (STAT2, STAT4, and STAT6) have not been as exten-
sively studied in the context of cancer, but functions for each of these proteins in 
tumor cells and/or immune cells in the TME have nonetheless been identifi ed. 

 STAT2 and STAT4 participate in Th1 anti-tumor immune responses. STAT4 
mediates IL-12-induced expression of IFN-γ [ 16 ,  80 ], while STAT2, operating as a 
heterodimer with STAT1, promotes expression of IFN-γ-stimulated genes [ 16 ,  81 ]. 

 Evidence suggests that STAT6 primarily mediates pro-tumorigenic functions 
through its promotion of tumor cell proliferation and survival, particularly in hema-
tologic malignancies [ 16 ,  82 ,  83 ], and through suppression of the anti-tumor 
immune response. STAT6 is activated in response to the cytokines IL-4 and IL-13 
and mediates the immunosuppressive effects of these cytokines [ 82 ]. STAT6 pro-
motes M2 polarization of macrophages and the expansion of MDSCs in the TME 
[ 16 ,  42 ,  84 ,  85 ]. In addition, STAT6 impairs CD8 +  T cell tumor infi ltration by induc-
ing downregulation of very late antigen-4 (VLA-4, or integrin α 4 β 1 ), which mediates 
migration of T cells into tumors [ 16 ,  86 ].  

2.10     Conclusion 

 STAT biology is complex, and both pro- and anti-tumorigenic effects have been 
described for each STAT protein. STATs play roles in tumor cells as well as other 
cells in the TME, including tumor-infi ltrating immune cells. As such, any attempt to 
utilize STAT inhibitors must consider the effects of these inhibitors on immune cells 
as well as on the tumor cells. Modulation of STAT activity in tumor-infi ltrating 
immune cells does not appear to be a side effect of STAT inhibitors; rather, this may 
be critical for their anti-tumor effi cacy. For example, STAT3 inhibitors would be 
predicted to exert their anti-tumor effects by both abrogating expression of STAT3- 
regulated genes in tumor cells themselves and antagonizing STAT3-mediated 
immunosuppression in the TME. Indeed, the anti-tumor effi cacy of the STAT3 
antisense oligonucleotide AZD9150 is currently thought to stem primarily from its 
ability to enhance the anti-tumor immune response [ 87 ]. STAT5 inhibitors are also 
in development for cancer treatment, and the bromodomain and extra-terminal 
(BET) family bromodomain inhibitor JQ1, which inhibits STAT5, has been shown 
to impact both tumor and immune cells [ 88 – 90 ]. Thus, administering STAT inhibitors, 
particularly inhibitors of STAT3, may be a promising way to target both tumor cells 
and the TME and elicit an effective anti-tumor therapeutic response.     
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    Chapter 3   
 Translating STAT Inhibitors 
from the Lab to the Clinic                     

     Suhu     Liu      and     David     Frank    

    Abstract     Oncogenic transcription factors represent unique and potentially high 
value targets for cancer therapy. Proteins like STAT3 and STAT5 are generally not 
mutated themselves. However, oncogenic signals arising from a wide array of 
upstream mutations and signaling events converge on a small number of these tran-
scription factors to regulate expression of key genes involved in critical processes 
including proliferation, survival and invasion. While cancer cells frequently show a 
high dependency on continued activation of these proteins, normal cells are largely 
tolerant to interruption of these pathways due to redundancies in transcriptional 
regulators. Consequently, inhibition of STATs holds the potential to have a very 
high therapeutic index. The challenge has been to develop strategies to inhibit 
these proteins that lack domains that are easily amenable to antagonism by small 
molecules. In recent years, a number of promising strategies have emerged, and now 
clinical trials of approaches to directly inhibit activated STATs have been developed. 
The success of these studies, both in terms of clinical effi cacy and understanding the 
molecular effects of STAT inhibitors in humans, may open a new front in the rational, 
targeted eradication of cancer.  

  Keywords     Cancer   •   Drug discovery   •   Gene expression   •   Signal transduction   • 
  STAT transcription factors   •   Targeted therapy   •   Clinical trials  

3.1       Introduction 

 Cancer therapy has evolved greatly since its advent in the 1940s, progressing from 
non-specifi cally cytotoxic anti-metabolites and alkylating agents to the targeted 
agents, like kinase inhibitors, that are now available. With the introduction of ima-
tinib (Gleevec), an inhibitor of the Bcr/Abl1 fusion kinase found essentially univer-
sally in chronic myeloid leukemia (CML), the treatment of CML was revolutionized. 
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However, for most other cancers it has proven diffi cult to identify activated kinases 
that provide the same therapeutic opportunity. This has raised the question of 
whether there are common downstream mediators of cancer-driving mutations, 
which may not be mutated themselves, but which are critical convergence points of 
oncogenic signaling. In particular, transcription factors, which tightly choreograph 
the expression of genes under physiologic conditions, can become activated inap-
propriately in most cancers. While a single transcription factor can often be deleted 
from normal cells without deleterious consequences to an organism, typically due 
to redundancies in physiologic signaling, the same transcription factor may repre-
sent a critical dependency to a cancer cell. Transcription factors are diffi cult targets 
from a medicinal chemistry standpoint. However, the opportunity presented by the 
fact that they may provide a high therapeutic index has attracted increased attention. 
The key questions that emerge are whether they are truly critical targets, and whether 
they can successfully be inhibited in human clinical trials.  

3.2     STAT Activation in Cancer 

 Signal transducers and activators of transcription (STATs) are a family of transcrip-
tion factors that play important roles in a range of cellular functions. STATs reside in 
the cytoplasm under basal conditions. Upon activation by tyrosine phosphorylation, 
STATs form active dimers, translocate to the nucleus, bind to DNA, and regulate 
transcription of target genes [ 1 ]. Under physiological conditions, STATs are acti-
vated only transiently. By contrast, in many forms of cancer, STAT family members 
are activated constitutively and drive the expression of genes underlying malignant 
cellular behavior. Two family members in particular, STAT3 and STAT5, are 
activated most commonly in a range of human cancers. Constitutive activation of 
these transcription factors can directly lead to cancer pathogenesis [ 2 ]. 

3.2.1     Hematologic Malignancies 

 The transcription factor STAT5 encompasses two highly homologous proteins, 
STAT5A and STAT5B. In hematological malignancies in particular, inappropriate 
activation of STAT5 is a common event that leads to increased expression of genes 
regulating cell cycle progression and survival [ 3 – 5 ]. STAT5 is constitutively active 
in chronic myelogenous leukemia (CML) [ 6 ,  7 ], acute myelogenous leukemia 
(AML), acute lymphocytic leukemia (ALL) [ 3 ,  8 ], and Hodgkin lymphoma [ 9 ]. 
STAT5 phosphorylation can be mediated by mutated tyrosine kinases (TKs, such as 
BCR-ABL1 and JAK2V617F [ 10 ,  11 ]), or autocrine secretion of cytokines that sig-
nal through Janus kinase (JAK) [ 9 ]. STAT5 plays a crucial role in mediating survival 
signals emanating from these upstream oncogenic kinases, since disruption of 
STAT5 abrogate tumorigenesis induced by the oncogenic kinases. 
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 STAT3 is activated in leukemia and lymphoma often through Janus kinases 
(JAKs). Recently it was found that in anaplastic large cell lymphoma, multiple driver 
genetic alterations leads to oncogenic STAT3 activation. JAK/STAT3 pathway inhi-
bition consistently impaired lymphoma cell growth in vitro and in vivo [ 12 ]. STAT3 
also mediates oncogenic addiction to TEL-AML1 in t(12;21) ALL. Consequently, 
human leukemic cell lines carrying this translocation are highly sensitive to treatment 
with STAT3 inhibitor [ 13 ].  

3.2.2     Solid Tumors 

 STAT activation in solid tumors often occurs through autocrine or paracrine secretion 
of cytokines and this is also mediated through JAKs. Refl ecting how oncogenic 
pathways often subvert physiologic signaling events, STAT5 plays an important role in 
normal mammary gland development, and it frequently becomes constitutively acti-
vated in breast cancer. The activation of STAT5 in breast cancer may be due to the 
autocrine, paracrine, or endocrine secretion of prolactin. In the mammary gland, 
STAT5 is activated late in pregnancy in response to prolactin to promote terminal dif-
ferentiation and milk production [ 14 – 16 ]. In breast cancer, constitutively activated 
STAT5 enhances both survival and anchorage-independent growth of human mam-
mary carcinoma cells [ 17 ]. Mice that express a constitutively activated form of STAT5 
develop mammary carcinomas, whereas mice that lack STAT5A are protected against 
mammary tumors induced by transforming growth factor α [ 15 ,  18 ,  19 ]. 

 Using immunohistochemistry to tyrosine phosphorylated STAT3, and similar tech-
niques, it has been found that STAT3 is constitutively activated in an even wider range 
of solid tumors compared to STAT5, including breast cancer [ 20 ], ovarian cancer [ 21 , 
 22 ], gastric cancer [ 23 ], colorectal cancer [ 24 ], lung cancer [ 25 ], glioblastoma [ 26 ], 
and pancreatic cancer [ 27 ]. Other methods have also revealed a critical role for 
STAT3 in human cancers. For example, by combining genome-wide RNAi screens 
with regulatory network analysis, STAT3 has been identifi ed as a critically activated 
master regulator of HER2(+) breast cancers [ 28 ]. In these systems, STAT3 is 
frequently activated through an IL-6-dependent JAK2-calprotectin axis and inhibi-
tion of this axis alone or in combination with HER2 inhibitors reduces tumorigenicity 
of hormone receptor (−)/HER2(+) breast cancers.   

3.3     Critical Role of STATs in the Survival of Cancer 
Stem- Like Cells 

 Persistence of cancer stem cells may promote resistance and recurrence of cancer 
after treatment. Therefore, therapies that target stem and progenitor cells may be 
particularly important in achieving long-term remissions of cancer. STAT activation 
has been suggested to play a critical role in cancer stem cell survival in both 
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hematopoietic and solid cancers. Constitutive STAT activation has been implicated 
in leukemia stem cell self-renewal [ 29 – 31 ]. For example, STAT signaling is enriched 
in and critical for leukemia stem cell self-renewal in MN1- and HOXA9-co- 
expressing leukemias, types that harbor a particularly poor prognosis [ 29 ]. STAT5 
can confer long-term expansion exclusively on human HSCs, by directly modulat-
ing Hypoxia-induced factor 2α (HIF2α) expression [ 31 ]. In comparing JAK/STAT 
signaling between leukemia stem cells (LSCs) and normal stem cells from clinical 
samples, it was found that JAK/STAT signaling is signifi cantly increased in LSCs, 
particularly from high-risk AML patients. JAK2 inhibition using small molecule 
inhibitors or RNA interference reduced the growth of AML LSCs while sparing 
normal stem cells both in vitro and in vivo [ 32 ]. Recently it was found that CML 
stem cell survival is not dependent on the BCR-ABL1 protein kinase, but rather 
JAK/STAT5 signaling. Thus, while treatment with an ABL tyrosine kinase inhibitor 
alone may not cure CML patients, dual inhibition of both JAK and BCR-ABL1 may 
be critical for eradicating primitive quiescent CML stem cells [ 33 ]. This observation 
not only further supports the importance of inhibiting STAT5 in eliminating leuke-
mia stem cells, but also highlights the fact that STAT5 can be activated by multiple 
aberrant kinases within leukemic stem cells to maintain their survival. Inhibiting 
STAT5 directly, as the convergence point of multiple upstream oncogenic kinases, 
may be crucial in achieving a durable therapeutic response. 

 The critical role of STATs was also found in solid tumor stem-like cells. In glio-
blastoma, STAT3 was only found to be activated in stem-like cells where it promoted 
tumorigenicity, but not in more differentiated cells populations [ 34 ]. In breast cancer, 
the JAK2/STAT3 signaling pathway is preferentially active in and required for growth 
of CD44 + CD24 −  stem cell-like cancer cells in human tumors [ 35 ]. In endometrial 
cancer, IL-6/JAK1/STAT3 signaling is essential for maintenance of an ALDH hi /
CD126 +  stem-like component [ 36 ]. Furthermore, a small molecule inhibitor targeting 
STAT3 is effective in inhibiting expression of “stemness” genes and suppresses 
cancer relapse and metastasis [ 37 ]. All of these observations suggest that targeting 
STATs has the potential to reduce a stem-like cancer cell compartment, which may be 
the cause of resistance to therapy and tumor recurrence.  

3.4     STAT Activation as an Important Mechanism 
of Resistance to Cancer Therapy 

 While oncogenic kinase targeted therapy has been extremely successful in the treat-
ment of CML, resistance to targeted therapies develops rapidly in most forms of 
cancer. One of the important common pathways that mediate this resistance is alter-
native activation of STATs. It was found that AML cells quickly developed resis-
tance to multi-targeted tyrosine kinase inhibitors through activated JAK2/STAT5 
signaling [ 38 ]. Even in CML, patients who initially responded well to TKIs could 
acquire resistance leading to progression of their disease. Indeed, increased activa-
tion of STAT5 has been associated with leukemia progression and TKI resistance in 
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CML [ 39 ,  40 ]. In addition, it has been suggested that an increased level of STAT5 
triggers BCR-ABL1 mutation, leading to an increase in inhibitor-resistant BCR-ABL1 
mutations [ 41 ]. 

 STAT activation has also been found to be an important resistance mechanism in 
solid tumors. It was found that JAK-mediated STAT5 signaling closely interacts with 
the PI3K/AKT pathway and mediates resistance to PI3K/AKT inhibition in breast 
cancer [ 42 ]. In melanoma, activation of STAT3 can be induced by MEK or BRAF 
inhibitors, leading to melanoma cells that are not only resistant to those inhibitors, 
but also acquire a more invasive phenotype [ 43 ,  44 ]. Thus BRAF inhibitors may 
need to be combined with STAT3 inhibition to achieve a clinically sustainable 
response in melanoma [ 45 ]. Similarly, in ovarian cancer, resistance to anti-VEGF 
therapy was found to be mediated through autocrine IL-6/STAT3 signaling [ 46 ]. 

 STAT3 activation not only accounts for resistance to targeted therapy, but 
also plays an important role in resistance to traditional cytotoxic cancer therapies. 
For example, activated STAT3 can upregulate BCL2 in metastatic breast cancer to 
promote resistance to chemotherapy [ 47 ]. In addition, inhibiting STAT3 activation 
by blocking IL-6 signaling has been shown to sensitize multiple tumor types to 
chemotherapy [ 48 ]. Tumor permeability is a critical determinant of drug delivery 
and sensitivity. Using three-dimensional (3D) culture condition, JAK/STAT3 sig-
naling pathway was identifi ed as an essential regulator of tumor permeability bar-
rier function, and STAT3 inhibition increased drug sensitivity. The combination of 
STAT3 inhibition and 5-FU chemotherapy markedly reduced tumor growth com-
pared to monotherapy. STAT3 activation was also found to be associated with 
proneural-to- mesenchymal transition observed in gliomas upon radiation therapy 
[ 49 ]. Thus, STAT3 inhibition could be helpful in preventing emergence of therapy-
resistant mesenchymal glioma at relapse.  

3.5     STAT-Mediated Modulation of the Tumor 
Microenvironment 

 STAT3 activation not only directly regulates genes that mediate anti-apoptotic sig-
nals and promote malignant cells survival within cells, STAT3 also modulates genes 
that modify the tumor microenvironment to promote tumor cell survival. For exam-
ple, not only does activated STAT3 promote angiogenesis, activation of STAT3 also 
contributes to tumor immune evasion [ 50 ]. In STAT3-defi cient mice, hyperplastic 
and early adenoma-like lesions initially formed, but they later completely regressed. 
This tumor regression correlated with massive immune infi ltration into the STAT3- 
defi cient lesions, leading to their elimination [ 51 ]. In head and neck squamous cells 
carcinoma, STAT3 inhibition by siRNA knock-down resulted in enhanced expres-
sion and secretion of both pro-infl ammatory cytokines and chemokines, and led to 
the activation of dendritic cells and lymphocytes [ 52 ]. STAT3 inhibition was also 
found to enhance the therapeutic effi cacy of immunogenic chemotherapeutic drugs, 
such as anthracyclines, by stimulating type 1 interferon production by cancer cells 
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[ 53 ]. The important immune checkpoint pathway mediated through programmed 
death-1 (PD-1) is activated by STAT3 in classic Hodgkin’s lymphoma, with JAK- 
STAT signaling found to promote the induction and increase the abundance of PD-1 
ligands expressed on Reed-Sternberg cells [ 54 ], which upon binding with PD-1 on 
tumor infi ltrating lymphocytes (TILs), leads to TIL dysfunction.  

3.6     Potential Disadvantages of Targeting STAT 
Transcription Factors in Cancer 

 Despite the convincing evidence that inappropriate activation of STAT3 and STAT5 
can promote oncogenesis, there is evidence showing that in certain cellular con-
text, STAT3 or STAT5 may exert tumor suppressive activities. Identifying and 
characterizing these cellular contexts is equally essential in designing effective 
targeted therapies for these proteins. For example, it has been found that mouse 
models with STAT5-defi ciency in hematopoietic cells are permissive for Myc-
induced B-cell leukemogenesis [ 55 ]. In JAK2V617F-driven myeloproliferative 
neoplasms in mouse models, deletion of STAT3 enhances myeloid cell expansion 
and increases the severity of myeloproliferative diseases [ 56 ]. In a Pten-defi cient 
prostate cancer mouse model, genetic inactivation of STAT3 or IL-6 signaling 
accelerates cancer progression leading to metastasis. In addition, loss of STAT3 
signaling was found to disrupt the ARF-Mdm2-p53 tumor suppressor axis through 
bypassing senescence [ 57 ]. 

 The role of STAT3 in KRAS-induced malignancy is more complicated, with 
different mouse models showing distinct roles of STAT3 in KRAS-driven malig-
nancy. In mouse pancreatic cancer models, STAT3 was shown to be essential for 
pancreatic ductal adenocarcinoma initiation and progression driven by KRAS 
[ 58 ,  59 ]. On the other hand, in lung adenocarcinoma models also driven by KRAS, 
two different groups demonstrated that depletion of STAT3 accelerates RAS-
induced lung cancer [ 60 – 62 ]. Since the mitochondrial role of STAT3 in support-
ing KRAS-induced transformation has been well established [ 63 ], it is possible 
that the confl icting effects of STAT3 in KRAS-dependent malignancy may be 
related to its role as a transcription factor. STAT3 may drive different sets of target 
genes expression that either support or antagonize KRAS-induced transformation 
in different cellular contexts. 

 In breast cancer, both molecular and epidemiological evidence suggests that 
the co-activation of STAT5 with STAT3 leads to a less aggressive tumor. This may 
be mediated, at least in part, by modulation of expression of the oncogenic tran-
scriptional regulator BCL6. Whereas expression of this gene is induced by STAT3, 
it is repressed by STAT5, even in the presence of activated STAT3 [ 64 ,  65 ]. Thus, 
it remains unclear as to whether inhibition of STAT5 will be of therapeutic value 
in the large fraction of breast cancers in which both STAT3 and STAT5 are 
activated.  
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3.7     Unbiased Approaches to Identify STAT Inhibitors 

 Based on our understanding of the mechanism of STAT activation in cancer, various 
strategies to inhibit STAT transcriptional function have been designed. One approach 
is to use structure-based design, targeting specifi c STAT domains or critical steps in 
STAT function [ 4 ]. Such approaches include cytokine receptor-directed monoclonal 
antibodies, tyrosine kinase inhibitors, SH2 domain inhibitors [ 66 ], and antisense 
oligonucleotides or small molecules [ 67 ] that target the STAT DNA binding domain 
[ 4 ]. An alternate approach is to use screening strategies to identify compounds that 
inhibit STAT-based transcription. One way to do this is to use a chemical biology 
approach in which a cell-based system is developed that allows the quantitative 
high-throughput measurement of STAT-dependent gene expression. Another screen-
ing strategy makes use of a computational approach using databases that catalog the 
effect of thousands of drugs on gene expression [ 68 ] and gene expression signatures 
that refl ect the activation of STATs in human cancers [ 69 ] to identify drugs that lead 
to gene expression signatures that are the opposite of the STAT signature. These 
unbiased approaches greatly expand the range of potential STAT inhibitors that can 
be identifi ed. Compounds identifi ed by these strategies also serve as biological 
probes that provide insight into the physiologic mechanisms of STAT regulation in 
a cell, and identify new targets for therapeutic inhibition.  

3.8     Post-Translational Modifi cations and STAT 
Transcriptional Function 

 While STATs can be activated by cytokine-induced JAK activation, or receptor or 
non-receptor tyrosine kinases, there are additional subtleties that regulate their tran-
scriptional function. STAT proteins can be post-translationally modifi ed at different 
locations, in addition to the canonical tyrosine phosphorylation, and several of those 
modifi cations have been shown to modulate STAT transcriptional function (Fig.  3.1 ). 
For example, STATs can be phosphorylated, acetylated, methylated or ubiquitinated 
on several amino acid residues. In many tumor types, phosphorylation of both Tyr- 
705 (Y705) and Ser-727 (S727) is important for STAT3 transcriptional function. 
Phosphorylation of S727 was believed to occur after Y705 phosphorylation and bind-
ing with the target promoter to further augment the transcriptional function of STATs 
[ 70 ]. In certain cancers such as chronic lymphocytic leukemia (CLL), only S727 
phosphorylation of STAT3 is observed [ 71 ], though this is suffi cient to drive target 
gene expression [ 72 ]. In renal cell carcinoma, STAT3 was found to be phosphorylated 
by glycogen synthase kinase 3α and -β (GSK-3α/β) at T714 and S727, but not Y705, 
to drive target gene expression [ 73 ]. There is also evidence that acetylation of STAT3 
enhances the stability and interaction of STAT3 with P300 bromodomain protein to 
increase transcription [ 74 ].
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   STAT5 encompass two isoforms, STAT5A and STAT5B. The canonical activation 
marker for STAT5A is Y694 and for STAT5B is Y699 [ 75 – 78 ]. STAT5A can also be 
serine phosphorylated at multiple sites such as S726, S780 and S127/128. At least 
in the case of ERBB4/HER4 activated STAT5A, S779 phosphorylation seemed dis-
pensable for phosphorylation of STAT5A at Y694 and subsequent DNA binding. 
However S127/S128 was required for ERBB4-induced phosphorylation of Y694 of 
STAT5A [ 79 ]. STAT5B can be serine phosphorylated at S731 and S193 [ 75 ,  80 ]. 
Furthermore, although Y699 is absolutely required for transcriptional activation of 
STAT5B, tyrosines 725, 740, and 743 may be involved in a negative regulation of 
STAT5B-mediated transcription [ 81 ]. 

 Recently, key methylation sites that modulate STAT3 transcriptional activity 
have been identifi ed, though methylation at different sites on STAT3 may exert 
completely opposite effects on transcriptional activity. For example, following its 
tyrosine phosphorylation, STAT3 is methylated on K140 by the histone methyl 
transferase SET9 and demethylated by LSD1. This methylation of K140 is a 
 negative regulatory event [ 70 ]. On the other hand, STAT3 can be methylated at dif-
ferent sites by the same enzyme, enhancer of Zeste homolog 2 (EZH2) to activate 
its transcriptional function. EZH2 is a lysine methyl transferase and EZH2-
containing PRC2 catalyzes trimethylation of histone 3 at lysine 27 (H3K27me3) [ 82 ]. 

  Fig. 3.1    Inappropriate activation of STAT transcription factors drive the expression of critical 
target genes in cancer, and so STATs represent targets with a potentially high therapeutic index. 
STATs can become activated constitutively in cancer cells through phosphorylation by mutated 
oncogenic tyrosine kinases, or through cytokines that are present in the tumor microenvironment 
through autocrine or paracrine mechanisms, thereby activating JAKs. Upon tyrosine phosphoryla-
tion, STATs form active dimers, translocate to the nucleus, bind to DNA, and regulate transcription 
of target genes that regulate self-renewal (“stemness”), survival, angiogenesis, and immune eva-
sion. The transcriptional function of STATs is modulated by post-translational modifi cations 
including phosphorylation, methylation and acetylation. Co-factors that interact with STATs at the 
genomic level serve as another level of transcriptional regulation. Understanding these mecha-
nisms of regulating STAT function has led to a number of therapeutic opportunities to target 
these proteins. ( P  phosphorylation,  Me  methylation,  Ac  acetylation)       
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It has recently been appreciated that EZH2 also methylates non-histone proteins. 
Two independent studies have demonstrated that EZH2 modulates STAT3 tran-
scriptional activity by methylating distinct sites of STAT3. In glioblastoma stem 
cells, EZH2 trimethylates STAT3 on K180. Trimethylation at K180 promoted Y705 
phosphorylation of STAT3 and activated STAT3 transcriptional activity [ 34 ]. It is 
still unknown how trimethylation at K180 synergize with Y705 phosphorylation of 
STAT3 in glioblastoma stem cells. In another cellular system in which STAT3 is 
activated by IL-6, perturbation of EZH2 function did not inhibit Y705 phosphoryla-
tion of STAT3, although it signifi cantly reduced STAT3 transcriptional activity. It 
was found that in this IL-6 dependent system, dimethylation of K49 of STAT3 by 
EZH2 was crucial for full activation of STAT3 transcriptional activity. Unlike K180 
trimethylation that promoted Y705 phosphorylation, dimethylation of K49 had no 
effect on Y705 phosphorylation. On the contrary, Y705 phosphorylation was 
required for K49 dimethylation of STAT3 to occur [ 83 ]. The mechanism by which 
K49 modifi cation altered STAT3-dependent gene expression is unclear. It does not 
appear that K49 methylation affected the binding of STAT3 to its genomic binding 
site. It has been suggested that K49 methylation of STAT3 promotes the recruitment 
of co-regulatory factors to genomic target sites to facilitate maximal transcriptional 
function of STAT3, although these postulated co-regulators have not yet been 
identifi ed.  

3.9     Identifi cation of Clinically-Translatable STAT Inhibitors 

 Although different modifi cations can affect STAT3 transcriptional function, it is 
clear that Y705 phosphorylation is nearly always essential for transcriptional activity. 
Thus drug screening and structure-based design of STAT inhibitors have mainly 
focused on inhibition of this phosphorylation event in STAT3. Many inhibitors of 
STAT tyrosine phosphorylation have been identifi ed that block the STAT3 SH2 
domain, which is required for both recruitment to activated kinase-receptor com-
plexes as well as for activating dimerization. In addition, a number of natural 
products have been described that inhibit STAT3 phosphorylation. While these 
molecules have encouraging properties in vitro, and some have shown activity in 
animal models, progress in advancing STAT-targeted small molecules into clinical 
trials in cancer patients has been slow. 

 As noted, cell-based screening systems can be used to identify inhibitors of STAT-
dependent transcription. This approach can allow the screening of chemical libraries 
that contain drugs that are already known to be safe in humans, including those that 
are approved for human use. This approach has identifi ed several notable compounds, 
two of which function by blocking STAT3 tyrosine phosphorylation, albeit through 
different mechanisms. Nifuroxazide, an oral antibiotic that is used in many countries 
to treat colitis and diarrhea in humans, was found to be an inhibitor of STAT3 tran-
scriptional function with an EC 50 of approximately 3 μM [ 84 ]. In analyzing its mech-
anism of action, it was found that nifuroxazide inhibited Y705 phosphorylation of 
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STAT3 through inhibiting the kinase activity of both TYK2 and JAK2 (but not JAK1). 
Nifuroxazide was found to induce apoptosis and reduce the viability of multiple 
myeloma cells that are dependent on activated STAT3 for survival. 

 Another compound identifi ed through this approach is pimozide, which is clini-
cally used as a neuroleptic for the treatment of Tourette syndrome. This drug was 
found to decrease STAT5 tyrosine phosphorylation. Interestingly, pimozide inhibits 
STAT5 phosphorylation irrespective of the upstream kinases that activate STAT5. 
Indeed, pimozide inhibits STAT5 phosphorylation in CML cells in which STAT5 is 
activated by the BCR-ABL1 fusion kinase [ 85 ], AML cells in which STAT5 is acti-
vated by FLT3-ITD [ 86 ], and myeloproliferative neoplasms in which STAT5 is acti-
vated by the mutated kinase JAK2(V617F) [ 5 ]. However, pimozide is not a kinase 
inhibitor. It does not inhibit JAKs, ABL1 or SRC family members in in vitro kinase 
assays, nor does it inhibit other signaling pathways downstream of those activated 
kinases. These fi ndings suggested that pimozide inhibits STAT5 phosphorylation 
using a completely independent mechanism. The exact mechanism by which pimo-
zide mediates this effect is not known, although it may involve modulation of nega-
tive regulators of STAT function. However, this non-kinase dependent STAT5 
inhibition by pimozide may provide an important therapeutic opportunity. First, 
kinase mutation or amplifi cation frequently leads to a reduction or loss of effi cacy 
of kinases inhibitors. Therapies that target STAT5 independent of upstream kinases 
may still be able to achieve therapeutic effi cacy. Indeed, hematopoietic cells with 
the T315I mutation in BCR-ABL are completely resistant to the BCR-ABL1 kinase 
inhibitor imatinib, but they are still sensitive to STAT5 inhibition by pimozide [ 85 ]. 
Second, even without BCR-ABL mutation, increased amount of STAT5 have been 
seen in the accelerated stage of CML and can render CML cells more resistant to 
imatinib [ 39 ]. In this situation, it is conceivable that a drug like pimozide that tar-
gets STAT5 without depending on upstream kinase inhibition will be valuable in 
controlling diseases. In addition, two compounds that inhibit different steps of the 
same oncogenic pathway may have greater effi cacy with a lower chance of the 
emergence of resistance. Consistent with this idea, combining pimozide with kinase 
inhibition augmented the therapeutic effi cacy of a JAK inhibitor in myeloprolifera-
tive diseases [ 5 ].  

3.10     Therapeutic Modulation of Co-Factors of STATs 

 As with other transcription factors, STATs recruit co-factors to activate transcrip-
tion, which can include other transcription factors, as well as chromatin remodeling 
proteins, among others. Cross talk between STATs and members of the nuclear 
receptor family has been observed in normal breast tissue and breast cancer [ 87 – 92 ]. 
Progesterone receptor (PR), androgen receptor (AR), and glucocorticoid receptor 
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(GR), have all been shown to synergistically interact with STAT5 and enhance 
STAT5 target gene expression. 

 BRG1, the ATPase subunit of a chromatin remodeling complex, is another factor 
that is essential for STAT3 target gene transcription. Genome-wide STAT3 binding 
in pluripotent embryonic stem cells (ESCs) is dependent on BRG1, since BRG1 is 
required to establish chromatin accessibility at STAT3 binding targets [ 93 ]. 

 To identify STAT3-interacting proteins that contribute to STAT3 tumorigenesis, 
one can use mass-spectrometry to profi le STAT3-interacting proteins. This approach 
has allowed the identifi cation of granulin (GRN) as a novel STAT3 interacting pro-
tein in triple negative breast cancer cells [ 94 ]. GRN can act as an autocrine growth 
factor [ 95 ], and it can bind to and alter the subcellular distribution of positive tran-
scription elongation factor (P-TEFb), leading to the repression of the transcription 
of tumor suppressor genes [ 96 ]. In breast cancer cells, GRN enhances STAT3 DNA 
binding and increases the time-integrated amount of LIF-induced STAT3 phosphor-
ylation in breast cancer cells. Furthermore, silencing GRN neutralizes STAT3- 
mediated proliferation and migration of breast cancer cells. The correlation between 
GRN and STAT3 was also observed in primary breast cancer samples, where GRN 
mRNA levels were positively correlated with STAT3 gene expression signatures 
and with reduced patient survival. 

 Many of the co-regulators of STATs that have been identifi ed may be diffi cult 
targets for pharmacological intervention. However, one group of key transcriptional 
co-factors is the BET (bromodomains and extra-terminal domain) family of 
bromodomain- containing proteins, which includes BRD2, BRD3, BRD4 and 
BRDT. Nuclear BET-protein interactome studies have indicated that BET proteins 
are integral components of a large number of nuclear protein complexes [ 97 ,  98 ]. 
Consistent with a role for BET proteins as key modulators of STAT signaling, it was 
found that the bromodomain inhibitor JQ1 inhibits STAT5 transcriptional activity. 
Further RNA interference-based experiments demonstrated that among the three 
BET bromodomain proteins expressed in hematological malignancies and targeted 
by JQ1, only BRD2 is necessary for STAT5 transcriptional function [ 99 ]. BRD2 
likely participates in the STAT5 transcriptional complex, and acts as a critical co- 
activator for STAT5 function. The recruitment of STAT5 to its genomic binding sites 
is not dependent on BRD2, but rather maximal transcriptional initiation of these 
target genes requires BRD2. Interestingly, although JQ1 signifi cantly reduces the 
transcriptional function of STAT5, it had essentially no effects on STAT3- dependent 
gene expression. Given the structural similarity between STAT5 and STAT3, further 
genomic and structural studies are necessary to elucidate the mechanism of this 
selectivity. The therapeutic implication of targeting STAT5 by dual BET bromodomain 
inhibition (JQ1) and tyrosine kinase inhibition (TKIs) was investigated in a clinically 
aggressive disease, acute T lymphocytic leukemia. Strong synergy in the induction 
of apoptosis was found in T-ALL cells when JQ1 was combined with TKIs [ 99 ]. 
Over-expression of a constitutively activated STAT5 rescued cell death induced by 
the combination of JQ1 and TKIs, supporting the notion that the synergistic effect is, 
at least partially, mediated through STAT5 inhibition. These fi ndings also reaffi rm 
the important role of STAT5 activation in the pathogenesis of T-ALL.  
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3.11     Limitations of Transcription-Based Drug Discovery 
for STATs Inhibitors 

 While most approaches to developing STAT inhibitors are based on inhibition of its 
transcriptional function, there are some limitations on relying on this approach. 
Although most of the known oncogenic properties of STATs are attributed to their 
roles as transcriptional factors, there is evidence that cytoplasmic [ 77 ] or mitochondrial 
STATs [ 63 ] can play important roles in malignant cell transformation and survival. 
It is conceivable that compounds that target these aspects of STAT function may not 
be discovered from transcription-based drug discovery methods. On the other hand, 
modifi cations of STATs that regulate their transcriptional function could also infl uence 
their cytoplasmic or mitochondrial localization. 

 Another potential caveat in transcription-based drug discovery is that STAT 
activation in these assays is generally induced by exogenous cytokine stimulation. 
Cytokine-induced STAT activation is transient, generally returning to baseline in 
60–90 min. This differs from the continual activation seen in most tumor systems. 
In addition, the magnitude of the phosphorylation of STATs induced by cytokines, 
and the induction of transcription, is considerably greater in cytokine-induced sys-
tems than that seen with constitutive activation. Thus it is possible that compounds 
or genetic perturbations that modulate STAT transcriptional activity in a cytokine- 
induced system may not have the same activity in the setting of constitutively acti-
vated STATs as seen in cancer. Finally, it is clear that there are differences in STAT 
driven gene expression and STAT function that is dependent on the cellular context. 
Thus, compounds identifi ed in a given system may not have uniform effects in other 
cells or tissues. Even within a given tumor type, unique aspects related to epigenetic 
states or the presence or absence of co-regulatory proteins may affect the activity of 
pharmacological modulators of STAT function. Nonetheless, the large amount of 
encouraging data generated in pre-clinical systems has generated a great interest in 
testing the approach of targeting STATs in human cancer.  

3.12     Clinical Trials of STAT3 Inhibitors 

 Despite the large number of papers on developing and testing STAT inhibitors in 
model systems, relatively few true STAT inhibitors, i.e., compounds designed to 
specifi cally inhibit STAT function, have been introduced into clinical trials. This 
refl ects a number of factors, including a relative lack of enthusiasm for targeting 
transcription factors among many in the fi eld of cancer drug development, due to 
the pharmacologic challenges in inhibiting these proteins. Thus, for STAT inhibitors 
being introduced into clinical use, it is essential that appropriate pharmacodynamic 
markers be followed, to ensure that the target is, in fact, being inhibited. While this 
should be true for all targeted drug development efforts, it is particularly important 
for such a novel target as an inhibitor of an oncogenic transcription factor. 
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Particularly in a Phase 1 trial in heavily pre-treated cancer patients, the chance of a 
large clinical response may be limited. In order to learn as much as possible from 
every patient who volunteers to participate in such a trial, it is important to fi rst ask 
the question of whether the designated target is being inhibited. For a compound 
that blocks the activating tyrosine phosphorylation of STAT3, it can be relatively 
easy to monitor tyrosine phosphorylation by immunocytochemistry, immunofl uo-
rescence, or immunoblots. Where malignant cells and tissue can easily be obtained, 
as in hematological cancers or superfi cial lesions, this can be relatively straightfor-
ward. For other tumor types, it might be necessary to perform biopsies to obtain the 
necessary material. To minimize morbidity in patients with advanced cancer, one 
can also consider approaches such as examining circulating tumor cells to assess 
functional STAT activation. 

 For inhibitors that do not alter STAT3 phosphorylation, but inhibit the transcrip-
tional response, it can be even more challenging to measure inhibition of STAT func-
tion. In those cases, one can evaluate the mRNA levels of STAT3 target gene signatures. 
Again, it may be necessary to perform relatively invasive biopsies to obtain adequate 
tissue, but the use of circulating tumor cells may make this more feasible. 

 Two clinical trials of true STAT3 inhibitors are particularly illustrative. The fi rst, 
built on pioneering work from the laboratory of Jennifer Grandis, highlighted sev-
eral key points [ 100 ]. The fi rst is to use an inhibitor that has been tested extensively 
and rigorously in pre-clinical systems to ensure on target activity. While much work 
in developing STAT3 inhibitors is focused on inhibitors of the SH2 domain, these 
investigators used an approach based on blocking DNA binding of activated STAT3 
dimers. They used a short double-stranded oligonucleotide that contained a canoni-
cal STAT3 binding site. They then were able to show that when this molecule was 
introduced into cancer cells with activated STAT3, it titrated the active STAT3 
dimers away from the endogenous genomic sites to this “decoy”. After validating 
this approach in cell culture and animal studies, the investigators were then ready to 
test this approach in human cancer patients. The next key issue, in which physician 
investigators or collaborators are essential, was to determine the appropriate tumor 
type in which to test this strategy. These scientists chose squamous cell carcinoma 
of the head and neck, a disease in which constitutive STAT3 is common, and which 
is often accessible to direct visualization and injection. They performed a so-called 
“Phase 0” clinical trial (#NCT00696176), in which patients who were going to have 
their tumor resected had a single intratumoral injection of either the STAT3 decoy 
or saline control. No toxicity was noted from this therapy. When the tumor was 
resected 4–6 h later, assessment of expression of STAT3 regulated cyclin D1 and 
Bcl-xl were lower in the tumors treated with the STAT3 decoy than in the tumors 
treated with saline. Although this work is at an early stage, and these genes are regu-
lated by a number of transcription factors, it represented a signifi cant advance in 
actually translating STAT3 inhibitors from the laboratory to the clinic. 

 In contrast to this macromolecular approach to STAT3 inhibition, the fi rst small 
molecule inhibitor of STAT3 to enter a clinical trial was based on a drug, pyrimeth-
amine, that was identifi ed from a chemical library screen for STAT3 inhibition. 
Pyrimethamine is an anti-microbial drug that is used clinically to treat malaria and 
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toxoplasmosis. Pyrimethamine inhibits the transcriptional function of STAT3, but 
not that of other STAT family members or unrelated transcription factors like NF-kB 
[ 101 ,  102 ]. Furthermore, pyrimethamine exerts this effect at low micromolar con-
centrations, which are known to be readily achieved in human patients, and can 
safely be sustained for months on end. While pyrimethamine was very desirable 
from the standpoint of effi cacy, specifi city, and safety, it had one disadvantage. At 
the lower range of concentrations at which it inhibits STAT3 transcriptional func-
tion, it does not signifi cantly reduce phosphorylation of STAT3. Thus, it seems that 
this drug acts through a relatively novel mechanism, likely involving disruption of 
co-activator complexes. However, this property of pyrimethamine would alter the 
way its activity would have to be monitored in a patient. 

 In considering a clinical trial with this drug, again it was important to focus on a 
cancer that was known to be dependent on activated STAT3 in a large majority of 
patients, to forestall the need to either test tumors prior to study entry or to enroll a 
large enough cohort so that an adequate number of patients with activated STAT3 
were included. In addition, it was necessary to focus on a cancer in which it was 
easy to obtain suffi cient tumor cells to perform pharmacodynamic evaluation of 
whether STAT3 function was defi nitively being inhibited. Since the phosphoryla-
tion of STAT3 was not affected, this analysis would have to rely on measurements 
of STAT3-dependent gene expression. The cancer chosen for this trial was chronic 
lymphocytic leukemia (CLL), and its essentially equivalent counterpart of small 
lymphocytic lymphoma (SLL). From a logistic standpoint, CLL has the advantage 
that most patients have a very large number of circulating malignant cells, so that 
assessment of pharmacodynamic endpoints can easily be achieved with a simple 
blood draw. CLL is characterized by essentially uniform phosphorylation of 
STAT3 in leukemic cells [ 71 ]. However, although the STAT3 is in the nucleus and 
transcriptionally active, it is phosphorylated on S727 rather than Y705. Nonetheless, 
since pyrimethamine could block the transcriptional function of STAT3 in CLL, and 
could decrease viability of CLL cells in vitro, this disease was chosen for a phase I/
II clinical trial (#NCT01066663). 

 In this study, which is currently ongoing, patients are treated in cohorts of 
increasing daily doses of oral pyrimethamine. Trough concentrations of pyrimeth-
amine are obtained in both the plasma and the white blood cell fraction (which 
contains the leukemic cells), so that effects on gene expression can be correlated 
with drug exposure. Not only are changes in STAT3 target genes determined from 
the cells taken immediately from the patient, but parallel in vitro experiments are 
performed on cells obtained from the patient prior to entry on the trial, to determine 
whether changes in gene expression and survival of the cells treated  ex vivo  with 
pyrimethamine match the clinical response. 

 Should this study show evidence of on-target effects, the integrated pharmacoki-
netic and pharmacodynamic data can then be used to guide trials in other diseases 
commonly driven by activated STAT3. If STAT3 inhibition is not occurring, then 
consideration needs to be given as to whether adequate drug concentrations and 
exposures over a 24 h time period are being achieved. For example, increased dose 
levels may need to be considered. If gene expression analyses show that STAT3 is 

S. Liu and D. Frank



63

adequately being inhibited, yet there is little clinical benefi t, then one could consider 
combining a STAT3 inhibitor with another modality, including some of the conven-
tional or novel targeted agents in use to treat this disease. For example, by decreas-
ing expression of pro-survival genes like BCL-2 or BCL-xL, a STAT3 inhibitor like 
pyrimethamine might sensitize CLL cells to conventional cytotoxic drugs like 
fl udarabine and cyclophosphamide, as well as novel kinase inhibitors like ibrutinib 
or idelalisib.  

3.13     Conclusion 

 Although drug development in oncology had been dominated since its inception by 
cytotoxic drugs that non-specifi cally damage DNA or microtubules, or inhibited 
metabolic pathways, the fi eld is now shifting to a new, more rational approach. 
Targeted molecular therapies fi rst showed dramatic effi cacy when specifi c kinases, 
activated by mutation, could be specifi cally inhibited. However, the targets are now 
broadening so-that non-mutated kinases that are oncogenic dependencies have 
become appealing targets. Finally, non-kinase targets, like the pro-survival protein 
BCL-2, are becoming tractable to pharmacologic intervention. One of the next fron-
tiers in targeted molecular therapy for cancer is oncogenic transcription factors. 
While usually not directly mutated, these proteins are key convergence points from 
oncogenic signaling pathways. Since normal cells are generally tolerant of their 
inhibition, while cancer cells may be completely dependent on their function, tran-
scription factors like STAT3 or STAT5 represent important targets with the potential 
of having a very high therapeutic index. While somewhat challenging from a 
medicinal chemistry standpoint, these high value targets can be inhibited using a 
number of creative strategies, and clinical trials of STAT inhibitors are currently 
under way. In the coming years, we will gain a better appreciation of the feasibility 
and potential of targeting STATs and other oncogenic transcription factors for the 
rational molecular therapy of cancer.     
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    Chapter 4   
 Historical Development of STAT3 Inhibitors 
and Early Results in Clinical Trials                     

     Chao-Lan     Yu     ,     Richard     Jove     , and     James     Turkson    

    Abstract     Since the initial reports of constitutive STAT3 activation in cells trans-
formed by viral oncoproteins, the critical role of STAT3 signaling in human cancers 
has been fi rmly established. Detailed understanding of how STAT3 activity is tightly 
regulated by the balance between activating and inhibitory circuits provides impor-
tant insights of how STAT3 becomes deregulated in cancer cells. A large number of 
STAT3 inhibitors have been developed. The predominant emphasis of the early 
rational drug discovery strategies was on disrupting phospho-tyrosine (pY) interac-
tions with the Src-homology 2 (SH2) domain due to its requirement for STAT3:STAT3 
dimerization and STAT3 function. Following the fi rst reported direct STAT3 inhibi-
tor peptide, PpYLKTK and its derivatives and peptidomimetics, several other 
peptides, peptide mimetics, and small molecules have been developed. However, 
their slow clinical development is in a large part due to the signifi cant challenges of 
targeting transcription factors by disrupting protein:protein interactions. Two other 
major strategies to directly target STAT3 signaling are the decoy oligodeoxynucleo-
tide (ODN) and antisense oligonucleotide (ASO) approaches, which have their own 
challenges for clinical development relating to their physicochemcial properties. 
Moreover, a large variety of natural products have been found to inhibit STAT3 
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signaling pathways and tumor growth, although their precise mechanisms of action 
are often unclear. Tyrosine kinase inhibitors (TKIs), which impact STAT3 signaling 
indirectly through their inibitory effects on tyrosine phosphorylation, are the most 
advanced in clinical trials to date. Several TKIs are at various stages of clincal evalua-
tion for safety and effi cacy.  

  Keywords     STAT3   •   Solid tumors   •   Blood cancers   •   Protein tyrosine kinases   • 
  Protein tyrosine phosphatases   •   Cytokine signaling   •   Growth factor receptors   • 
  Mitochondria   •   Metabolism   •   Drug discovery   •   Small molecule inhibitors   •   Tyrosine 
kinase inhibitors   •   Decoy oligonucleotides   •   Natural products   •   Anticancer agents  

4.1       Introduction 

4.1.1    STAT3 Activation in Human Cancers 

 STAT proteins were initially identifi ed in the context of cellular responses to inter-
feron (IFN) and other cytokines [ 1 ]. There are seven STAT family members in 
mammalian cells: STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B and STAT6. 
They are latent cytoplasmic transcription factors and share highly conserved struc-
tural and functional domains. Upon ligand stimulation, STAT proteins are recruited 
to tyrosine-phosphorylated receptors, and are subsequently phosphorylated by 
receptor-associated Janus kinases (JAK) on the highly conserved tyrosine residues 
(Fig.  4.1 ). Tyrosine-phosphorylated STAT proteins dimerize, translocate to the 
nucleus, and regulate target gene expression by binding to distinct  cis -acting ele-
ments in promoter regions. STAT3 was fi rst discovered as a transcription factor, 
acute phase response factor (APRF), binding to an enhancer element in the pro-
moter region of acute-phase genes in hepatocytes after stimulation with interleukin-
 6 (IL-6) [ 2 ]. Subsequent studies showed that STAT3 can be activated by other 
cytokines and growth factors, such as epidermal growth factor (EGF) [ 3 ]. STAT3 
plays a critical role in tumor progression by regulating many target genes involved 
in cell proliferation, differentiation, apoptosis, metastasis, angiogenesis, metabo-
lism, infl ammation and immune evasion.

   Uncontrolled cell proliferation and resistance to apoptosis are major cancer hall-
marks [ 4 ]. This strongly implicates a critical role of STAT3 in carcinogenesis. The 
fi rst line of evidence was reported in 1995 demonstrating constitutive STAT3 activa-
tion in cells transformed by the viral Src oncoprotein [ 5 ] and by HTLV-1 [ 6 ]. In the 
past 20 years, overexpression and/or abnormal activation of STAT3 has been 
reported in a wide variety of human solid tumors, including breast, colon, gastric, 
lung, ovarian, endometrial, cervical, pancreatic, brain, renal, head and neck, skin, 
and prostate [ 7 ,  8 ]. Constant STAT3 activation is also common in blood malignan-
cies, including lymphomas, leukemias and multiple myeloma.  
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4.1.2     STAT3 as an Oncogene 

 Soon after the initial report of STAT3 activation in transformed cells, the role of 
STAT3 as an oncogene was confi rmed by direct transformation of mouse fi broblasts 
with a constitutively-active mutant form of STAT3 [ 9 ]. Unlike many oncogenes, 
however, STAT3 mutations leading to its persistent activation are rarely identifi ed in 

  Fig. 4.1    Canonical and non-canonical STAT3 signal transduction and the sites of action of inhibitory 
modalities. STAT3 activity is tightly regulated in cells largely through phosphorylation and 
dephosphorylation of the highly conserved Y705 and S727 residues. Ligand-induced activation of 
receptor and non-receptor protein tyrosine kinases (such as JAK, Src and Abl) leads to Y705 phos-
phorylation, dimerization, nuclear translocation, and activation of many target genes associated 
with cancer hallmarks. Phosphorylation of S727 by a number of protein serine/threonine kinases 
can further enhance STAT3 activity. To prepare cells for the next round of ligand stimulation, the 
JAK-STAT3 pathway can be downregulated by multiple mechanisms, including suppressor of 
cytokine signaling (SOCS), protein tyrosine phosphatase (PTP), and protein inhibitor of activated 
STAT (PIAS). In addition to its canonical activity in the nucleus, STAT3 phosphorylated on S727 
also translocates to mitochondria through a less defi ned mechanism. Mitochondrial STAT3 con-
tributes to mitochondrial respiration as a complex with GRIM-19, a component of the electron 
transport chain (ETC). Mitochondrial STAT3 may also protect cells from apoptosis by inhibiting 
the opening of mitochondrial permeability transition pore (MPTP). Interestingly, consistent with 
the reported role of STAT3 in inhibiting nucleus-encoded mitochondrial genes, STAT3 may also 
bind to the circular mitochondrial genome and inhibit mitochondrion-encoded ETC components. 
Coordinated nuclear and mitochondrial actions of STAT3 on two distinct sets of mitochondrial 
genes may aid in metabolic reprogramming in cancer cells. The sites of action for tyrosine kinase 
inhibitors (Site 1), SH2 domain-binding, dimerization inhibitors (Site 2) and oligonucleotide- based 
modalities or DNA-binding inhibitors (Site 3) are shown       
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human cancers. In 2011, somatic STAT3 activating mutations were fi rst reported in 
human infl ammatory hepatocellular adenomas [ 10 ]. In these adenomas lacking 
mutations in the IL-6 receptor, mutations in the STAT3 Src homology 2 (SH2) 
region lead to persistent activation of STAT3 independent of IL-6 stimulation. Other 
than solid tumors, somatic STAT3 activating mutations were subsequently identifi ed 
in a large percentage of patients with large granular lymphocytic (LGL) leukemia 
[ 11 ,  12 ]. Interestingly, a mouse leukemic cell line that mimics human LGL leukemia 
exhibits constitutive STAT3 activation [ 13 ,  14 ]. Nevertheless, the majority of STAT3 
activation observed in human cancers is associated with aberrant signal transduction 
pathways that either positively or negatively regulate STAT3 activity.  

4.1.3     STAT3 Activation Through Elevation of Positive 
Regulatory Mechanisms 

 The canonical STAT3 signaling pathway requires phosphorylation of the conserved 
tyrosine 705, adjacent to the SH2 domain, by the upstream JAK kinases upon recruit-
ment to cytokine receptors that lack intrinsic protein tyrosine kinase activity. Many 
receptor protein tyrosine kinases, such as EGFR and platelet-derived growth factor 
receptor (PDGFR), can also phosphorylate STAT3 in a ligand-dependent manner [ 8 ]. 
Moreover, other non-receptor tyrosine kinases, such as Src and Abl family kinases, can 
phosphorylate STAT3 either in the context of receptor complexes or directly. 
Constitutive activation of these upstream kinases either by overexpression or as a 
result of mutations has been reported in many cancer types [ 15 ,  16 ]. In addition to 
tyrosine 705, STAT3 has a conserved serine 727 near the carboxy- terminal transactiva-
tion domain. Phosphorylation of serine 727 also contributes to maximal STAT3 acti-
vation in certain cell types and ligand stimulation contexts. Numerous pathways, such 
as mitogen-activated protein kinase (MAPK), p38, c-Jun N-terminal kinase (JNK), 
protein kinase C and PI3K/mTOR, are involved in STAT3 serine 727 phosphorylation 
[ 17 ]. STAT3 serine phosphorylation represents an important mechanism in fi ne-tun-
ing STAT3 activity and in the crosstalk among different signaling pathways. 

 A third mechanism of STAT3 activation is acetylation on lysine 685 by histone 
acetyltransferase [ 18 ]. STAT3 acetylation enhances dimer stability and subsequent 
DNA-binding and target gene expression. Compared to STAT3 tyrosine phosphory-
lation, however, STAT3 serine phosphorylation and acetylation in human cancers 
are much less well defi ned.  

4.1.4     STAT3 Activation Through Inhibition of Negative 
Regulatory Mechanisms 

 Like other STAT family members, STAT3 activation is both rapid and transient in 
response to ligand stimulation. The transient nature of STAT3 activation under 
physiological conditions is controlled by multiple negative regulatory mechanisms 
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(Fig.  4.1 ). Inhibition of one or more of these mechanisms can lead to constitutive 
STAT3 activation in human cancers. 

 Suppressor of cytokine signaling (SOCS) is the key negative feedback regula-
tor in STAT3 signaling. Active STAT proteins induce the expression of SOCS 
family genes, which in turn downregulate further STAT signaling by inhibiting 
the upstream JAK kinase activity or by blocking STAT recruitment to the recep-
tor complex. Among eight SOCS family members, SOCS3 exhibits more specifi c 
inhibitory effects toward STAT3. Other than JAK, SOCS can also inhibit many 
oncogenic protein tyrosine kinases capable of activating STAT3. Consistent with 
its role as a tumor suppressor, SOCS expression and/or activity have been shown 
to be inhibited in human cancers. Epigenetic silencing of SOCS genes by pro-
moter hyper- methylation is the most common mechanism reported in human 
cancers [ 19 ]. 

 Protein tyrosine phosphatases (PTP) inhibit STAT3 and its upstream activating 
kinases by removing phosphates from their key regulatory tyrosine residues. 
Cytosolic and membrane-associated phosphatases, such as SH2-containing phos-
phatase- 1 (SHP-1), SHP-2, CD45, PTEN, PTPRD, PTPRT and protein tyrosine 
phosphatase 1B (PTP1B), can inhibit JAK and/or STAT3 [ 20 – 23 ]. Nuclear phos-
phatases, such as T-cell PTP, also can dephosphorylate and inhibit STAT3 [ 24 ,  25 ]. 
Many PTPs are known as tumor suppressors and inhibited by mutations or epigen-
etic silencing in human cancers [ 26 ]. Protein inhibitor of activated STAT (PIAS) 
represents another group of proteins that inhibit nuclear STAT proteins. Among four 
PIAS family members, PIAS3 specifi cally interacts with phosphorylated STAT3 to 
inhibit STAT3 DNA-binding and transactivation abilities [ 27 ]. Reduced PIAS3 
expression has also been reported in human cancers that exhibit high levels of 
STAT3 activation, such as glioblastoma and lung cancer [ 28 ,  29 ].  

4.1.5     STAT3 Target Gene Expression in Human Cancers 

 Genome-wide analysis of STAT3 target genes has identifi ed numerous genes 
tightly associated with all aspects of cancer hallmarks [ 30 ,  31 ]. The gene expres-
sion patterns also overlap between cancer and wound healing processes [ 32 ]. They 
include genes important in cell proliferation (such as c-Myc, c-Fos, c-Jun, Cyclin 
D1, p21WAF1/CIP1), resistance to apoptosis (such as Bcl-xL, Bcl-2, Mcl-1, 
Survivin), angiogenesis (such as VEGF, bFGF, HGF), invasion and metastasis 
(such as MMPs, Vimentin, ICAM-1), infl ammation (such as COX-2), immune eva-
sion (such as IL-10, IL-23), and cell metabolism (such as HIF-1α). Depending on 
the cell types and context of genes, STAT3 can also repress distinct target gene 
expression. For example, STAT3 downregulates the expression of several mito-
chondrial electron transport chain (ETC) components encoded in the nuclear 
genome [ 33 ]. Reduced ETC protein expression can lead to decreased mitochon-
drial respiration and promote aerobic glycolysis, commonly known as the “Warburg 
effect” in cancer cells.  
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4.1.6     Mitochondrial STAT3 and Oncogenesis 

 Most of the earlier reports on STAT3 activation in human cancer focus on STAT3- 
mediated upregulation of nuclear target genes that contribute to different aspects of 
the tumorigenic process. However, it has become increasingly evident that STAT3 
exhibits additional functions outside the nuclear compartment (Fig.  4.1 ). 
Mitochondrial STAT3 represents one of the most intriguing non-canonical STAT3 
activities. It was fi rst reported that STAT3 interacts with GRIM-19, a component of 
ETC Complex I embedded in the mitochondrial inner membrane [ 34 ]. Mitochondrial 
localization of STAT3 requires phosphorylation of the conserved serine 727 and not 
tyrosine 705. As a resident protein, mitochondrial STAT3 participates in mitochon-
drial respiration through oxidative phosphorylation to generate ATP [ 35 ]. Subsequent 
studies revealed the role of mitochondrial STAT3 in Ras-dependent cellular trans-
formation [ 36 ] and as a potential therapeutic target for pancreatic cancer [ 37 ]. 
Nevertheless, it remains unclear how mitochondrial STAT3 contributes to the meta-
bolic shift away from mitochondrial respiration observed in many cancer cells. 

 In addition to energy production, mitochondrial STAT3 may contribute to tumor 
growth through other mechanisms. In breast cancer cells, mitochondrial STAT3 has 
been proposed to have a role in regulating reactive oxygen species (ROS) levels that 
drive cancer cell growth and differentiation [ 38 ]. Mitochondrial STAT3 also interacts 
with cyclophilin D (CypD) to regulate the mitochondrial permeability transition pore 
(MPTP) [ 39 ]. Inhibition of MPTP opening can protect cells from apoptosis and may 
be advantageous for cancer cell survival [ 40 ]. The mitochondrion also has multiple 
copies of its own circular DNA encoding 13 essential ETC components and its own 
translational machinery. Most of the earlier reports demonstrated mitochondrial 
STAT3 functions independent of STAT3 binding to mitochondrial DNA. However, 
in keratinocytes, STAT3 binding to mitochondrial DNA is associated with reduced 
levels of mitochondrial-encoded transcripts [ 41 ]. Similarly, STAT5 also has been 
shown to translocate into mitochondria and bind mitochondrial DNA in both cyto-
kine-stimulated cells and in leukemic cells [ 42 ]. In contrast to STAT3, STAT5 trans-
location into mitochondria correlates with phosphorylation of the conserved tyrosine 
residue. STAT5 is another STAT family member widely implicated in human cancer. 
Regulation of mitochondrial genome through direct binding of STAT3 and STAT5 
may serve as another key mechanism in metabolic reprogramming in human cancer 
and represents an attractive target in cancer therapy.   

4.2     STAT Inhibitory Modalities 

4.2.1     Peptides and Peptidomimetic Approaches to Target 
STAT3 Signaling 

 The design of peptide inhibitors of STAT3 preceded all the other strategies, 
and included the fi rst generation of native pTyr peptides, PpYLKTK, PpYL, 
and ApYL and their modifi ed forms and peptidomimetics, including ISS-610 
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[ 43 – 46 ]. These were all developed via a semi-rational, structure-based design 
approach to target the pTyr-SH2 domain interaction. Accordingly, these modali-
ties disrupt STAT3:STAT3 dimerization (Fig.  4.1 , site 2), with biochemical 
and cellular activities ranging from 35 μM to 1 mM, and they have preferen-
tial affi nity for STAT3 over STAT1 and relatively minimal impact on STAT5 
activity. A modifi ed version of the phospho- peptide, PpYLKTK, which is 
appended at the carboxy-terminus with a membrane-translocation sequence 
(mts, AAVLLPVLLAAP) composed of hydrophobic amino acids to aid cell 
membrane permeability, demonstrated intracellular inhibitory activity against 
STAT3 signaling and STAT3-dependent tumor processes  in vitro  [ 44 ]. However, 
the PpYLKTK-mts peptide had to be used at concentrations up to 1 mM for 
measurable intracellular effects. 

 Other phospho-peptide inhibitors have the primary structure, pYNNQ, where 
N represents any amino acid, and were derived from the leukemia inhibitory fac-
tory (LIF), interleukin 10 receptor (IL-10R), epidermal growth factor receptor 
(EGFR), granulocyte colony-stimulating factor receptor (GCSF), or glycoprotein 
130 (gp130) [ 47 ,  48 ]. These and their peptidomimetic analogs such as 
Ac-pYLPQTV-NH 2  reportedly inhibited STAT3 activity, with an IC 50  of 150 nM 
[ 48 ,  49 ]. Moreover, a 28-mer peptide derived from the STAT3 SH2 domain, SPI 
(amino acid sequence, NH 2 -FISKERERAILSTKPPGTFLLRFSESS-COOH), 
was functionally active at 25–50 μM [ 50 ]. Additional peptidomimetic modalities 
that also target the STAT3 SH2 domain and the pTyr-SH2 domain interaction 
include CJ-1383 [ 51 ] and the phosphatase-stable, cell-permeable phosphopeptide 
mimetic prodrug, PM-73G [ 52 ]. 

 Besides the inhibition of both constitutive and ligand-induced STAT3 phosphor-
ylation, DNA-binding, and transcriptional activities, studies of these modalities 
showed suppressive effects against tumor cell viability. They caused induction of 
apoptosis  in vitro  of human breast, pancreatic, prostate and non-small cell lung 
cancer, and other human tumor and mouse transformed cells harboring aberrantly- 
active STAT3, with varying activities [ 3 ,  43 ,  44 ,  46 – 51 ,  53 – 57 ]. Studies further 
showed S3I-M2001 [ 46 ] and PM-73G [ 57 ] are active and effi cacious  in vivo  against 
the growth of human breast tumor xenografts in mice. The authors of the studies of 
PM-73G reported no observed changes in the expression of Cyclin D1, Bcl-2 or 
Survivin, which are known STAT3-regulated genes, and no evidence of apoptosis 
induction in response to the lowest concentration that inhibited STAT3 activity 
[ 52 ]. Moreover, the inhibition of cell proliferation occurred at 50-fold higher con-
centrations [ 52 ]. Therefore, STAT3-independent effects likely contribute to the 
biological responses to PM-73G at higher concentrations. Notwithstanding, the 
large body of data support the viewpoint that inhibition of STAT3 activity leads to 
tumor cell growth suppression and apoptosis. Despite the prolifi c research into 
peptide inhibitors of STAT3, metabolic instability, poor cell permeability, and 
other peptide-associated liabilities have precluded their clinical development as 
therapeutics.  
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4.2.2     Small Molecules that Target STAT3 Signaling 

 The development of peptide inhibitors of STAT3 gave way to small molecules as 
therapeutic approaches. These initiatives were established largely through the use of 
computational modeling, docking studies, and the virtual screening of chemical 
libraries. Like the peptides, this strategy is focused on targeting the pTyr-SH2 domain 
interaction, and most of the small molecule STAT3 inhibitors disrupt STAT3:STAT3 
dimerization (Fig.  4.1 , site 2). Among them are STA-21 (NSC628869), which was 
identifi ed from the screening of the National Cancer Institute (NCI) chemical 
library, and its structural analog, LLL-3, and a catechol (1,2- dihydroxybenzene) 
compound [ 58 ]. These compounds inhibit STAT3 dimerization, DNA-binding 
activity and/or transcriptional function in tumor cells at 20–106 μM. The more 
membrane permeable compound, LLL-3, suppressed intracranial glioblastoma 
tumors [ 59 ]. An oxazole-based small molecule, S3I-M2001 emerged from the opti-
mization of the lead peptidomimetic inhibitor, ISS-610 [ 43 ], and it showed improved 
activity  in vitro  and effi cacy  in vivo  against human breast cancer [ 46 ]. 

 Separately, the STAT3 SH2 domain-focused structure-based, virtual docking and 
screening of the NCI chemical library discovered S3I-201 (NSC74859) as a disrup-
tor of STAT3 dimerization and activation, with potency of 86 ± 33 μM, and a strong 
 in vivo  antitumor effi cacy against human breast tumor xenografts [ 60 ]. Subsequent 
medicinal chemistry and lead optimization efforts have generated several deriva-
tives, including S3I-201.1066, S3I-1757, BP-1-102, SH4-54 and SH5-07 [ 61 – 64 ]. 
These analogs show improved STAT3-inhibitory potencies of 35, 13.5, 6.8, 4.7 and 
3.9 μM, respectively, and inhibited DNA-binding and transcriptional activities, 
tumor cell growth, malignant transformation, survival, migration and invasiveness 
 in vitro  of solid and hematological tumor cells harboring aberrantly-active STAT3. 
In particular, BP-1-102, SH4-54 and SH5-07 inhibited growth of human breast, 
non-small cell lung cancer, and glioblastoma xenografts in mice, and all are fairly 
orally-bioavailable [ 62 ,  64 ]. 

 Other compounds similarly discovered through virtual ligand screening are 
Cpd30 (4-(5-((3-ethyl-4-oxo-2-thioxo-1,3-thiazolidin-5-ylidene)methyl)-2-furyl)
benzoic acid) and its related compound, Cpd188 4-(((3-((carboxymethyl)thio)-
4-hydroxy-1-naphthyl)amino)sulfonyl)benzoic acid [ 65 ], Stattic [ 66 ], STX-0119 
[ 67 ,  68 ], and HJC0123 [ 69 ], which interfere with the SH2 domain function. These 
compounds inhibited constitutive and/or ligand (IL-6)-induced STAT3 activation 
and induced apoptosis  in vitro  in tumor models harboring abnormal STAT3 activity, 
including breast, pancreatic, head and neck squamous cell carcinoma (HNSCC), 
and lymphoma cells.  In vivo , these compounds inhibited growth of tumor xeno-
grafts of the same cancer cells. In combination studies, Cpd188 and docetaxel sup-
pressed tumor growth in a chemotherapy-resistant human breast cancer model [ 65 ]. 

 The niclosamide-derived agent, HJC0152 [ 70 ], compound 6 [ 71 ], WP1066 [ 72 ], 
LLL-3 [ 59 ,  73 ], LLL12 [ 74 ], ML116 [ 75 ,  76 ], and OPB-31121 [ 77 – 83 ] are other 
small molecule STAT3 signaling inhibitors that induced anti-tumor responses 
 in vitro  and  in vivo  with varying potencies against diverse tumor models harboring 
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constitutively active STAT3. Other inhibitors are inS3-54 and inS3-54A18 [ 84 ], 
XZH-5 and its derivatives [ 85 – 87 ], LY5 (5,8-dioxo-6-(pyridin-3-ylamino)-5,8- 
dihydronaphthalene- 1-sulfonamide) [ 88 ], compound 1 [ 89 ], compound 9 and com-
pound 16w [ 90 ], HJC0416 [ 91 ], HO-3867 [ 92 ,  93 ], compound 23 [ 94 ], and platinum 
(IV) complexes, such as IS3 295 [ 95 ], CPA-7 and CPA-1 [ 96 ], which potentially 
target the pTyr:SH2 domain interaction and/or the STAT3 DNA-binding domain 
(Fig.  4.1 , sites 2 and 3). These inhibitors induced biological responses in diverse 
human tumor models  in vitro  and antitumor effects  in vivo . 

 Except for OPB-31121, none of the aforementioned agents have advanced to 
clinical trials in part due to low potency and other pharmacological weaknesses. 
Further, for many of these inhibitors, the exact mechanisms of inhibition of STAT3 
activation are not as clearly defi ned. Surprisingly, despite that OPB-31121 has gone 
through clinical trials, its mode of inhibition of STAT3 signaling is not entirely 
clear. Reports suggest it modulates STAT3 signaling at the level of the receptor by 
inducing the down regulation of the IL-6 receptor/gp130 and further that it inhibits 
JAK activity [ 80 ], which would suggest it functions by way of a gp130/JAK TK 
inhibitor. It is also surprising that the structure of OPB-31121 is not in the public 
domain to enable its synthesis for mechanistic studies. Given these issues, it is 
therefore unclear if the antitumor responses of OPB-31121 are due to the combina-
tion of effects on STAT3, STAT5, JAKs and other potential targets that are as yet 
undetermined. Another compound that has gone through clinical trials as a STAT3 
inhibitor is OPB-51602 [ 97 ], which similarly lacks pre-clinical studies on its 
mechanism(s) of inhibition of STAT3 and has no structural information. The out-
come of the clinical trials of both OPB-31121 and OPB-51602 are discussed later in 
the chapter.  

4.2.3     Oligonucleotide Decoy Approach to Inhibit 
STAT3 Activity 

 Decoy oligodeoxynucleotide (ODN) modalities compete with endogenous promoter 
sequences for the binding of target transcription factors and consequently suppress 
gene expression [ 98 ,  99 ]. Specifi c ODN sequences have been evaluated for inhibitory 
effects against STAT3 DNA-biniding and transcriptional activities (Fig.  4.1 , site 3) 
[ 99 ]. The intra-tumoral administration of the ODN 5′-CATTTCCCGTAAATC-3′, a 
modifi ed version of high-affi nity  sis -inducible element (hSIE) of the  c-fos  promoter, 
downregulated STAT3 target gene expression and decreased tumor growth  in vivo  
in glioblastoma xenograft models [ 98 ]. The ODN-induced inhibition of STAT3 
function sensitized resistant HNSCC and bladder cancer cells to cetuximab and 
erlotinib [ 100 ]. The biological effects of the ODN agents appear to be STAT1-
independent, despite that conceptually the ODN agents are expected to interfere 
with STAT1 transcriptional activity [ 101 ]. More stable cyclic versions of the decoy, 
5′-CATTTCCCGTAAATC-3′ that are resistant to serum nucleases have also been 
developed, tested, and found to downregulate STAT3 target gene expression and to 
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induce the loss of viability in HNSCC and bladder cancer models [ 100 ]. A hairpin 
ODN version with a modifi ed consensus sequence containing two STAT3-binding 
sites and that discriminates between STAT1 and STAT3 was shown to be effective 
against SW480 colon cancer cells [ 99 ]. Studies thus far show great promise for the 
clinical development of the STAT3 ODN decoy approach. This strategy has already 
progressed to clinical trials, which will be further discussed later in the chapter.  

4.2.4     Antisense Oligonucleotides as Inhibitors of STAT3 
Functions 

 Oligonucleotide sequences complementary to the specifi c STAT3 messenger RNA 
(mRNA) have also been evaluated as modalities to inhibit STAT3 expression and 
functions [ 102 ]. Antisense oligonucleotide (ASO) agents have been tested for their 
ability to target STAT3 signaling and for effi cacy against STAT3-dependent tumor 
models, including HCC [ 103 ], melanoma [ 102 ], breast [ 102 ], and prostate [ 104 ] 
cancer models. The antisense agent, ISIS 481464 was developed as a phosphorothioate- 
modifi ed chimeric sequence to target the human STAT3 mRNA for therapeutic appli-
cation [ 105 ]. Its evaluation in tumor models  in vivo  showed responses that included 
the downregulation of both the STAT3 mRNA and protein levels and the inhibition of 
cell proliferation. The application of ISIS 481464 at 10 mg/kg/week in monkeys led 
to the suppression of the STAT3 protein level, and the agent was well tolerated up to 
30 mg/kg/week dose, with no signs of toxicity or any treatment-related deaths [ 105 ]. 
This approach is also further along in its development, including testing clinical 
studies, which will be discussed later in the chapter.  

4.2.5     Natural Products that Inhibit STAT3 Signaling 

 There are reports of natural products and their inhibitory effects against the JAK/
STAT3 signaling pathway. For many of these, the modes of inhibition of STAT3 
activity are rather unclear, with the possibility that the inhibition of STAT3 signaling 
may be indirect. Also, it is likely that additional targets are modulated that contrib-
ute to the overall responses for these compounds, and the challenge is defi ning the 
contribution of the STAT3 inhibition to the overall antitumor responses. 

 Curcumin [ 106 ,  107 ], a phenolic compound derived from the perennial herb 
 Curcuma longa  and a series of derivatives, including FLLL32 [ 108 ,  109 ], HO-3867 
[ 93 ,  110 ], LLL12 [ 109 ,  111 – 113 ], and FLLL62 [ 114 ], were all reported to suppress 
the JAK/STAT signaling at micromolar concentrations. These compounds decreased 
STAT3 recruitment to the receptor, phospho-STAT3 and total STAT3 levels, inter-
fered with STAT3 dimerization, and promoted the induction of STAT3 ubiquitina-
tion and proteasomal degradation [ 108 ,  112 ]. Suppression of IL-6 production by 
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interleukin-1β (IL-1β)-stimulated myeloid-derived suppressor cells in gastric can-
cer xenografts was also observed following curcumin treatment [ 107 ]. The associ-
ated biological responses include cycle arrest, loss of cell viability, decreased colony 
formation, migration and invasion behaviors, sensitization of resistant ovarian can-
cer cells to cisplatin, induction of apoptosis  in vitro , the inhibition of tumor vascu-
lature development, and the suppression of tumor growth  in vivo  in human tumors 
[ 93 ,  109 ,  110 ,  112 ,  113 ]. The latter include glioblastoma, osteosarcoma, small cell 
lung, breast and ovarian cancers, and BRCA1-mutated ovarian cancer models. 
BBMD3 derived from bis-benzylsioquinoline alkaloid berbamine (BBM) from 
 Berberis amurensis  inhibited pJAK2, pSrc, and pSTAT3 in melanoma cells and 
induced loss of cell viability, with a potency of 2.9 μM [ 115 ]. BBMD3 is likely 
functiioning as a JAK inhibitor, because it directly inhibited the auto-phosphoryla-
tion of the mutant JAK2 V617F  in  in vitro  kinase assay [ 115 ]. 

 The bis-indole alkaloid, indirubin from a mixture of Danggui Longhui Wan 
plants used in the traditional Chinese medicine, and its derivatives inhibited vascu-
lar endothelial growth factor receptor (VEGFR)-mediated JAK/STAT3 activation 
and angiogenesis in both chick embryo chorio-allantoic membrane and mice cor-
neal micropocket assays [ 116 ]. Moreover, IRD E804 and MLS-2488, which are also 
derivatives of indirubin, similarly inhibited c-Src activity  in vitro  at 0.43 μM, and 
suppressed pJAK, pSTAT3, pAkt, and STAT3 DNA binding activity, downregulated 
Mcl-1 and Survivin expression, and induced apoptosis in human breast cancer cells 
[ 117 ,  118 ]. The more water-soluble IRD, E738, strongly inhibited the kinase activi-
ties of JAK1 (IC 50  of 10.4 nM), JAK2 (74.1 nM), Tyk2 (0.7 nM), and Src (IC 50  of 
10.7 nM), and downregulated pSrc and pSTAT3 levels, and STAT3 transcriptional 
activity in pancreatic cancer cells at 1–2 μM [ 119 ]. 

 Resveratrol (3, 5, 4′-trihydroxystilbene), found in red grapes and other plants, its 
analogs, piceatannol (3, 3′, 4, 4′-transtrihydroxystilbene) and LYR71, caffeic acid, 
a phenolic acid present in fruits, wine and coffee and its synthetic derivative, 
CAPDE and its analog, and WP1193 were reported to inhibit constitutive and/or 
ligand-induced STAT3 activation [ 120 – 123 ]. These compounds inhibit multiple 
myeloma, leukemia, melanoma, renal carcinoma, glioma, pancreatic, prostate can-
cer, and other tumor cells at moderate to high micromolar concentrations [ 120 –
 125 ]. It is unclear how these agents modulate pSTAT3 and STAT3 signaling. The 
responses further include decreased expression of matrix metalloproteinase (MMP)-
9, Bcl-2, Bcl-xL, and other anti-apoptotic proteins, induction of apoptosis, and sen-
sitization to chemotherapy or radiation in the models of lung carcinoma, multiple 
myeloma, prostate cancer, pancreatic cancer, and glioblastoma multiforme patient- 
derived CD133-positive cells  in vitro . Treatment with resveratrol also prolonged the 
survival of leukemia-bearing mice, in parallel with decreased pSTAT3 levels in liver 
tissue lysates [ 121 ]. Moreover, caffeic acid and CAPDE both inhibited tumor 
growth and angiogenesis in renal cancer mouse xenografts, which was associated 
with decreased active STAT3 and HIF1α and VEGF expression, while WP1193 
blocked murine melanoma and human glioma tumor growth  in vivo  [ 126 – 128 ]. 

 Capsaicin (trans-8-methyl- N -vanillyl-6-nonenamide, 100 μM) from hot red and 
chili peppers, cryptotanshinone from the  Salvia miltiorrhiza  Bunge (Danshen), 
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celastrol, a triterpene derived from the Chinese medicinal plant,  Tripterygium wil-
fordii , and avicin D, a triterpenoid saponin that is present in the cactus plant  Acacia 
victoriae , were all reported to inhibit both constitutive or inducible STAT3 phos-
phorylation, activation, and/or STAT3 nuclear translocation [ 129 – 133 ]. The exact 
mechanisms by which these natural products modulate STAT3 activation remain 
poorly understood, with some evidence that capsaicin promotes gp130 depletion 
and cryptotanshinne may bind to the STAT3 SH2 domain [ 129 ,  130 ]. These natural 
products further promote decreased expression of Cyclin D1, Survivin, Bcl-xL, and/
or Bcl-2 expression, known STAT3-regulated genes, inhibit cell proliferation, 
induce apoptosis, and enhance sensitivity to chemotherapy  in vitro  and  in vivo  [ 130 , 
 131 ,  133 ]. These studies were performed in models of multiple myeloma, pros-
tate cancer, HCC, and cutaneous T-cell lymphoma (CTCL), and CD4+ T-cells iso-
lated from patients with Sézary Syndrome [ 133 ]. 

 Other natural products, including withaferin A (triterpenoid derived found in 
 Withania somnifera ), betulinic acid (pentacyclic triterpene isolated from the bark of 
the plant  Zizyphus mauritiana ), ursolic acid (3β-hydroxy-urs-12-en-28-oic-acid; 
pentacyclic triterpenoid, a dietary component found in many fruits), and oleanolic 
acid (from  Ganoderma lucidum  other other plants) and its more potent derivative, 
CDDO-Me, inhibited constitutive and ligand-induced STAT3 activation, nuclear 
translocation, and DNA binding activity in tumor cells [ 56 ,  134 – 141 ]. These effects 
were observed in breast cancer, renal carcinoma, multiple myeloma, prostate can-
cer, multidrug-resistant (MDR) ovarian cancer, and osteosarcoma cells. Except for 
the activity of CDDO-Me at 0.1 nM [ 138 ], these natural products are moderately 
active. The mechanisms of inhibition of STAT3 activation are also unclear and sug-
gested to include decreased STAT3 and JAK2 protein levels, blockade of JAK1, 
JAK2, and c-Src activities, modulation of EGFR, and the induction of the SHP-1 
protein Tyr phosphatase [ 56 ,  136 ,  137 ,  141 ]. Treatment with these natural products 
further caused decreased cyclin D1, Bcl-2, survivin, Mcl-1 and VEGF expression 
[ 56 ], sensitization to apoptosis induced in response to bortezomib and thalidomide 
in multiple myeloma cells [ 136 ], and the inhibition of tumor growth  in vivo  in an 
aggressive ER −  (negative) breast cancer model [ 141 ]. More recent studies identifi ed 
a group of hirsutinolides that inhibited STAT3 phosphorylation and DNA-binding 
activity by mechanisms that involve the direct interference with the DNA-binding 
domain. These effects contributed to decreased cell viability, cell growth, and col-
ony formation, cell cycle arrest, and tumor growth inhibition in glioblastoma model 
 in vitro  and  in vivo  [ 142 ]. 

 Cucurbitacin agents (from Cucurbitaceae, Cruciferae and other plant families) 
also modulated the JAK/STAT3 pathway. These include cucurbitacin I (JSI-124) 
that inhibited JAK/STAT3 signaling, with a potency of 500 nM, cucurbitacin B that 
inhibited STAT3 signaling in combination with cisplatin, and cucurbitacin E that 
blocked VEGFR2-induced JAK2/STAT3 activation in human umbilical vein endo-
thelial cells (HUVEC) [ 143 – 145 ]. These natural products also promoted the loss of 
cell viability, cell growth inhibition, and apoptosis of human and mouse tumors 
harboring aberrantly-active STAT3, and suppressed both angiogenesis and tumor 
growth  in vitro  and  in vivo  [ 145 ]. These fi ndings were reported in models of laryn-
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geal squamous carcinoma, medulloblastoma, thyroid, prostate, pancreatic, or blad-
der cancer [ 144 ,  146 – 149 ]. Additional responses included inhibition of cell 
proliferation and enhanced radiation-sensitivity of CD133-positive cancer stem 
cells (CSC) from non-small cell lung cancer patients [ 150 ]. 

 Diosgenin (plant steroidal saponin), emodin (from the root and rhizome of 
 Rhenum palmatum ), and thymoquinone (from the volatile oil of black seed,  Nigella 
sativa ), all inhibited both constitutive and inducible STAT3 signaling with potencies 
of 8.5–10 μM [ 151 – 154 ]. The mechanisms of action remain unclear and likely 
involve the suppression of STAT3 nuclear translocation, inhibition of Tyr kinases, 
including Src and JAK2 activation, and/or the induction of protein Tyr phosphatases, 
including SH-PTP2 [ 151 ,  153 ,  154 ]. These resulted in the downregulation of the 
expression of STAT3 target genes, loss of cell viability, decreased cell proliferation, 
and chemosensitization in tumor models, including HCC and multiple myeloma. 
Similarly, honokiol (from the bark of  Magnolia offi cialis ) and evodiamine (an alka-
loid isolated from  Evodia rutaecarpa ) weakly to moderately inhibited STAT3 
activation in HNSCC, HCC, and gastric cancer cells by poorly understood mecha-
nisms that likely involve JAK and EGFR suppression, and SHP-1 phosphatase 
induction [ 155 – 158 ]. These natural products also induced antitumor response  in vivo  
in a HCC xenograft model. 

 Carbazole (the active compound of coal tar) and its  N -alkyl derivatives, and the 
clinically used drug, sanguarine (a benzophenantridine alkaloid extracted primarily 
from the bloodroot plant), inhibited constitutive STAT3 and/or IL-6 stimulated 
STAT3 activation and DNA-binding activity in embryonic kidney or human mono-
cytic leukemia cells via mechanisms that are presently unclear [ 159 – 161 ]. These 
changes likely contribute to the suppression of cell proliferation, migration and inva-
sion of prostate tumor cells. γ-Tocotrienol (a member of the vitamin E superfamily), 
acetyl-11-keto-β-boswellic acid (AKBA) (the active compound isolated from the 
Indian  Boswellia serrate  plant), 3,3′-diindolmethane (DIM; an indole compound 
found in cruciferous vegetables), and brevilin A (isolated from  Litsea glutinosa ) 
inhibited constitutive or inducible JAK/STAT signaling [ 162 – 165 ]. Again, the 
mechanisms of action are not fully understood and are likely to involve inhibition of 
the JAK JH1 (Janus homology 1) domain and other tyrosine kinases and the induc-
tion of SHP-1 phosphatase activity in HCC, multiple myeloma, prostate and/or 
breast cancer cells [ 162 ,  163 ,  166 ]. These effects led to decreased expression of 
Cyclin D1, Bcl-2, Mcl-1 and VEGF, inhibition of cell proliferation, and induction 
of apoptosis  in vitro , antitumor effects  in vivo , and enhanced cisplatin sensitivity in 
an ovarian cancer model [ 163 – 166 ].  

4.2.6     Tyrosine Kinase Inhibitors of STAT3 Signaling 

 Tyrosine kinases have long been attractive targets for therapeutic development due 
to their importance in many cellular processes and human diseases. It is feasible that 
the modulation of STAT3 function could be part of the underlying mechanisms for 
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the therapeutic responses to TKIs, in so long as STAT signaling is dysregulated 
downstream of the Tyr kinase (Fig.  4.1 , site 1). Several Tyr kinase modulators have 
been approved for the treatment of different types of cancers. Most of these are 
small molecule kinase inhibitors or antibody-based therapeutics that compete for 
binding to the cell surface receptors. The discussion of TK modulators in this volume 
will focus on JAK inhibitors. 

 JAK inhibitors are becoming more prominent in clinical application, and there 
are presently JAK inhibitors undergoing clinical trials against a variety of diseases. 
Notable ones include tofacitinib (CP690,550), which abrogated anti-CD3-induced 
IFN-γ, IL-4 and IL-17 production in CD4+ T cells isolated from the peripheral 
blood of healthy volunteers and was effi cacious in rheumatoid arthritis [ 167 ]. 
CP690,550 inhibited STAT3 and the activation of other STATs in cultured anti-
CD3- stimulated T cells [ 167 ]. Also, ruxolitinib inhibits JAK1 (IC 50  = 3.3 nM) and 
JAK2 (IC 50  = 2.8 nM), blocks both STAT3 and STAT5 activation in a human eryth-
roleukemia cell line (HEL) expressing JAK2 V617F , and inhibits STAT3 activity, soft-
agar growth, and tumor growth  in vivo  in a NSCLC model [ 168 ,  169 ]. AZD1480 
inhibits JAK1 (IC 50  = 1.3 nM) and JAK2 (IC 50  = 0.4 nM) [ 170 ]. This drug preferen-
tially blocks STAT3 activation over other STATs in prostate, ovarian, and breast 
cancers, glioma, and human and murine kidney carcinoma, and myeloid-derived 
suppressor cells in a murine renal carcinoma model  in vitro  [ 171 – 173 ], and induces 
antitumor effects in the prostate and ovarian tumor models  in vivo  [ 171 ]. Despite its 
potent activity against JAKs, AZD1480 inhibited cell proliferation of Hodgkin lym-
phoma cells harboring activated JAK only at higher concentration (5 μM) [ 170 ], 
suggesting additional mechanisms contribute to the anti-proliferative effects. 
Atiprimod (SK&F 106615) suppressed pJAK2 and JAK2 protein levels, blocked 
STAT3 and STAT5 phosphorylation, and induced antiproliferative and pro-apop-
totic effects in model lines of K562, multiple myeloma, or essential thrombocythe-
mia harboring an active JAK2 mutation [ 174 – 176 ]. Auranofi n, which is currently 
undergoing Phase II clinical trials, also inhibited JAK1 activity in  in vitro  kinase 
assays, and it further blocked IL6-induced JAK1 and STAT3 activation, suppressed 
Mcl-1 expression, and induced Caspase 3 activation in multiple myeloma cells 
[ 177 ,  178 ]. Nevertheless, the exact mechanism of action remains to be defi ned. 
It is noteworthy that treatment with TKIs may not always lead to a suppressive 
response on STAT3 signaling, likely due to compensatory mechanisms from the 
non-targeted tyrosine kinases.   

4.3     Early Results from Clinical Studies of JAK/STAT3 
Inhibitors 

 With the exception of Tyr kinase modulators, inhibitors of STAT3 signaling are cur-
rently unavailable for clinical application. Multiple reasons account for this, includ-
ing physicochemical liabilities of reported inhibitors that impact their 
pharmacological properties. The last several years have seen a few cases of clinical 
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trials of modalities that directly modulate STAT3 signaling. The compound, OPB- 
31121, is the only small molecule STAT3 inhibitor to go through clinical trials 
(Phases I and II) and it inhibits STAT3 signaling by as yet undefi ned mechanisms 
[ 77 ,  82 ,  83 ]. Separate Phase I trials have been conducted against advanced solid 
tumors, including gastric and colo-rectal cancers (#NCT00955812) and hepatocellular 
carcinoma (#NCT01406574). The common adverse events were gastrointestinal 
(grade 1–2 nausea; grade 1–3 vomiting; grade 1–3 diarrhea), fatigue (grade 1–2), 
malaise, anorexia, and peripheral sensory neuropathy, which were reported to occur 
at 300 mg dose and higher. Two of the reports indicated that the observed pharma-
cokinetics did not demonstrate dose-proportionality, the plasma concentrations were 
several hundreds to 4000-fold lower than the target concentrations from pre-
clinical studies, and further that the agent demonstrated a high inter-subject vari-
ability [ 77 ,  82 ]. Despite these, there were reports of cases of patients showing stable 
disease and/or tumor shrinkage (one colon cancer and one rectal cancer), while 
other patients showed disease progression. 

 Two other reports focused on another small molecule identifi ed as a STAT3 
inhibitor, OPB-51602, which was evaluated in two separate Phase I clinical trials in 
relapsed/refractory NSCLC or hematological tumors at much lower administered 
doses [ 81 ,  97 ]. The most common treatment-related toxicities included nausea, 
vomiting, diarrhea, fatigue, anorexia, and peripheral sensory neuropathy. Dose lim-
iting toxicities included grade 3 hyponatremia, grade 3 dehydration, grade 3 lactic 
acidosis and increased blood lactic acid levels, and grade 1–2 peripheral neuropa-
thy. Evidence of inhibition of pSTAT3 was observed in peripheral blood mononu-
clear cells [ 97 ], and there were partial responses in two of the NSCLC patients [ 97 ], 
while no clear therapeutic response was observed in the case of the hematological 
malignancies, except for a durable stable disease observed in two patients with 
acute myeloid leukemia and one with multiple myeloma [ 81 ]. 

 A Phase 0 clinical trial (#NCT00696176) of the ODN decoy was pursued for 
the safety of a single dose of intratumoral injection in HNSCC patients and for 
pharmacodynamic monitoring [ 98 ], which showed suppressive effects on the 
STAT3- regulated gene expreession and minimal toxicity [ 179 ]. A Phase I/Ib clini-
cal trial (#NCT01839604) for patients with advanced/metastatic HCC to evaluate 
the safety, tolerability, pharmacokinetics and preliminary anti-tumor activity of 
STAT3 antisense oligonucleotide, AZD9150 (ISIS-STAT3Rx), has been com-
pleted, although the results are yet to be publicly disclosed. A recent published 
report alluded to an initial clinical study that showed a single-agent antitumor 
activity of AZD9150 in patients with highly treatment-refractory lymphoma and 
NSCLC in a Phase 1 dose- escalation study. Another clinical study (#NCT01563302) 
is ongoing, which is intended to provide more data on the clinical and therapeutic 
signifi cance of the inhibition of STAT3 function in cancer patients and on the 
effi cacy of the ASO approach [ 180 ]. 

 The potential to safely modulate aberrant STAT3 signaling in human cancers can 
also be evaluated by way of TKIs, and there are many TKIs in clinical application 
against human cancers. These include a Phase II study in chronic myelogenous 
leukemia (CLL) patients (#NCT01441882) of dasatinib based on the  in vitro  evi-
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dence of cytotoxic effects against primary CLL cells, and a Phase I/II trial 
(#NCT00124657) of erlotinib in combination with radiation therapy in young 
patients who are newly diagnosed with glioma to determine the dose-limiting toxic-
ity. It is envisioned that the effects on STAT3 signaling would contribute to the 
overall responses in these studies, in so long as aberrantly-active STAT3 is prevalent 
in these tumors as a consequence of the hyperactive Tyr kinase target. Other studies 
that could be relevant to STAT3 signaling is the evaluation of curcumin on pancre-
atic cancer in a Phase II trial (#NCT00094445), the studies of the tolerability and 
pharmacodynamic properties of resveratrol in colorectal cancer patients 
(#NCT00433576), and the Phase II/III study (#NCT01391689) of the effectiveness 
of DIM in breast cancer, based on pre-clinical studies that these natural products 
modulate STAT3 signaling in addition to other mechanisms. 

 A phase II study will also evaluate the pharmacodynamic effects of the TKI, 
AZD0530 on c-Src, STAT3, STAT5 activation in metastatic HNSCC patients 
(#NCT00513435). In addition, a Phase I clinical trial (#NCT01431664) of the 
multi-kinase inhibitor, AT9283, in young patients with relapsed or refractory acute 
leukemia, will determine the MTD, the pharmacokinetic profi le, and the effects on 
pSTAT5  ex vivo  and  in vivo . Furthermore, an observational clinical study 
(#NCT01633346) will determine the activation status of STAT3 and other STATs in 
leukocytes isolated from rheumatoid arthritis patients treated with tocilizumab, a 
humanized anti IL-6 receptor monoclonal antibody. There also is a Phase II clinical 
trial (#NCT01712659) to examine the safety and effectiveness of the JAK inhibitor, 
AZD1480, in adult T-cell leukemia patients. Finally, the reponses to auranofi n, cur-
rently undergoing Phase II clinical trials in chronic lymphocytic leukemia (CLL) 
and ovarian and lung cancers (#NCT01419691, #NCT01747798, #NCT01737502), 
may potentially involve the role of STAT3. The clinical benefi ts and potential 
 toxicities of targeting constitutively-active STAT3 signaling in human diseases 
remain to be fully characterized in these ongoing clinical trials.  

4.4     Conclusion 

 In normal cellular physiology, STAT3 activation is very tightly controlled by a mul-
titude of complex signal transduction pathways emanating primarily from cytokine 
and growth factor receptors on the cell surface. These normal signaling pathways 
control STAT3 activity through precise positive and negative regulatory circuits, 
often involving crosstalk among different signal transduction networks. Positive 
regulation of STAT3 is mediated largely by protein kinases, especially tyrosine and 
serine kinases induced by cytokines and growth factors. Negative STAT3 regulation 
involves protein tyrosine phosphatases as well as other proteins that inhibit STAT3 
phosphorylation or DNA-binding and gene regulation. 

 Disruption of this delicate balance in normal STAT3 signaling contributes to 
cancer by inducing persistent STAT3 activation. The constitutive activation of 
STAT3 results in continuous expression of STAT3 target genes involved in cell pro-
liferation, differentiation, apoptosis, metastasis, angiogenesis, metabolism, infl am-
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mation and immune evasion [ 181 ]. The resulting permanent change in gene 
expression programs contributes to the malignant phenotype. Deregulation of any 
of the above STAT3 positive and negative regulators, through a variety of different 
mechanisms, is the most common cause of STAT3 activation in cancer. Mutation of 
the STAT3 gene itself can be oncogenic, although this is a less common mechanism 
of STAT3 activation in cancer. Thus, the positive and negative regulators of STAT3 
are the most promising molecular targets for cancer therapy. 

 Numerous inhibitors of STAT3 activity have been developed, although a viable 
clinical candidate has yet to be demonstrated. These inhibitors include small- molecule 
drugs, natural products, and gene therapy approaches. Given the wide diversity of 
fundamental cellular processes regulated by STAT3 signaling, the challenge will be to 
develop inhibitors of this pathway that do not have toxic side effects in normal cellular 
physiology. The solution to this challenge may be that tumor cells are more dependent on 
STAT3 signaling, and therefore could be more sensitive than normal cells to STAT3 
inhibitors. Furthermore, normal cells may be able to utilize alternative signaling path-
ways that are not available to tumor cells, thereby circumventing the toxic effects of 
STAT3 inhibitors. Another possible approach to limit potential toxicity is local applica-
tion of STAT3 inhibitors rather than systemic administration. Because STAT3 is activated 
in a plethora of human cancers, such STAT3 inhibitors may have broad applicability in 
cancer therapy, most likely in combination with other cancer treatments.     
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    Chapter 5   
 STAT3 Inhibitors in Cancer: A Comprehensive 
Update                     

     Uddalak     Bharadwaj     ,     Moses     M.     Kasembeli     , and     David     J.     Tweardy    

    Abstract     STAT3 is an important signaling molecule that modulates a wide range 
of genes by relaying extracellular signals from the plasma membrane to the nucleus 
in response to peptide hormone binding. It is known to play a prominent role in the 
initiation and progression of cancer, as it is constitutively activated in 25–100 % of 
more than 25 different malignancies and has been implicated in nearly all the hall-
marks of cancer. In addition, STAT3 contributes to development and maintenance 
of cancer stem cells, as well as to cancer immune evasion and resistance to chemo-
therapy and radiotherapy, making it an even more attractive target for cancer ther-
apy. In this chapter, we give an overview of strategies involved in targeting STAT3 
and discuss recent advances in the development of STAT3 modulating agents.  

  Keywords     Cancer   •   Oncogene   •   Kinase   •   Inhibitor   •   Signaling   •   Phosphorylation   • 
  High throughput screen       •   Transcriptional activation   •   Therapeutic   •   Dysregulated       • 
  SH2   •   Peptidomimetics   •   Aptamer   •   Decoy   •   Drug design       •   Nuclear   •   Allosteric   • 
  Interference   •       Rational   •   Clinic   •   Clinical trial   •   STAT3   •   Resistance  

5.1       Introduction 

 Signal transducer and activator of transcription 3 (STAT3) is a member of a family of 
seven proteins that are known to play important roles in growth factor and cytokine 
signaling [ 1 ]. Canonical signal transduction by STAT3 is initiated by the recruitment 
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of STAT3 to ligand activated membrane receptor complexes leading to a key 
phosphorylation event on Y705, which in turn induces a confi guration change leading 
to tail-to-tail dimerization mediated by reciprocal SH2/pY705-peptide ligand interac-
tions [ 2 ,  3 ]. The active dimer accumulates in the nucleus, where it binds to promoters 
and transcriptionally regulates a large number of target genes encoding proteins 
involved in cell survival, cell cycle progression, homeostasis, and infl ammation. 

 Under normal physiological conditions the phosphorylation status of STAT3 in the 
cell is closely tied to receptor activation in response to extracellular stimuli, such that the 
intensity and duration of the intended signal is tightly regulated. Regulation of STAT3 is 
achieved by a number of elements that either act through negative feedback control on the 
phosphorylation of STAT3 or deactivation by dedicated nuclear phosphatases. 
Pathological conditions may arise in those instances where anomalies in the STAT3 sig-
naling cascade lead to constitutive activation [ 1 ]. Hyperphosphorylation of STAT3 has 
been shown to occur through a variety of mechanisms, including, unregulated autocrine 
and paracrine secretion of cytokines and growth hormones [ 4 ], expression of intrinsically 
activated tyrosine kinases or receptors [ 5 ], or reduced levels of endogenous negative regu-
lators of STAT3 signaling such as SOCS3, PIAS3, nuclear phosphatases [ 6 ,  7 ].  

5.2     STAT3, The Oncogene 

 Dysregulated activation of STAT3 has been linked to the etiology and molecular 
pathogenesis of many diseases, most prominently cancer [ 4 ,  8 ], where the STAT3 
signaling pathway has been implicated in nearly all features of cancer biology [ 7 ], 
including anti-apoptosis [ 9 ], cell transformation [ 8 ], growth and proliferation [ 2 ], 
angiogenesis [ 10 ], metastasis [ 11 ], and cancer stem cell maintenance [ 12 ]. 
Accordingly, over-expression or constitutive activation of STAT3 frequently occurs 
in a large number of both solid and hematological tumors (Table  5.1 ).

   In addition to its established role in cell transformation and tumorigenesis, 
STAT3 oncogenic signaling has been implicated in immune regulatory mechanisms 
of multiple tumors [ 13 ]. For example, several studies showed that persistent activa-
tion of STAT3 leads to the suppression of anti-tumor immunity by promoting Treg 
recruitment within the tumor microenvironment, while negatively regulating antitu-
mor Th1-mediated immune response [ 14 ,  15 ]. In addition, recent fi ndings also 
revealed that STAT3 plays a crucial role in tumor immune resistance, as constitutive 
STAT3 activation has been shown to drive the expression of PD-L1, an immune 
checkpoint ligand that mediates immune inhibition within the tumor microenviron-
ment [ 16 ]. Overall, it appears that STAT3 plays an important role in anti-tumor 
immune response by up regulating immune inhibitors while at the same time sup-
pressing tumor immune activators. 

 From a therapeutic perspective, another signifi cant aspect of STAT3 signaling 
that also merits attention is its role in chemotherapy resistance. Despite initial clinical 
responses to both targeted and cytotoxic cancer drugs, relapses are frequent and 
drug resistance remains a major obstacle in curing cancer [ 17 ,  18 ]. Because STAT3 
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signaling drives gene expression promoting cell growth and resistance to apoptosis, 
persistent activation of STAT3 is thought to confer resistance to drug mediated 
apoptosis [ 19 ]. Numerous studies show that hyper-activated STAT3 signaling plays 
a signifi cant role in chemotherapy resistance. Accordingly, the inhibition of acti-
vated STAT3 signaling appeared to sensitize resistant tumor cells to the cytotoxic 
agents [ 20 ]. STAT3 is also emerging as a major contributor to adaptive resistance to 
targeted drug therapy. Notably, it has been demonstrated that STAT3 activation via 
a positive feedback mechanism underpins frequently observed drug resistance in 
many oncogene addicted tumor cells. Similarly, inhibition of STAT3 reversed drug 
resistance to RTK targeting. Taken together, these fi ndings support targeting STAT3 
to overcome resistance to cancer therapy [ 17 ,  21 ]. 

 There is an overwhelming amount of clinical and preclinical data in solid and 
hematological cancers supporting STAT3 as a pharmacological target, which has 
prompted substantial efforts to develop STAT3 inhibitors. Currently, there are a 
number of STAT3 inhibitors in clinical trials and many more in active development, 
as will be discussed later in this chapter. Here we provide an update on efforts to 
develop inhibitors of STAT3 to treat various cancers and will discuss the strategies 
involved in targeting STAT3 and the advantages and pitfalls of each approach.  

5.3     Strategies for STAT3 Inhibition 

 The STAT3 signaling cascade provides many opportunities to manipulate its activ-
ity, because each step in the activation process can serve as a potential target. In 
order to pharmacologically modulate STAT3 activity, it is important to understand 
how each step contributes to the transcriptional function of STAT3, as this informa-
tion forms a basis for target identifi cation and design of specifi c inhibitors (Fig.  5.1 ).

5.3.1       Structure and Biochemical Properties of STAT3 

 The initial steps in STAT3 activation are triggered by tyrosine phosphorylation events 
that drive key protein-protein interactions, which are necessary for signal transduction 
from the plasma membrane to the nucleus [ 22 ]. STAT signaling initiated by peptide 
hormones generally occurs through 3 types of receptors—receptor kinases, receptor-
linked kinases, or G–coupled receptors [ 23 ,  24 ]. Peptide ligand binding stimulates 
cytoplasmic receptor-associated kinase activity leading to phosphorylation of recep-
tors at key tyrosine residues. Phosphorylated tyrosine residues on the receptors act as 
anchors that recruit STAT3 proteins via their SH2 domains [ 25 ]. STAT3 is phosphory-
lated at Y705 and subsequently dimerizes in a tail-tail conformation. 

 Migration from the cytoplasm into the nucleus is required for STATs to transduce 
signals and regulate gene expression in response to extracellular stimuli. It has been 
noted that once dimerized in a tail-to-tail confi guration, STATs rapidly accumulate 
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in the nucleus. Though initially thought to be dependent on tail-to-tail dimerization 
of STAT3, subsequent studies now suggest that STAT3 is constitutively shuttled 
between the cytoplasm and nucleus independent of phosphorylation [ 26 ]. Studies 
show that rather than a passive process dependent on diffusion, nuclear transloca-
tion of STAT3 is an active process. Indeed, the nuclear import and export of STAT3 
as well as other STATs is facilitated by a group of proteins belonging to the karyo-
pherin- B family called importins [ 27 ]. Available data shows that importin α3, α5, 
α6, and α7 are involved in the nuclear translocation of STAT3. Importin α3 and α6 
are linked to translocation of unphosphorylated STAT3 while α5 and α7 are required 
for pY-STAT3 nuclear import [ 28 ]. All importins involved in STAT3 traffi cking 
appear to utilize a NLS located within the coiled-coiled domain of STAT3 [ 29 ,  30 ]. 
Once localized in the nucleus, STAT3 binds to specifi c DNA elements via its DNA 
binding domain (DBD), whereby it engages the transcriptional machinery by 
recruiting a number of coactivators and chromatin remodelers, such as cAMP 
response element binding protein/p300 (CBP/p300) complex and steroid receptor 
coactivator 1 [ 31 ,  32 ].  

  Fig. 5.1    Strategies for targeting STAT3 signaling. STAT3 signaling cascade is triggered by phos-
phorylation. ( a ) Upstream events including ligand binding, receptor activation or kinase activity can 
be blocked to prevent STAT3 phosphorylation. ( b ) Blocking STAT3 recruitment onto receptors inhib-
its phosphorylation of STAT3 at Y705 and consequently SH2-SH2 dimerization. ( c ) Inhibitors that 
disrupt the SH2-SH2 dimer block the transcriptional activity of STAT3. ( d ) Nuclear localization can 
be blocked by targeting importins or importin binding sites on STAT3. ( e ) The DNA binding domain 
can be targeted to inhibit STAT3 DNA binding, consequently transcriptional activity       
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5.3.2     Functional Domains of STAT3 

 STAT3 is composed of an N-terminal domain (NTD), a coiled-coil domain (CCD), 
a DNA-binding domain (DBD), a linker domain (LD), an SH2 domain, and a 
C-terminal domain. The structure of the core fragment of STAT3, which includes 
the CCD, DBD, LD and SH2 showed that each domain of STAT3 has a distinct 
function and is essential for the signal transduction and transcriptional activity of 
STAT3 (Fig.  5.2 ).

   STAT3 has no enzymatic activity that would make it amenable to small-molecule 
intervention; rather, its mode of action depends on protein-protein interactions (PPI) 
and protein-DNA interactions. Thus, strategies for targeting STAT3 mainly rely on 
the ability to disrupt these interactions. Although the prevailing dogma is that PPI 
interfaces generally lack special topological features amenable to small molecule 
inhibition, STAT3, nonetheless, has proven to be a compelling protein to target 
using small molecules. The available X-ray crystallographic data of both the mono-
mer and dimerized STAT3 bound to DNA have been instrumental in revealing 
 physical chemical properties of phosphotyrosyl (pY) peptide binding, as well as 
DNA recognition that have laid the foundation for the development of many STAT3 
inhibitors by rational design.  

5.3.3     Inhibitors Acting Upstream of STAT3 Activation 

 There is a strong correlation between the phosphorylation status of STAT3 at Y705 
with tumor initiation and progression (Table  5.1 ), yet the reason for dysregulated 
STAT3 signaling is only rarely due to mutations in the signaling molecule itself. 
Although the reason for abnormal STAT3 signaling in cancer is not fully under-
stood, most instances of hyper-phosphorylated STAT3 observed in cancer are medi-
ated by receptor tyrosine kinases (RTK), for example EGFR, or non-receptor 
tyrosine kinases, such as JAK and SRC, more specifi cally, by unchecked intrinsic 
tyrosine kinase activity of RTK, over expression of RTK, or persistent stimulation 
of RTK or tyrosine kinase-associated receptors by cytokines and growth factors 
[ 33 – 35 ]. As such, intense efforts have focused on inhibiting events upstream of 
STAT3 that drive STAT3 phosphorylation [ 36 ,  37 ]. 

  Fig. 5.2    Domains structure of STAT3. STAT3 has 6 domains with specifi c biochemical functions. 
NH2-terminal domain (NTD), coil coiled domain (CCD), DNA binding domain (DBD), linker 
domain (LD), SRC homology domain (SH2), and transactivation domain (TAD)       
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 There are several therapeutic strategies used to block upstream activation of 
STAT3, One involves targeting the tyrosine kinase enzymatic activity of specifi c 
receptors or associated kinases using small molecule inhibitors of RTKs, JAK2 
and SRC kinases. Another strategy involves disruption of protein-protein interac-
tions necessary for receptor mediated signal transmission across the plasma mem-
brane. The later strategy has been achieved in several ways including blocking 
cytokine binding to the extracellular portions of the receptors, and disruption of 
receptor oligomerization. These strategies primarily involve blocking cytokine or 
growth factor activation of cognate receptors with the use of monoclonal antibody-
based inhibitors that target either the ligand or critical sites on extracellular portion 
of receptors. Another strategy in this category involves the use of an aptamer, a 
short peptide portion derived from a random peptide library integrated into the 
thioredoxin scaffold protein, which specifi cally binds to the intracellular domain of 
the EGF receptor blocking the recruitment of substrate to the receptor [ 38 ]. 

 All the above approaches have shown success in targeting STAT3 activation 
leading to induction of cancer cell death (Table  5.2 ) and have demonstrated signifi -
cant clinical effi cacy. However, acquired resistance against tyrosine kinase inhibi-
tors remains a signifi cant challenge [ 21 ,  39 ]. Besides, there have been inhibitors 
(e.g. OPB-31121) that showed very low nanomolar level IC 50 s in pre-clinical set-
tings, but eventually failed to show effi cacy in clinical trials. Moreover, due to the 
pleiotropic nature of cytokines such as IL-6 there are always concerns of potential 
toxicity due to off- target effects [ 40 ,  41 ]. Recent studies now provide a rationale for 
direct targeting of STAT3 by itself or in combination with other therapeutic 
approaches for combating drug resistance in cancer treatment [ 21 ,  42 ].

5.3.4        Inhibitors Targeting the STAT3 SH2 Domain 

 The SH2 domain presents a defi ned and well-characterized targeting site with suitable 
topological features amenable to small molecule intervention and has proven to be 
tractable for small molecule inhibition of STAT3. Additionally, the SH2 domain of 
STATs have a dual function where they act as receptor recruitment modules as well 
as dimerization domains necessary for high-affi nity STAT DNA-binding. The SH2 
domain has become the favored target for platforms geared towards rational design, 
as well as  in vitro  and cell based screens for several reasons, including: (i) the 
pY-peptide binding site provides a suitable druggable site for  in silico  docking 
screens, (ii) pY705 phosphorylation is a convenient surrogate for STAT3 activation 
making it amenable to very robust cell based high-throughput screening (HTS) 
assays, and (iii) the SH2 domain binds short cognate pY-peptide ligands and, thus, 
provides a platform for competitive inhibition bind assays such as SPR and fl uores-
cence polarization that have routinely been used to directly screen for competitive 
inhibitors of pY-peptide binding. The greatest effort at designing STAT3 inhibitors 
has been directed at the SH2 domain, as summarized below (Table  5.3 ).

5 STAT3 Inhibitors in Cancer: A Comprehensive Update



104

   Ta
bl

e 
5.

2  
  ST

A
T

3 
up

st
re

am
 in

hi
bi

to
rs

 in
 d

ev
el

op
m

en
t   

 In
hi

bi
to

rs
 

 Ty
pe

 
 D

es
cr

ip
tio

n 
 B

lo
ck

s 
 IC

50
 S

TA
T

3 
in

hi
bi

tio
n 

(a
ss

ay
) 

 IC
50

 c
el

l g
ro

w
th

 
in

hi
bi

tio
n,

 c
el

ls
 

 Pr
e-

cl
in

ic
al

 a
ni

m
al

 m
od

el
s 

 R
ef

 

 PD
15

30
35

 
 SM

 
 E

G
FR

 T
K

 in
hi

bi
to

r 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 ~1
00

 n
M

, E
G

F-
 

st
im

ul
at

ed
 p

ST
A

T
3 

M
D

A
-M

B
-4

68
 

 0.
2–

2.
5 

μM
, H

E
R

2/
N

eu
 +

 v
e 

ca
nc

er
 c

el
ls

 
 80

 m
g/

kg
, I

P,
 A

43
1 

xe
no

gr
af

ts
 

 [ 3
53

 – 3
55

 ] 

 O
le

an
ol

ic
 A

ci
d 

 SM
 

 JA
K

2,
 S

R
C

, E
G

FR
, 

ST
A

T
3 

in
hi

bi
to

r 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 ~2
0 E

  μ
M

, c
on

st
itu

tiv
e 

pS
TA

T
3,

 U
37

3 
 ~2

0 E
  μ

M
, U

37
3 

 N
A

 
 [ 3

56
 ,  3

57
 ] 

 B
re

vi
lin

 A
 

 SM
 

 JA
K

 in
hi

bi
to

r 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 10
.6

 μ
M

, c
on

st
itu

tiv
e 

pS
TA

T
3 

A
54

9R
 

 >
20

 μ
M

, A
54

9R
 

 N
A

 
 [ 3

58
 ] 

 To
fa

ci
tin

ib
 

(C
P-

69
0,

55
0)

 
 SM

 
 JA

K
3 

in
hi

bi
to

r, 
in

hi
bi

ts
 

pS
TA

T
1/

3/
4/

5/
6 

 pY
, D

M
, 

N
T,

 D
B

, G
T

 
 0.

07
 μ

M
, c

on
st

itu
tiv

e 
pS

TA
T

3,
 J

A
K

2V
61

7F
/

FD
C

P-
E

po
R

 

 0.
07

 μ
M

, J
A

K
2V

61
7F

- 
tr

an
sd

uc
ed

 F
D

C
P-

E
po

R
 

 N
A

 
 [ 3

59
 – 3

63
 ] 

 So
ra

fe
ni

b 
 SM

 
 JA

K
2/

ST
A

T
3 

in
hi

bi
to

r 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 <
3 

μM
, c

on
st

itu
tiv

e 
pS

TA
T

3,
 U

87
 

 1–
2 

μM
 g

lio
bl

as
to

m
a 

ce
lls

 
 10

0 
m

g/
kg

, I
P,

 U
87

-L
uc

 
xe

no
gr

af
ts

 
 [ 3

64
 ] 

 A
Z

D
14

80
 

 SM
 

 JA
K

1/
2 

in
hi

bi
to

r, 
in

hi
bi

ts
 

pS
TA

T
1/

3/
5/

6 

 pY
, D

M
, 

N
T,

 D
B

, G
T

 
 0.

35
 μ

M
, n

uc
le

ar
 

tr
an

sl
oc

at
io

n 
 0.

36
–5

.3
7 

μM
, E

w
in

g 
sa

rc
om

a 
ce

lls
 

 30
–5

0 
m

g/
kg

, O
G

, 
D

U
14

5,
 M

D
A

-M
B

-4
68

, 
M

D
A

H
27

74
 x

en
og

ra
ft

s 

 [ 4
1 ,

  2
69

 , 
 27

2 ,
 

 36
5 –

 37
0 ]

 
 A

tip
ri

m
od

 
 SM

 
 JA

K
2/

3 
in

hi
bi

to
r, 

in
hi

bi
ts

 p
ST

A
T

3/
5 

 pY
, D

M
, 

N
T,

 D
B

, G
T

 
 ~4

–8
 E
  μ

M
, c

on
st

itu
tiv

e 
pS

TA
T

3,
 U

26
6-

B
1 

 0.
5–

1.
5 

μM
, H

E
PG

2 
 50

 m
g/

kg
/2

d,
 I

V
, O

PM
I 

xe
no

gr
af

ts
 

 [ 3
71

 – 3
75

 ] 

 A
ur

an
ofi

 n
 

 SM
 

 JA
K

1/
ST

A
T

3 
in

hi
bi

to
r 

 pY
, D

M
, 

N
T,

 D
B

, G
T

 
 <

1 E
  μ

M
, I

L
6-

 st
im

ul
at

ed
 

pS
TA

T
3,

 H
ep

G
2 

 0.
05

 μ
M

, U
26

6 
 7 

m
g/

kg
/d

, I
P,

 I
M

-r
es

is
ta

nt
 

B
cr

-A
bl

-T
31

5I
 x

en
og

ra
ft

s 
 [ 3

76
 – 3

79
 ] 

 Sa
ng

ui
na

ri
ne

 
 SM

 
 JA

K
2,

 S
rc

, S
TA

T
3 

in
hi

bi
to

r 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 ~1
–2

 E
  μ

M
, I

L
6-

 
st

im
ul

at
ed

 p
ST

A
T

3,
 

D
U

14
5 

 1.
3/

1.
6 

μM
, A

17
, 

M
D

A
-M

B
-2

31
 

 2.
5/

5 
m

g/
kg

/2
d,

 7
d,

 I
G

, 
G

T
L

-1
6 

xe
no

gr
af

ts
 

 [ 3
80

 – 3
82

 ] 

 C
uc

ur
bi

ta
ci

n 
I 

(J
SI

-1
24

) 
 SM

 
 JA

K
2/

ST
A

T
3 

in
hi

bi
to

r 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 7.
5/

0.
5 

μM
, c

on
st

itu
tiv

e 
pS

TA
T

3 
M

D
-M

B
-4

68
, 

A
54

9 

 2.
9–

10
.5

 μ
M

, c
el

ls
 f

ro
m

 
C

L
L

 p
at

ie
nt

s 
 1 

m
g/

kg
/d

, 1
5d

, I
P,

 
H

R
as

/3
 T

3/
A

54
9/

M
D

A
-M

B
-4

68
/C

al
u-

1 
xe

no
gr

af
ts

 

 [ 3
83

 ,  3
84

 ] 

U. Bharadwaj et al.



105

 C
uc

ur
bi

ta
ci

ns
 B

 
 SM

 
 JA

K
2/

ST
A

T
3 

in
hi

bi
to

r 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 L
ow

 n
M

–h
ig

h 
μM

, 
co

ns
tit

ut
iv

e 
pS

TA
T

3,
 

PA
N

C
-1

, K
-5

62
 

 ~0
.5

 n
M

, l
eu

ke
m

ia
, 

H
C

C
, b

re
as

t c
an

ce
r 

ce
lls

 
 1 

m
g/

kg
, I

P,
 P

an
c-

1 
xe

no
gr

af
ts

 
 [ 3

85
 – 3

92
 ] 

 C
uc

ur
bi

ta
ci

n 
E

 
 SM

 
 JA

K
2/

ST
A

T
3 

in
hi

bi
to

r 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 1.
4 

μM
, c

on
st

itu
tiv

e 
pS

TA
T

3,
 M

D
-M

B
-4

68
 

 ~1
0 

nM
, H

U
V

E
C

, P
C

3)
 

 3 
m

g/
kg

, I
L

, P
C

3 
xe

no
gr

af
ts

 
 [ 3

93
 – 3

95
 ] 

 C
el

as
tr

ol
 

 SM
 

 JA
K

2,
 S

R
C

, S
TA

T
3 

in
hi

bi
to

r 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 ~2
.5

 E
  μ

M
, c

on
st

itu
tiv

e 
pS

TA
T

3,
 C

3A
 

 1.
1–

3 
μM

, H
16

50
/

H
19

75
/H

22
28

 
 1–

2 
m

g/
kg

, I
P,

 P
L

C
/P

R
F5

 
ce

lls
 

 [ 3
96

 – 3
98

 ] 

 E
m

od
in

 
 SM

 
 JA

K
2/

ST
A

T
3 

in
hi

bi
to

r 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 25
–5

0 E
  μ

M
, c

on
st

itu
tiv

e 
pS

TA
T

3,
 H

ep
G

2 
 35

.8
–4

6 
μM

, F
aD

u/
H

SC
-3

 
 20

–5
0 

m
g/

kg
, I

P,
 

H
C

C
L

M
3_

L
uc

2 
 [ 3

99
 ] 

 D
as

at
in

ib
 

 SM
 

 SR
C

/A
B

L
 /

K
IT

ST
A

T
3 

in
hi

bi
to

r 
 D

M
, N

T,
 

D
B

, G
T

 
 D

oe
s 

no
t b

lo
ck

 p
ST

A
T

3 
 8 

nM
, M

T
T

 C
M

E
 -

1,
 

ce
lls

 
 10

 m
g/

kg
, I

P,
 S

Y
O

-1
 

xe
no

gr
af

ts
 

 [ 4
00

 ,  4
01

 ] 

 13
 n

M
, M

T
T

 S
Y

O
-1

 c
el

ls
 

 C
af

fe
ic

 A
ci

d 
(C

A
) 

 SM
 

 JA
K

2,
 S

R
C

, S
TA

T
3 

in
hi

bi
to

r 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 C
A

: 7
0–

10
0 

μM
 

 ~5
0 E

  μ
M

, H
uh

-7
 

 5 
m

g/
kg

, I
P,

 C
ak

i-
I 

xe
no

gr
af

ts
 

 [ 4
02

 – 4
04

 ] 

 C
A

D
PE

 
 C

A
D

PE
 1

5–
30

 μ
M

, 
hy

po
xi

a-
in

du
ce

d 
pS

TA
T

3,
 C

ak
i-

1 
 A

G
49

0 
 SM

 
 JA

K
3 

 pY
, D

M
, 

N
T,

 D
B

, G
T

 
 50

–1
00

 μ
M

, 
co

ns
tit

ut
iv

e 
pS

TA
T

3,
 

re
na

l/c
ol

on
 c

an
ce

r 
ce

lls
 

 40
 μ

M
 H

T
29

, c
el

ls
 

 5 
m

g/
kg

, I
C

, E
G

FR
vI

II
 

ce
ll 

in
tr

ac
ra

ni
al

 
xe

no
gr

af
ts

 

 [ 4
05

 ,  4
06

 ] 
 50

 μ
M

 C
ak

i-
1 

ce
lls

 

 W
P1

06
6 

 SM
 

 JA
K

2/
ST

A
T

3 
in

hi
bi

to
r 

 pY
, D

M
, 

N
T,

 D
B

, G
T

 
 1–

2 E
  μ

M
, c

on
st

itu
tiv

e 
pS

TA
T

3,
 H

E
L

 
 2.

5 
μM

 C
ak

i-
1 

ce
lls

 
 40

 m
g/

kg
, O

G
, C

ak
i-

1,
 

G
L

26
 x

en
og

ra
ft

s 
 [ 1

51
 ,  2

88
 , 

 40
7 ]

 
 2.

3 
μM

, H
E

L
 c

el
ls

 
 T

G
10

12
09

 
 SM

 
 JA

K
2/

ST
A

T
3 

in
hi

bi
to

r 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 ~2
–5

 E
  μ

M
, c

on
st

itu
tiv

e 
pS

TA
T

3,
 H

E
L

 
 2–

5 
μM

 m
ye

lo
m

a 
ce

lls
 

 10
0 

m
g/

kg
, P

O
, B

a/
F3

 
V

61
7F

–G
FP

 x
en

og
ra

ft
s 

 [ 4
08

 ,  4
09

 ] 

 FL
L

32
 

 SM
 

 JA
K

2,
 S

TA
T

3 
in

hi
bi

to
r, 

bi
nd

s 
to

 
ST

A
T

3 
SH

2 
do

m
ai

n 

 pY
, D

M
, 

N
T,

 D
B

, G
T

 
 2.

5–
5 

μM
, c

on
st

itu
tiv

e 
pS

TA
T

3,
 

M
D

A
-M

B
-2

31
, 

PA
N

C
-1

 

 0.
11

–0
.6

4 
μM

 P
an

cr
ea

tic
 

 50
 m

g/
kg

, I
P 

M
D

A
-M

B
-2

31
 x

en
og

ra
ft

s 
 [ 4

10
 ,  4

11
 ] 

 0.
14

–0
.6

0 
μM

 B
re

as
t 

ca
nc

er
 c

el
ls

 

(c
on

tin
ue

d)

5 STAT3 Inhibitors in Cancer: A Comprehensive Update



106

Ta
bl

e 
5.

2 
(c

on
tin

ue
d)

 A
vi

ci
n 

D
 

 SM
 

 JA
K

1/
2/

3 
an

d 
ST

A
T

3 
in

hi
bi

to
r, 

ac
ts

 th
ro

ug
h 

SH
P1

 
up

re
gu

la
tio

n 
to

o 

 pY
, D

M
, 

N
T,

 D
B

, G
T

 
 ~1

 E
  μ

M
, p

ST
A

T
3,

 U
26

6 
ce

lls
 

 5 E
  μ

M
, U

26
6 

ce
lls

, 
0.

32
 μ

M
, J

ur
ku

t c
el

ls
 

 N
A

 
 [ 4

12
 ,  4

13
 ] 

 E
73

8 
 SM

 
 SR

C
 a

nd
 J

A
K

 
in

hi
bi

to
r 

 pY
, D

M
, 

N
T,

 D
B

, G
T

 
 1–

5 
μM

, c
on

st
itu

tiv
e 

pS
TA

T
3,

 P
aC

a 
ce

lls
 

 0.
68

–2
.2

 μ
M

, p
an

cr
ea

tic
 

ca
nc

er
 c

el
l 

 N
A

 
 [ 4

14
 ] 

 M
L

S-
23

84
 

 SM
 

 SR
C

 a
nd

 J
A

K
 

in
hi

bi
to

r 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 1–
2.

5 
μM

, c
on

st
itu

tiv
e 

pS
TA

T
3,

 D
U

14
5,

 
M

D
A

-M
B

-4
68

, A
20

58
, 

A
54

9 

 2 
μM

, D
U

14
5,

 
M

D
A

-M
B

-4
68

, A
20

58
, 

A
54

9 

 25
 m

g/
kg

, P
O

, m
el

an
om

a 
 [ 4

15
 ] 

 C
Y

T
38

7 
(M

om
el

ot
in

ib
) 

 SM
 

 JA
K

2 
In

hi
bi

to
r 

 pY
, D

M
, 

N
T,

 D
B

, G
T

 
 N

A
 

 1.
5 

μM
, B

a/
F3

-J
A

K
2V

61
7F

, H
E

L
 

ce
lls

 

 15
 m

g/
kg

, P
O

, H
E

Y
 c

el
l 

xe
no

gr
af

ts
 

 [ 4
16

 ,  4
17

 ] 

 E
rg

os
te

ro
l 

pe
ro

xi
de

 (
E

P)
 

 SM
 

 JA
K

, S
R

C
, S

TA
T

3 
in

hi
bi

to
r 

 pY
, D

M
, 

N
T,

 D
B

, G
T

 
 8–

12
.5

 μ
M

, c
on

st
itu

tiv
e 

pS
TA

T
3,

 U
26

6,
 S

C
C

4,
 

D
U

14
5.

 M
D

A
-M

B
-2

31
 

 N
A

 
 10

0 
m

g/
kg

, I
P,

 U
26

6 
ce

lls
 

xe
no

gr
af

ts
 

 [ 4
18

 ] 

 PP
2 

 SM
 

 SR
C

 in
hi

bi
to

r/
ST

A
T

3 
 μM

, L
IF

-a
ct

iv
at

ed
 

pS
TA

T
3 

 0.
2–

3 
μM

, m
el

an
om

a 
ce

ll 
 [ 4

19
 ,  4

20
 ] 

 Po
na

tin
ib

 
 SM

 
 FG

FR
4 

in
hi

bi
to

r 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 0.
2–

0.
8 

μM
, 

co
ns

tit
ut

iv
e 

pS
TA

T
3,

 
R

H
4/

R
H

5/
R

H
41

 

 0.
2–

0.
9 

μM
, 

rh
ab

do
m

yo
sa

rc
om

a 
 30

 m
g/

kg
, P

O
, R

M
S7

22
 

xe
no

gr
af

t 
 [ 4

21
 ] 

 B
en

zy
l 

is
ot

hi
oc

ya
na

te
 

 SM
 

 In
hi

bi
ts

 S
R

C
 

re
cr

ui
tm

en
t a

nd
 

he
nc

e 
ST

A
T

3 

 pY
, D

M
, 

N
T,

 D
B

, G
T

 
 5–

10
 μ

M
, c

on
st

itu
tiv

e 
pS

TA
T

3,
 P

aC
a 

ce
lls

 
 8–

10
 μ

M
, P

A
N

C
-1

, 
B

xP
C

3 
 12

 μ
M

, P
O

, B
xP

C
3 

xe
no

gr
af

ts
 

 [ 3
08

 ,  4
22

 ] 

 C
N

T
O

-3
28

 
(S

ilt
ux

im
ab

) 
 A

b 
 M

A
b 

to
 I

L
6 

 pY
, D

M
, 

N
T,

 D
B

, G
T

 
 0.

06
–0

.6
 μ

M
, I

L
6-

ac
tiv

at
ed

 p
ST

A
T

3 
H

K
O

V
3 

 N
o 

ef
fe

ct
 o

n 
vi

ab
ili

ty
, 

H
16

50
 c

el
ls

 
 10

 m
g/

kg
, 3

6d
, I

P,
 H

16
50

 
xe

no
gr

af
ts

, N
SC

L
C

 P
D

X
 

 [ 4
23

 ,  4
24

 ] 
 JA

K
/S

TA
T

 in
hi

bi
to

r 

In
hi

bi
to

rs
Ty

pe
D

es
cr

ip
tio

n
B

lo
ck

s
IC

50
 S

TA
T

3 
in

hi
bi

tio
n 

(a
ss

ay
)

IC
50

 c
el

l g
ro

w
th

 
in

hi
bi

tio
n,

 c
el

ls
Pr

e-
cl

in
ic

al
 a

ni
m

al
 m

od
el

s
R

ef

U. Bharadwaj et al.



107

 To
cl

iz
im

ab
 

 A
b 

 M
A

b 
to

 I
L

-6
R

 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 N
A

 
 0.

09
–0

.2
7 

nM
 B

a/
F3

 
ce

lls
 

 20
 m

g/
kg

, I
P,

 H
ep

G
2 

xe
no

gr
af

ts
 

 [ 4
25

 ,  4
26

 ] 
 JA

K
/S

TA
T

 in
hi

bi
to

r 
 C

et
ux

im
ab

 
 A

b 
 M

A
b 

to
 E

G
FR

 
 pY

, D
M

, 
N

T,
 D

B
, G

T
 

 N
A

 
 N

A
 

 0.
2–

0.
5 

m
g/

m
ic

e,
 I

P,
 A

43
1 

xe
no

gr
af

ts
 

 [ 4
27

 ] 

 K
D

I1
/K

D
I3

/
K

D
I4

 
 A

P 
 E

G
FR

 in
tr

ac
el

lu
la

r 
do

m
ai

n 
am

in
o 

ac
id

s 
68

8–
82

1,
 

in
te

ra
ct

in
g 

ap
ta

m
er

s 

 pY
, D

M
, 

D
B

, N
T,

 G
T

 
 N

A
 

 N
A

 
 N

A
 

 [ 3
8 ]

 

 X
an

th
oh

um
ol

 
 SM

 
 E

G
FR

 in
hi

bi
to

r 
 Py

, D
M

, 
N

T,
 D

B
, G

T
 

 ~5
–1

0 E
  μ

M
, p

ST
A

T
3,

 
PA

N
C

-1
 

 ~1
0 E

  μ
M

, p
an

cr
ea

tic
 

ca
nc

er
 c

el
ls

 
 25

 m
g/

kg
, I

P,
 2

7d
, 

PA
N

C
-1

 x
en

og
ra

ft
s 

 [ 4
28

 ,  4
29

 ] 

   N
ot

e :
 I

nf
or

m
at

io
n 

fo
r 

Pr
e-

cl
in

ic
al

 a
ni

m
al

 m
od

el
s 

co
ns

is
t 

of
 D

os
e,

 r
ou

te
 o

f 
ad

m
in

is
tr

at
io

n,
 d

ur
at

io
n 

(i
f 

av
ai

la
bl

e)
 a

nd
 a

ni
m

al
 m

od
el

 u
se

d.
 A

bb
re

vi
at

io
ns

: 
 E

  
es

tim
at

ed
 f

ro
m

 d
es

cr
ip

tiv
e 

da
ta

 o
n 

in
hi

bi
tio

n,
 f

ro
m

 c
or

re
sp

on
di

ng
 r

ef
er

en
ce

,  N
A

  n
ot

 a
va

ila
bl

e,
  A

b  
an

tib
od

y,
  S

M
  s

m
al

l m
ol

ec
ul

e,
  p

Y
  S

TA
T

3 
ph

os
ph

or
yl

at
io

n 
at

 
Ty

r-
70

5,
  D

M
  d

im
er

iz
at

io
n,

  N
T

  n
uc

le
ar

 tr
an

sl
oc

at
io

n,
  D

B
  D

N
A

-b
in

di
ng

,  G
T

  g
en

e 
tr

an
sc

ri
pt

io
n,

  I
G

  in
tr

a-
ga

st
ri

ca
l, 

 T
K

  ty
ro

si
ne

 k
in

as
e,

  I
C

  in
tr

a-
cr

an
ia

l, 
 P

O
  p

er
 

O
s 

(b
y 

m
ou

th
),

  I
P

  in
tr

a-
Pe

ri
to

ne
al

,  M
A

b  
m

on
oc

lo
na

l A
b,

  A
P

  a
pt

am
er

  

5 STAT3 Inhibitors in Cancer: A Comprehensive Update



      Ta
bl

e 
5.

3  
  D

ir
ec

t S
TA

T
3 

in
hi

bi
to

rs
 in

 d
ev

el
op

m
en

t   

 In
hi

bi
to

rs
 

 Ty
pe

 
 D

es
cr

ip
tio

n 
 B

lo
ck

s 
 IC

50
 S

TA
T

3 
in

hi
bi

tio
n 

(a
ss

ay
) 

 K
d 

(S
TA

T
3 

bi
nd

in
g)

 
 IC

50
 C

el
l g

ro
w

th
 

in
hi

bi
tio

n,
 c

el
ls

 
 Pr

e-
cl

in
ic

al
 

an
im

al
 m

od
el

s 
 R

ef
 

 In
hi

bi
to

rs
 ta

rg
et

in
g 

ST
A

T
3 

SH
2 

do
m

ai
n 

 PY
*L

K
T

K
(-

m
ts

) 
 P 

 Ph
os

ph
op

ep
tid

e 
de

ri
ve

d 
fr

om
 S

TA
T

3 
(v

ic
in

ity
 o

f Y
-7

05
) 

 D
M

, D
B

, 
G

T
 

 23
5 

μM
, 

ST
A

T
3-

hS
IE

 
bi

nd
in

g 
E

M
SA

 

 N
A

 
 >

50
0 

μM
, N

IH
 

3T
3/

vS
rc

 c
ol

on
y 

 N
A

 
 [ 4

5 ]
 

 PY
*L

 
 P 

 M
in

im
al

 S
TA

T
3 

p-
pe

pt
id

e 
re

qu
ir

ed
 f

or
 

ST
A

T
3 

in
hi

bi
tio

n 
 D

M
, D

B
, 

G
T

 
 18

2 
μM

, 
ST

A
T

3-
hS

IE
 

bi
nd

in
g 

E
M

SA
 

 N
A

 
 N

A
 

 N
A

 
 [ 4

5 ]
 

 IS
S 

61
0 

 PM
 

 Pe
pt

id
om

im
et

ic
s 

de
ve

lo
pe

d 
re

pl
ac

in
g 

P 
by

 4
-c

ya
no

be
nz

oa
te

 
 D

M
, D

B
, 

G
T

 
 42

 μ
M

, S
TA

T
3-

hS
IE

 b
in

di
ng

 
E

M
SA

 

 N
A

 
 >

10
00

 μ
M

, N
IH

 
3T

3/
vS

rc
 c

ol
on

y 
 N

A
 

 [ 4
5 ,

  4
9 ,

 
 43

0 ,
 

 43
1 ]

 
 PD

P/
Ph

os
ph

od
od

ec
a

pe
pt

id
e(

-m
ts

) 

 P 
 p-

pe
pt

id
es

 Y
10

68
 +

 p
/L

PV
PE

(p
Y

)
IN

Q
SV

P 
&

 Y
99

2 
+

 p
/T

D
SN

F(
pY

)
R

A
L

M
D

E
 f

ro
m

 S
TA

T
3 

bi
nd

in
g 

se
qu

en
ce

 o
f 

E
G

FR
 

 pY
, D

M
, 

D
B

, G
T

 
 35

0–
75

0 
μM

, I
L

6/
E

G
FR

 s
tim

ul
at

ed
 

ST
A

T
3 

bi
nd

in
g 

E
M

SA
, H

ep
G

2/
U

M
-S

C
C

-2
3 

 N
A

 
 ~7

50
 μ

M
, A

43
1 

 N
A

 
 [ 2

5  

 A
c-

Y
*L

PQ
T

V
 

 P 
 p-

pe
pt

id
e 

fr
om

 S
TA

T
3 

bi
nd

in
g 

se
qu

en
ce

 o
f 

gp
13

0 
 D

M
, D

B
, 

G
T

 
 0.

15
 μ

M
, 

ST
A

T
3-

hS
IE

 
bi

nd
in

g 
E

M
SA

 

 N
A

 
 N

A
 

 N
A

 
 [ 4

4 ,
  5

2 ]
 

 H
yd

ro
ci

nn
am

oy
l-

 
Ty

r(
PO

3H
2)

- L
 -c

is
- 

3,
4-

m
et

ha
no

PQ
- 

N
H

B
n 

 P 
 p-

pe
pt

id
e 

fr
om

 S
TA

T
 b

in
di

ng
 

se
qu

en
ce

 o
f 

gp
13

0 
 D

M
, D

B
, 

G
T

 
 0.

12
5 

μM
, 

ST
A

T
3-

hS
IE

 
bi

nd
in

g 
E

M
SA

 

 N
A

 
 N

A
 

 N
A

 
 [ 4

4 ,
  5

2 ]
 

 C
J-

13
83

 
 PM

 
 PM

 d
ev

el
op

ed
 f

ro
m

 A
c-

Y
*L

PQ
T

V
 

 pY
, D

M
, 

D
B

, G
T

 
 ~1

0 
μM

 E
 , 

pS
TA

T
3,

 
M

D
A

-M
B

-4
68

 

 0.
95

 μ
M

, 
ST

A
T

3 
bi

nd
in

g,
 F

P 

 3.
6–

11
.2

 μ
M

, 
M

D
A

-M
B

-4
68

, 
M

D
A

-M
B

-2
31

 

 N
A

 
 [ 4

33
 ] 

 PM
-7

3G
 

 PM
 

 M
im

et
ic

 d
ev

el
op

ed
 f

ro
m

 
A

c-
Y

*L
PQ

T
V

 
 pY

, D
M

, 
D

B
, G

T
 

 0.
1–

0.
5 

μM
, 

pS
TA

T
3-

 in
hi

bi
tio

n,
 

ca
nc

er
 c

el
ls

 

 N
A

 
 ≥3

0 
μM

, 
M

D
A

-M
B

-4
68

, 
A

54
9 

 5 
m

M
, I

T,
 

M
D

A
-M

B
-4

68
 

xe
no

gr
af

ts
 

 [ 5
3 ,

  5
4 ]

 



(c
on

tin
ue

d)

 In
hi

bi
to

rs
 

 Ty
pe

 
 D

es
cr

ip
tio

n 
 B

lo
ck

s 
 IC

50
 S

TA
T

3 
in

hi
bi

tio
n 

(a
ss

ay
) 

 K
d 

(S
TA

T
3 

bi
nd

in
g)

 
 IC

50
 C

el
l g

ro
w

th
 

in
hi

bi
tio

n,
 c

el
ls

 
 Pr

e-
cl

in
ic

al
 

an
im

al
 m

od
el

s 
 R

ef
 

 A
PT

 ST
A

T
3 -

9R
 

 A
P 

 T
ry

pt
op

ha
n 

zi
pp

er
 s

ca
ff

ol
d 

at
ta

ch
ed

 to
 

a 
ST

A
T

3-
bi

nd
in

g 
pe

pt
id

e 
an

d 
ce

ll-
pe

ne
tr

at
in

g 
m

ot
if

 

 pY
, D

M
, 

D
B

, G
T

 
 N

A
 

 23
1 

nM
 

ST
A

T
3 

bi
nd

in
g,

 
SP

R
 

 10
–2

0 
μM

, A
54

9 
 8 

m
g/

kg
, I

T,
 

A
54

9 
xe

no
gr

af
ts

 

 [ 5
5 ]

 

 R
ec

om
bi

na
nt

 
ST

A
T

3 
in

hi
bi

to
ry

 
pe

pt
id

e 
ap

ta
m

er
 

(r
S3

-P
A

) 

 A
P 

 R
ec

og
ni

ze
s 

di
m

er
iz

at
io

n 
do

m
ai

n 
an

d 
in

hi
bi

ts
 S

TA
T

3 
fu

nc
tio

n 
 Py

, D
M

, 
N

T,
 D

B
, 

G
T

 

 N
A

 
 1–

4 E
  μ

M
, 

lig
an

d-
 

st
im

ul
at

ed
 

pS
TA

T
3,

 
H

ep
G

2 

 1–
4 E

  μ
M

, v
ar

io
us

 
ca

nc
er

 c
el

l l
in

es
 

 7.
5 

m
g/

kg
, I

V
 

15
d,

 T
u9

64
8 

xe
no

gr
af

ts
 

 [ 5
6 –

 59
 ] 

 D
D

1/
D

D
2/

D
D

3 
 A

P 
 ST

A
T

3-
D

D
 (

am
in

o 
ac

id
 p

os
iti

on
s 

65
5–

75
5)

 b
in

di
ng

 a
pt

am
er

s 
 Py

, D
M

, 
N

T,
 D

B
, 

G
T

 

 N
A

 
 N

A
 

 N
A

 
 N

A
 

 [ 1
63

 ] 

 D
D

-1
: P

PL
V

C
IR

SW
C

PL
M

V
PH

SA
D

L
G

PA
SQ

W
L

C
H

R
V

A
SI

A
L

L
PR

Y
SS

 
 D

D
-2

: V
G

W
T

W
M

SV
LV

C
C

D
G

SG
LV

PE
G

PV
V

V
Q

A
G

G
A

V
PI

SG
SV

A
L

M
T

D
 

 D
D

-3
: S

PI
SI

PI
G

FV
V

R
H

C
A

L
H

M
A

V
G

PL
SW

PA
R

V
SG

Y
SF

A
L

E
V

LT
N

F 
 D

ip
ic

ol
yl

am
in

e 
co

pp
er

 c
om

pl
ex

es
 

1,
2,

3 

 PM
 

 Ph
os

ph
at

e 
bi

nd
er

s 
e.

g.
 L

ew
is

 a
ci

di
c 

m
et

al
–p

ic
ol

yl
am

in
e 

co
m

pl
ex

es
 a

ct
in

g 
as

 S
H

2-
 pr

ot
eo

m
im

im
et

ic
s,

 d
is

ru
pt

 
ph

os
ph

op
ep

tid
e–

ST
A

T
3 

co
m

pl
ex

es
 

 D
M

, D
B

, 
G

T
 

 15
–1

28
 μ

M
, 

F*
pY

L
PQ

T
V

 
gp

13
0p

-S
TA

T
3 

bi
nd

in
g,

 F
P 

 8–
10

0 
μM

, 
pY

-L
K

T
K

 
ST

A
T

3p
 

bi
nd

in
g,

 
IG

T
 

 77
/1

1/
10

0 
μM

, 
D

U
14

5 
 N

A
 

 [ 6
0 ]

 

 73
/1

1/
10

0 
μM

, 
O

C
I-

A
M

L
2 

 11
5/

5/
56

 μ
M

, 
M

D
A

-M
B

-4
68

 
 S3

I-
M

20
01

 
 SM

 
 D

ev
el

op
ed

 f
ro

m
 I

SS
-6

10
 

pe
pt

id
om

im
et

ic
 

 pY
, D

M
, 

D
B

, G
T

 
 79

 μ
M

, S
TA

T
3-

hS
IE

 b
in

di
ng

 
E

M
SA

 

 N
A

 
 ~1

00
 μ

M
 

 5–
20

 m
g/

kg
, I

V
, 

M
D

A
-M

B
-2

31
 

xe
no

gr
af

ts
 

 [ 5
0 ]

 

 ST
A

-2
1 

 SM
 

 St
ru

ct
ur

e-
ba

se
d 

vi
rt

ua
l s

cr
ee

ni
ng

 a
nd

 
sc

re
en

in
g 

fo
r 

ST
A

T
3-

lu
ci

fe
ra

se
 

yi
el

de
d 

ST
A

-2
1 

 D
M

, N
T,

 
D

B
, G

T
 

 20
–3

0 E
  μ

M
, 

ST
A

T
3-

hS
IE

 
bi

nd
in

g 
E

M
SA

 

 N
A

 
 12

.2
/1

8.
7 

μM
, 

D
U

14
5,

 P
C

3,
 

 N
A

 
 [ 6

1 –
 63

 ] 



Ta
bl

e 
5.

3 
(c

on
tin

ue
d)

 In
hi

bi
to

rs
 

 Ty
pe

 
 D

es
cr

ip
tio

n 
 B

lo
ck

s 
 IC

50
 S

TA
T

3 
in

hi
bi

tio
n 

(a
ss

ay
) 

 K
d 

(S
TA

T
3 

bi
nd

in
g)

 
 IC

50
 C

el
l g

ro
w

th
 

in
hi

bi
tio

n,
 c

el
ls

 
 Pr

e-
cl

in
ic

al
 

an
im

al
 m

od
el

s 
 R

ef
 

 L
L

L
-3

 
 SM

 
 St

ru
ct

ur
al

 a
na

lo
gu

e 
of

 S
TA

-2
1 

 D
M

, N
T,

 
D

B
, G

T
 

 ~4
0 E

  μ
M

, 
ST

A
T

3-
hS

IE
 

bi
nd

in
g 

E
M

SA
, 

SJ
SA

 c
el

l 

 N
A

 
 6.

3 
μM

/K
56

2,
 

10
–2

0 
μM

, U
87

, 
U

25
1,

 U
37

3;
 

11
.3

 μ
M

, D
U

14
5 

 50
 m

g/
kg

, I
T,

 
in

tr
a-

cr
an

ia
l 

U
87

 x
en

og
ra

ft
s 

 [ 6
4 ,

  4
34

 , 
 43

5 ]
 

 L
L

L
-1

2 
 SM

 
 D

er
iv

ed
 b

y 
re

pl
ac

in
g 

ac
et

yl
 g

ro
up

 o
f 

L
L

L
-3

 w
ith

 s
ul

fo
na

m
id

e 
to

 
 pY

, D
M

, 
N

T,
 D

B
, 

G
T

 

 0.
16

–3
.0

9 
μM

, 
pS

TA
T

3,
 v

ar
io

us
 

ca
nc

er
 c

el
ls

 

 N
A

 
 0.

3–
0.

8 
μM

, U
2O

s,
 

SA
O

S2
, S

JS
A

 
 [ 6

5 –
 73

 ] 

 0.
97

–3
.1

 μ
M

, 
M

D
A

-M
23

1,
 

SK
B

R
3,

 
 St

at
tic

 
 SM

 
 H

it 
fr

om
 H

T
 fl 

uo
re

sc
en

ce
 p

ol
ar

iz
at

io
n 

sc
re

en
 f

or
 b

in
di

ng
 to

 S
TA

T
3 

SH
2 

do
m

ai
n 

 pY
, D

M
, 

D
B

, G
T

 
 5.

1 
± 

0.
8 

μM
, 

gp
13

0-
de

ri
ve

d 
p-

pe
pt

id
e 

bi
nd

in
g 

to
 S

ta
t3

 S
H

2 
do

m
ai

n 

 N
A

 
 0.

43
–2

.6
 μ

M
, C

, 
M

M
, G

 c
el

ls
4.

3–
5.

6 
μM

, 
N

as
op

ha
ry

ng
ea

l 
ca

nc
er

 c
el

ls
 

 50
 m

g/
kg

, P
O

 
(U

M
-S

C
C

-1
7B

 
or

th
ot

op
ic

 
xe

no
gr

af
ts

 

 [ 7
4 –

 76
 ] 

 S3
1-

20
1/

N
SC

 
74

85
9 

 SM
 

 St
ru

ct
ur

e 
ba

se
d 

vi
rt

ua
l s

cr
ee

ni
ng

 o
f 

N
C

I 
ch

em
ic

al
 li

br
ar

ie
s 

w
ith

 c
om

pu
te

r 
m

od
el

 o
f 

SH
2-

pY
pe

pt
id

e 
in

te
ra

ct
io

n 

 pY
, D

M
, 

N
T,

 D
B

, 
G

T
 

 86
 μ

M
, S

TA
T

3-
hS

IE
 b

in
di

ng
 

E
M

SA
 

 N
A

 
 30

0 
μM

, L
N

C
aP

 
 5 

m
g/

kg
, 

on
ce

/2
da

y,
 1

6d
, 

IV
, 

M
D

A
-M

B
-2

31
 

xe
no

gr
af

ts
 

 [ 8
1 ,

  8
2 ]

 

 S3
1-

20
1.

10
66

/
SF

-1
06

6 
 SM

 
 R

es
ul

te
d 

fr
om

 m
ol

ec
ul

ar
 m

od
el

in
g 

of
 

th
e 

pT
yr

–S
H

2 
in

te
ra

ct
io

n 
co

m
bi

ne
d 

w
ith

 in
 s

ili
co

 s
tr

uc
tu

ra
l a

na
ly

si
s 

of
 

S3
I-

20
1 

 pY
, D

M
, 

N
T,

 D
B

, 
G

T
 

 35
 μ

M
, S

TA
T

3-
hS

IE
 b

in
di

ng
 

E
M

SA
23

μ
M

, p
Y

-p
ep

tid
e 

ST
A

T
3 

bi
nd

in
g,

 
SP

R
 

 2.
7 

μM
, 

pY
-p

ep
tid

e 
ST

A
T

3 
bi

nd
in

g,
 

SP
R

 

 35
/4

8/
37

 μ
M

, 
N

IH
3T

3/
v-

 Sr
c,

 
Pa

nc
-1

, 
M

D
A

-M
B

-2
31

 

 5 
m

g/
kg

, 
on

ce
/2

da
y,

 1
7d

, 
IV

, 
M

D
A

-M
B

-2
31

 
xe

no
gr

af
ts

 

 [ 8
3 ,

  8
4 ]

 



(c
on

tin
ue

d)

 In
hi

bi
to

rs
 

 Ty
pe

 
 D

es
cr

ip
tio

n 
 B

lo
ck

s 
 IC

50
 S

TA
T

3 
in

hi
bi

tio
n 

(a
ss

ay
) 

 K
d 

(S
TA

T
3 

bi
nd

in
g)

 
 IC

50
 C

el
l g

ro
w

th
 

in
hi

bi
tio

n,
 c

el
ls

 
 Pr

e-
cl

in
ic

al
 

an
im

al
 m

od
el

s 
 R

ef
 

 B
P-

1-
10

2/
17

o 
 SM

 
 Sc

re
en

in
g 

of
 s

al
ic

yc
lic

 a
ci

d-
co

nt
ai

ni
ng

 
ST

A
T

3 
SH

2-
in

hi
bi

to
rs

 
 pY

, D
M

, 
N

T,
 D

B
, 

G
T

 

 6.
8 

μM
, S

TA
T

3-
hS

IE
 b

in
di

ng
 

E
M

SA
 

 K
i 1

3 
μM

, 
pY

-p
ep

tid
e 

ST
A

T
3 

bi
nd

in
g,

 
SP

R
 

 10
.9

–2
2.

7 
μM

, 
M

D
A

-M
B

-4
68

, 
D

U
14

5,
 J

JN
3 

 1/
3 

m
g/

kg
, 

on
ce

/2
da

y,
 1

5d
, 

IV
 o

r 
PO

, 
M

D
A

-M
B

- 
23

1,
A

54
9 

xe
no

gr
af

ts
 

 [ 8
7 ,

  8
8 ]

 

 SH
4-

54
 

 SM
 

 Sc
re

en
in

g 
B

P-
1-

10
2 

an
al

og
ue

s 
fo

r 
an

ti-
ST

A
T

3 
an

d 
an

ti-
tu

m
or

 f
un

ct
io

ns
 

 pY
, D

M
, 

N
T,

 D
B

, 
G

T
 

 4.
7 

μM
, S

TA
T

3-
hS

IE
 b

in
di

ng
 

E
M

SA
 

 K
d 

0.
3–

2.
4 

μM
, 

di
re

ct
 

bi
nd

in
g 

to
 

ST
A

T
3,

 
SP

R
 

 0.
07

–0
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5.3.4.1       Peptides and Peptidomimetics 

 Elucidation of the crystal structure of STAT3β-STAT3β-DNA complex [ 43 ] and sub-
sequent studies [ 25 ,  44 – 46 ] indicated that the SH2 domain facilitates binding to spe-
cifi c pY-peptide motifs within receptor complexes and mediates dimerization of two 
STAT3 monomers via reciprocal interaction between the SH2 of one monomer and 
pY-peptide motif,  702 AAPY*LKTKFI 711 , on the other. Strategies to target STAT3 by 
identifying pY-peptide inhibitors of STAT3 SH2 binding to pY-peptide ligands have 
been pursued by several groups (Table  5.3 ) [ 47 ]. Turkson et al. showed that pY-
peptides based on the sequence PY*LKTK surrounding Y705 within STAT3, inhib-
ited STAT3 DNA binding (IC 50  = 235 μM) and pulled down STAT3 from lysates of 
unstimulated cells [ 45 ]. Alongside the usual limitations of the peptide approaches, 
e.g. low cell permeability, instability, and the consequential low biological activities, 
the requirement for the phosphorylation on Tyr for the inhibitory activity presented 
another challenge to making this approach biologically useful. Covalently attaching 
a membrane-translocating sequence (mts) of hydrophobic amino acids 
(AAVLLPVLLAAP) to the C-terminus of the peptide improved membrane permea-
bility and PY*LKTKmts inhibited STAT3-mediated gene transcription and malig-
nant transformation, and induced apoptosis in v-Src-transformed NIH3T3 fi broblasts 
albeit at 1 mM concentration [ 45 ,  48 ], underscoring the potential diffi culty of con-
verting this approach into an effective therapeutic modality. The exploration of pep-
tidomimetic and phosphotyrosine (pY) mimic approaches led to the identifi cation of 
ISS 610, a peptidomimetic analog of the tripeptide, PY*L [ 49 ], the minimal peptide 
from PY*LKTK that was required for STAT3 inhibition (IC 50  = 182 μM). PY*L 
mimic, ISS 610, better disrupted STAT3 DNA-binding activity (IC 50  = 42 μM) [ 45 , 
 49 ], and had increased STAT3 selectivity, (STAT1 IC 50  = 310 μM; STAT5 
IC 50  = 285 μM) but still had weak intracellular inhibitory properties (IC 50  = 1 mM), 
due to poor membrane permeability. The abysmal intracellular performance of the 
peptide forced the group to employ computational modeling to probe the binding of 
ISS 610 to the STAT3 SH2 domain, which led to generation of the oxazole-based 
small molecule S3I-M2001 having increased membrane permeability but similar 
STAT3 DNA binding inhibition (IC 50  = 79 μM), loss of specifi city (STAT1 
IC 50  = 159 μM), but improved intracellular activity [ 50 ]. S3I- M2001 reduced pY-
STAT3 levels, DNA-binding, nuclear translocation, and transcriptional activity in 
NIH3T3/v-Src fi broblasts and human breast carcinoma cells at 50–100 μM. Cell 
growth inhibition ability was still weak (IC 50  = 100 μM), including inhibition of cell 
growth, survival, and metastasis of NIH3T3/v-Src fi broblasts and human breast and 
pancreatic carcinoma cells with increased pY-STAT3. But importantly, it showed a 
signifi cant regression of MDA-MB-231 xenografts at 5–20 mg/kg [ 50 ]. 

 Another peptide-based approach used pY-peptides derived from STAT3 SH2 
domain interacting growth factor or cytokine receptors, e.g. EGFR and gp130, to 
block SH2-pY-peptide ligand interaction. Shao et al. showed that a phosphododeca-
peptide (PDP) based on the sequence surrounding Y1068 within the EGFR could 
directly bind non-phosphorylated STAT3 and inhibit pY-STAT3 DNA binding, 
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ligand-stimulated STAT3 activation, and TGFα/EGFR-mediated autocrine growth in 
cancer cells [ 25 ]. Examining the structural basis for the specifi city of STAT3-SH2 for 
pYXXQ peptides revealed that only pY-peptides containing +3 Q (not L, M. E or R) 
bound to wild-type STAT3-SH2 which required its K591 or R609 residues, whose 
side-chains interact with the peptide pY, and E638, whose amide hydrogen bonds with 
oxygen within the +3 Q side-chain when the peptide ligand assumes a β turn [ 25 ,  51 ]. 

 Another approach found gp130-derived STAT3-inhibitory pY-peptide Y*LPQTV 
and several modifi ed versions, including hydrocinnamoyl-Tyr (PO3 H2)-Leu- cis - 
3,4-methanoPro-Gln-NHBn [ 44 ,  52 ], that showed potent inhibition of STAT3 
DNA- binding activity (IC 50  = 0.15–0.29 μM). The peptidomimetic CJ-1383 devel-
oped from these, inhibited constitutive pY-STAT3 and inhibited growth of breast 
cancer cell lines (IC 50  = 3.6–11.2 μM). PM-73G, another peptidomimetic developed 
from Y*LPQTV, also showed a low micromolar IC 50  of pY-STAT3 reduction in 
cancer cells, inhibited their growth, and blocked xenografts formation [ 53 ,  54 ]. 

 The peptide aptamer APT STAT3 -9R, which has a tryptophan zipper scaffold 
attached to a STAT3-binding peptide and a cell-penetrating motif, was screened 
from a randomized peptide library [ 55 ]; it specifi cally interacted in SPR assays with 
the STAT3 dimerization domain (K d  = 231 nM), reduced levels of pY-STAT3, DNA 
binding, and transcriptional activity [ 55 ] and blocked the growth of A549 cells  in 
vitro  (IC 50  = 10–20 μM) and  in vivo . Another aptamer, the recombinant STAT3 
inhibitory peptide aptamer (rS3-PA) also decreased pY-STAT3 levels, inhibited 
growth of cancer cells  in vitro , and reduced Tu9648 xenograft growth [ 56 – 59 ]. 
Although partly a peptide, these aptamers differ in their mode of action from pep-
tide inhibitors [ 47 ]. 

 A phosphate binder, e.g. Lewis acidic metal–picolylamine complex, was shown 
to act as a SH2-proteomimetic and disrupt pY-peptide–STAT3 complexes and also 
was potent in its anti-STAT3 activity (IC 50  = 15–128 μM) as well it ability to inhibit 
growth of various cancer cells (IC 50  = 11–100 μM) [ 60 ].  

5.3.4.2     Small-Molecules 

 Despite having potent STAT3-inhibitory activity, peptides and peptidomimetics 
continue to suffer the limitations of  in vivo  instability and poor membrane permea-
bility. Most of the peptides have not been tested in xenograft models and those that 
were tried, with the exception of rS3-PA, had to be administered intratumorally 
(IT), limiting their effective use  in vivo  [ 47 ]. Nevertheless, these studies provided 
the proof of concept that the STAT3-SH2/pY-peptide interaction was amenable to 
targeting and provided the impetus for many programs engaged in designing small 
molecules for this purpose. 

  SH2 inhibitors resulting from rational design or high-throughput screens.  A 
structure-based virtual screening of ~425,000 compounds from four different chem-
ical libraries followed by examination of 100 of the fi rst 200 compounds in an  in 
vitro  STAT3-luciferase assay identifi ed STA-21, a deoxytetrangomycin, with potent 
cell growth inhibitory activities (IC 50  = 12.2/18.7 μM in DU145/PC3, respectively). 
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Modeling studies suggested that STA-21 binds to the SH2 domain of STAT3 and 
forms a number of hydrogen bonds with residues that form the pocket that binds the 
pY residue, including Arg-595, Arg-609, and Ile-634, and thus inhibits STAT3 
dimerization, nuclear translocation, DNA-binding, gene transcription, and inhibits 
growth of breast and soft tissue sarcoma cell lines [ 61 – 63 ] with constitutively acti-
vated STAT3. Unexpectedly, STA-21 only minimally reduces levels of constitu-
tively phosphorylated STAT3. The group also identifi ed Compound1, a derivative of 
STA-21 [ 61 ], with similar STAT3 and cell growth inhibitory properties. Another 
slightly more potent structural analogue LLL-3 had better cellular permeability than 
STA-21 and inhibited growth of glioblastoma (IC 50  = 10–20 μM), prostate cancer 
(IC 50  = 11.3 μM), and CML cells (IC50 = 6.3 μM). Intratumoral injection of LLL-3 
also inhibited intracranial glioblastoma xenografts in nude mice and increased their 
survival [ 64 ]. The acetyl group of LLL-3 was then replaced with sulfonamide to 
develop another STAT3 inhibitor, LLL-12 [ 65 – 73 ]. LLL-12 reduces pY-STAT3 lev-
els (IC 50  = 0.16–3.09 μM) and the growth of various cancer cell lines  in vitro  includ-
ing osteosarcoma cell lines U2Os, SAOS2, and SJSA (IC 50  = 0.3–0.8 μM,), breast 
cancer cell lines MDA-MB-231 and SKBR3 (IC 50  = 0.97–3.1 μM,), pancreatic can-
cer cell lines HPAC and Panc-1 (IC 50  = 0.16–0.29 μM), glioblastoma cell lines 
U87MG and U373MG (IC 50  = 0.21–0.86 μM) and myeloma cell lines U266 and 
ARH-77 (IC 50  = 0.49–1.9 μM), as well as their xenografts [ 66 ,  69 ,  70 ,  72 ]. 

 Stattic ( S tat  t hree  i nhibitory  c ompound) was another early small molecule STAT3 
inhibitor discovered by high-throughput screening of chemical libraries [ 74 ]. Stattic 
selectively inhibited STAT3 binding to pY-peptide (GY*LPQTV; IC 50  = 5.1 μM) and 
blocked IL-6-induced STAT3 activation, nuclear accumulation, and DNA- binding 
activity (IC50 = 20 μM). It effi ciently blocked the growth [ 74 – 76 ] of several cancer 
cell lines with increased levels of pY-STAT3 (IC 50  = 0.43–5.6 μM), as well as 
UM-SCC-17B orthotopic xenografts [ 76 ]. Stattic was used as an adjuvant to sensitize 
radioresistant esophageal squamous cell carcinoma (ESCC) cells and xenografts to 
radiation [ 77 ], and to sensitize ovarian cancer cells to cisplatin [ 78 ]. A structure-activ-
ity relationship (SAR) analysis revealed that saturation of the vinyl sulfone leads to 
loss in activity. In addition, the presence of 2 mM dithiothreitol (DTT), a nucleophile 
donor, abrogated STAT3 inhibitory activity of Stattic, suggesting the nucleophilic 
attack of the sulphonic double bond by a cysteine in the STAT3 SH2 domain [ 74 ]. 
Recently, MS-based studies using high quantities of Stattic (800 μM; 10 μM of pY-
STAT3) suggested that eight molecules of Stattic bind to one pY-STAT3 scaffold and 
identifi ed Cys468 as one possible alkylation site [ 79 ]. However, a more recent paper 
[ 75 ] reported covalent binding of nine Stattic molecules to one unphosphorylated core 
STAT3 protein molecule at a lower concentration (50 μM/10 μM STAT3). Four or fi ve 
of the nine covalently-modifi ed residues are cysteines, but Cys468 and Cys542 were 
not among these [ 75 ]. A recent report by Sanseverino et al. indicated that Stattic tar-
gets other STAT proteins, including STAT1 and STAT5 [ 80 ]. 

 Another STAT3 inhibitor resulting from structure-based high-throughput vir-
tual screening of the National Cancer Institute (NCI) chemical libraries was 
S3I-201/NSC74859. In modeling studies, S3I-201 docked to the pTyr binding 
site of STAT3-SH2 domain through its salicylic acid moiety, inhibited STAT3 
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DNA- binding (IC 50  = 86 μM), and inhibited proliferation of several cancer cell 
lines, including hepatocellular carcinoma, breast cancer, and prostate cancer 
albeit with high IC 50 s (100–300 μM) [ 81 ,  82 ]. However, it successfully inhibited 
growth of MDA-MB-231 xenografts at a dose of 5 mg/kg [ 82 ]. Genetic 
Optimization for Ligand Docking (GOLD) studies suggested suboptimal inter-
action between S31-201 and STAT3. To improve this interaction, several mole-
cules were subsequently developed [ 83 ,  84 ], many of which showed higher 
potency in STAT3 DNA binding inhibition assays (IC 50  = 18.7–51.9 μM) and 
disruption of STAT3–pY-peptide interactions (Ki = 15.5–41 μM). S3I-201.1066 
(or SF-1066) was the most potent in this series; it was demonstrated to directly 
bind STAT3 (K d  = 2.7 μM) and to inhibit growth of multiple cancer cell lines 
with greater potency than S3I-201 (IC 50  = 35–48 μM) [ 85 ,  86 ]. Sixteen novel 
sulfonamide analogues of SF-1066 were subsequently characterized; of these, 
BP-1-102 [ 87 ,  88 ] effectively inhibited STAT3 DNA binding (IC 50  = 6.8 μM), 
which was a 5-fold improvement over SF-1066 [ 83 ,  84 ], resulting in better cell 
growth inhibition (IC 50  = 10.9–22.7 μM). BP-1-102 was orally bioavailable and 
effectively limited growth of STAT3-dependent tumor xenografts [ 88 ]. Known 
STAT3 dimerization-disrupting small-molecules, including S3I- 201, were then 
subjected to GOLD analysis and a 3D quantitative structure-activity relation-
ship (QSAR) pharmacophore model adopted to predict optimized STAT3 inhib-
itors. This analysis identifi ed 2,6,9-trisubstituted purine scaffolds [ 89 ] as a 
promising choice of structural scaffold for projecting functionality into the 
three corners of the most important SH2-domain subpocket A, which contains 
the key pTyr705-binding residues and is composed of the polar residues Lys591, 
Ser611, Ser613 and Arg609 [ 90 ]. Select purine scaffolds, e.g. S3I-V3-31, S3I-
V3-32, S3I- V3- 33, S3I-V3-34, and S3I-V4-01, showed good affi nities ( K  D , 
0.8 − 12 μM) for purifi ed, non-phosphorylated STAT3, inhibited STAT3 DNA-
binding (IC 50  = 27 − 84 μM) and intracellular phosphorylation (IC 50  = 20 − 60 μM) 
and suppressed growth of transformed cells (IC 50  = 41 − 80 μM) with increased 
constitutive STAT3 activity [ 89 ]. Recently, another S3I-201 analog, S3I-1757, 
was described that was capable of inhibiting STAT3-pYpeptide binding 
(IC 50  = 13 μM); however, it had only modest potency for decreasing levels of 
nuclear pY-STAT3 and STAT3- DNA binding (IC 50  ≥ 50 μM) [ 86 ]. 

 A library of BP-1-102 analogues containing prodrugs, potential bioisosterses, 
and salicylic acid mimics was screened for anti-STAT3 and blood-brain barrier per-
meability properties, which identifi ed 4 inhibitors—SH4-54, SH5-07, SH5-19, and 
SH5-23. Each had nanomolar IC 50 s for inhibiting STAT3 binding to pY-peptide 
[ 91 ]. Of these, SH4-54, in which the hydroxyl substituent of the salicyclic acid 
moiety of BP-1-102 was removed and replaced with hydrogen [ 91 ], bound most 
strongly to STAT3 (K D  = 300 nM). SH4-54 also reduced levels of pY-STAT3 and its 
downstream transcriptional targets at low nM concentrations and potently targeted 
glioblastoma brain cancer stem cells (IC 50  = 0.07–0.2 μM). SH-4-54 crossed the 
blood–brain barrier, reduced pY-STAT3 levels, and controlled glioma tumor growth 
 in vivo . In a more recent study, SH4-54 and SH5-07 were tested in gliomas and 
breast cancer cells [ 92 ]. They were found to have increased ability to inhibit STAT3 
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DNA binding activity compared to BP-1-102 (IC 50  = 3.9 and 4.7 μM, respectively) 
and inhibited DNA-binding in cells at 1–3 μM; however, their ability to reduce lev-
els of pY-STAT3 in cells was much less pronounced (signifi cant reduction not 
observed below 10 μM) and did not correlate with the ability to block DNA-binding 
and/or STAT3-regulated gene expression. This lack of correlation within the context 
of constitutively-active STAT3 was explained by suggesting that disruption of pre- 
existing STAT3:STAT3 dimers, which directly leads to lower DNA-binding activity, 
has a non-linear relationship with the turnover of disrupted pY-STAT3 molecules 
and by suggesting that SH4-54 and SH5-07 could act by binding directly to the 
STAT3 DBD [ 92 ]. In fact NMR data showed that these compounds bind to both 
SH2 domain and DBD of STAT3, in the later case, most probably to a hydrophobic 
pocket formed by residues Leu411, Ile386, and Ile439 [ 92 ]. 

 Using computer-based ligand screening, our group docked 920,000 compounds 
from 8 chemical libraries into the p-Y-peptide pocket within the STAT3 SH2 domain 
and identifi ed three hits, C3, C30, and C188 [ 93 ]. C188 demonstrated the greatest 
activity of the three [ 93 – 95 ] and inhibited STAT3-pY-peptide binding in an SPR- 
based assay (IC 50  = 7.5–20 μM; calculated K i  = 37.3 nM), inhibited G-CSF- 
stimulated increased pY-STAT3 levels in Kasumi-1 cells (IC 50  = 16.2 μM) and 
induced apoptosis in pY-STAT3-high breast cancer cells (ED 50  = 0.7–3.9 μM) [ 93 , 
 94 ,  96 ]. Hit-to-lead strategies focused on C188 [ 93 – 96 ] led to C188-9, which dem-
onstrated improved potency and was non-toxic and orally bioavailable [ 95 – 98 ]. 
C188-9 binds to STAT3 with high affi nity (K D  = 4.7 ± 0.4 nM) in microscale thermo-
phoresis assays and potently inhibited STAT3 binding to its pY-peptide ligand 
(IC 50  = 2.5 μM, SPR; K i  = 12.4 nM), inhibited G-CSF-stimulated increased pY- 
STAT3 levels (IC 50  = 3.7 μM), and reduced constitutive pY-STAT3 levels 
(IC 50  ~ 4 nM) in A549 cells [ 99 ]. 

 Shin et al. searched a library of natural compounds using a STAT3-luciferase assay 
and identifi ed Cryptotanshinone as a STAT3 inhibitor. Cryptotanshinone is derived 
from the roots of  Salvia miltiorrhiza , known as Bunge or Danshen. Cryptotanshinone 
reduced levels of pY-STAT3 in HCT 116 colon cancer cells (IC 50  = 4.6 μM) and in 
breast, prostate, and cervical cancer cell lines [ 100 ]. Cryptotanshinone inhibited 
growth of multiple cancer cell lines, including myeloma, glioma, NSCLC, colorectal, 
and pancreas (IC 50  = 5.8–15.1 μM) and induced cancer cell apoptosis [ 100 – 105 ]. It 
was also found to synergize with various drugs, including imatinib and cisplatin in 
several cancers [ 103 ,  106 – 109 ]. Binding studies suggested that cryptotanshinone 
directly interacted with the STAT3 SH2 domain of STAT3 to inhibit STAT3 phospho-
tyrosylation and prevent STAT3 dimerization and nuclear translocation [ 100 ]. 

 Matsuno et al. [ 110 ] identifi ed a  N -[2-(1,3,4-oxadiazolyl)]-4 quinolinecarbox-
amide derivative, STX-0119, as a novel STAT3 dimerization inhibitor by virtual 
screening using a customized version of the DOCK4 program and the STAT3 
crystal structure. The top 136 hits identifi ed were examined in a STAT3-dependent 
luciferase reporter gene assay and a fl uorescence resonance energy transfer-based 
STAT3 dimerization assay. STX-0119 inhibited STAT3-reporter activity 
(IC 50  = 74 μM), downregulated STAT3-regulated genes, and inhibited growth of 
multiple hematological cancers (IC 50  = 1.4–18.3 μM), as well as glioblastoma cell 
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lines (IC 50  = 6.6–44.5 μM) but did not affect STAT3 phosphorylation [ 110 – 113 ]. A 
docking model of STX-0119 [ 110 ] bound to the STAT3-SH2 domain revealed that 
the 2-Ph ring of STX-0119 inserted into a hydrophobic cleft in proximity to the 
pY-peptide binding pocket. Oral administration of STX-0119 effectively abro-
gated the growth of human lymphoma and glioblastoma xenografts [ 112 ,  113 ]. 

 In another program, 437 of 7000 compounds that docked to a region of a STAT3 
distinct from STAT1 in a previous molecular dynamics simulation [ 114 ] were fur-
ther screened on the basis of favorable binding parameters involving ligand buried 
surface area (>75 %), and van der Waals and hydrogen bond energies. This resulted 
in identifi cation of 52 compounds that were tested for the ability to block STAT3 
DNA binding by EMSA [ 79 ]. Of these 52 compounds, C36 was identifi ed as the 
most potent hit (IC 50  = 30–50 μM). Subsequent library-screening using C36 as a 
template yielded another 48 structurally similar compounds. After further screening 
for STAT3 DNA binding inhibition and elimination of some leads because of low 
solubility, C48 emerged as the lead (IC 50  = 10–50 μM); it reduced constitutive pY- 
STAT3 levels, DNA binding, and transcription of STAT3 gene targets in breast can-
cer cells leading to growth inhibition and apoptosis of C3L5 murine breast cancer 
tumors in a syngeneic mouse model [ 79 ]. Site-directed mutagenesis and multiple 
biochemical experiments showed that C48 is a covalent modifi er of STAT3 and 
alkylates Cys468, a residue at the DNA-binding interface. 

 Our group used a high-throughput fl uorescence microscopy search to identify 
compounds in a drug-repositioning library (Prestwick library) that block ligand- 
induced nuclear translocation of STAT3 and identifi ed piperlongumine (PL), a natu-
ral product isolated from the fruit of the pepper  Piper longum  [ 115 ]. PL inhibited 
STAT3 nuclear translocation (IC 50  = 0.9–1.7 μM), inhibited ligand-induced 
(IC 50  = 0.9–2.7 μM) and constitutive (IC 50  = 0.4–2.8 μM) STAT3 phosphotyrosyl-
ation, and modulated STAT3-regulated genes. SPR revealed that PL directly inhib-
ited binding of STAT3 to its pY-peptide ligand (Ki 68nM). PL inhibited 
anchorage-independent growth of multiple breast cancer cell lines with increased 
levels of pY-STAT3 or total STAT3 (IC 50  = 0.9–1.7 μM), and induced apoptosis. PL 
also inhibited mammosphere formation by cancer cells in patient-derived xeno-
grafts (PDX) and its anti-cancer activity was linked to its STAT3-inhibiting activity. 
PL was non-toxic in mice up to a dose of 30 mg/kg/day for 14 days and blocked 
growth of breast cancer cell line xenografts in nude mice. 

  SH2 inhibitors identifi ed using fragment-based drug design (FBDD).  Most of the 
above molecules resulted from high-throughput screens (HTS) based on rational 
design followed by lead optimization. Using biophysical methods like NMR and 
X-ray crystallography, fragment-based drug design (FBDD) has recently emerged 
as a successful alternative to HTS-based drug discovery [ 116 – 118 ]. Several groups 
have combined structural motifs of reported STAT3 inhibitors as part of a fragment- 
based drug design (FBDD) program to develop more potent STAT3 inhibitors. 
These and other FBDD STAT3 inhibitor programs are described below. 

 The intention of one such program was to design peptidomimetics that would bind 
to the pTyr705-binding site and a side pocket within the STAT3 SH2 domain. A urea 
linker was used to form H-bonds with residues between the two sites, which are rich in 
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H-bond acceptors and donors. Ten compounds were designed and XZH-5 emerged as 
the most promising. The features of XZH-5 were: (i) a carboxylate group that mimics 
the pTyr705 phosphate group; (ii) a fl uorobenzene group able to form hydrophobic 
interactions with the side pocket; and (iii) a combination of urea and peptidyl linkers 
that spanned the right distance and were capable of forming H-bonds. XZH-5 was 
shown in a docking model to bind to the SH2 domain of STAT3 and prevent STAT3 
phosphorylation at Tyr705, leading to inhibition of downstream STAT3 activities and 
apoptosis in multiple cancer cell lines including breast, pancreatic, hepatocellular and 
rhabdomyosarcoma (IC 50  ≈ 15–50 μM) [ 119 – 121 ]. 

 Li et al. used a novel approach combining Multiple Ligand Simultaneous 
Docking (MLSD), drug scaffolds, and drug repositioning to fi nd potent STAT3 
inhibitors. Briefl y, their approach consisted of: (i) building a small library of drug 
scaffolds for the binding hot spots within the STAT3 SH2 domain; (ii) MLSD 
screening of privileged drug scaffolds to identify optimal fragment combinations; 
(iii) linking of the fragment hits to generate possible hit compounds as templates; 
and (iv) similarity searches of template compounds in drug databases [ 122 ] to iden-
tify existing drugs as possible inhibitors of STAT3. The above process successfully 
identifi ed two synthetic compounds T2 and T3 and the repositioning search yielded 
celecoxib. Each reduced the growth of HCT-116 (IC 50  = 9.0, 10.1 or 43.3 μM, 
respectively). Further lead optimization produced 5 analogues [ 123 ] that were more 
potent in inhibiting cancer cell line growth (IC 50  = 6.5 μM for a breast cancer cell 
line; 7.6 μM for pancreatic cancer cell lines). 

 Niclosamide, an FDA-approved anticestodal drug with a very low bioavailability 
in humans, was identifi ed to inhibit STAT3 activation, nuclear translocation and 
transactivation [ 124 ]. FBDD based on the structure of niclosamide and other STAT3 
inhibitors yielded a series of orally bioavailable STAT3 inhibitors including 
HJC0152 and HJC0123 [ 125 ,  126 ]. HJC0123 inhibited STAT3 activation and pro-
moter activity, growth of breast and pancreatic cancer cell lines  in vitro  (IC 50  = 0.1–
1.2 μM) and MDA-MB-231 xenografts [ 125 ] and also potentiated doxorubicin- and 
gemcitabine- mediated killing [ 119 ]. 

 More recently Yu et al. developed another STAT3 dimerization inhibitor by uti-
lizing FBDD. They linked the naphthalene-5,8-dione-1-sulphoneamide fragment of 
LLL-12 (thought to bind to the pTyr705-binding pocket within the STAT3 SH2 
domain) to a dimethyl amine that contained various R groups and generated 5 dif-
ferent compounds. LY5, the most potent compound, inhibited growth of U2OS and 
RD2 cancer cells (IC 50  = 0.5–1.39 μM) better than parent compound LLL-12; it also 
was easy to synthesize and possessed more drug-like properties than LLL-12 [ 127 ].   

5.3.5     Inhibitors Targeting the STAT3 DNA-Binding 
Domain (DBD) 

 Recognition of specifi c DNA elements is one of the cardinal features of transcrip-
tion factors (TFs). The DBD of STAT3 is known to bind two types of DNA elements 
within promoter sites to mediate its transcriptional activities—serum-inducible 
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elements (SIE) and gamma-activated sequences (GAS) [ 22 ,  128 ]. Concerted efforts 
at blocking this interaction have been underway for some time. The following sec-
tions describe these efforts (Table  5.3 ). 

5.3.5.1     Decoy Oligonucleotides 

 Decoy oligonucleotides are double-stranded or duplex DNAs that mimic TF pro-
moter elements. Their use was fi rst described by Bielinska et al. in 1990 as a way of 
modulating gene transcriptional activity in the cell [ 129 ]. Duplex ODNs act by com-
petitively inhibiting TF binding to their endogenous promoter elements. This strat-
egy has been used to target aberrant TF signaling in various diseases and currently 
represents an active area of research [ 130 ,  131 ]. Following successful demonstration 
of STAT6 inhibition using this method [ 132 ], Leong et al. reported the use of a 
15-mer duplex ODN modeled on the c-fos promoter sequence (SIE) to target STAT3 
[ 133 ]. They demonstrated reduction in STAT3 mediated gene expression that led to 
growth inhibition of head and neck cancer cells. Other researchers also have shown 
similar results with other STAT3-associated cancers including, ovarian cancer, gli-
oma, prostate cancer and hepatocellular carcinoma. [ 134 – 138 ]. Although duplex 
ODNs appeared to have minimal toxicity in primate models [ 139 ], instability in 
plasma was a limitation to their  in vivo  effi cacy. To overcome these limitations, the 
Grandis lab developed a cyclic STAT3 decoy ODN linked to hexa–ethylene glycol. 
This ODN showed improved stability and retained antitumor effi cacy with minimal 
toxicity when administered intravenously in a preclinical head and neck cancer mod-
els [ 140 ]. Creating a peptide nucleic acid (PNA) by adding a novel cell- penetrating 
peptide (CPP) consisting of a glutamate peptide linked to the N-terminus of the 
nuclear localization signal (NLS) from Oct6 transcription factor, to the minimal 
15-mer linear ODN 13410A (Glu-Oct6-13410A) required for inducing cell apoptosis 
[ 137 ,  141 ] showed better cell-uptake and better apoptosis inducing capacity [ 141 ].  

5.3.5.2     G-Quartet Oligonucleotides 

 G-quartet oligonucleotides (GQ-ODN) constitute another approach that is mechanis-
tically analogous to ODNs in inhibiting the transcriptional activity of STAT3. 
G-quartets oligonucleotides are random coils outside the cell that complex with K +  
ions within the cell form stable box-like structures composed of stacks of 4 G-bases 
that are hydrogen bonded via hoogensteen pairings [ 142 ]. These structures are nor-
mally found in telomeres and promoter regions of many genes. G-Quartets are known 
to associate with DNA binding proteins [ 143 ], thus, making them ideal candidates to 
be used for targeting DNA binding activity of TFs. In 2003, Jing et al. developed a 
GQ-ODN, that inhibited IL-6 induced DNA binding activity of STAT3 and suppressed 
expression of STAT3 mediated genes [ 144 ]. Subsequent work showed that GQ-ODNs 
inhibited proliferation in a wide variety of tumor cell lines, including prostrate, breast, 
head and neck, non-small cell lung cancer, and T-cell leukemia with IC 50 s ranging 
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from 5 to 7 μM [ 145 ,  146 ]. Although initial studies predicted that GQ-ODN 
destabilized dimer formation, the mechanism by which GQ-ODN disrupt and abro-
gate STAT3 activity remains unclear since subsequent work appeared to show that the 
GQ-ODN inhibited STAT3 transcriptional activity by preferentially binding to its 
DNA binding domain rather than the SH2 domain [ 147 ]. Nevertheless, it is clear that 
they show promise as targeted anti-cancer agents. GQ-ODN have not garnered as 
much interest as small molecules, perhaps due not having properties suitable for sys-
temic delivery. However, this may change as novel nucleic acid delivery systems cur-
rently being developed based upon siRNA therapeutics are employed [ 148 ].  

5.3.5.3     Platinum-Based Inhibitors 

 The antitumor effects of most platinum compounds are thought to result from their 
ability to combine with DNA and form complexes that are toxic to cells. In contrast, 
platinum IV compounds—CPA-1, CPA-7, and platinum (IV) tetra-chloride, were 
shown to inhibit STAT3 DNA binding activity in an EMSA assay [ 149 ]. Importantly, 
IS3 295, a member of the same group identifi ed from a screen of the NCI 2000 
diversity set of compounds, was reported to bind STAT3 and prevent its interaction 
with specifi c DNA response elements in a dose dependent manner with an IC 50  of 
1.4 μM [ 150 ]. All platinum IV compounds mentioned here preferentially inhibit 
STAT3 and to some extend STAT1 DNA binding, but showed no activity against 
STAT5 DNA binding, reducing the possibility that this is a nonspecifi c DNA target-
ing effect. The compound suppressed STAT3 dependent gene activation and showed 
antiproliferative effects against v-Src transformed fi broblast and a variety of breast 
cancer cells. Of note, CPA-7 also was recently shown to be effective against both 
gliomas and melanomas in mouse tumor models [ 151 ]. Biochemical data also sug-
gests that inhibition of DNA binding by IS3 295 is irreversible, which is not surpris-
ing because platinum compounds are known to react with thiol groups [ 152 ]. The 
fact that IS3 295 is selective for STAT3 over STAT5 suggests that covalent modifi -
cation involves a unique site within STAT3 to which the compounds fi rst binds 
non- covalently prior to crosslinking. It is important to note that this kind of selectiv-
ity implies a “hotspot” within the DNA binding domain [ 153 ]. It would therefore be 
interesting to pinpoint the reactive thiol groups at the DNA interface. This could 
yield important information that would help drive the development of other com-
pounds directed at STAT3 DNA binding. It remains to be seen what proteins other 
than STAT3 this class of compounds also targets in order to better assess the possi-
bility of unacceptable levels of off-target effects.  

5.3.5.4     Small Molecule Targeting 

 In contrast to the SH2 binding domain, which presents a well-defi ned pY binding 
site that is amenable to targeted small-molecule inhibition, the DNA binding 
domain has historically been considered challenging, partly due to the belief that 
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disrupting DNA binding would not achieve the desired level of selectivity neces-
sary to discriminate among TFs. In addition, protein DNA interactions of TFs were 
conventionally deemed undruggable due to the lack of obvious targetable pockets 
within their binding interfaces. Using high quality structural data of the DBD of 
STAT3 [ 43 ], Huang et al. applied an improved virtual ligand screen to identify a 
small molecule called InS3-54 (4-[(3E)-3-[(4-nitrophenyl)-methylidene]-2-oxo-5- 
phenylpyrrol-1-yl] benzoic acid) that non-covalently binds to the DBD of STAT3, 
thereby competitively inhibiting its DNA-binding activity [ 154 ]. To ensure selec-
tivity towards STAT3, top scoring molecules from the initial screen were docked 
on to the DBD of STAT1. InS3-54 was selected as the most selective compounds 
that had the ability to inhibit STAT3 dependent gene expression in a luciferase 
reporter assay. In addition, InS3-54 was demonstrated to inhibit DNA binding of 
pY-STAT3 dimer (IC 50  = 20 μM) by non-covalently binding to the DBD of STAT3. 
Although effi cacious in inhibiting proliferation of various cancer cell lines, the 
IC 50  (<6 μM) was markedly lower than that for its inhibition of DNA binding, 
which suggested the possibility of off-target effects. To address this issue, Zhan’s 
group made further activity guided hit-to-lead optimizations that resulted in InS3-
54A18, a compound that showed improved IC 50  for growth inhibition, better speci-
fi city, and more favorable pharmacological properties [ 155 ]. When orally 
administered, inS3-54A18 effectively inhibited STAT3 activity in mice leading to 
a reduction in lung xenograft tumor growth. 

 Another example of a small molecule presumed to work by the directly targeting 
the STAT3 DBD is a synthetic analog of curcumin, HO-3867, that has been shown 
to inhibit DNA binding activity in an ELISA assay [ 156 ]. HO-3867 inhibited STAT3 
transcriptional activity, was preferentially active in a dose dependent manner in 
inhibiting growth of cancer vs. normal cell lines, and inhibited xenograft tumor 
growth. However, this compound appears to have minimal selectivity and was 
shown to inhibit upstream kinases [ 157 ,  158 ]. To advance further, the specifi city of 
HO-3867 likely will need to be improved. 

 Galiellalactone, a fungal metabolite from the ascomycete,  Galiella rufa , inhib-
ited the IL-6/STAT3 signaling pathway [ 159 ,  160 ]. Galiellalactone inhibited STAT3- 
mediated luciferase induction (IC 50  ~ 5 μM), reduced STAT3-regulated gene 
induction, and blocked the growth of various cancer cell lines e.g. DU145,  in vitro  
(IC 50  = 3.4 μM) and  in vivo  [ 160 – 162 ]. Galiellalactone did not prevent dimerization 
of the STAT3 monomers and showed no signifi cant inhibition of phosphorylation; it 
appears to mediate its STAT3 inhibitory effect by covalently modifying residues 
Cys-367, Cys-468, and Cys-542 in the DBD and directly blocking the binding of 
STAT3 to DNA [ 162 ].  

5.3.5.5     Peptides and Aptamers 

 Like STAT3 SH2-directed aptamers, DBD-directed peptide aptamer DBD-1 and its 
protein transduction domain (PTD)-fused analog, DBD-1-9R could also target 
STAT3 and reduce growth of STAT3-dependent cells [ 163 ].   
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5.3.6     Inhibitors Targeting the STAT3 N-Terminal Domain 

 Although tyrosine phosphorylation precedes STAT3 activation, it has been shown that 
even nonphosphorylated STAT3 contributes to carcinogenesis through regulation of 
gene expression [ 164 – 166 ]. In addition, protein–protein interactions between STAT3 
and other transcription factors also can affect the repertoire of transcribed genes and 
contribute to tumorigenesis [ 167 ]. The N-terminal domain mediates protein–protein 
interactions during binding of STAT3 dimers to DNA and in the assembly of the tran-
scriptional machinery, including the interactions between two STAT3 dimers to form 
a tetramer, as well as with other transcriptional factors and regulators [ 43 ,  168 ,  169 ]. 
The N-terminal domain interaction with other transcription factors/cofactors leads to 
formation of enchanceosomes [ 170 ] and its interaction with histone-modifi er proteins 
induces changes in chromatin structure [ 171 ]. These complex interactions together 
maximize STAT3-dependent transcriptional control in normal and cancer cells [ 167 ]. 
Moreover, the NTD also has been implicated in the interaction of STAT3 with peptide 
hormone receptors and the nuclear translocation of STAT3 [ 172 – 174 ]. Short peptides 
(Table  5.3 ) derived from helices within the N-terminal domain, especially helix-2 
(ST3-H2A2), recognized and bound to STAT3, but not to other STAT members, and 
inhibited STAT3 transcriptional activity without affecting levels of pY-STAT3 [ 169 , 
 175 ,  176 ]. The cell-permeable form of this peptide (Hel2K-Pen), generated by its 
fusion with Penetratin (a protein transduction motif with sequence RQIKIWFPNRR-
Nle-KWKK-NH2), selectively induced cell growth inhibition and apoptosis of human 
MDA-MB-231, MDA-MB-435, and MCF-7 breast cancer cells (IC 50  ~ 10 μM) 
through robust induction of pro-apoptotic genes, as a result of altered STAT3 chroma-
tin binding [ 175 – 177 ]. Issues of peptide stability and bioavailability still remain major 
challenges to be overcome for this unique approach to STAT3 inhibition to advance.  

5.3.7     Inhibitors that Target Endogenous STAT3 Negative 
Regulators 

 In normal cells, the level and duration of STAT3 activation is controlled by a variety 
of mechanisms including dephosphorylation of receptor complexes and nuclear 
STAT3 dimers by protein phosphatases (PTPases), interaction of activated STAT3 
with members of the protein inhibitors of activated STAT (PIAS) family, and the 
actions of suppressor of cytokine signaling (SOCS) protein members that inhibit 
and/or degrade JAKs [ 178 ,  179 ]. Many different STAT3 inhibitors seem to work 
through modulating the activity of these endogenous regulators (Table  5.4 ).  

 Several protein tyrosine phosphatases, including members of the Src homology 2 
(SH2)-domain containing tyrosine phosphatase family (SHP-1 and SHP-2) and pro-
tein tyrosine phosphatase 1B (PTP-1B) [ 180 – 182 ] can deactivate STAT3 signaling 
through direct dephosphorylation of pY-STAT3, thus, are useful targets [ 183 ]. In 
many cancer cells, loss of regulation by these, lead to constitutive STAT3 activation, 
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e.g. loss of SHP-1 enhances JAK3/STAT3 signaling in ALK-positive anaplastic 
large-cell lymphoma and in cutaneous T cell lymphoma [ 184 ,  185 ]. Many chemical 
agents also appear to up regulate SHP-1 activity/expression. As shown in Table  5.4 , 
sorafenib derivatives lacking Raf-1 kinase activity, e.g. SC-1, SC-43, and SC-49 
[ 186 – 189 ], appear to reduce levels of constitutive pY-STAT3 (IC 50  = 1–5 μM) by 
upregulation of SHP1 leading to inhibition of cancer cell growth  in vitro  (IC 50  = 2–5 μM) 
and inhibition of xenografts growth in mice. Many other known JAK/STAT3 inhibi-
tors e.g. betulinic acid [ 190 ], guggulsterone [ 191 ], 5-azacytidine [ 192 ], SC-2001 
[ 193 ], sorafenib [ 194 ], beta-caryophyllene [ 195 ], boswellic acid [ 196 ], capillarisin 
[ 197 ]. Honokiol [ 198 ], dovitinib [ 199 ], 1′-acetoxychavicol [ 200 ], gambogic acid 
[ 201 ], dihydroxypentamethoxyfl avone [ 202 ], butein [ 203 ], icariside II (a fl avonoid 
icariin derivative) [ 204 ] and 5-hydroxy-2-methyl-1,4- naphthoquinone (a vitamin K3 
analogue) [ 205 ] can enhance the SHP-1 pathway (either by induction of SHP-1 
expression or by increase of SHP-1 activity) and show anti-cancer potential. 

 Adenovirus mediated transduction of the SOCS3 gene also can reduce levels of 
pY-STAT3 and thereby reduce SW620 and BEL704 xenograft growth [ 206 ,  207 ]. 
Other known negative STAT3-regulators also could be modulated in a similar way 
to reduce STAT3 activity. 

 Woetmann et al. [ 208 ] showed that calyculin A, an inhibitor of serine phospha-
tases and the protein phosphatases (PPs) PP1yPP2A, induces (i) phosphorylation of 
STAT3 on serine and threonine residues, (ii) inhibition of STAT3 tyrosine phos-
phorylation and DNA binding activity, and (iii) relocation of STAT3 from the 
nucleus to the cytoplasm. Similar results were obtained with other PP2A inhibitors 
(okadaic acid and endothall thioanhydride) but not with inhibitors of PP1 (tautomy-
cin) or PP2B (cyclosporine). There are other reports of a similar inhibition of STAT3 
activity by calyculin A [ 209 ,  210 ] but observations with some of the other PP2A 
inhibitors [ 209 ] could not be repeated. 

 STAT3 activity is, in part, positively regulated by c-Src and negatively regulated 
by a PKC-activated PTPase(s) in melanoma cells. The tumor-promoting phorbol 
ester 12-O-tetradecanoylphorbol-13-acetate (TPA) was shown to inhibit melanoma 
cell growth by suppression of STAT3 activity through upregulation of PTPase(s) 
and upregulation of PKC [ 211 ], which led to a decrease in STAT3 DNA-binding, 
STAT3 target gene transcription, and inhibition of growth of melanoma cells [ 211 ].  

5.3.8     Inhibitors with Other Mechanisms of Action 

 There are numerous examples of agents (Table  5.4 ) that inhibit STAT3 activity/
oncogenic function, that do not necessarily belong to any of the above groups of 
indirect or direct STAT3-interacting compounds. These will be discussed in this 
section. 
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5.3.8.1     siRNA-Based Inhibitors 

 Apart from the ODNs, which block the ability of STAT3 DBD to bind the STAT3- 
responsive sequence containing DNA, there also have been concerted efforts at 
targeting STAT3 mRNA using siRNA and shRNA based methods as outlined 
below. 

  Anti-sense therapy.  Many antisense oligonucleotide (ASO)-based drugs, which 
bind to messenger RNA (mRNAs) and inhibit the production of disease-causing 
proteins, are at various phases of clinical trials. An ASO complementary to apoli-
poprotein B-100 mRNA, mipomersen sodium (Kynamro), received FDA approval 
in January 2013 as an adjunct to statin-based lipid lowering therapy [ 212 ,  213 ]. 
AZD9150 (ISIS-STAT3Rx or ISIS 481464) is a synthetic ASO against STAT3. 
Information about its pre-clinical development is scant but its testing in clinical 
trials is summarized below.   RNA interference (RNAi) is a natural post-transcrip-
tional gene-silencing (PTGS) mechanism for silencing unwanted genes. The pro-
cess is initiated by the presence of double-stranded RNA, not a constituent of the 
normal cell cytoplasm. The dsRNAs are cleaved by dicer, an endonuclease, into 
20–25 nucleotide dsRNAs, referred to as short or small interfering RNAs (siR-
NAs). The RNA-induced silencing complex (RISC) separates the two strands, 
and one of these strands then serves as a guide for sequence-specifi c degradation 
of complementary mRNA. The utility of this approach is limited due to the short 
half-life of transfected RNAs. This problem can be circumvented using a DNA-
directed RNA interference technique in which a short hairpin RNA (shRNA, a 
double stranded RNA) is expressed in the cell after insertion of a DNA construct 
into the nucleus. These shRNAs then enter the RNAi pathway and gene silencing 
can last for as long as the cell continues to produce the shRNA [ 214 ,  215 ]. This 
strategy is under evaluation in several clinical trials for the treatment of several 
diseases including cancers (#NCT01591356, #NCT00363714, #NCT00689065, 
#NCT00938574). However, data regarding siRNA targeted silencing of STAT 
genes for cancer therapy are limited to  in vitro  studies and  in vivo  studies of ani-
mal models only [ 216 – 224 ]. 

 Intracellular therapeutic targets that defi ne tumor immunosuppression in both 
tumor cells and T cells remain intractable [ 225 ]. Administration of a covalently 
linked siRNA to an aptamer (apt) that selectively binds cytotoxic T lymphocyte-
associated antigen 4 [CTLA4(apt)] allowed gene silencing in exhausted CD8 +  T 
cells and Tregs in tumors as well as CTLA4-expressing malignant T cells [ 225 ]. 
CTLA4(apt) fused to a STAT3-targeting siRNA [CTLA4(apt)-STAT3 siRNA] 
resulted in internalization into tumor-associated CD8 +  T cells overexpressing 
CTLA-4 [ 226 ] and silencing of STAT3, which activated tumor antigen-specifi c T 
cells in murine models [ 225 ]. Both local and systemic administration of 
CTLA4(apt)-STAT3 siRNA dramatically reduced tumor-associated Tregs and 
potently inhibited tumor growth and metastasis in various mouse tumor models 
[ 225 ].  
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5.3.8.2     Inhibitors Targeting Nuclear Translocation 

 The role of activated STAT3 as a DNA-binding transcription factor relies on the 
ability of homodimers to traffi c from the cytoplasm to the nucleus [ 178 ,  227 – 231 ]. 
Preventing this shuttle of STAT3 dimers could be a way to block STAT3 activity 
[ 229 ]. Importins α3, α5, α7, and β, are involved in passage of STAT3 through the 
nuclear pore [ 26 ,  229 ]. Once within the nucleus, TC45 dephosphorylates pY-STAT3, 
which then becomes a substrate for exportin-1–mediated export [ 229 ]. Inhibition of 
exportin 1 by leptomycin B or ratjadone A, has been shown to interfere with nuclear 
export of STAT3; it reduces pY-STAT3 and STAT3-mediated transcription and 
causes cells to undergo apoptosis [ 229 ]. Although interesting, any small- molecule 
that inhibits general traffi cking across the nuclear membrane is likely to be toxic 
[ 229 ]. Whether an inhibitor of nuclear pore transit can be developed with suffi cient 
STAT3 selectivity remains to be determined.  

5.3.8.3     Inhibitor with Novel Modes of Action 

 There are a few inhibitors, which have very novel mechanisms of action, mostly by 
way of modulating proteins or pathways indirectly regulating the STAT3 signaling 
pathway (Table  5.4 ). E.g. capsaicin has been shown to have anti-carcinogenic 
effects on various tumor cells through multiple mechanisms including STAT3 inhi-
bition [ 232 – 234 ]. Lee et al. showed that capsaicin treatment of glial tumors induced 
downregulation of the IL-6 receptor gp130 by translation inhibition, and was asso-
ciated with activation of endoplasmic reticulum (ER) stress [ 235 ]. The depletion of 
the intracellular pool of gp130 by capsaicin combined with the ER stress inducer led 
to an immediate loss of the IL-6 response due to short half-life of membrane- 
localized gp130 [ 235 ]. 

 Platelet factor 4 (PF4) is an angiostatic chemokine that suppresses tumor growth 
and metastasis and is frequently lost in multiple myeloma. Exogenous PF4 treatment 
not only suppressed myeloma-associated angiogenesis, but also inhibited growth and 
induced apoptosis in myeloma cells. It has been shown that PF4 negatively regulated 
STAT3 by inhibiting its phosphorylation and transcriptional activity. Overexpression 
of constitutively activated STAT3 could rescue PF4-induced apoptotic effects. 
Furthermore, PF4 induced the expression of SOCS3, an endogenous STAT3 inhibi-
tor, and gene silencing of SOCS3 abolished its ability to inhibit STAT3 activation, 
suggesting a critical role of SOCS3 in PF4-induced STAT3 inhibition.  

5.3.8.4     Other Inhibitors that May Act by Targeting STAT3 

 There are numerous reports of various compounds, most naturally occurring, that 
are known to exert powerful anti-tumor effects, through their action on STAT3. 
However, the mechanistic basis for their anti-STAT3 action is unknown. Some 
examples are protoepigenone/RY10-4 [ 236 ], shikonin [ 237 ], paclitaxel [ 238 – 240 ], 

5 STAT3 Inhibitors in Cancer: A Comprehensive Update



132

vinrelbin [ 238 – 240 ], nifuroxazide [ 241 ], icaritin [ 242 – 245 ], and epigallocatechin-3 
[ 246 ]. These are potent inhibitors that can reduce STAT3 activation and induce 
growth inhibition and/or apoptosis and in many cases have been proven, in pre- 
clinical animal models to reduce tumor growth. Further studies are necessary to 
elucidate their exact mechanism of action. 

 In considering this group of compounds, as well as others listed above, it is 
important to recall that proteases play an important role in STAT3 biochemistry, 
including its posttranslational modulation [ 247 ,  248 ] and degradation. STAT3 pro-
teases include caspases, calpain, and the proteasome complex. Many compounds 
induce cell cycle arrest and apoptosis accompanied by reduced pY-STAT3 levels. It 
is frequently concluded that these compounds target STAT3 but the precise mecha-
nism of STAT3 targeting is not determined. A number of compounds proposed as 
STAT3 inhibitors exert their antitumor effects by promoting STAT3 protein degra-
dation in cancer cells [ 249 – 251 ]. In addition, pY-STAT3 has been shown to undergo 
caspase-dependent proteolytic cleavage [ 252 ]. Because cysteine proteases, such as 
caspases and calpain, are well known intracellular effectors of apoptosis, the ability 
of some purported STAT3 inhibitors to reduce pY-STAT may not be due to direct 
targeting of STAT3, but rather a refl ection of compound-induced apoptosis in which 
pY-STAT3 levels are reduced by effector proteases within the apoptosis pathway.   

5.3.9     Allosteric Effects of STAT3 Inhibitors 

 Namanja et al. [ 253 ] found that pY-peptide interactions with the SH2 domain of 
STAT3 cause structural and dynamics changes in its LD and DBD. This inter- 
domain allosteric effect likely is mediated by the fl exibility within the hydrophobic 
core of STAT3. In addition, a mutation (I568F) in the LD, identifi ed in a patient with 
autosomal-dominant hyper IgE syndrome (AD-HIES) induced NMR chemical shift 
perturbations in the SH2 domain, the DBD and the CCD domain of STAT3, sug-
gesting conformational changes in these domains mediated by a point mutation in a 
separate domain. Furthermore, they showed that the conformational changes in the 
SH2 domain seen in the mSTAT3 I568F mutant was accompanied by the reduced 
affi nity of this mSTAT3 for pY-peptide. This effect may help explain the ability of 
some compounds that bind domains other than the SH2 domain to affect STAT3- 
pY- peptide binding. The recent paper by Mathew et al. [ 254 ] using a rhodium-(II)-
catalyzed, proximity-driven modifi cation approach identifi ed the STAT3 coiled-coil 
domain (CCD) as a novel binding site for a newly described naphthalene sulfon-
amide inhibitor, MM-206. Despite binding to the CCD, this compound reduces 
STAT3 binding to pY-peptide and has structural features of C188, previously shown 
to reduce STAT3 binding to pY-peptide [ 93 ,  94 ,  96 ], and BP-1-102, thought to bind 
to the STAT3 SH2 domain. Findings with MM-206 [ 254 ] and STAT3 proteins con-
taining substitutions within the CCD, such as Asp170 [ 174 ], suggest that the CCD, 
like the LD, also may engage in interdomain allosteric effects. Based on these fi nd-
ings, one might need to reconsider notions about how STAT3 inhibitors 
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demonstrated to bind to STAT3 and to reduce STAT3 activity actually mediate their 
effects and may change our approach to designing drugs to target this oncogene. 
The fact that selectivity and mechanisms of action of established STAT3 inhibitors 
continue to be revisited and clarifi ed [ 255 ,  256 ] reinforces this concept.   

5.4     Entry of STAT3 Inhibitors into the Clinic 

 Attempts to develop peptide inhibitors [ 25 ,  44 ,  45 ,  51 ,  257 ] that target the pY- 
peptide binding pocket within the STAT SH2 domain [ 45 ] quickly followed the 
elucidation of the crystal structure of STAT3β homodimer [ 43 ] and confi rmation 
that STAT3 was an oncoprotein [ 8 ]. However, due to their lack of membrane perme-
ability and stability, non-peptidic small molecule inhibitors of STAT3 moved to the 
forefront of this drug discovery area [ 61 ]. Although showing promising pre-clinical 
activity  in vivo , many compounds in this category show activity in the medium-to- 
high micromolar range, indicating the need for additional optimization before tran-
sitioning to clinical trials involving systemic administration. STA-21 has completed 
phase I/II trials in patients with psoriasis [ 258 ] with effective concentrations being 
achieved at affected skin sites through topical application. Several agents that sys-
temically target the IL-6R/JAK/STAT3 signaling pathway are at various stages of 
clinical trials (Table  5.5 ) for a cancer indication. STAT3 upstream antagonists 
include the IL-6-neutralizing MAb siltuximab [ 259 ], the IL6R-anatgonist MAb 
tocilizumab [ 260 ,  261 ], the JAK inhibitor ruxolitinib [ 262 – 268 ], AZD1480 [ 41 , 
 269 – 272 ], OPB-31121 [ 273 – 278 ], fedratinib/SAR302503 [ 279 – 282 ], BSE-SFN 
[ 283 ], pacritinib/SB1518 [ 284 ,  285 ], and the dual JAK2/gp130 inhibitors WP1066 
[ 286 – 290 ] and OPB-51602 [ 291 ]. Direct STAT3 inhibitors include the STAT3- 
decoys [ 292 ] and the STAT3-antisense oligonucleotide based inhibitor ISIS- 
STAT3Rx (AZD9150) [ 293 ]. The third group of compounds includes two 
re-purposed drugs that also inhibit STAT3—the antiparasitic drug pyrimethamine 
[ 283 ] and the HMG-CoA inhibitor Simvastatin [ 294 – 296 ].

   The importance of the IL-6/JAK/STAT signaling pathway in many human malig-
nancies has, in part, spurred development of several IL-6 and IL-6 receptor inhibitors 
for cancer treatment [ 297 – 299 ]. Siltuximab (CNTO 328), the chimeric anti-IL-6 
MAb has been approved by the FDA in 2014 for the treatment of patients with HIV-
negative and HHV-8-negative multicentric Castleman’s disease (MCD), a lymphop-
roliferative disorder with germinal center hyperplasia and high morbidity, at a dose 
of 11 mg/kg every 3 weeks [ 259 ,  300 ]. In a Phase I study, 18 of 23 patients (78 %) 
had complete response, and 12 patients (52 %) demonstrated objective tumor 
response [ 301 ]. In a Phase II study, with HIV-negative and HHV-8-seronegative 
patients with symptomatic MCD (n = 140), durable tumor and symptomatic responses 
occurred in 18 of 53 patients (34 %) in the siltuximab group and none of 26 in the 
placebo group [ 302 ]. A Japanese Phase 1 trial [ 303 ] in multiple myeloma patients 
showed some responses, but in other studies the 11 mg/kg dose did not improve 
progression-free survival or achieve other measures of response [ 259 ]. Out of the 16 
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studies undertaken in various cancers with this agent, six have been completed, fi ve 
are still ongoing, and fi ve have been either terminated or withdrawn because of lack 
of effi cacy. IL-6 signaling inhibition using the IL-6R monoclonal antibody, tocili-
zumab, has shown promising results in rheumatoid arthritis and related diseases in 
approximately 230 trials [ 304 ] and is being evaluated in patients with cancers, 
including multiple myeloma, both as an anti-myeloma therapy and as a method to 
reduce GvHD after allogeneic stem cell transplant (SCT), as well as in recurrent 
ovarian cancer as adjuvant with carboplatin/doxorubicin [ 260 ,  261 ]. Preliminary 
analysis of the ongoing trial shows that immune reconstitution was preserved in 
recipients of tocilizumab and there was a reduced incidence of grade 2–4 acute 
GvHD [ 261 ]. A completed phase I trial combining carboplatin/doxorubicin with 
tocilizumab and IFNα2b in patients with recurrent epithelial ovarian cancer (EOC) 
revealed that functional IL-6R blockade is feasible and safe in EOC patients treated 
with carboplatin/doxorubicin, using 8 mg/kg tocilizumab [ 260 ], and the combination 
was recommended for phase II evaluation based on immune parameters. 

 Approximately 50 trials with the JAK inhibitor, ruxolitinib, in many different 
cancer indications are underway and a few completed ones show some encouraging 
results in myelofi brosis [ 305 ], but toxicity remains an issue. In phase III clinical stud-
ies, ruxolitinib provided rapid and durable improvement of myelofi brosis- related 
splenomegaly and symptoms irrespective of mutation status, and was associated 
with a survival advantage compared with placebo or best available therapy. But 
because of dose-dependent cytopenias, blood count monitoring and dose titrations 
were recommended [ 266 ]. The JAK2 mutation (c.1849G > T; p.V617F) causes con-
stitutive activation of Janus kinase (JAK)2 and dysregulated JAK signaling in myelo-
fi brosis (MF), polycythemia vera (PV), and essential thrombocythemia (ET). 
Interestingly, in the phase III Controlled Myelofi brosis Study, patients with MF not 
only achieved signifi cant reductions in splenomegaly and improvements in symp-
toms with ruxolitinib vs. placebo but 26/236 patients carrying the allele, also had 
their mutation burden lowered [ 306 ]; 20 achieved partial and 6 achieved complete 
molecular responses, with median times to response of 22.2 and 27.5 months [ 306 ]. 
The phase I study [ 41 ] with AZD1480, a JAK inhibitor, in 38 patients with advanced 
solid tumors, revealed rapid absorption and elimination with minimal accumulation 
after repeated daily or twice daily dosing. Pharmacodynamic analysis of circulating 
granulocytes demonstrated maximal reduction of pY-STAT3 within 1–2 h after dose, 
coincident with C max , and greater reduction at higher doses. The average reduction in 
pY-STAT3 levels in granulocytes at the highest dose tested (70 mg daily), was 56 % 
at steady-state drug levels. Dose-limiting toxicities (DLTs) included pleiotropic neu-
rologic adverse events (AEs), like dizziness, anxiety, ataxia, memory loss, hallucina-
tions, and behavior changes. The trial had to be stopped because of toxicity. 

 Another JAK inhibitor that showed the best potency in pre-clinical studies, OPB- 
31121 [ 274 – 276 ], demonstrated insuffi cient antitumor activity in patients with 
hepatocellular carcinoma (HCC) in a clinical trial [ 273 ]. In an open-label, 
 dose- escalation, and pharmacokinetic study of OPB-31121 in subjects with 
advanced solid tumor observed that twice-daily administration of OPB-31121 was 
feasible up to doses of 300 mg. The pharmacokinetic profi le, however, was unfavor-

U. Bharadwaj et al.



137

able and no objective responses were observed [ 273 ]. A similar study in advanced 
HCC also came up with the same result [ 273 ]. Furthermore, peripheral nervous 
system-related toxicities were experienced, which may limit long-term administra-
tion of OPB- 31121 [ 273 ]. 

 A very recent interventional study will evaluate the effect of sulforaphane from 
broccoli sprout extract (BSE-SFN) as a candidate natural chemopreventive agent 
which is known to modulate key steps in melanoma progression and STAT3 medi-
ated gene transcription [ 307 ,  308 ] in melanocytic and stromal elements of 18 mela-
noma patients with at least two atypical nevi of ≥4 mm diameter and those who 
have not received any form of systemic antineoplastic treatment for melanoma 
within the last year before recruitment, The primary outcomes that will be measured 
are (i) adverse events associated with oral sulforaphane, (ii) visual changes of atypi-
cal nevi size, border and color and (iii) the cellular changes. 

 Another new trial examines the safety and effi cacy of the JAK2 inhibitor, pacri-
tinib, for patients with AML in combination with either decitabine or cytarabine. 
Pacritinib has been shown to work through inhibition of STAT3 and STAT5 [ 284 ]. 
Pacritinib is an active agent in patients with myelofi brosis (MF), offering a potential 
treatment option for patients with preexisting anemia and thrombocytopenia. It 
demonstrated a favorable safety profi le with promising effi cacy in phase I studies in 
patients with primary and secondary MF. A subsequent multicenter phase II study 
demonstrated effi cacy [ 285 ]. Out of 26 evaluable patients who either had clinical 
splenomegaly poorly controlled with standard therapies or were newly diagnosed 
with intermediate- or high-risk Lille score, 8 patients (31 %) achieved a ≥35 % 
decrease in spleen volume (MRI) and 42 % on the whole attained a ≥50 % reduction 
in spleen size by physical examination. Grade 1 or 2 diarrhea (69 %) and nausea 
(49 %) were the most common treatment-emergent adverse events. The study drug 
was discontinued in 9 patients (26 %) due to adverse events (4 severe). 

 STAT3-decoy oligonucleotides (ODN) targeting the STAT3 DBD [ 292 ] and 
STAT3 siRNA based formulations [ 293 ] are the only direct STAT3 inhibitors that 
are in clinical trial for a cancer indication. Expression levels of STAT3 target genes 
were decreased in head and neck cancer patients following intratumoral injection 
with the STAT3 decoy compared with tumors receiving saline control in a phase 0 
trial [ 292 ]. While intratumoral administration clearly shows target inhibition, it 
should be noted that there is no clear evidence that the same level of effi cacy would 
be attained if the ODN were systemically administered. Therefore, it would be 
interesting to assess the effectiveness of this and the subsequent cyclic ODNs, on 
tumor STAT3 activity when delivered systemically in patients. Considering that 
effective and safe systemic intracellular delivery remains a challenge in this fi eld it 
appears that there still remain some obstacles that have to be overcome before 
ODNs realize their full clinical potential as STAT3-targeting therapeutic agents. 

 STAT3 antisense based AZD9150 (ISIS-STAT3Rx) showed single-agent antitu-
mor activity in patients with highly treatment-refractory lymphoma and NSCLC in 
a phase 1 dose escalation study. Of the 25 patients enrolled (12 advanced lym-
phoma; 7 with DLBCL, 2 Hodgkin’s lymphoma, 2 follicular non-Hodgkin’s lym-
phoma, 1 mantle cell lymphoma), 44 % (11/25) achieved stable disease (SD) or a 
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partial response (PR); three of six patients (50 %) with treatment-refractory DLBCL 
had evidence of tumor shrinkage and two patients (33 %) achieved a confi rmed 
durable PR [ 293 ]. The only NSCLC patient evaluated showed evidence of near- 
complete resolution of highly treatment refractory NSCLC liver metastasis upon 
fi rst restaging, with additional stabilization of mediastinal lymph nodes in response 
to AZD9150 treatment (3 mg/kg) [ 293 ]. The maximum tolerated dose (MTD) of 
AZD9150 was determined to be 3 mg/kg. A rapidly evolving thrombocytopenia (in 
the fi rst month of dosing) was observed in two of nine patients at 4 mg/kg and was 
considered the dose-limiting toxicity (DLT). A more chronic slowly progressing 
thrombocytopenia also occurred after 4–6 months of dosing at 2 and 3 mg/kg (and 
for most patients at 4 mg/kg) and was effectively managed with pauses and dose 
frequency adjustments. The slowly progressing thrombocytopenia seen in patients 
at or below the MTD is consistent with the reported role of STAT3 in megakaryo-
poiesis [ 309 ,  310 ], whereas the rapidly progressing thrombocytopenia seen above 
the MTD was of uncertain etiology. Other drug-related adverse events included 
aspartate aminotransferase (AST) elevation (44 %), alanine aminotransferase (ALT) 
elevation (44 %). Responses have also been seen in the DLBCL study. Dose escala-
tion continues in the HCC study and knockdown of STAT3 in peripheral blood 
mononuclear cells (PBMCs) has been shown. IONIS-STAT3Rx, a variant of 
AZD9150 is also being examined for safety in patients with advanced cancers. 

 Tumor-induced STAT3 generates an immunosuppressive microenvironment 
and, therefore, has become a promising target for cancer therapy. Based on this 
premise, an ongoing clinical trial is investigating the effects of the antiparasitic 
drug, pyrimethamine, an inhibitor of STAT3 [ 283 ], in chronic lymphocytic leuke-
mia (CLL) patients. Interestingly, pyrimethamine does not affect STAT3 phosphor-
ylation [ 283 ] but does affect transcription of STAT3 gene targets. 

 Another re-purposed STAT3-inhibitor, simvastatin, an inhibitor of 3-hydroxy- 3-
methylglutaryl-coenzyme A (HMG-CoA) [ 294 – 296 ] is being tested in a phase I 
trial in combination with topotecan and cyclophosphamide for refractory and/or 
relapsed solid or CNS tumors of childhood. HMG-CoA reductase inhibitors, or 
“statins”, lower LDL (low density lipoprotein) cholesterol by inhibiting cholesterol 
biosynthesis. Statins also have been found to decrease the incidence of cancer [ 311 , 
 312 ]. Statins have been shown to inhibit IL-6 mediated STAT3 activation and pre-
vent recruitment of pro-infl ammatory cells to injured heart tissue [ 313 ]. 

 In conclusion, most of the inhibitors in trial, which target STAT3 in various can-
cer indications, belong to the upstream and repurposed inhibitors groups. None of 
the direct small-molecule STAT3 inhibitors under development has entered clinical 
trials. Since the pharmacokinetic properties of many of these are not well elabo-
rated, it is diffi cult to comment on their preparedness to go to the clinics. The most 
promising in this regard is C188-9. Pharmacokinetic (PK) and toxicity studies in 
mice, rats, and dogs demonstrated that C188-9 provides excellent plasma exposures 
following oral administration and revealed no toxicity detectable by gross, 
 microscopic or clinical laboratory evaluations when administered up to a dose of 
100 mg/kg/day for 28 days in dogs, and up to a dose of 200 mg/kg/day for 28 days 
in rats [ 96 ]. Tumor PK studies of C188-9 in mice at 10 mg/kg demonstrated tumor 
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levels twice those of plasma levels and nearly 3 times the IC 50  for pSTAT3 inhibition 
[ 96 ]. C188-9 inhibits growth and survival of many types of cancer cells  in vitro , 
including AML [ 95 ,  97 ], NSCLC [ 99 ], breast cancer (Dobrolecki et al. 2016, manu-
script in preparation), and HNSCC [ 96 ] and inhibits the growth of NSCLC and 
HNSCC xenografts  in vivo  [ 96 ,  99 ].  

5.5     Conclusion 

 Due to the essential contributions of STAT3 to virtually all the hallmarks of cancer, 
numerous approaches have been applied to identify molecules that effectively block 
STAT3 signaling to treat and/or prevent cancer, including peptidomimicry,  de novo  
rational design, screening chemical libraries  in silico  and  in vitro , and FBDD. Despite 
these efforts, few specifi c and selective STAT3 inhibitors with optimal anti-STAT3 
activity have garnered the requisite pharmacokinetic and pharmacodynamic creden-
tials to proceed to clinical trials. Some authors have stated that, unlike small enzy-
matic clefts, the STAT3:STAT3 dimer represents a protein-protein interaction that 
involves too large a surface area [ 86 ] to be effectively targeted by small, drug-like 
molecules [ 314 ]. These interaction surfaces and others involved in STAT3 protein- 
protein and protein-DNA interaction also are shallow and relatively featureless, as 
opposed to the well-defi ned binding pockets seen in enzyme active sites, thereby 
making the designing diffi cult [ 315 ]. In addition, the binding regions of STAT3 
protein–protein or DNA–protein interactions are often non-contiguous, making 
mimicry of these domains diffi cult to accomplish for simple peptides or peptidomi-
metics [ 314 ]. Yet, several small-molecule STAT3 inhibitors are under development, 
which have good binding affi nity for STAT3, potent STAT3 inhibitory activities, 
and a good safety profi le. If these compounds fail to progress into drugs, efforts 
need to continue in this area of drug development as the impact of having an effec-
tive STAT3 inhibitor available in the clinic to treat and/or prevent many cancers will 
be substantial. Future strategies directed toward the identifi cation of new small- 
molecule STAT3 probes should combine conventional screening-based strategies 
with FBDD and structural analytical tools, such as NMR analysis.     

   References 

     1.    Darnell JEJ (2002) Transcription factors as targets for cancer therapy. Nat Rev Cancer 
2(10):740–749  

     2.    Banerjee K, Resat H (2015) Constitutive activation of STAT3 in breast cancer cells: a review. 
Int J Cancer 138(11):2570–2578  

    3.    Vogt M, Domoszlai T, Kleshchanok D et al (2011) The role of the N-terminal domain in 
dimerization and nucleocytoplasmic shuttling of latent STAT3. J Cell Sci 124(Pt 
6):900–909  

     4.    Sriuranpong V, Park JI, Amornphimoltham P et al (2003) Epidermal growth factor receptor- 
independent constitutive activation of STAT3 in head and neck squamous cell carcinoma is 

5 STAT3 Inhibitors in Cancer: A Comprehensive Update



140

mediated by the autocrine/paracrine stimulation of the interleukin 6/gp130 cytokine system. 
Cancer Res 63(11):2948–2956  

    5.    Ulaganathan VK, Sperl B, Rapp UR et al (2015) Germline variant FGFR4 p.G388R exposes 
a membrane-proximal STAT3 binding site. Nature 528(7583):570–574  

    6.   Banerjee K, Resat H (2015) Constitutive activation of STAT3 in breast cancer cells: a review. 
Int J Cancer 138(11):2570–2578  

     7.    Yuan J, Zhang F, Niu R (2015) Multiple regulation pathways and pivotal biological functions 
of STAT3 in cancer. Sci Rep 5:17663  

      8.    Bromberg JF, Wrzeszczynska MH, Devgan G et al (1999) Stat3 as an oncogene. Cell 
98(3):295–303  

    9.    Gritsko T, Williams A, Turkson J et al (2006) Persistent activation of stat3 signaling induces 
survivin gene expression and confers resistance to apoptosis in human breast cancer cells. 
Clin Cancer Res 12(1):11–19  

    10.    Doucette TA, Kong L-Y, Yang Y et al (2012) Signal transducer and activator of transcription 
3 promotes angiogenesis and drives malignant progression in glioma. Neuro Oncol 
14(9):1136–1145  

    11.    Xiong H, Hong J, Du W et al (2012) Roles of STAT3 and ZEB1 proteins in E-cadherin down- 
regulation and human colorectal cancer epithelial–mesenchymal transition. J Biol Chem 
287(8):5819–5832  

    12.    Sherry MM, Reeves A, Wu JK et al (2009) STAT3 is required for proliferation and mainte-
nance of multipotency in glioblastoma stem cells. Stem Cells 27(10):2383–2392  

    13.    Yu H, Kortylewski M, Pardoll D (2007) Crosstalk between cancer and immune cells: role of 
STAT3 in the tumour microenvironment. Nat Rev Immunol 7(1):41–51  

    14.    Kortylewski M, Kujawski M, Wang T et al (2005) Inhibiting Stat3 signaling in the hemato-
poietic system elicits multicomponent antitumor immunity. Nat Med 11(12):1314–1321  

    15.    Nabarro S, Himoudi N, Papanastasiou A et al (2005) Coordinated oncogenic transformation 
and inhibition of host immune responses by the PAX3-FKHR fusion oncoprotein. J Exp Med 
202(10):1399–1410  

    16.    Marzec M, Zhang Q, Goradia A et al (2008) Oncogenic kinase NPM/ALK induces through 
STAT3 expression of immunosuppressive protein CD274 (PD-L1, B7-H1). Proc Natl Acad 
Sci U S A 105(52):20852–20857  

     17.    Lee H-J, Zhuang G, Cao Y et al (2014) Drug resistance via feedback activation of Stat3 in 
oncogene-addicted cancer cells. Cancer Cell 26(2):207–221  

    18.    Szakacs G, Paterson JK, Ludwig JA et al (2006) Targeting multidrug resistance in cancer. Nat 
Rev Drug Discov 5(3):219–234  

    19.    Real PJ, Sierra A, De Juan A et al (2002) Resistance to chemotherapy via Stat3-dependent 
overexpression of Bcl-2 in metastatic breast cancer cells. Oncogene 21(50):7611–7618  

    20.    Huang S, Chen M, Shen Y et al (2012) Inhibition of activated Stat3 reverses drug resistance 
to chemotherapeutic agents in gastric cancer cells. Cancer Lett 315(2):198–205  

      21.    Zhao C, Li H, Lin H-J et al (2016) Feedback activation of STAT3 as a cancer drug-resistance 
mechanism. Trends Pharmacol Sci 37(1):47–61  

     22.    Darnell JEJ, Kerr IM, Stark GR (1994) Jak-STAT pathways and transcriptional activation 
in response to IFNs and other extracellular signaling proteins. Science 264(5164):
1415–1421  

    23.    Zhong Z, Wen Z, Darnell JEJ (1994) Stat3: a STAT family member activated by tyrosine 
phosphorylation in response to epidermal growth factor and interleukin-6. Science 
264(5155):95–98  

    24.    Ram PT, Iyengar R (2001) G protein coupled receptor signaling through the Src and Stat3 
pathway: role in proliferation and transformation. Oncogene 20(13):1601–1606  

         25.   Shao H, Xu X, Mastrangelo MA, Jing N, Cook RG, Legge GB, Tweardy DJ (2004) Structural 
requirements for signal transducer and activator of transcription 3 binding to phosphotyrosine 
ligands containing the YXXQ motif. J Biol Chem 30;279(18):18967–73  

     26.    Liu L, McBride KM, Reich NC (2005) STAT3 nuclear import is independent of tyrosine 
phosphorylation and mediated by importin-alpha3. Proc Natl Acad Sci U S A 102(23):
8150–8155  

U. Bharadwaj et al.



141

    27.    Cimica V, Chen H-C, Iyer JK et al (2011) Dynamics of the STAT3 transcription factor: 
nuclear import dependent on Ran and importin-beta1. PLoS One 6(5):e20188  

    28.    Reich NC (2013) STATs get their move on. JAKSTAT 2(4):e27080  
    29.    Ma J, Zhang T, Novotny-Diermayr V et al (2003) A novel sequence in the coiled-coil domain 

of Stat3 essential for its nuclear translocation. J Biol Chem 278(31):29252–29260  
    30.    Pranada AL, Metz S, Herrmann A et al (2004) Real time analysis of STAT3 nucleocytoplas-

mic shuttling. J Biol Chem 279(15):15114–15123  
    31.    Paulson M, Pisharody S, Pan L et al (1999) Stat protein transactivation domains recruit p300/

CBP through widely divergent sequences. J Biol Chem 274(36):25343–25349  
    32.    Giraud S, Bienvenu F, Avril S et al (2002) Functional interaction of STAT3 transcription fac-

tor with the coactivator NcoA/SRC1a. J Biol Chem 277(10):8004–8011  
    33.    Quesnelle KM, Boehm AL, Grandis JR (2007) STAT-mediated EGFR signaling in cancer. 

J Cell Biochem 102(2):311–319  
   34.    Silva CM (2004) Role of STATs as downstream signal transducers in Src family kinase- 

mediated tumorigenesis. Oncogene 23(48):8017–8023  
    35.    Garcia R, Bowman TL, Niu G et al (2001) Constitutive activation of Stat3 by the Src and 

JAK tyrosine kinases participates in growth regulation of human breast carcinoma cells. 
Oncogene 20(20):2499–2513  

    36.   Buchert M, Burns CJ, Ernst M (2015) Targeting JAK kinase in solid tumors: emerging oppor-
tunities and challenges. Oncogene 35(8):939–951  

    37.    Guo Y, Xu F, Lu T et al (2012) Interleukin-6 signaling pathway in targeted therapy for cancer. 
Cancer Treat Rev 38(7):904–910  

      38.    Buerger C, Nagel-Wolfrum K, Kunz C et al (2003) Sequence-specifi c peptide aptamers, 
interacting with the intracellular domain of the epidermal growth factor receptor, interfere 
with Stat3 activation and inhibit the growth of tumor cells. J Biol Chem 278(39):
37610–37621  

    39.    Balabanov S, Braig M, Brummendorf TH (2014) Current aspects in resistance against tyro-
sine kinase inhibitors in chronic myelogenous leukemia. Drug Discov Today Technol 
11:89–99  

    40.    Norman P (2014) Selective JAK inhibitors in development for rheumatoid arthritis. Expert 
Opin Investig Drugs 23(8):1067–1077  

        41.    Plimack ER, Lorusso PM, McCoon P et al (2013) AZD1480: a phase I study of a novel JAK2 
inhibitor in solid tumors. Oncologist 18(7):819–820  

    42.    Vultur A, Villanueva J, Krepler C et al (2014) MEK inhibition affects STAT3 signaling and 
invasion in human melanoma cell lines. Oncogene 33(14):1850–1861  

       43.    Becker S, Groner B, Muller CW (1998) Three-dimensional structure of the Stat3beta homodi-
mer bound to DNA. Nature 394(6689):145–151  

        44.    Ren Z, Cabell LA, Schaefer TS et al (2003) Identifi cation of a high-affi nity phosphopeptide 
inhibitor of Stat3. Bioorg Med Chem Lett 13(4):633–636  

           45.    Turkson J, Ryan D, Kim JS et al (2001) Phosphotyrosyl peptides block Stat3-mediated DNA 
binding activity, gene regulation, and cell transformation. J Biol Chem 276(48):45443–
45455  

    46.    Wiederkehr-Adam M, Ernst P, Muller K et al (2003) Characterization of phosphopeptide 
motifs specifi c for the Src homology 2 domains of signal transducer and activator of tran-
scription 1 (STAT1) and STAT3. J Biol Chem 278(18):16117–16128  

      47.    Yue P, Turkson J (2009) Targeting STAT3 in cancer: how successful are we? Expert Opin 
Investig Drugs 18(1):45–56  

    48.    Vultur A, Cao J, Arulanandam R et al (2004) Cell-to-cell adhesion modulates Stat3 activity 
in normal and breast carcinoma cells. Oncogene 23(15):2600–2616  

      49.    Turkson J, Kim JS, Zhang S et al (2004) Novel peptidomimetic inhibitors of signal transducer 
and activator of transcription 3 dimerization and biological activity. Mol Cancer Ther 
3(3):261–269  

      50.    Siddiquee KA, Gunning PT, Glenn M et al (2007) An oxazole-based small-molecule Stat3 
inhibitor modulates Stat3 stability and processing and induces antitumor cell effects. ACS 
Chem Biol 2(12):787–798  

5 STAT3 Inhibitors in Cancer: A Comprehensive Update



142

     51.   Shao H, Xu X, Jing N et al (2006) Unique structural determinants for Stat3 recruitment and 
activation by the granulocyte colony-stimulating factor receptor at phosphotyrosine ligands 
704 and 744. J Immunol  176(5):2933–2941  

      52.    Coleman DR, Ren Z, Mandal PK et al (2005) Investigation of the binding determinants of 
phosphopeptides targeted to the SRC homology 2 domain of the signal transducer and activa-
tor of transcription 3. Development of a high-affi nity peptide inhibitor. J Med Chem 
48(21):6661–6670  

     53.    Auzenne EJ, Klostergaard J, Mandal PK et al (2012) A phosphopeptide mimetic prodrug 
targeting the SH2 domain of Stat3 inhibits tumor growth and angiogenesis. J Exp Ther Oncol 
10(2):155–162  

     54.    Mandal PK, Gao F, Lu Z et al (2011) Potent and selective phosphopeptide mimetic prodrugs 
targeted to the Src homology 2 (SH2) domain of signal transducer and activator of transcrip-
tion 3. J Med Chem 54(10):3549–3563  

      55.    Kim D, Lee IH, Kim S et al (2014) A specifi c STAT3-binding peptide exerts antiproliferative 
effects and antitumor activity by inhibiting STAT3 phosphorylation and signaling. Cancer 
Res 74(8):2144–2151  

     56.   Borghouts C, Delis N, Brill B et al (2012) A membrane penetrating peptide aptamer inhibits 
STAT3 function and suppresses the growth of STAT3 addicted tumor cells. JAKSTAT 
1(1):44–54  

   57.    Mack L, Brill B, Delis N et al (2012) Stat3 is activated in skin lesions by the local application 
of imiquimod, a ligand of TLR7, and inhibited by the recombinant peptide aptamer rS3-
 PA. Horm Mol Biol Clin Investig 10(2):265–272  

   58.    Schoneberger H, Weiss A, Brill B et al (2011) The integration of a Stat3 specifi c peptide 
aptamer into the thioredoxin scaffold protein strongly enhances its inhibitory potency. Horm 
Mol Biol Clin Investig 5(1):1–9  

     59.    Weber A, Borghouts C, Delis N et al (2012) Inhibition of Stat3 by peptide aptamer rS3-PA 
enhances growth suppressive effects of irinotecan on colorectal cancer cells. Horm Mol Biol 
Clin Investig 10(2):273–279  

     60.    Drewry JA, Fletcher S, Yue P et al (2010) Coordination complex SH2 domain proteomimet-
ics: an alternative approach to disrupting oncogenic protein-protein interactions. Chem 
Commun (Camb) 46(6):892–894  

       61.    Bhasin D, Cisek K, Pandharkar T et al (2008) Design, synthesis, and studies of small mole-
cule STAT3 inhibitors. Bioorg Med Chem Lett 18(1):391–395  

   62.    Chen CL, Loy A, Cen L et al (2007) Signal transducer and activator of transcription 3 is 
involved in cell growth and survival of human rhabdomyosarcoma and osteosarcoma cells. 
BMC Cancer 7:111  

     63.    Song H, Wang R, Wang S et al (2005) A low-molecular-weight compound discovered through 
virtual database screening inhibits Stat3 function in breast cancer cells. Proc Natl Acad Sci U 
S A 102(13):4700–4705  

     64.    Fuh B, Sobo M, Cen L et al (2009) LLL-3 inhibits STAT3 activity, suppresses glioblastoma 
cell growth and prolongs survival in a mouse glioblastoma model. Br J Cancer 
100(1):106–112  

     65.    Ball S, Li C, Li PK et al (2011) The small molecule, LLL12, inhibits STAT3 phosphoryla-
tion and induces apoptosis in medulloblastoma and glioblastoma cells. PLoS One 
6(4):e18820  

    66.    Bid HK, Oswald D, Li C et al (2012) Anti-angiogenic activity of a small molecule STAT3 
inhibitor LLL12. PLoS One 7(4):e35513  

   67.    Couto JI, Bear MD, Lin J et al (2012) Biologic activity of the novel small molecule STAT3 
inhibitor LLL12 against canine osteosarcoma cell lines. BMC Vet Res 8:244  

   68.    Jain R, Kulkarni P, Dhali S et al (2014) Quantitative proteomic analysis of global effect of 
LLL12 on U87 cell’s proteome: an insight into the molecular mechanism of LLL12. 
J Proteomics 113:127–142  

U. Bharadwaj et al.



143

    69.    Lin L, Benson DM Jr, DeAngelis S et al (2012) A small molecule, LLL12 inhibits constitu-
tive STAT3 and IL-6-induced STAT3 signaling and exhibits potent growth suppressive activ-
ity in human multiple myeloma cells. Int J Cancer 130(6):1459–1469  

    70.    Lin L, Hutzen B, Li PK et al (2010) A novel small molecule, LLL12, inhibits STAT3 phos-
phorylation and activities and exhibits potent growth-suppressive activity in human cancer 
cells. Neoplasia 12(1):39–50  

   71.    Liu A, Liu Y, Li PK et al (2011) LLL12 inhibits endogenous and exogenous interleukin- 6- 
induced STAT3 phosphorylation in human pancreatic cancer cells. Anticancer Res 
31(6):2029–2035  

    72.    Onimoe GI, Liu A, Lin L et al (2012) Small molecules, LLL12 and FLLL32, inhibit STAT3 
and exhibit potent growth suppressive activity in osteosarcoma cells and tumor growth in 
mice. Invest New Drugs 30(3):916–926  

     73.    Wei CC, Ball S, Lin L et al (2011) Two small molecule compounds, LLL12 and FLLL32, 
exhibit potent inhibitory activity on STAT3 in human rhabdomyosarcoma cells. Int J Oncol 
38(1):279–285  

       74.    Schust J, Sperl B, Hollis A et al (2006) Stattic: a small-molecule inhibitor of STAT3 activa-
tion and dimerization. Chem Biol 13(11):1235–1242  

     75.    Heidelberger S, Zinzalla G, Antonow D et al (2013) Investigation of the protein alkylation 
sites of the STAT3:STAT3 inhibitor Stattic by mass spectrometry. Bioorg Med Chem Lett 
23(16):4719–4722  

      76.    Pan Y, Zhou F, Zhang R et al (2013) Stat3 inhibitor Stattic exhibits potent antitumor activity 
and induces chemo- and radio-sensitivity in nasopharyngeal carcinoma. PLoS One 
8(1):e54565  

    77.    Zhang Q, Zhang C, He J et al (2015) STAT3 inhibitor stattic enhances radiosensitivity in 
esophageal squamous cell carcinoma. Tumour Biol 36(3):2135–2142  

    78.    Ji T, Gong D, Han Z et al (2013) Abrogation of constitutive Stat3 activity circumvents cispla-
tin resistant ovarian cancer. Cancer Lett 341(2):231–239  

       79.    Buettner R, Corzano R, Rashid R et al (2011) Alkylation of cysteine 468 in Stat3 defi nes a 
novel site for therapeutic development. ACS Chem Biol 6(5):432–443  

    80.    Sanseverino I, Purifi cato C, Gauzzi MC et al (2012) Revisiting the specifi city of small 
molecule inhibitors: the example of stattic in dendritic cells. Chem Biol 19(10):
1213–1214  

     81.    Gurbuz V, Konac E, Varol N et al (2014) Effects of AG490 and S3I-201 on regulation of the 
JAK/STAT3 signaling pathway in relation to angiogenesis in TRAIL-resistant prostate cancer 
cells. Oncol Lett 7(3):755–763  

      82.    Siddiquee K, Zhang S, Guida WC et al (2007) Selective chemical probe inhibitor of Stat3, 
identifi ed through structure-based virtual screening, induces antitumor activity. Proc Natl 
Acad Sci U S A 104(18):7391–7396  

      83.    Fletcher S, Page BD, Zhang X et al (2011) Antagonism of the Stat3-Stat3 protein dimer with 
salicylic acid based small molecules. Chem Med Chem 6(8):1459–1470  

      84.    Zhang X, Yue P, Fletcher S et al (2010) A novel small-molecule disrupts Stat3 SH2 domain- 
phosphotyrosine interactions and Stat3-dependent tumor processes. Biochem Pharmacol 
79(10):1398–1409  

    85.    Fletcher S, Singh J, Zhang X et al (2009) Disruption of transcriptionally active Stat3 dimers 
with non-phosphorylated, salicylic acid-based small molecules: potent in vitro and tumor cell 
activities. Chembiochem 10(12):1959–1964  

      86.   Furtek SL, Backos DS, Matheson CJ, Reigan P (2016) Strategies and approaches of targeting 
STAT3 for cancer treatment. ACS Chem Biol. 9;11(2):308–318  

     87.    Page BD, Fletcher S, Yue P et al (2011) Identifi cation of a non-phosphorylated, cell perme-
able, small molecule ligand for the Stat3 SH2 domain. Bioorg Med Chem Lett 
21(18):5605–5609  

      88.    Zhang X, Yue P, Page BD et al (2012) Orally bioavailable small-molecule inhibitor of tran-
scription factor Stat3 regresses human breast and lung cancer xenografts. Proc Natl Acad Sci 
U S A 109(24):9623–9628  

5 STAT3 Inhibitors in Cancer: A Comprehensive Update



144

      89.    Shahani VM, Yue P, Haftchenary S et al (2011) Identifi cation of purine-scaffold small- 
molecule inhibitors of Stat3 activation by QSAR studies. ACS Med Chem Lett 2(1):79–84  

    90.    Fletcher S, Turkson J, Gunning PT (2008) Molecular approaches towards the inhibition of the signal 
transducer and activator of transcription 3 (Stat3) protein. ChemMedChem 3(8):1159–1168  

      91.    Haftchenary S, Luchman HA, Jouk AO et al (2013) Potent targeting of the STAT3 protein in 
brain cancer stem cells: a promising route for treating glioblastoma. ACS Med Chem Lett 
4(11):1102–1107  

        92.    Yue P, Lopez-Tapia F, Paladino D et al (2016) Hydroxamic acid and benzoic acid-based 
STAT3 inhibitors suppress human glioma and breast cancer phenotypes in vitro and in vivo. 
Cancer Res 76(3):652–663  

         93.    Xu X, Kasembeli MM, Jiang X et al (2009) Chemical probes that competitively and selec-
tively inhibit Stat3 activation. PLoS One 4(3):e4783  

      94.    Dave B, Landis MD, Tweardy DJ et al (2012) Selective small molecule Stat3 inhibitor 
reduces breast cancer tumor-initiating cells and improves recurrence free survival in a human- 
xenograft model. PLoS One 7(8):e30207  

        95.    Redell MS, Ruiz MJ, Alonzo TA et al (2011) Stat3 signaling in acute myeloid leukemia: 
ligand-dependent and -independent activation and induction of apoptosis by a novel small- 
molecule Stat3 inhibitor. Blood 117(21):5701–5709  

           96.   Bharadwaj U, Eckols TK, Xu X, Kasembeli MM, Chen Y, Adachi M, Song Y, Mo Q, Lai SY, 
Tweardy DJ (2016) Small-molecule inhibition of STAT3 in radioresistant head and neck 
squamous cell carcinoma. Oncotarget 7(18):26307–26330  

    97.   Redell MS, Ruiz MJ, Gerbing RB et al (2013) FACS analysis of Stat3/5 signaling reveals 
sensitivity to G-CSF and IL-6 as a signifi cant prognostic factor in pediatric AML: a Children’s 
Oncology Group report. Blood 121(7):1083–1093  

     98.    Zhang L, Pan J, Dong Y et al (2013) Stat3 activation links a C/EBPdelta to myostatin path-
way to stimulate loss of muscle mass. Cell Metab 18(3):368–379  

      99.    Lewis KM, Bharadwaj U, Eckols TK et al (2015) Small-molecule targeting of signal trans-
ducer and activator of transcription (STAT) 3 to treat non-small cell lung cancer. Lung Cancer 
90(2):182–190  

       100.    Shin DS, Kim HN, Shin KD et al (2009) Cryptotanshinone inhibits constitutive signal trans-
ducer and activator of transcription 3 function through blocking the dimerization in DU145 
prostate cancer cells. Cancer Res 69(1):193–202  

   101.    Ge Y, Yang B, Chen Z et al (2015) Cryptotanshinone suppresses the proliferation and induces 
the apoptosis of pancreatic cancer cells via the STAT3 signaling pathway. Mol Med Rep 
12(5):7782–7788  

   102.    Li W, Saud SM, Young MR et al (2015) Cryptotanshinone, a Stat3 inhibitor, suppresses 
colorectal cancer proliferation and growth in vitro. Mol Cell Biochem 406(1-2):63–73  

    103.    Liu P, Xu S, Zhang M et al (2013) Anticancer activity in human multiple myeloma U266 
cells: synergy between cryptotanshinone and arsenic trioxide. Metallomics 5(7):871–878  

   104.    Lu L, Li C, Li D et al (2013) Cryptotanshinone inhibits human glioma cell proliferation by 
suppressing STAT3 signaling. Mol Cell Biochem 381(1–2):273–282  

     105.    Yu HJ, Park C, Kim SJ et al (2014) Signal transducer and activators of transcription 3 regu-
lates cryptotanshinone-induced apoptosis in human mucoepidermoid carcinoma cells. 
Pharmacogn Mag 10(Suppl 3):S622–S629  

    106.    Ge Y, Yang B, Xu X et al (2015) Cryptotanshinone acts synergistically with imatinib to 
induce apoptosis of human chronic myeloid leukemia cells. Leuk Lymphoma 56(3):
730–738  

   107.    Jung JH, Kwon TR, Jeong SJ et al (2013) Apoptosis induced by tanshinone IIA and crypto-
tanshinone is mediated by distinct JAK/STAT3/5 and SHP1/2 signaling in chronic myeloid 
leukemia K562 cells. Evid Based Complement Alternat Med 2013:805639  

   108.    Xia C, Bai X, Hou X et al (2015) Cryptotanshinone reverses cisplatin resistance of human 
lung carcinoma A549 cells through down-regulating Nrf2 pathway. Cell Physiol Biochem 
37(2):816–824  

    109.   Zhu Z, Zhao Y, Li J, Tao L, Shi P, Wei Z, Sheng X, Shen D, Liu Z, Zhou L, Tian C, Fan F, 
Shen C, Zhu P, Wang A, Chen W, Zhao Q, Lu Y (2015) Cryptotanshinone, a novel tumor 

U. Bharadwaj et al.



145

angiogenesis inhibitor, destabilizes tumor necrosis factor-Î± mRNA via decreasing nuclear-
cytoplasmic translocation of RNA-binding protein HuR. Mol Carcinog 55(10):1399–1401  

       110.    Matsuno K, Masuda Y, Uehara Y et al (2010) Identifi cation of a new series of STAT3 inhibi-
tors by virtual screening. ACS Med Chem Lett 1(8):371–375  

   111.    Ashizawa T, Akiyama Y, Miyata H et al (2014) Effect of the STAT3 inhibitor STX-0119 on 
the proliferation of a temozolomide-resistant glioblastoma cell line. Int J Oncol 
45(1):411–418  

    112.    Ashizawa T, Miyata H, Iizuka A et al (2013) Effect of the STAT3 inhibitor STX-0119 on the 
proliferation of cancer stem-like cells derived from recurrent glioblastoma. Int J Oncol 
43(1):219–227  

      113.    Ashizawa T, Miyata H, Ishii H et al (2011) Antitumor activity of a novel small molecule 
STAT3 inhibitor against a human lymphoma cell line with high STAT3 activation. Int J Oncol 
38(5):1245–1252  

    114.    Lin J, Buettner R, Yuan YC et al (2009) Molecular dynamics simulations of the conforma-
tional changes in signal transducers and activators of transcription, Stat1 and Stat3. J Mol 
Graph Model 28(4):347–356  

     115.    Bharadwaj U, Eckols TK, Kolosov M et al (2014) Drug-repositioning screening identifi ed 
piperlongumine as a direct STAT3 inhibitor with potent activity against breast cancer. 
Oncogene 34(11):1341–1353  

    116.    Fukunishi Y (2010) Post processing of protein-compound docking for fragment-based drug 
discovery (FBDD): in-silico structure-based drug screening and ligand-binding pose predic-
tion. Curr Top Med Chem 10(6):680–694  

   117.    Murray CW, Rees DC (2016) Opportunity knocks: organic chemistry for fragment-based 
drug discovery (FBDD). Angew Chem Int Ed Engl 55(2):488–492  

    118.    Whittaker M (2009) Picking up the pieces with FBDD or FADD: invest early for future suc-
cess. Drug Discov Today 14(13–14):623–624  

       119.    Liu A, Liu Y, Jin Z et al (2012) XZH-5 inhibits STAT3 phosphorylation and enhances the 
cytotoxicity of chemotherapeutic drugs in human breast and pancreatic cancer cells. PLoS 
One 7(10):e46624  

   120.    Liu A, Liu Y, Xu Z et al (2011) Novel small molecule, XZH-5, inhibits constitutive and 
interleukin-6-induced STAT3 phosphorylation in human rhabdomyosarcoma cells. Cancer 
Sci 102(7):1381–1387  

     121.    Liu Y, Liu A, Xu Z et al (2011) XZH-5 inhibits STAT3 phosphorylation and causes apoptosis 
in human hepatocellular carcinoma cells. Apoptosis 16(5):502–510  

    122.    Law V, Knox C, Djoumbou Y et al (2014) DrugBank 4.0: shedding new light on drug metab-
olism. Nucleic Acids Res 42(Database issue):D1091–D1097  

     123.    Daka P, Liu A, Karunaratne C et al (2015) Design, synthesis and evaluation of XZH-5 ana-
logues as STAT3 inhibitors. Bioorg Med Chem 23(6):1348–1355  

    124.    Ren X, Duan L, He Q et al (2010) Identifi cation of niclosamide as a new small-molecule 
inhibitor of the STAT3 signaling pathway. ACS Med Chem Lett 1(9):454–459  

      125.    Chen H, Yang Z, Ding C et al (2013) Fragment-based drug design and identifi cation of HJC0123, 
a novel orally bioavailable STAT3 inhibitor for cancer therapy. Eur J Med Chem 62:498–507  

     126.    Chen H, Yang Z, Ding C et al (2013) Discovery of -alkylamino tethered niclosamide deriva-
tives as potent and orally bioavailable anticancer agents. ACS Med Chem Lett 
4(2):180–185  

     127.    Yu W, Xiao H, Lin J et al (2013) Discovery of novel STAT3 small molecule inhibitors via in 
silico site-directed fragment-based drug design. J Med Chem 56(11):4402–4412  

    128.    Seidel HM, Milocco LH, Lamb P et al (1995) Spacing of palindromic half sites as a determi-
nant of selective STAT (signal transducers and activators of transcription) DNA binding and 
transcriptional activity. Proc Natl Acad Sci U S A 92(7):3041–3045  

    129.    Bielinska A, Shivdasani RA, Zhang LQ et al (1990) Regulation of gene expression with 
double-stranded phosphorothioate oligonucleotides. Science 250(4983):997–1000  

    130.    Mann MJ, Dzau VJ (2000) Therapeutic applications of transcription factor decoy oligonucle-
otides. J Clin Invest 106(9):1071–1075  

5 STAT3 Inhibitors in Cancer: A Comprehensive Update



146

    131.    Ahmad MZ, Akhter S, Mallik N et al (2013) Application of decoy oligonucleotides as novel 
therapeutic strategy: a contemporary overview. Current Drug Discov Tech 10(1):71–84  

    132.    Yokozeki H, Wu MH, Sumi K et al (2004) In vivo transfection of a cis element ‘decoy’ 
against signal transducers and activators of transcription 6 (STAT6)-binding site ameliorates 
IgE-mediated late-phase reaction in an atopic dermatitis mouse model. Gene Ther 
11(24):1753–1762  

     133.    Leong PL, Andrews GA, Johnson DE et al (2003) Targeted inhibition of Stat3 with a decoy 
oligonucleotide abrogates head and neck cancer cell growth. Proc Natl Acad Sci U S A 
100(7):4138–4143  

    134.    Shen J, Li R, Li G (2009) Inhibitory effects of decoy-ODN targeting activated STAT3 on 
human glioma growth in vivo. In Vivo 23(2):237–243  

   135.    Zhang X, Liu P, Zhang B et al (2013) Inhibitory effects of STAT3 decoy oligodeoxynucleo-
tides on human epithelial ovarian cancer cell growth in vivo. Int J Mol Med 32(3):623–628  

   136.    Liu M, Wang F, Wen Z et al (2014) Blockage of STAT3 signaling pathway with a decoy oli-
godeoxynucleotide inhibits growth of human ovarian cancer cells. Cancer Invest 
32(1):8–12  

     137.    Lewis HD, Winter A, Murphy TF et al (2008) STAT3 inhibition in prostate and pancreatic 
cancer lines by STAT3 binding sequence oligonucleotides: differential activity between 5′ 
and 3′ ends. Mol Cancer Ther 7(6):1543–1550  

    138.    Sun X, Zhang J, Wang L et al (2008) Growth inhibition of human hepatocellular carcinoma 
cells by blocking STAT3 activation with decoy-ODN. Cancer Lett 262(2):201–213  

    139.    Sen M, Tosca PJ, Zwayer C et al (2009) Lack of toxicity of a STAT3 decoy oligonucleotide. 
Cancer Chemother Pharmacol 63(6):983–995  

     140.    Sen M, Paul K, Freilino ML et al (2014) Systemic administration of a cyclic signal transducer 
and activator of transcription 3 (STAT3) decoy oligonucleotide inhibits tumor growth without 
inducing toxicological effects. Mol Med 20:46–56  

     141.    Lewis HD, Husain A, Donnelly RJ et al (2010) Creation of a novel peptide with enhanced 
nuclear localization in prostate and pancreatic cancer cell lines. BMC Biotechnol 10:79  

    142.    Williamson JR (1994) G-quartet structures in telomeric DNA. Annu Rev Biophys Biomol 
Struct 23:703–730  

    143.    Sundquist WI, Klug A (1989) Telomeric DNA dimerizes by formation of guanine tetrads 
between hairpin loops. Nature 342(6251):825–829  

     144.    Jing N, Li Y, Xu X et al (2003) Targeting Stat3 with G-quartet oligodeoxynucleotides in 
human cancer cells. DNA Cell Biol 22(11):685–696  

     145.    Jing N, Li Y, Xiong W et al (2004) G-quartet oligonucleotides: a new class of signal trans-
ducer and activator of transcription 3 inhibitors that suppresses growth of prostate and breast 
tumors through induction of apoptosis. Cancer Res 64(18):6603–6609  

    146.    Tweardy DJ, Jing N (2006) Enhancing or eliminating signals for cell survival to treat disease. 
Trans Am Clin Climatol Assoc 117:33–51  

     147.    Weerasinghe P, Garcia GE, Zhu Q et al (2007) Inhibition of Stat3 activation and tumor 
growth suppression of non-small cell lung cancer by G-quartet oligonucleotides. Int J Oncol 
31(1):129–136  

    148.    Zuckerman JE, Davis ME (2015) Clinical experiences with systemically administered 
siRNA-based therapeutics in cancer. Nat Rev Drug Discov 14(12):843–856  

      149.    Turkson J, Zhang S, Palmer J et al (2004) Inhibition of constitutive signal transducer and 
activator of transcription 3 activation by novel platinum complexes with potent antitumor 
activity. Mol Cancer Ther 3(12):1533–1542  

     150.    Turkson J, Zhang S, Mora LB et al (2005) A novel platinum compound inhibits constitutive 
Stat3 signaling and induces cell cycle arrest and apoptosis of malignant cells. J Biol Chem 
280(38):32979–32988  

       151.    Assi HH, Paran C, VanderVeen N et al (2014) Preclinical characterization of signal trans-
ducer and activator of transcription 3 small molecule inhibitors for primary and metastatic 
brain cancer therapy. J Pharmacol Exp Ther 349(3):458–469  

U. Bharadwaj et al.



147

    152.    Heudi O, Brisset H, Cailleux A et al (2001) Chemical instability and methods for measure-
ment of cisplatin adducts formed by interactions with cysteine and glutathione. Int J Clin 
Pharmacol Ther 39(8):344–349  

    153.    Singh J, Petter RC, Baillie TA et al (2011) The resurgence of covalent drugs. Nat Rev Drug 
Discov 10(4):307–317  

     154.    Huang W, Dong Z, Wang F et al (2014) A small molecule compound targeting STAT3 DNA- 
binding domain inhibits cancer cell proliferation, migration, and invasion. ACS Chem Biol 
9(5):1188–1196  

    155.    Huang W, Dong Z, Chen Y et al (2015) Small-molecule inhibitors targeting the DNA-binding 
domain of STAT3 suppress tumor growth, metastasis and STAT3 target gene expression 
in vivo. Oncogene 35(6):783–792  

     156.    Rath KS, Naidu SK, Lata P et al (2014) HO-3867, a safe STAT3 inhibitor, is selectively cyto-
toxic to ovarian cancer. Cancer Res 74(8):2316–2327  

    157.    Tierney BJ, McCann GA, Naidu S et al (2014) Aberrantly activated pSTAT3-Ser727 in 
human endometrial cancer is suppressed by HO-3867, a novel STAT3 inhibitor. Gynecol 
Oncol 135(1):133–141  

     158.    Selvendiran K, Tong L, Bratasz A et al (2010) Anticancer effi cacy of a difl uorodiarylidenyl 
piperidone (HO-3867) in human ovarian cancer cells and tumor xenografts. Mol Cancer Ther 
9(5):1169–1179  

    159.    Weidler M, Rether J, Anke T et al (2000) Inhibition of interleukin-6 signaling by galiellalac-
tone. FEBS Lett 484(1):1–6  

      160.    Hellsten R, Johansson M, Dahlman A et al (2008) Galiellalactone is a novel therapeutic can-
didate against hormone-refractory prostate cancer expressing activated Stat3. Prostate 
68(3):269–280  

   161.    Canesin G, Evans-Axelsson S, Hellsten R et al (2015) The STAT3 inhibitor galiellalactone 
effectively reduces tumor growth and metastatic spread in an orthotopic xenograft mouse 
model of prostate cancer. Eur Urol 69(3):400–404  

      162.    Don-Doncow N, Escobar Z, Johansson M et al (2014) Galiellalactone is a direct inhibitor of 
the transcription factor STAT3 in prostate cancer cells. J Biol Chem 289(23):15969–15978  

      163.    Nagel-Wolfrum K, Buerger C, Wittig I et al (2004) The interaction of specifi c peptide aptam-
ers with the DNA binding domain and the dimerization domain of the transcription factor 
Stat3 inhibits transactivation and induces apoptosis in tumor cells. Mol Cancer Res 
2(3):170–182  

    164.    Yang J, Chatterjee-Kishore M, Staugaitis SM et al (2005) Novel roles of unphosphorylated 
STAT3 in oncogenesis and transcriptional regulation. Cancer Res 65(3):939–947  

   165.    Yang J, Liao X, Agarwal MK et al (2007) Unphosphorylated STAT3 accumulates in response 
to IL-6 and activates transcription by binding to NFkappaB. Genes Dev 21(11):1396–1408  

    166.    Yang J, Stark GR (2008) Roles of unphosphorylated STATs in signaling. Cell Res 
18(4):443–451  

     167.    Shuai K (2000) Modulation of STAT signaling by STAT-interacting proteins. Oncogene 
19(21):2638–2644  

    168.    Furqan M, Akinleye A, Mukhi N et al (2013) STAT inhibitors for cancer therapy. J Hematol 
Oncol 6:90  

     169.    Timofeeva OA, Gaponenko V, Lockett SJ et al (2007) Rationally designed inhibitors identify 
STAT3 N-domain as a promising anticancer drug target. ACS Chem Biol 2(12):799–809  

    170.    Zhang X, Darnell JE Jr (2001) Functional importance of Stat3 tetramerization in activation of 
the alpha 2-macroglobulin gene. J Biol Chem 276(36):33576–33581  

    171.    Zhang Y, Sif S, DeWille J (2007) The mouse C/EBPdelta gene promoter is regulated by 
STAT3 and Sp1 transcriptional activators, chromatin remodeling and c-Myc repression. 
J Cell Biochem 102(5):1256–1270  

    172.    Ota N, Brett TJ, Murphy TL et al (2004) N-domain-dependent nonphosphorylated STAT4 
dimers required for cytokine-driven activation. Nat Immunol 5(2):208–215  

   173.    Tyler DR, Persky ME, Matthews LA et al (2007) Pre-assembly of STAT4 with the human 
IFN-alpha/beta receptor-2 subunit is mediated by the STAT4 N-domain. Mol Immunol 
44(8):1864–1872  

5 STAT3 Inhibitors in Cancer: A Comprehensive Update



148

     174.    Zhang T, Kee WH, Seow KT et al (2000) The coiled-coil domain of Stat3 is essential for its 
SH2 domain-mediated receptor binding and subsequent activation induced by epidermal 
growth factor and interleukin-6. Mol Cell Biol 20(19):7132–7139  

     175.    Timofeeva OA, Tarasova NI, Zhang X et al (2013) STAT3 suppresses transcription of pro-
apoptotic genes in cancer cells with the involvement of its N-terminal domain. Proc Natl 
Acad Sci U S A 110(4):1267–1272  

    176.    Zhao Y, Zeng C, Tarasova NI et al (2013) A new role for STAT3 as a regulator of chromatin 
topology. Transcription 4(5):227–231  

    177.    Timofeeva OA, Chasovskikh S, Lonskaya I et al (2012) Mechanisms of unphosphorylated 
STAT3 transcription factor binding to DNA. J Biol Chem 287(17):14192–14200  

     178.    Heinrich PC, Behrmann I, Haan S et al (2003) Principles of interleukin (IL)-6-type cytokine 
signalling and its regulation. Biochem J 374(Pt 1):1–20  

    179.    Kubo M, Hanada T, Yoshimura A (2003) Suppressors of cytokine signaling and immunity. 
Nat Immunol 4(12):1169–1176  

    180.    Gu F, Dube N, Kim JW et al (2003) Protein tyrosine phosphatase 1B attenuates growth 
hormone- mediated JAK2-STAT signaling. Mol Cell Biol 23(11):3753–3762  

   181.    Kim HY, Park EJ, Joe EH et al (2003) Curcumin suppresses Janus kinase-STAT infl ammatory 
signaling through activation of Src homology 2 domain-containing tyrosine phosphatase 2 in 
brain microglia. J Immunol 171(11):6072–6079  

    182.    Tai WT, Cheng AL, Shiau CW et al (2011) Signal transducer and activator of transcription 3 
is a major kinase-independent target of sorafenib in hepatocellular carcinoma. J Hepatol 
55(5):1041–1048  

    183.    Fan LC, Teng HW, Shiau CW et al (2015) Pharmacological targeting SHP-1-STAT3 signal-
ing is a promising therapeutic approach for the treatment of colorectal cancer. Neoplasia 
17(9):687–696  

    184.    Han Y, Amin HM, Franko B et al (2006) Loss of SHP1 enhances JAK3/STAT3 signaling and 
decreases proteosome degradation of JAK3 and NPM-ALK in ALK+ anaplastic large-cell 
lymphoma. Blood 108(8):2796–2803  

    185.    Witkiewicz A, Raghunath P, Wasik A et al (2007) Loss of SHP-1 tyrosine phosphatase 
expression correlates with the advanced stages of cutaneous T-cell lymphoma. Human Pathol 
38(3):462–467  

     186.    Chen KF, Chen HL, Shiau CW et al (2013) Sorafenib and its derivative SC-49 sensitize hepa-
tocellular carcinoma cells to CS-1008, a humanized anti-TNFRSF10B (DR5) antibody. Br 
J Pharmacol 168(3):658–672  

   187.    Liu CY, Tseng LM, Su JC et al (2013) Novel sorafenib analogues induce apoptosis through 
SHP-1 dependent STAT3 inactivation in human breast cancer cells. Breast Cancer Res 
15(4):R63  

    188.    Su TH, Shiau CW, Jao P et al (2015) Sorafenib and its derivative SC-1 exhibit antifi brotic 
effects through signal transducer and activator of transcription 3 inhibition. Proc Natl Acad 
Sci U S A 112(23):7243–7248  

     189.    Wang CT, Lin CS, Shiau CW et al (2013) SC-1, a sorafenib derivative, shows anti-tumor 
effects in osteogenic sarcoma cells. J Orthop Res 31(2):335–342  

    190.    Pandey MK, Sung B, Aggarwal BB (2010) Betulinic acid suppresses STAT3 activation path-
way through induction of protein tyrosine phosphatase SHP-1 in human multiple myeloma 
cells. Int J Cancer 127(2):282–292  

    191.    Ahn KS, Sethi G, Sung B et al (2008) Guggulsterone, a farnesoid X receptor antagonist, 
inhibits constitutive and inducible STAT3 activation through induction of a protein tyrosine 
phosphatase SHP-1. Cancer Res 68(11):4406–4415  

    192.    Al-Jamal HA, Mat Jusoh SA, Hassan R et al (2015) Enhancing SHP-1 expression with 
5- azacytidine may inhibit STAT3 activation and confer sensitivity in lestaurtinib (CEP-701)-
resistant FLT3-ITD positive acute myeloid leukemia. BMC Cancer 15:869  

    193.    Chen KF, Su JC, Liu CY et al (2012) A novel obatoclax derivative, SC-2001, induces apop-
tosis in hepatocellular carcinoma cells through SHP-1-dependent STAT3 inactivation. Cancer 
Lett 321(1):27–35  

U. Bharadwaj et al.



149

    194.    Fan LC, Teng HW, Shiau CW et al (2014) SHP-1 is a target of regorafenib in colorectal can-
cer. Oncotarget 5(15):6243–6251  

    195.    Kim C, Cho SK, Kapoor S et al (2014) beta-Caryophyllene oxide inhibits constitutive and 
inducible STAT3 signaling pathway through induction of the SHP-1 protein tyrosine phos-
phatase. Mol Carcinog 53(10):793–806  

    196.    Kunnumakkara AB, Nair AS, Sung B et al (2009) Boswellic acid blocks signal transducers 
and activators of transcription 3 signaling, proliferation, and survival of multiple myeloma 
via the protein tyrosine phosphatase SHP-1. Mol Cancer Res 7(1):118–128  

    197.    Lee JH, Chiang SY, Nam D et al (2014) Capillarisin inhibits constitutive and inducible 
STAT3 activation through induction of SHP-1 and SHP-2 tyrosine phosphatases. Cancer Lett 
345(1):140–148  

    198.    Rajendran P, Li F, Shanmugam MK et al (2012) Honokiol inhibits signal transducer and 
activator of transcription-3 signaling, proliferation, and survival of hepatocellular carcinoma 
cells via the protein tyrosine phosphatase SHP-1. J Cell Physiol 227(5):2184–2195  

    199.    Tai WT, Cheng AL, Shiau CW et al (2012) Dovitinib induces apoptosis and overcomes 
sorafenib resistance in hepatocellular carcinoma through SHP-1-mediated inhibition of 
STAT3. Mol Cancer Ther 11(2):452–463  

    200.    Wang J, Zhang L, Chen G et al (2014) Small molecule 1′-acetoxychavicol acetate suppresses 
breast tumor metastasis by regulating the SHP-1/STAT3/MMPs signaling pathway. Breast 
Cancer Res Treat 148(2):279–289  

    201.    Prasad S, Pandey MK, Yadav VR et al (2011) Gambogic acid inhibits STAT3 phosphoryla-
tion through activation of protein tyrosine phosphatase SHP-1: potential role in proliferation 
and apoptosis. Cancer Prev Res (Phila) 4(7):1084–1094  

    202.    Phromnoi K, Prasad S, Gupta SC et al (2011) Dihydroxypentamethoxyfl avone down- 
regulates constitutive and inducible signal transducers and activators of transcription-3 
through the induction of tyrosine phosphatase SHP-1. Mol Pharmacol 80(5):889–899  

    203.    Pandey MK, Sung B, Ahn KS et al (2009) Butein suppresses constitutive and inducible signal 
transducer and activator of transcription (STAT) 3 activation and STAT3-regulated gene products 
through the induction of a protein tyrosine phosphatase SHP-1. Mol Pharmacol 75(3):525–533  

    204.    Kang SH, Jeong SJ, Kim SH et al (2012) Icariside II induces apoptosis in U937 acute myeloid 
leukemia cells: role of inactivation of STAT3-related signaling. PLoS One 7(4):e28706  

    205.    Sandur SK, Pandey MK, Sung B et al (2010) 5-hydroxy-2-methyl-1,4-naphthoquinone, a vita-
min K3 analogue, suppresses STAT3 activation pathway through induction of protein tyrosine 
phosphatase, SHP-1: potential role in chemosensitization. Mol Cancer Res 8(1):107–118  

     206.    Cui Q, Jiang W, Wang Y et al (2008) Transfer of suppressor of cytokine signaling 3 by an 
oncolytic adenovirus induces potential antitumor activities in hepatocellular carcinoma. 
Hepatology 47(1):105–112  

     207.    Wei X, Wang G, Li W et al (2014) Activation of the JAK-STAT3 pathway is associated with 
the growth of colorectal carcinoma cells. Oncol Rep 31(1):335–341  

     208.    Woetmann A, Nielsen M, Christensen ST et al (1999) Inhibition of protein phosphatase 2A 
induces serine/threonine phosphorylation, subcellular redistribution, and functional inhibi-
tion of STAT3. Proc Natl Acad Sci U S A 96(19):10620–10625  

     209.    Zgheib C, Zouein FA, Chidiac R et al (2012) Calyculin A reveals serine/threonine phospha-
tase protein phosphatase 1 as a regulatory nodal point in canonical signal transducer and 
activator of transcription 3 signaling of human microvascular endothelial cells. J Interferon 
Cytokine Res 32(2):87–94  

      210.    Zhang Q, Raghunath PN, Xue L et al (2002) Multilevel dysregulation of STAT3 activation in 
anaplastic lymphoma kinase-positive T/null-cell lymphoma. J Immunol 168(1):466–474  

      211.    Oka M, Sumita N, Sakaguchi M et al (2009) 12-O-tetradecanoylphorbol-13-acetate inhibits 
melanoma growth by inactivation of STAT3 through protein kinase C-activated tyrosine 
phosphatase(s). J Biol Chem 284(44):30416–30423  

    212.    McGowan MP, Tardif JC, Ceska R et al (2012) Randomized, placebo-controlled trial of 
mipomersen in patients with severe hypercholesterolemia receiving maximally tolerated 
lipid-lowering therapy. PLoS One 7(11):e49006  

5 STAT3 Inhibitors in Cancer: A Comprehensive Update



150

    213.    Stein EA, Dufour R, Gagne C et al (2012) Apolipoprotein B synthesis inhibition with 
mipomersen in heterozygous familial hypercholesterolemia: results of a randomized, double- 
blind, placebo-controlled trial to assess effi cacy and safety as add-on therapy in patients with 
coronary artery disease. Circulation 126(19):2283–2292  

    214.    Rao DD, Senzer N, Cleary MA et al (2009) Comparative assessment of siRNA and shRNA 
off target effects: what is slowing clinical development. Cancer Gene Ther 16(11):807–809  

    215.    Rao DD, Vorhies JS, Senzer N et al (2009) siRNA vs. shRNA: similarities and differences. 
Adv Drug Deliv Rev 61(9):746–759  

    216.   Chen JY, Luo B, Guo XB et al (2011) Double suicide gene therapy with RNAi targeting to 
STAT3 inhibits the growth of colorectal carcinoma cells in vitro. Zhonghua Zhong Liu Za Zhi 
[Chinese Journal of Oncology] 33(2):91–96  

   217.    Gao LF, Wen LJ, Yu H et al (2006) Knockdown of Stat3 expression using RNAi inhibits 
growth of laryngeal tumors in vivo. Acta Pharmacol Sin 27(3):347–352  

   218.   Gao Z, Huang C, Qiu ZJ et al (2008) Effect of RNAi-mediated STAT3 gene inhibition on 
metastasis of human pancreatic cancer cells. Zhonghua Wai Ke Za Zhi [Chinese Journal of 
Surgery] 46(13):1010–1013  

   219.    Kaymaz BT, Selvi N, Gunduz C et al (2013) Repression of STAT3, STAT5A, and STAT5B 
expressions in chronic myelogenous leukemia cell line K-562 with unmodifi ed or chemically 
modifi ed siRNAs and induction of apoptosis. Ann Hematol 92(2):151–162  

   220.    Konnikova L, Kotecki M, Kruger MM et al (2003) Knockdown of STAT3 expression by 
RNAi induces apoptosis in astrocytoma cells. BMC Cancer 3:23  

   221.    LaPan P, Zhang J, Pan J et al (2008) Single cell cytometry of protein function in RNAi treated 
cells and in native populations. BMC Cell Biol 9:43  

   222.    Li GH, Wei H, Lv SQ et al (2010) Knockdown of STAT3 expression by RNAi suppresses 
growth and induces apoptosis and differentiation in glioblastoma stem cells. Int J Oncol 
37(1):103–110  

   223.    Wang HR, Li XM, Lu XY (2009) Silencing of signal transducer and activator of transcription 
3 gene expression using RNAi enhances the effi cacy of radiotherapy for laryngeal carcinoma 
in vivo. Zhonghua Er Bi Yan Hou Tou Jing Wai Ke Za Zhi 44(7):591–596  

    224.    Zhao SH, Zhao F, Zheng JY et al (2011) Knockdown of stat3 expression by RNAi inhibits 
in vitro growth of human ovarian cancer. Radiol Oncol 45(3):196–203  

        225.   Ball DP, Lewis AM, Williams D, Resetca D, Wilson DJ, Gunning PT. Signal transducer and 
activator of transcription 3 (STAT3) inhibitor, S3I-201, acts as a potent and non-selective 
alkylating agent. Oncotarget. 2016 Apr 12;7(15):20669–20679  

     226.    Shrikant P, Khoruts A, Mescher MF (1999) CTLA-4 blockade reverses CD8+ T cell tolerance 
to tumor by a CD4+ T cell- and IL-2-dependent mechanism. Immunity 11(4):483–493  

    227.    Frank DA (2007) STAT3 as a central mediator of neoplastic cellular transformation. Cancer 
Lett 251(2):199–210  

   228.    Germain D, Frank DA (2007) Targeting the cytoplasmic and nuclear functions of signal 
transducers and activators of transcription 3 for cancer therapy. Clin Cancer Res 
13(19):5665–5669  

        229.    Herrmann A, Vogt M, Monnigmann M et al (2007) Nucleocytoplasmic shuttling of persis-
tently activated STAT3. J Cell Sci 120(Pt 18):3249–3261  

   230.    Jing N, Tweardy DJ (2005) Targeting Stat3 in cancer therapy. Anticancer Drugs 
16(6):601–607  

     231.    Redell MS, Tweardy DJ (2005) Targeting transcription factors for cancer therapy. Curr Pharm 
Des 11(22):2873–2887  

     232.    Bhutani M, Pathak AK, Nair AS et al (2007) Capsaicin is a novel blocker of constitutive and 
interleukin-6-inducible STAT3 activation. Clin Cancer Res 13(10):3024–3032  

   233.    Oyagbemi AA, Saba AB, Azeez OI (2010) Capsaicin: a novel chemopreventive molecule and 
its underlying molecular mechanisms of action. Indian J Cancer 47(1):53–58  

    234.    Pramanik KC, Fofaria NM, Gupta P et al (2015) Inhibition of beta-catenin signaling sup-
presses pancreatic tumor growth by disrupting nuclear beta-catenin/TCF-1 complex: critical 
role of STAT-3. Oncotarget 6(13):11561–11574  

U. Bharadwaj et al.



151

      235.    Lee HK, Seo IA, Shin YK et al (2009) Capsaicin inhibits the IL-6/STAT3 pathway by deplet-
ing intracellular gp130 pools through endoplasmic reticulum stress. Biochem Biophys Res 
Commun 382(2):445–450  

    236.    Xue P, Zhao Y, Liu Y et al (2014) A novel compound RY10-4 induces apoptosis and inhibits 
invasion via inhibiting STAT3 through ERK-, p38-dependent pathways in human lung adeno-
carcinoma A549 cells. Chem Biol Interact 209:25–34  

    237.    Xu Y, Xu X, Gao X et al (2014) Shikonin suppresses IL-17-induced VEGF expression via 
blockage of JAK2/STAT3 pathway. Int Immunopharmacol 19(2):327–333  

     238.    Walker SR, Chaudhury M, Frank DA (2011) STAT3 inhibition by microtubule-targeted 
drugs: dual molecular effects of chemotherapeutic agents. Mol Cell Pharmacol 3(1):13–19  

   239.    Walker SR, Chaudhury M, Nelson EA et al (2010) Microtubule-targeted chemotherapeutic 
agents inhibit signal transducer and activator of transcription 3 (STAT3) signaling. Mol 
Pharmacol 78(5):903–908  

     240.    Zhang L, Xu X, Yang R et al (2015) Paclitaxel attenuates renal interstitial fi broblast activa-
tion and interstitial fi brosis by inhibiting STAT3 signaling. Drug Des Devel Ther 
9:2139–2148  

    241.    Nelson EA, Walker SR, Kepich A et al (2008) Nifuroxazide inhibits survival of multiple 
myeloma cells by directly inhibiting STAT3. Blood 112(13):5095–5102  

    242.    Li S, Priceman SJ, Xin H et al (2013) Icaritin inhibits JAK/STAT3 signaling and growth of 
renal cell carcinoma. PLoS One 8(12):e81657  

   243.    Wu T, Wang S, Wu J et al (2015) Icaritin induces lytic cytotoxicity in extranodal NK/T-cell 
lymphoma. J Exp Clin Cancer Res 34:17  

   244.    Zhao H, Guo Y, Li S et al (2015) A novel anti-cancer agent Icaritin suppresses hepatocellular 
carcinoma initiation and malignant growth through the IL-6/Jak2/Stat3 pathway. Oncotarget 
6(31):31927–31943  

    245.    Zhu S, Wang Z, Li Z et al (2015) Icaritin suppresses multiple myeloma, by inhibiting IL-6/
JAK2/STAT3. Oncotarget 6(12):10460–10472  

    246.    Jung JH, Yun M, Choo EJ et al (2015) A derivative of epigallocatechin-3-gallate induces 
apoptosis via SHP-1-mediated suppression of BCR-ABL and STAT3 signalling in chronic 
myelogenous leukaemia. Br J Pharmacol 172(14):3565–3578  

    247.    Chakraborty A, Tweardy DJ (1998) Granulocyte colony-stimulating factor activates a 72-kDa 
isoform of STAT3 in human neutrophils. J Leuk Biol 64(5):675–680  

    248.    Oda A, Wakao H, Fujita H (2002) Calpain is a signal transducer and activator of transcription 
(STAT) 3 and STAT5 protease. Blood 99(5):1850–1852  

    249.    Nie XH, Ou-yang J, Xing Y et al (2015) Paeonifl orin inhibits human glioma cells via STAT3 
degradation by the ubiquitin-proteasome pathway. Drug Des Devel Ther 9:5611–5622  

   250.    Fu J, Chen D, Zhao B et al (2012) Luteolin induces carcinoma cell apoptosis through binding 
Hsp90 to suppress constitutive activation of STAT3. PLoS One 7(11):e49194  

    251.    Darnowski JW, Goulette FA, Guan YJ et al (2006) Stat3 cleavage by caspases: impact on 
full-length Stat3 expression, fragment formation, and transcriptional activity. J Biol Chem 
281(26):17707–17717  

    252.    Matthews JR, Watson SM, Tevendale MC et al (2007) Caspase-dependent proteolytic cleav-
age of STAT3alpha in ES cells, in mammary glands undergoing forced involution and in 
breast cancer cell lines. BMC Cancer 7:29  

    253.    Namanja AT, Wang J, Buettner R et al (2016) Allosteric communication across STAT3 domains 
associated with STAT3 function and disease-causing mutation. J Mol Biol 428(3):579–589  

     254.    Minus MB, Liu W, Vohidov F et al (2015) Rhodium(II) proximity-labeling identifi es a novel 
target site on STAT3 for inhibitors with potent anti-leukemia activity. Angew Chem Int Ed 
Engl 54(44):13085–13089  

    255.   Ball DP, Lewis AM, Williams D, Resetca D, Wilson DJ, Gunning PT (2016) Signal trans-
ducer and activator of transcription 3 (STAT3) inhibitor, S3I-201, acts as a potent and non-
selective alkylating agent. Oncotarget 7(15):20669–20679. doi:  10.18632/oncotarget.7838      

    256.    Morlacchi P, Robertson FM, Klostergaard J et al (2014) Targeting SH2 domains in breast 
cancer. Future Med Chem 6(17):1909–1926  

5 STAT3 Inhibitors in Cancer: A Comprehensive Update

http://dx.doi.org/10.18632/oncotarget.7838


152

    257.    Shao H, Xu X, Mastrangelo MA et al (2004) Structural requirements for signal transducer 
and activator of transcription 3 binding to phosphotyrosine ligands containing the YXXQ 
motif. J Biol Chem 279(18):18967–18973  

    258.    Miyoshi K, Takaishi M, Nakajima K et al (2011) Stat3 as a therapeutic target for the treatment 
of psoriasis: a clinical feasibility study with STA-21, a Stat3 inhibitor. J Invest Dermatol 
131(1):108–117  

       259.    Chen R, Chen B (2015) Siltuximab (CNTO 328): a promising option for human malignan-
cies. Drug Des Dev Ther 9:3455–3458  

       260.    Dijkgraaf EM, Santegoets SJ, Reyners AK et al (2015) A phase I trial combining carboplatin/
doxorubicin with tocilizumab, an anti-IL-6R monoclonal antibody, and interferon-alpha2b in 
patients with recurrent epithelial ovarian cancer. Ann Oncol 26(10):2141–2149  

       261.    Kennedy GA, Varelias A, Vuckovic S et al (2014) Addition of interleukin-6 inhibition with 
tocilizumab to standard graft-versus-host disease prophylaxis after allogeneic stem-cell 
transplantation: a phase 1/2 trial. Lancet Oncol 15(13):1451–1459  

    262.    Patel KP, Newberry KJ, Luthra R et al (2015) Correlation of mutation profi le and response in 
patients with myelofi brosis treated with ruxolitinib. Blood 126(6):7907  

   263.    Daver N, Cortes J, Newberry K et al (2015) Ruxolitinib in combination with lenalidomide as 
therapy for patients with myelofi brosis. Haematologica 100(8):1058–1063  

   264.    Loh ML, Tasian SK, Rabin KR et al (2015) A phase 1 dosing study of ruxolitinib in children 
with relapsed or refractory solid tumors, leukemias, or myeloproliferative neoplasms: A 
Children’s Oncology Group Phase 1 Consortium Study (ADVL1011). Pediatr Blood Cancer 
62(10):1717–1724  

   265.    Mead AJ, Milojkovic D, Knapper S et al (2015) Response to ruxolitinib in patients with 
intermediate-1-, intermediate-2-, and high-risk myelofi brosis: results of the UK ROBUST 
Trial. Br J Haematol 170(1):29–39  

    266.    Arana Yi C, Tam CS, Verstovsek S (2015) Effi cacy and safety of ruxolitinib in the treatment 
of patients with myelofi brosis. Future Oncol 11(5):719–733  

   267.    Pemmaraju N, Kantarjian H, Kadia T et al (2015) A phase I/II study of the Janus kinase 
(JAK)1 and 2 inhibitor ruxolitinib in patients with relapsed or refractory acute myeloid leu-
kemia. Clin Lymphoma Myeloma Leuk 15(3):171–176  

    268.    Santos FP, Verstovsek S (2014) Effi cacy of ruxolitinib for myelofi brosis. Expert Opin 
Pharmacother 15(10):1465–1473  

     269.    Hedvat M, Huszar D, Herrmann A et al (2009) The JAK2 inhibitor AZD1480 potently blocks 
Stat3 signaling and oncogenesis in solid tumors. Cancer Cell 16(6):487–497  

   270.    Suryani S, Bracken LS, Harvey RC et al (2015) Evaluation of the in vitro and in vivo effi cacy 
of the JAK inhibitor AZD1480 against JAK-mutated acute lymphoblastic leukemia. Mol 
Cancer Ther 14(2):364–374  

   271.    Wang SW, Hu J, Guo QH et al (2014) AZD1480, a JAK inhibitor, inhibits cell growth and 
survival of colorectal cancer via modulating the JAK2/STAT3 signaling pathway. Oncol Rep 
32(5):1991–1998  

     272.    Yan S, Li Z, Thiele CJ (2013) Inhibition of STAT3 with orally active JAK inhibitor, AZD1480, 
decreases tumor growth in neuroblastoma and pediatric sarcomas in vitro and in vivo. 
Oncotarget 4(3):433–445  

          273.    Bendell JC, Hong DS, Burris HA 3rd et al (2014) Phase 1, open-label, dose-escalation, and 
pharmacokinetic study of STAT3 inhibitor OPB-31121 in subjects with advanced solid 
tumors. Cancer Chemother Pharmacol 74(1):125–130  

    274.    Brambilla L, Genini D, Laurini E et al (2015) Hitting the right spot: mechanism of action of 
OPB-31121, a novel and potent inhibitor of the signal transducer and activator of transcrip-
tion 3 (STAT3). Mol Oncol 9(6):1194–1206  

   275.    Hayakawa F, Sugimoto K, Harada Y et al (2013) A novel STAT inhibitor, OPB-31121, has a 
signifi cant antitumor effect on leukemia with STAT-addictive oncokinases. Blood Cancer 
J 3:e166  

U. Bharadwaj et al.



153

    276.    Kim MJ, Nam HJ, Kim HP et al (2013) OPB-31121, a novel small molecular inhibitor, dis-
rupts the JAK2/STAT3 pathway and exhibits an antitumor activity in gastric cancer cells. 
Cancer Lett 335(1):145–152  

   277.    Oh DY, Lee SH, Han SW et al (2015) Phase I study of OPB-31121, an oral STAT3 inhibitor, 
in patients with advanced solid tumors. Cancer Res Treat 47(4):607–615  

     278.    Okusaka T, Ueno H, Ikeda M et al (2015) Phase 1 and pharmacological trial of OPB-31121, 
a signal transducer and activator of transcription-3 inhibitor, in patients with advanced hepa-
tocellular carcinoma. Hepatol Res 45(13):1283–1291  

    279.    Pardanani A, Harrison C, Cortes JE et al (2015) Safety and effi cacy of Fedratinib in patients 
with primary or secondary myelofi brosis: a randomized clinical trial. JAMA Oncol 
1(5):643–651  

    280.    Pardanani A, Tefferi A, Jamieson C et al (2015) A phase 2 randomized dose-ranging study of 
the JAK2-selective inhibitor fedratinib (SAR302503) in patients with myelofi brosis. Blood 
Cancer J 5:e335  

   281.    Polverelli N, Catani L, Vianelli N et al (2015) Ruxolitinib- but not fedratinib-induced extreme 
thrombocytosis: the combination therapy with hydroxyurea and ruxolitinib is effective in 
reducing platelet count and splenomegaly/constitutional symptoms. Ann Hematol 
94(9):1585–1587  

     282.    Zhang M, Xu CR, Shamiyeh E et al (2014) A randomized, placebo-controlled study of the 
pharmacokinetics, pharmacodynamics, and tolerability of the oral JAK2 inhibitor fedratinib 
(SAR302503) in healthy volunteers. J Clin Pharmacol 54(4):415–421  

        283.    Takakura A, Nelson EA, Haque N et al (2011) Pyrimethamine inhibits adult polycystic kid-
ney disease by modulating STAT signaling pathways. Hum Mol Genet 20(21):4143–4154  

      284.    Derenzini E, Younes A (2013) Targeting the JAK-STAT pathway in lymphoma: a focus on 
pacritinib. Expert Opin Investig Drugs 22(6):775–785  

      285.    Komrokji RS, Seymour JF, Roberts AW et al (2015) Results of a phase 2 study of pacritinib 
(SB1518), a JAK2/JAK2(V617F) inhibitor, in patients with myelofi brosis. Blood 
125(17):2649–2655  

    286.    Huang Y, Zhou X, Liu A et al (2014) Signal transducer and activator of transcription-3 inhibi-
tor WP1066 affects human tongue squamous cell carcinoma proliferation and apoptosis 
in vitro and in vivo. Zhonghua Kou Qiang Yi Xue Za Zhi 49(5):308–313  

   287.    Lu K, Fang XS, Feng LL et al (2015) The STAT3 inhibitor WP1066 reverses the resistance 
of chronic lymphocytic leukemia cells to histone deacetylase inhibitors induced by interleu-
kin- 6. Cancer Lett 359(2):250–258  

     288.    Verstovsek S, Manshouri T, Quintas-Cardama A et al (2008) WP1066, a novel JAK2 inhibi-
tor, suppresses proliferation and induces apoptosis in erythroid human cells carrying the 
JAK2 V617F mutation. Clin Cancer Res 14(3):788–796  

   289.    Zhou X, Ren Y, Liu A et al (2014) STAT3 inhibitor WP1066 attenuates miRNA-21 to sup-
press human oral squamous cell carcinoma growth in vitro and in vivo. Oncol Rep 
31(5):2173–2180  

    290.    Zhou X, Ren Y, Liu A et al (2014) WP1066 sensitizes oral squamous cell carcinoma cells to 
cisplatin by targeting STAT3/miR-21 axis. Sci Rep 4:7461  

     291.    Ogura M, Uchida T, Terui Y et al (2015) Phase I study of OPB-51602, an oral inhibitor of 
signal transducer and activator of transcription 3, in patients with relapsed/refractory hema-
tological malignancies. Cancer Sci 106(7):896–901  

        292.    Sen M, Thomas SM, Kim S et al (2012) First-in-human trial of a STAT3 decoy oligonucle-
otide in head and neck tumors: implications for cancer therapy. Cancer Discov 2(8):
694–705  

         293.    Hong D, Kurzrock R, Kim Y et al (2015) AZD9150, a next-generation antisense oligonucle-
otide inhibitor of STAT3 with early evidence of clinical activity in lymphoma and lung can-
cer. Sci Transl Med 7(314):314ra185  

      294.    Banes-Berceli AK, Shaw S, Ma G et al (2006) Effect of simvastatin on high glucose- and 
angiotensin II-induced activation of the JAK/STAT pathway in mesangial cells. Am J Physiol 
Renal Physiol 291(1):F116–F121  

5 STAT3 Inhibitors in Cancer: A Comprehensive Update



154

   295.    Fang Z, Tang Y, Fang J et al (2013) Simvastatin inhibits renal cancer cell growth and metas-
tasis via AKT/mTOR, ERK and JAK2/STAT3 pathway. PLoS One 8(5):e62823  

      296.    Oh B, Kim TY, Min HJ et al (2013) Synergistic killing effect of imatinib and simvastatin on 
imatinib-resistant chronic myelogenous leukemia cells. Anticancer Drugs 24(1):20–31  

    297.    Chang Q, Daly L, Bromberg J (2014) The IL-6 feed-forward loop: a driver of tumorigenesis. 
Semin Immunol 26(1):48–53  

   298.    Fisher DT, Appenheimer MM, Evans SS (2014) The two faces of IL-6 in the tumor microen-
vironment. Semin Immunol 26(1):38–47  

    299.    Heo TH, Wahler J, Suh N (2016) Potential therapeutic implications of IL-6/IL-6R/gp130- 
targeting agents in breast cancer. Oncotarget 7(13):15460–15473  

    300.    Markham A, Patel T (2014) Siltuximab: fi rst global approval. Drugs 74(10):1147–1152  
    301.    van Rhee F, Fayad L, Voorhees P et al (2010) Siltuximab, a novel anti-interleukin-6 monoclo-

nal antibody, for Castleman’s disease. J Clin Oncol 28(23):3701–3708  
    302.    van Rhee F, Wong RS, Munshi N et al (2014) Siltuximab for multicentric Castleman’s dis-

ease: a randomised, double-blind, placebo-controlled trial. Lancet Oncol 15(9):966–974  
    303.    Suzuki K, Ogura M, Abe Y et al (2015) Phase 1 study in Japan of siltuximab, an anti-IL-6 

monoclonal antibody, in relapsed/refractory multiple myeloma. Int J Hematol 
101(3):286–294  

    304.    Doggrell SA (2008) Is tocilizumab an option for the treatment of arthritis? Expert Opin 
Pharmacother 9(11):2009–2013  

     305.    Ganetsky A (2013) Ruxolitinib: a new treatment option for myelofi brosis. Pharmacotherapy 
33(1):84–92  

     306.    Deininger M, Radich J, Burn TC et al (2015) The effect of long-term ruxolitinib treatment on 
JAK2p.V617F allele burden in patients with myelofi brosis. Blood 126(13):1551–1554  

     307.    Hahm ER, Singh SV (2010) Sulforaphane inhibits constitutive and interleukin-6-induced 
activation of signal transducer and activator of transcription 3 in prostate cancer cells. Cancer 
Prev Res (Phila) 3(4):484–494  

      308.    Hutzen B, Willis W, Jones S et al (2009) Dietary agent, benzyl isothiocyanate inhibits signal 
transducer and activator of transcription 3 phosphorylation and collaborates with sulfora-
phane in the growth suppression of PANC-1 cancer cells. Cancer Cell Int 9:24  

    309.    Kirito K, Osawa M, Morita H et al (2002) A functional role of Stat3 in in vivo megakaryopoi-
esis. Blood 99(9):3220–3227  

    310.    Mantel C, Messina-Graham S, Moh A et al (2012) Mouse hematopoietic cell-targeted STAT3 
deletion: stem/progenitor cell defects, mitochondrial dysfunction, ROS overproduction, and 
a rapid aging-like phenotype. Blood 120(13):2589–2599  

    311.    Arnaud C, Burger F, Steffens S et al (2005) Statins reduce interleukin-6-induced C-reactive 
protein in human hepatocytes: new evidence for direct antiinfl ammatory effects of statins. 
Arterioscler Thromb Vasc Biol 25(6):1231–1236  

    312.    Ivanov VN, Hei TK (2011) Regulation of apoptosis in human melanoma and neuroblastoma 
cells by statins, sodium arsenite and TRAIL: a role of combined treatment versus monother-
apy. Apoptosis 16(12):1268–1284  

    313.    Omoigui S (2007) The Interleukin-6 infl ammation pathway from cholesterol to aging--role of 
statins, bisphosphonates and plant polyphenols in aging and age-related diseases. Immun 
Ageing 4:1  

     314.    Lavecchia A, Di Giovanni C, Novellino E (2011) STAT-3 inhibitors: state of the art and new 
horizons for cancer treatment. Curr Med Chem 18(16):2359–2375  

    315.    Yin H, Hamilton AD (2005) Strategies for targeting protein–protein interactions with syn-
thetic agents. Angew Chem Int Ed Engl 44(27):4130–4163  

     316.    Sayed D, Badrawy H, Gaber N et al (2014) p-Stat3 and bcr/abl gene expression in chronic 
myeloid leukemia and their relation to imatinib therapy. Leuk Res 38(2):243–250  

    317.    Epling-Burnette PK, Liu JH, Catlett-Falcone R et al (2001) Inhibition of STAT3 signaling 
leads to apoptosis of leukemic large granular lymphocytes and decreased Mcl-1 expression. 
J Clin Invest 107(3):351–362  

U. Bharadwaj et al.



155

    318.    Andersson EI, Rajala HL, Eldfors S et al (2013) Novel somatic mutations in large granular 
lymphocytic leukemia affecting the STAT-pathway and T-cell activation. Blood Cancer J 3:e168  

    319.    Frank DA, Mahajan S, Ritz J (1997) B lymphocytes from patients with chronic lymphocytic 
leukemia contain signal transducer and activator of transcription (STAT) 1 and STAT3 consti-
tutively phosphorylated on serine residues. J Clin Invest 100(12):3140–3148  

    320.    Hazan-Halevy I, Harris D, Liu Z et al (2010) STAT3 is constitutively phosphorylated on 
serine 727 residues, binds DNA, and activates transcription in CLL cells. Blood 
115(14):2852–2863  

    321.    Skinnider BF, Elia AJ, Gascoyne RD et al (2002) Signal transducer and activator of transcrip-
tion 6 is frequently activated in Hodgkin and Reed-Sternberg cells of Hodgkin lymphoma. 
Blood 99(2):618–626  

    322.    Khoury JD, Medeiros LJ, Rassidakis GZ et al (2003) Differential expression and clinical 
signifi cance of tyrosine-phosphorylated STAT3 in ALK+ and ALK- anaplastic large cell lym-
phoma. Clin Cancer Res 9(10 Pt 1):3692–3699  

    323.    McKenzie RC, Jones CL, Tosi I et al (2012) Constitutive activation of STAT3 in Sezary syn-
drome is independent of SHP-1. Leukemia 26(2):323–331  

    324.    Zamo A, Chiarle R, Piva R et al (2002) Anaplastic lymphoma kinase (ALK) activates Stat3 
and protects hematopoietic cells from cell death. Oncogene 21(7):1038–1047  

    325.    Schlette EJ, Medeiros LJ, Goy A et al (2004) Survivin expression predicts poorer prognosis 
in anaplastic large-cell lymphoma. J Clin Oncol 22(9):1682–1688  

     326.    Wu ZL, Song YQ, Shi YF et al (2011) High nuclear expression of STAT3 is associated with 
unfavorable prognosis in diffuse large B-cell lymphoma. J Hematol Oncol 4(1):31  

    327.    Stewart DA, Bahlis N, Mansoor A (2009) pY-STAT3 and p53 expression predict outcome for 
poor prognosis diffuse large B-cell lymphoma treated with high dose chemotherapy and 
autologous stem cell transplantation. Leuk Lymphoma 50(8):1276–1282  

    328.    Ding BB, Yu JJ, Yu RY et al (2008) Constitutively activated STAT3 promotes cell prolifera-
tion and survival in the activated B-cell subtype of diffuse large B-cell lymphomas. Blood 
111(3):1515–1523  

     329.    Huang X, Meng B, Iqbal J et al (2013) Activation of the STAT3 signaling pathway is associ-
ated with poor survival in diffuse large B-cell lymphoma treated with R-CHOP. J Clin Oncol 
31(36):4520–4528  

    330.    Berishaj M, Gao SP, Ahmed S et al (2007) Stat3 is tyrosine-phosphorylated through the inter-
leukin- 6/glycoprotein 130/Janus kinase pathway in breast cancer. Breast Cancer Res 9(3):R32  

    331.    Diaz N, Minton S, Cox C et al (2006) Activation of stat3 in primary tumors from high-risk 
breast cancer patients is associated with elevated levels of activated SRC and survivin expres-
sion. Clin Cancer Res 12(1):20–28  

     332.    Jiang R, Jin Z, Liu Z et al (2011) Correlation of activated STAT3 expression with clinico-
pathologic features in lung adenocarcinoma and squamous cell carcinoma. Mol Diagn Ther 
15(6):347–352  

    333.    Xu YH, Lu S (2014) A meta-analysis of STAT3 and phospho-STAT3 expression and survival 
of patients with non-small-cell lung cancer. Eur J Surg Oncol 40(3):311–317  

      334.    Chen CL, Hsieh FC, Lieblein JC et al (2007) Stat3 activation in human endometrial and 
cervical cancers. Br J Cancer 96(4):591–599  

    335.    Takemoto S, Ushijima K, Kawano K et al (2009) Expression of activated signal transducer 
and activator of transcription-3 predicts poor prognosis in cervical squamous-cell carcinoma. 
Br J Cancer 101(6):967–972  

     336.    Qin J, Yang B, Xu BQ et al (2014) Concurrent CD44s and STAT3 expression in human clear 
cell renal cellular carcinoma and its impact on survival. Int J Clin Exp Pathol 
7(6):3235–3244  

    337.    Lin L, Amin R, Gallicano GI et al (2009) The STAT3 inhibitor NSC 74859 is effective in 
hepatocellular cancers with disrupted TGF-beta signaling. Oncogene 28(7):961–972  

5 STAT3 Inhibitors in Cancer: A Comprehensive Update



156

    338.    Yang SF, Wang SN, Wu CF et al (2007) Altered p-STAT3 (tyr705) expression is associated 
with histological grading and intratumour microvessel density in hepatocellular carcinoma. 
J Clin Pathol 60(6):642–648  

     339.    Dokduang H, Techasen A, Namwat N et al (2014) STATs profi ling reveals predominantly- 
activated STAT3 in cholangiocarcinoma genesis and progression. J Hepatobiliary Pancreat 
Sci 21(10):767–776  

     340.    Morikawa T, Baba Y, Yamauchi M et al (2011) STAT3 expression, molecular features, infl am-
mation patterns, and prognosis in a database of 724 colorectal cancers. Clin Cancer Res 
17(6):1452–1462  

    341.    Savarese TM, Campbell CL, McQuain C et al (2002) Coexpression of oncostatin M and its 
receptors and evidence for STAT3 activation in human ovarian carcinomas. Cytokine 
17(6):324–334  

    342.    Silver DL, Naora H, Liu J et al (2004) Activated signal transducer and activator of transcrip-
tion (STAT) 3: localization in focal adhesions and function in ovarian cancer cell motility. 
Cancer Res 64(10):3550–3558  

     343.    Huang C, Huang R, Chang W et al (2012) The expression and clinical signifi cance of 
pSTAT3, VEGF and VEGF-C in pancreatic adenocarcinoma. Neoplasma 59(1):52–61  

    344.    Lee TL, Yeh J, Van Waes C et al (2006) Epigenetic modifi cation of SOCS-1 differentially 
regulates STAT3 activation in response to interleukin-6 receptor and epidermal growth factor 
receptor signaling through JAK and/or MEK in head and neck squamous cell carcinomas. 
Mol Cancer Ther 5(1):8–19  

    345.    Seethala RR, Gooding WE, Handler PN et al (2008) Immunohistochemical analysis of phos-
photyrosine signal transducer and activator of transcription 3 and epidermal growth factor 
receptor autocrine signaling pathways in head and neck cancers and metastatic lymph nodes. 
Clin Cancer Res 14(5):1303–1309  

     346.    Masuda M, Suzui M, Yasumatu R et al (2002) Constitutive activation of signal transducers 
and activators of transcription 3 correlates with cyclin D1 overexpression and may provide a 
novel prognostic marker in head and neck squamous cell carcinoma. Cancer Res 
62(12):3351–3355  

    347.    Shah NG, Trivedi TI, Tankshali RA et al (2006) Stat3 expression in oral squamous cell carci-
noma: association with clinicopathological parameters and survival. Int J Biol Markers 
21(3):175–183  

     348.    Mizoguchi M, Betensky RA, Batchelor TT et al (2006) Activation of STAT3, MAPK, and 
AKT in malignant astrocytic gliomas: correlation with EGFR status, tumor grade, and sur-
vival. J Neuropathol Exp Neurol 65(12):1181–1188  

   349.    Abou-Ghazal M, Yang DS, Qiao W et al (2008) The incidence, correlation with tumor- 
infi ltrating infl ammation, and prognosis of phosphorylated STAT3 expression in human glio-
mas. Clin Cancer Res 14(24):8228–8235  

    350.    Lo HW, Cao X, Zhu H et al (2008) Constitutively activated STAT3 frequently coexpresses 
with epidermal growth factor receptor in high-grade gliomas and targeting STAT3 sensitizes 
them to Iressa and alkylators. Clin Cancer Res 14(19):6042–6054  

      351.    Liu HJ, Moroi Y, Masuda T et al (2006) Expression of phosphorylated Stat3, cyclin D1 and 
Bcl-xL in extramammary Paget disease. Br J Dermatol 154(5):926–932  

     352.    Dong W, Cui J, Tian X et al (2014) Aberrant sonic hedgehog signaling pathway and STAT3 
activation in papillary thyroid cancer. Int J Clin Exp Med 7(7):1786–1793  

    353.    Bos M, Mendelsohn J, Kim YM et al (1997) PD153035, a tyrosine kinase inhibitor, prevents 
epidermal growth factor receptor activation and inhibits growth of cancer cells in a receptor 
number-dependent manner. Clin Cancer Res 3(11):2099–2106  

   354.    Kunkel MW, Hook KE, Howard CT et al (1996) Inhibition of the epidermal growth factor 
receptor tyrosine kinase by PD153035 in human A431 tumors in athymic nude mice. Invest 
New Drugs 13(4):295–302  

    355.    Li L, Shaw PE (2002) Autocrine-mediated activation of STAT3 correlates with cell prolifera-
tion in breast carcinoma lines. J Biol Chem 277(20):17397–17405  

U. Bharadwaj et al.



157

    356.    Fujiwara Y, Komohara Y, Kudo R et al (2011) Oleanolic acid inhibits macrophage differentia-
tion into the M2 phenotype and glioblastoma cell proliferation by suppressing the activation 
of STAT3. Oncol Rep 26(6):1533–1537  

    357.    Kim HS, Sung HY, Kim MS et al (2013) Oleanolic acid suppresses resistin induction in adi-
pocytes by modulating Tyk-STAT signaling. Nutr Res 33(2):144–153  

    358.    Chen X, Du Y, Nan J et al (2013) Brevilin A, a novel natural product, inhibits janus kinase 
activity and blocks STAT3 signaling in cancer cells. PLoS One 8(5):e63697  

    359.    Boyle DL, Soma K, Hodge J et al (2015) The JAK inhibitor tofacitinib suppresses synovial 
JAK1-STAT signalling in rheumatoid arthritis. Ann Rheum Dis 74(6):1311–1316  

   360.    Gao W, McGarry T, Orr C et al (2016) Tofacitinib regulates synovial infl ammation in psori-
atic arthritis, inhibiting STAT activation and induction of negative feedback inhibitors. Ann 
Rheum Dis 75(1):311–315  

   361.    Rosengren S, Corr M, Firestein GS et al (2012) The JAK inhibitor CP-690,550 (tofacitinib) 
inhibits TNF-induced chemokine expression in fi broblast-like synoviocytes: autocrine role of 
type I interferon. Ann Rheum Dis 71(3):440–447  

   362.    Yoshida H, Kimura A, Fukaya T et al (2012) Low dose CP-690,550 (tofacitinib), a pan-JAK 
inhibitor, accelerates the onset of experimental autoimmune encephalomyelitis by potentiat-
ing Th17 differentiation. Biochem Biophys Res Commun 418(2):234–240  

    363.    Manshouri T, Quintas-Cardama A, Nussenzveig RH et al (2008) The JAK kinase inhibitor 
CP-690,550 suppresses the growth of human polycythemia vera cells carrying the JAK2V617F 
mutation. Cancer Sci 99(6):1265–1273  

    364.    Siegelin MD, Raskett CM, Gilbert CA et al (2010) Sorafenib exerts anti-glioma activity 
in vitro and in vivo. Neurosci Lett 478(3):165–170  

    365.    Couto JP, Almeida A, Daly L et al (2012) AZD1480 blocks growth and tumorigenesis of 
RET- activated thyroid cancer cell lines. PLoS One 7(10):e46869  

   366.    Gu L, Talati P, Vogiatzi P et al (2014) Pharmacologic suppression of JAK1/2 by JAK1/2 
inhibitor AZD1480 potently inhibits IL-6-induced experimental prostate cancer metastases 
formation. Mol Cancer Ther 13(5):1246–1258  

   367.    Houghton PJ, Kurmasheva RT, Lyalin D et al (2014) Initial solid tumor testing (stage 1) of 
AZD1480, an inhibitor of Janus kinases 1 and 2 by the pediatric preclinical testing program. 
Pediatr Blood Cancer 61(11):1972–1979  

   368.    Maenhout SK, Du Four S, Corthals J et al (2014) AZD1480 delays tumor growth in a mela-
noma model while enhancing the suppressive activity of myeloid-derived suppressor cells. 
Oncotarget 5(16):6801–6815  

   369.    Scuto A, Krejci P, Popplewell L et al (2011) The novel JAK inhibitor AZD1480 blocks 
STAT3 and FGFR3 signaling, resulting in suppression of human myeloma cell growth and 
survival. Leukemia 25(3):538–550  

    370.    Xin H, Herrmann A, Reckamp K et al (2011) Antiangiogenic and antimetastatic activity of 
JAK inhibitor AZD1480. Cancer Res 71(21):6601–6610  

    371.    Amit-Vazina M, Shishodia S, Harris D et al (2005) Atiprimod blocks STAT3 phosphorylation 
and induces apoptosis in multiple myeloma cells. Br J Cancer 93(1):70–80  

   372.    Choudhari SR, Khan MA, Harris G et al (2007) Deactivation of Akt and STAT3 signaling 
promotes apoptosis, inhibits proliferation, and enhances the sensitivity of hepatocellular car-
cinoma cells to an anticancer agent, Atiprimod. Mol Cancer Ther 6(1):112–121  

   373.    Faderl S, Ferrajoli A, Harris D et al (2007) Atiprimod blocks phosphorylation of JAK-STAT 
and inhibits proliferation of acute myeloid leukemia (AML) cells. Leuk Res 31(1):91–95  

   374.    Quintas-Cardama A, Manshouri T, Estrov Z et al (2011) Preclinical characterization of atipri-
mod, a novel JAK2 AND JAK3 inhibitor. Invest New Drugs 29(5):818–826  

    375.    Hamasaki M, Hideshima T, Tassone P et al (2005) Azaspirane (N-N-diethyl-8,8-dipropyl-2- 
azaspiro [4.5] decane-2-propanamine) inhibits human multiple myeloma cell growth in the 
bone marrow milieu in vitro and in vivo. Blood 105(11):4470–4476  

    376.    Kim NH, Lee MY, Park SJ et al (2007) Auranofi n blocks interleukin-6 signalling by inhibit-
ing phosphorylation of JAK1 and STAT3. Immunology 122(4):607–614  

5 STAT3 Inhibitors in Cancer: A Comprehensive Update



158

   377.    Kim NH, Park HJ, Oh MK et al (2013) Antiproliferative effect of gold(I) compound aurano-
fi n through inhibition of STAT3 and telomerase activity in MDA-MB 231 human breast can-
cer cells. BMB Rep 46(1):59–64  

   378.    Madeira JM, Gibson DL, Kean WF et al (2012) The biological activity of auranofi n: implica-
tions for novel treatment of diseases. Infl ammopharmacology 20(6):297–306  

    379.    Nakaya A, Sagawa M, Muto A et al (2011) The gold compound auranofi n induces apoptosis 
of human multiple myeloma cells through both down-regulation of STAT3 and inhibition of 
NF-kappaB activity. Leuk Res 35(2):243–249  

    380.    Kalogris C, Garulli C, Pietrella L et al (2014) Sanguinarine suppresses basal-like breast can-
cer growth through dihydrofolate reductase inhibition. Biochem Pharmacol 90(3):226–234  

   381.    Sun M, Liu C, Nadiminty N et al (2012) Inhibition of Stat3 activation by sanguinarine sup-
presses prostate cancer cell growth and invasion. Prostate 72(1):82–89  

    382.    Gu S, Yang XC, Xiang XY et al (2015) Sanguinarine-induced apoptosis in lung adenocarci-
noma cells is dependent on reactive oxygen species production and endoplasmic reticulum 
stress. Oncol Rep 34(2):913–919  

    383.    Blaskovich MA, Sun J, Cantor A et al (2003) Discovery of JSI-124 (cucurbitacin I), a selec-
tive Janus kinase/signal transducer and activator of transcription 3 signaling pathway inhibi-
tor with potent antitumor activity against human and murine cancer cells in mice. Cancer Res 
63(6):1270–1279  

    384.    Ishdorj G, Johnston JB, Gibson SB (2010) Inhibition of constitutive activation of STAT3 by 
curcurbitacin-I (JSI-124) sensitized human B-leukemia cells to apoptosis. Mol Cancer Ther 
9(12):3302–3314  

    385.    Aribi A, Gery S, Lee DH et al (2013) The triterpenoid cucurbitacin B augments the antipro-
liferative activity of chemotherapy in human breast cancer. Int J Cancer 132(12):2730–2737  

   386.    Chan KT, Li K, Liu SL et al (2010) Cucurbitacin B inhibits STAT3 and the Raf/MEK/ERK 
pathway in leukemia cell line K562. Cancer Lett 289(1):46–52  

   387.    Chan KT, Meng FY, Li Q et al (2010) Cucurbitacin B induces apoptosis and S phase cell 
cycle arrest in BEL-7402 human hepatocellular carcinoma cells and is effective via oral 
administration. Cancer Lett 294(1):118–124  

   388.    Iwanski GB, Lee DH, En-Gal S et al (2010) Cucurbitacin B, a novel in vivo potentiator of 
gemcitabine with low toxicity in the treatment of pancreatic cancer. Br J Pharmacol 
160(4):998–1007  

   389.    Liu T, Peng H, Zhang M et al (2010) Cucurbitacin B, a small molecule inhibitor of the Stat3 
signaling pathway, enhances the chemosensitivity of laryngeal squamous cell carcinoma cells 
to cisplatin. Eur J Pharmacol 641(1):15–22  

   390.    Thoennissen NH, Iwanski GB, Doan NB et al (2009) Cucurbitacin B induces apoptosis by 
inhibition of the JAK/STAT pathway and potentiates antiproliferative effects of gemcitabine 
on pancreatic cancer cells. Cancer Res 69(14):5876–5884  

   391.    Wakimoto N, Yin D, O’Kelly J et al (2008) Cucurbitacin B has a potent antiproliferative 
effect on breast cancer cells in vitro and in vivo. Cancer Sci 99(9):1793–1797  

    392.    Zheng Q, Liu Y, Liu W et al (2014) Cucurbitacin B inhibits growth and induces apoptosis 
through the JAK2/STAT3 and MAPK pathways in SHSY5Y human neuroblastoma cells. Mol 
Med Rep 10(1):89–94  

    393.    Dong Y, Lu B, Zhang X et al (2010) Cucurbitacin E, a tetracyclic triterpenes compound from 
Chinese medicine, inhibits tumor angiogenesis through VEGFR2-mediated Jak2-STAT3 sig-
naling pathway. Carcinogenesis 31(12):2097–2104  

   394.    Sun C, Zhang M, Shan X et al (2010) Inhibitory effect of cucurbitacin E on pancreatic cancer 
cells growth via STAT3 signaling. J Cancer Res Clin Oncol 136(4):603–610  

     395.    Sun J, Blaskovich MA, Jove R et al (2005) Cucurbitacin Q: a selective STAT3 activation 
inhibitor with potent antitumor activity. Oncogene 24(20):3236–3245  

    396.    Fan XX, Li N, Wu JL et al (2014) Celastrol induces apoptosis in gefi tinib-resistant non-small 
cell lung cancer cells via caspases-dependent pathways and Hsp90 client protein degradation. 
Molecules 19(3):3508–3522  

U. Bharadwaj et al.



159

   397.    Kannaiyan R, Hay HS, Rajendran P et al (2011) Celastrol inhibits proliferation and induces 
chemosensitization through down-regulation of NF-kappaB and STAT3 regulated gene prod-
ucts in multiple myeloma cells. Br J Pharmacol 164(5):1506–1521  

    398.    Rajendran P, Li F, Shanmugam MK et al (2012) Celastrol suppresses growth and induces 
apoptosis of human hepatocellular carcinoma through the modulation of STAT3/JAK2 sig-
naling cascade in vitro and in vivo. Cancer Prev Res (Phila) 5(4):631–643  

    399.    Subramaniam A, Shanmugam MK, Ong TH et al (2013) Emodin inhibits growth and induces 
apoptosis in an orthotopic hepatocellular carcinoma model by blocking activation of STAT3. 
Br J Pharmacol 170(4):807–821  

    400.    Buettner R, Mesa T, Vultur A et al (2008) Inhibition of Src family kinases with dasatinib 
blocks migration and invasion of human melanoma cells. Mol Cancer Res 6(11):1766–1774  

    401.    Michels S, Trautmann M, Sievers E et al (2013) SRC signaling is crucial in the growth of 
synovial sarcoma cells. Cancer Res 73(8):2518–2528  

    402.    Jung JE, Kim HS, Lee CS et al (2007) Caffeic acid and its synthetic derivative CADPE sup-
press tumor angiogenesis by blocking STAT3-mediated VEGF expression in human renal 
carcinoma cells. Carcinogenesis 28(8):1780–1787  

   403.    Choi D, Han J, Lee Y et al (2010) Caffeic acid phenethyl ester is a potent inhibitor of HIF 
prolyl hydroxylase: structural analysis and pharmacological implication. J Nutr Biochem 
21(9):809–817  

    404.    Won C, Lee CS, Lee JK et al (2010) CADPE suppresses cyclin D1 expression in hepatocel-
lular carcinoma by blocking IL-6-induced STAT3 activation. Anticancer Res 30(2):481–488  

    405.    Zheng Q, Han L, Dong Y et al (2014) JAK2/STAT3 targeted therapy suppresses tumor inva-
sion via disruption of the EGFRvIII/JAK2/STAT3 axis and associated focal adhesion in 
EGFRvIII-expressing glioblastoma. Neuro Oncol 16(9):1229–1243  

    406.    Horiguchi A, Oya M, Marumo K et al (2002) STAT3, but not ERKs, mediates the IL-6- 
induced proliferation of renal cancer cells, ACHN and 769P. Kidney Int 61(3):926–938  

     407.    Horiguchi A, Asano T, Kuroda K et al (2010) STAT3 inhibitor WP1066 as a novel therapeutic 
agent for renal cell carcinoma. Br J Cancer 102(11):1592–1599  

    408.    Pardanani A, Hood J, Lasho T et al (2007) TG101209, a small molecule JAK2-selective 
kinase inhibitor potently inhibits myeloproliferative disorder-associated JAK2V617F and 
MPLW515L/K mutations. Leukemia 21(8):1658–1668  

    409.    Ramakrishnan V, Kimlinger T, Haug J et al (2010) TG101209, a novel JAK2 inhibitor, has 
signifi cant in vitro activity in multiple myeloma and displays preferential cytotoxicity for 
CD45+ myeloma cells. Am J Hematol 85(9):675–686  

    410.    Lin L, Deangelis S, Foust E et al (2010) A novel small molecule inhibits STAT3 phosphoryla-
tion and DNA binding activity and exhibits potent growth suppressive activity in human 
cancer cells. Mol Cancer 9:217  

    411.    Lin L, Hutzen B, Zuo M et al (2010) Novel STAT3 phosphorylation inhibitors exhibit potent 
growth-suppressive activity in pancreatic and breast cancer cells. Cancer Res 
70(6):2445–2454  

    412.    Haridas V, Nishimura G, Xu ZX et al (2009) Avicin D: a protein reactive plant isoprenoid 
dephosphorylates Stat 3 by regulating both kinase and phosphatase activities. PLoS One 
4(5):e5578  

    413.    Zhang C, Li B, Gaikwad AS et al (2008) Avicin D selectively induces apoptosis and down-
regulates p-STAT-3, bcl-2, and survivin in cutaneous T-cell lymphoma cells. J Invest Dermatol 
128(11):2728–2735  

    414.    Nam S, Wen W, Schroeder A et al (2013) Dual inhibition of Janus and Src family kinases by 
novel indirubin derivative blocks constitutively-activated Stat3 signaling associated with 
apoptosis of human pancreatic cancer cells. Mol Oncol 7(3):369–378  

    415.    Liu L, Gaboriaud N, Vougogianopoulou K et al (2014) MLS-2384, a new 6-bromoindirubin 
derivative with dual JAK/Src kinase inhibitory activity, suppresses growth of diverse cancer 
cells. Cancer Biol Ther 15(2):178–184  

    416.    Abubaker K, Luwor RB, Escalona R et al (2014) Targeted disruption of the JAK2/STAT3 
pathway in combination with systemic administration of Paclitaxel inhibits the priming of 
ovarian cancer stem cells leading to a reduced tumor burden. Front Oncol 4:75  

5 STAT3 Inhibitors in Cancer: A Comprehensive Update



160

    417.    Abubaker K, Luwor RB, Zhu H et al (2014) Inhibition of the JAK2/STAT3 pathway in ovar-
ian cancer results in the loss of cancer stem cell-like characteristics and a reduced tumor 
burden. BMC Cancer 14:317  

    418.    Rhee YH, Jeong SJ, Lee HJ et al (2012) Inhibition of STAT3 signaling and induction of SHP1 
mediate antiangiogenic and antitumor activities of ergosterol peroxide in U266 multiple 
myeloma cells. BMC Cancer 12:28  

    419.    Aftimos PG, Wiedig M, Langouo Fontsa M et al (2013) Sequential use of protein kinase 
inhibitors potentiates their toxicity to melanoma cells: a rationale to combine targeted drugs 
based on protein expression inhibition profi les. Int J Oncol 43(3):919–926  

    420.    Quaglino A, Schere-Levy C, Romorini L et al (2007) Mouse mammary tumors display Stat3 
activation dependent on leukemia inhibitory factor signaling. Breast Cancer Res 9(5):R69  

    421.    Li SQ, Cheuk AT, Shern JF et al (2013) Targeting wild-type and mutationally activated 
FGFR4 in rhabdomyosarcoma with the inhibitor ponatinib (AP24534). PLoS One 8(10):e76551  

    422.    Sahu RP, Srivastava SK (2009) The role of STAT-3 in the induction of apoptosis in pancreatic 
cancer cells by benzyl isothiocyanate. J Natl Cancer Inst 101(3):176–193  

    423.    Guo Y, Nemeth J, O’Brien C et al (2010) Effects of siltuximab on the IL-6-induced signaling 
pathway in ovarian cancer. Clin Cancer Res 16(23):5759–5769  

    424.    Song L, Smith MA, Doshi P et al (2014) Antitumor effi cacy of the anti-interleukin-6 (IL-6) 
antibody siltuximab in mouse xenograft models of lung cancer. J Thorac Oncol 9(7):974–982  

    425.    Garbers C, Thaiss W, Jones GW et al (2011) Inhibition of classic signaling is a novel function 
of soluble glycoprotein 130 (sgp130), which is controlled by the ratio of interleukin 6 and 
soluble interleukin 6 receptor. J Biol Chem 286(50):42959–42970  

    426.    Wan S, Zhao E, Kryczek I et al (2014) Tumor-associated macrophages produce interleukin 6 
and signal via STAT3 to promote expansion of human hepatocellular carcinoma stem cells. 
Gastroenterology 147(6):1393–1404  

    427.    Ung N, Putoczki TL, Stylli SS et al (2014) Anti-EGFR therapeutic effi cacy correlates directly 
with inhibition of STAT3 activity. Cancer Biol Ther 15(5):623–632  

    428.    Dokduang H, Yongvanit P, Namwat N et al (2016) Xanthohumol inhibits STAT3 activation 
pathway leading to growth suppression and apoptosis induction in human cholangiocarci-
noma cells. Oncol Rep 35(4):2065–2072  

    429.    Jiang W, Zhao S, Xu L et al (2015) The inhibitory effects of xanthohumol, a prenylated chal-
cone derived from hops, on cell growth and tumorigenesis in human pancreatic cancer. 
Biomed Pharmacother 73:40–47  

    430.    Agrawal S, Febbraio M, Podrez E et al (2007) Signal transducer and activator of transcription 
1 is required for optimal foam cell formation and atherosclerotic lesion development. 
Circulation 115(23):2939–2947  

    431.    Gunning PT, Katt WP, Glenn M et al (2007) Isoform selective inhibition of STAT1 or STAT3 
homo-dimerization via peptidomimetic probes: structural recognition of STAT SH2 domains. 
Bioorg Med Chem Lett 17(7):1875–1878  

   432.    Shao H, Quintero AJ, Tweardy DJ (2001) Identifi cation and characterization of cis elements 
in the STAT3 gene regulating STAT3 alpha and STAT3 beta messenger RNA splicing. Blood 
98(13):3853–3856  

    433.    Chen J, Bai L, Bernard D et al (2010) Structure-based design of conformationally con-
strained, cell-permeable STAT3 inhibitors. ACS Med Chem Lett 1(2):85–89  

    434.    Fossey SL, Liao AT, McCleese JK et al (2009) Characterization of STAT3 activation and 
expression in canine and human osteosarcoma. BMC Cancer 9:81  

    435.    Mencalha AL, Du Rocher B, Salles D et al (2010) LLL-3, a STAT3 inhibitor, represses BCR- 
ABL- positive cell proliferation, activates apoptosis and improves the effects of Imatinib 
mesylate. Cancer Chemother Pharmacol 65(6):1039–1046  

    436.    Zhang X, Blaskovich MA, Forinash KD et al (2014) Withacnistin inhibits recruitment of 
STAT3 and STAT5 to growth factor and cytokine receptors and induces regression of breast 
tumours. Br J Cancer 111(5):894–902  

    437.   Wu X, Xiao H, Wang R, Liu L, Li C, Lin J (2015) Persistent GP130/STAT3 signaling contrib-
utes to the resistance of doxorubicin, cisplatin, and MEK inhibitor in human rhabdomyosar-
coma cells. Curr Cancer Drug Targets 16(7):631–638  

U. Bharadwaj et al.



161

   438.    Xiao H, Bid HK, Jou D et al (2015) A novel small molecular STAT3 inhibitor, LY5, inhibits 
cell viability, cell migration, and angiogenesis in medulloblastoma cells. J Biol Chem 
290(6):3418–3429  

    439.    Zhao C, Xiao H, Wu X et al (2015) Rational combination of MEK inhibitor and the STAT3 
pathway modulator for the therapy in K-Ras mutated pancreatic and colon cancer cells. 
Oncotarget 6(16):14472–14487  

    440.    Hillion J, Belton AM, Shah SN et al (2014) Nanoparticle delivery of inhibitory signal trans-
ducer and activator of transcription 3 G-quartet oligonucleotides blocks tumor growth in 
HMGA1 transgenic model of T-cell leukemia. Leuk Lymphoma 55(5):1194–1197  

   441.    Jing N, Sha W, Li Y et al (2005) Rational drug design of G-quartet DNA as anti-cancer 
agents. Curr Pharm Des 11(22):2841–2854  

   442.    Jing N, Zhu Q, Yuan P et al (2006) Targeting signal transducer and activator of transcription 
3 with G-quartet oligonucleotides: a potential novel therapy for head and neck cancer. Mol 
Cancer Ther 5(2):279–286  

    443.    Zhu Q, Jing N (2007) Computational study on mechanism of G-quartet oligonucleotide 
T40214 selectively targeting Stat3. J Comput Aided Mol Des 21(10-11):641–648  

    444.    Klein JD, Sano D, Sen M et al (2014) STAT3 oligonucleotide inhibits tumor angiogenesis in 
preclinical models of squamous cell carcinoma. PLoS One 9(1):e81819  

    445.    Xi S, Gooding WE, Grandis JR (2005) In vivo antitumor effi cacy of STAT3 blockade using a 
transcription factor decoy approach: implications for cancer therapy. Oncogene 24(6):
970–979  

    446.    Barton BE, Murphy TF, Shu P et al (2004) 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 3(10):1183–1191  

    447.    Selvendiran K, Ahmed S, Dayton A et al (2011) HO-3867, a curcumin analog, sensitizes 
cisplatin-resistant ovarian carcinoma, leading to therapeutic synergy through STAT3 inhibi-
tion. Cancer Biol Ther 12(9):837–845  

    448.    Tierney BJ, McCann GA, Cohn DE et al (2012) HO-3867, a STAT3 inhibitor induces apop-
tosis by inactivation of STAT3 activity in BRCA1-mutated ovarian cancer cells. Cancer Biol 
Ther 13(9):766–775  

     449.    Fang S, Liu B, Sun Q et al (2014) Platelet factor 4 inhibits IL-17/Stat3 pathway via upregula-
tion of SOCS3 expression in melanoma. Infl ammation 37(5):1744–1750  

     450.    Liang P, Cheng SH, Cheng CK et al (2013) Platelet factor 4 induces cell apoptosis by inhibi-
tion of STAT3 via up-regulation of SOCS3 expression in multiple myeloma. Haematologica 
98(2):288–295  

    451.    Granato M, Gilardini Montani MS, Filardi M et al (2015) Capsaicin triggers immunogenic 
PEL cell death, stimulates DCs and reverts PEL-induced immune suppression. Oncotarget 
6(30):29543–29554  

    452.   Madoux F, Koenig M, Sessions H, Nelson E, Mercer BA, Cameron M, Roush W, Frank D, 
Hodder P (2009) Modulators of STAT Transcription Factors for the Targeted Therapy of 
Cancer (STAT3 Inhibitors). [updated 2011 Mar 25]. Probe Reports from the NIH Molecular 
Libraries Program [Internet]. Bethesda (MD) (2010) National Center for Biotechnology 
Information (US). Available from   http://www.ncbi.nlm.nih.gov/books/NBK56232/      

    453.    Ferrajoli A, Faderl S, Van Q et al (2007) WP1066 disrupts Janus kinase-2 and induces 
caspase- dependent apoptosis in acute myelogenous leukemia cells. Cancer Res 
67(23):11291–11299  

    454.    Xue ZJ, Shen L, Wang ZY et al (2014) STAT3 inhibitor WP1066 as a novel therapeutic agent 
for bCCI neuropathic pain rats. Brain Res 1583:79–88  

    455.    Wong AL, Soo RA, Tan DS et al (2015) Phase I and biomarker study of OPB-51602, a novel 
signal transducer and activator of transcription (STAT) 3 inhibitor, in patients with refractory 
solid malignancies. Ann Oncol 26(5):998–1005    

5 STAT3 Inhibitors in Cancer: A Comprehensive Update

http://www.ncbi.nlm.nih.gov/books/NBK56232/


163© Springer International Publishing Switzerland 2016 
A.C. Ward (ed.), STAT Inhibitors in Cancer, Cancer Drug 
Discovery and Development, DOI 10.1007/978-3-319-42949-6_6

    Chapter 6   
 Targeting Upstream Janus Kinases                     

     Parisa     Rasighaemi      and     Alister     C.     Ward    

    Abstract     Janus kinases (JAKs) are the tyrosine kinases that are the principal 
activators of STAT proteins – particularly downstream of cytokine receptors – 
during normal development and homeostasis. The JAKs also make a major contri-
bution to the hyperactivation of STATs observed in various malignancies, including 
through mutation of the JAKs themselves in several neoplastic conditions. These 
properties have made JAKs attractive targets for the development of small molecule 
inhibitors based on similar approaches used for other tyrosine kinases. This chapter 
details the lead JAK inhibitors, which show variable specifi city, including multi-kinase 
inhibitors that have demonstrated excellent clinical effi cacy.  

  Keywords     EGFR   •   IL-6R   •   VEGF   •   SRC   •   ABL   •   STAT3   •   RTK   •   Inhibitor   •   Cancer  

6.1       Introduction 

 As discussed in Chap.   1    , JAKs represent one of the major activators of STAT 
proteins during normal development and homeostasis, especially downstream of 
cytokine receptors. JAKs are similarly involved in the hyperactivation of STATs 
that is commonly found in a variety of neoplastic states in which they make a 
signifi cant contribution to the malignant phenotypes observed. Indeed, in a num-
ber of cases of hematological neoplasia, mutation of the JAKs themselves — 
notably JAK2 V617F — represents the key driver of cytokine-independent STAT 
activation that underpins the pathophysiology of disease. Tyrosine kinases also 
represent well- characterized targets for small molecule inhibitors. Collectively, 
these factors have resulted in the development of an array of JAK inhibitors, sev-
eral of which have shown clinical effi cacy.  
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6.2     JAK Selective Inhibitors 

 A range of alternative inhibitors have been explored that have variable specifi city 
towards individual JAKs (Fig.  6.1 ). These are at different stages of the drug devel-
opment pipeline.

6.2.1       Ruxolitinib 

 Ruxolitinib (INCB018424) is an oral inhibitor of both JAK1 and JAK2, with no 
selectivity toward mutant forms of JAK2 [ 1 ,  2 ]. This compound has been shown to 
act by inhibiting downstream STATs, including STAT5 activation in primary cells 
carrying JAK2 V617F from MPN patients [ 3 ] and STAT3 activation in cisplatin- 
resistant non-small cell lung cancer (NSCLC) cell lines [ 4 ]. Ruxolitinib was the fi rst 
JAK inhibitor to receive FDA approval for the treatment of myeloproliferative 

  Fig. 6.1    JAK inhibitors. Schematic representation of cytokine/cytokine receptor-mediated STAT 
activation via JAK kinases, showing the specifi city of various JAK inhibitors that act to ablate the 
STAT activation, with multi-kinase inhibitors displayed in  pink        
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neoplasms (MPNs), specifi cally primary myelofi brosis (MF) and secondary 
myelofi brosis following polycythemia vera (PV) and essential thrombocythemia 
(ET), with effi cacy demonstrated in several random-controlled trials (RCTs). 

 The COMFORT I study randomized MF patients to either ruxolitinib or a placebo 
control. Nearly half of the patients in the ruxolitinib arm demonstrated >50 % 
decrease in symptoms and >35 % reduction in spleen size at 24 weeks. This corre-
lated with a dramatic decrease in pro-infl ammatory, fi brogenic and angiogenic 
growth factors, as well as abrogation of neoplastic cell proliferation [ 5 ,  6 ]. 
Importantly, ruxolitinib treated patients showed a signifi cant survival advantage 
after 28 months compared to those provided with placebo [ 7 ]. Interestingly, neither 
the response rate nor survival advantage were affected by JAK2 V617F mutational 
status [ 6 ,  8 ]. 

 The COMFORT II trial randomized MF patients to either ruxolitinib or best 
available therapy (BAT). Over a quarter of patients on ruxolitinib exhibited reduced 
spleen size at 48 weeks [ 7 – 9 ]. Ruxolitinib treated patients also showed improve-
ment in several clinical symptoms, such as night sweats, itching, weight loss and 
poor appetite, which correlated with restoration of ferritin and leptin levels as well 
as a reduction in IL-1Rα. The ruxolitinib and BAT arms showed no statistically 
signifi cant difference in survival at 48 weeks, but mortality was reduced by 52 % in 
the ruxolitinib arm at 3 years [ 10 ]. 

 Ruxolitinib was also evaluated in PV patients who were either intolerant of, or 
resistant to, hydroxyl urea (HU). Ruxolitinib elicited rapid and long-lasting clinical 
improvements, including reduced leucocytosis and thrombocytosis, resolution of 
splenomegaly and reduced need for phlebotomy, while also being well tolerated 
[ 11 ]. A recent study compared the effi cacy and safety of ruxolitinib to BAT in 
HU-intolerant PV patients and demonstrated that ruxolitinib was more effective that 
BAT in controling hematocrit, spleen size and disease-related symptoms [ 12 ]. 

 A signifi cant proportion of patients administered ruxolitinib experienced grade 3 
or 4 anemia and less commonly thrombocytopenia early in the treatment regime, 
likely due to direct effects on signalling by the cytokines erythropoietin and throm-
bopoietin. However, these side-effects were typically manageable with transfusions 
or modifi cation of drug dosage and showed reduced severity over time [ 7 ,  8 ]. 

 Several pre-clinical studies have suggested that ruxolitinib may also be an 
effective treatment in other cancer settings. For example, this agent was able to 
induce apoptosis in colorectal cancer cells [ 13 ] as well as overcome resistance to 
cisplatin in NSCLC cell lines [ 4 ]. This has provided a rationale for additional 
RCTs. In patients with refractory metastatic pancreatic cancer, ruxolitinib treat-
ment has yielded clinically signifi cant activity, such as improved survival and 
reduced tumor burden, particularly in those with systemic infl ammation [ 14 ]. A 
phase III of study with 310 subjects are being conducted to confi rm the activity of 
ruxolitinib in these patients (#NCT02117479). Clinical trials investigating the effi -
cacy and safety of this drug in treatment of colorectal cancer (#NCT02119676) and 
NSCLC (#NCT02119650) are on-going. Ruxolitinib studies in patients with 
prostate cancer (#NCT00638378) and breast cancer (#NCT01562873) have been 
terminated due to poor effi cacy.  
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6.2.2     Fedratinib 

 Fedratinib (SAR302503) is an oral JAK2 inhibitor, which acts on both wild type and 
mutant forms of JAK2 [ 15 ,  16 ]. This drug was effective in blocking downstream 
activation of STAT3 and STAT5 in JAK2 mutant cells [ 15 ] and peripheral blood 
leukocytes of patients with MF [ 17 ]. 

 In clinical trials with fedratinib, patients with primary MF or MF secondary to 
PV and ET achieved normalization of leukocyte and thrombocyte counts, reduced 
spleen size and improved disease related symptoms, including resolution of marrow 
fi brosis in some cases, with response rates similar to ruxolitinib. Outcomes corre-
lated with signifi cant modulation of key cytokines including decreased loads of 
TNF-α but increased adiponectin [ 17 – 19 ]. A signifi cant reduction in the JAK2 
V617F allele burden was observed particularly in patients with >20 % of this allele, 
suggesting increased sensitivity of the mutant form of JAK2 [ 18 ]. However, this has 
been contradicted by recent results showing no consistent changes in JAK2 V617F 
allele burden [ 17 ]. Common side effects of fedratinib included myelosuppresion 
and gastrointestinal toxicity. 

 Additional studies have examined the effi cacy and safety of federatinib in MF 
patients previously treated with Ruxolitinib with interim results showing clinical ben-
efi cial through reduced symptom burden and splenomegaly [ 17 ]. A phase I study has 
also been completed in those with solid tumors (#NCT01836705) although no results 
have been presented. However, several instances of Wernicke’s encephalopathy in 
federatinib-treated patients has resulted in the halt of all ongoing clinical trials.  

6.2.3     Momelotinib 

 Momelotinib (CYT387) is a selective inhibitor of JAK1 and JAK2 that also exhibits 
a signifi cantly reduced activity against JAK3. Momelotininb abrogated downstream 
activation of STAT3 and STAT5 in human erythroleukemia and Ba/F3 cells har-
bouring the JAK2 V617F mutation [ 20 ]. In pre-clinical studies in mice, momelo-
tinib normalized blood counts, spleen size and pro-infl ammatory cytokines with no 
effect on bone marrow hypercellularity or JAK2 V617F mutation burden [ 21 ]. 
Momelotinib also inhibited the erythropoietin-independent proliferation of ery-
throid colonies from the bone marrow of PV patients [ 20 ]. 

 In phase I/II clinical trials with intermediate or high-risk MF patients, momelo-
tinib led to a sustained reduction in spleen size, constitutional symptoms and ane-
mia, with ~70 % of transfusion-dependent patients able to achieve independence. 
Signifi cantly, patients that had previously failed to respond to ruxolitinib and fedra-
tinib showed clinically signifi cant responses to this compound [ 22 ]. The effi cacy 
and safety of this drug is currently being evaluated in MF patients previously treated 
with ruxolitinib (#NCT02101268). Thrombocytopenia remains the major side- 
effect observed for momelotinib [ 18 ].  
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6.2.4     Tofacitinib 

 Tofacitinib (CP-690550) was initially identifi ed as a selective JAK3 inhibitor and has 
been evaluated primarily in the context of an immunosuppressant in a variety of 
immune conditions [ 23 – 29 ]. However, this compound also demonstrated activity 
toward JAK1 and to a lesser extent JAK2, although this was enhanced toward mutant 
JAK2. Thus, pre-clinical studies identifi ed enhanced anti-proliferative and pro- 
apoptotic effects in murine factor-dependent cell lines harbouring human JAK2 
V617F compared to wild type JAK2. Similarly, erythroid progenitor cells derived 
from JAK2 V617F-positive PV patients were more sensitive to tofacitinib than those 
from healthy controls. This was accompanied by decreased STAT5 phosphorylation, 
reduced JAK2 V617F allele frequency and enhanced erythroid differentiation in 
treated PV samples [ 30 ], supporting further investigation in the context of MPN. 

 Tofacitinib is currently being evaluated for refractory T-cell large granular lym-
phocytic leukemia and has demonstrated hematological benefi t specifi cally with 
regard to neutropenia. However, further studies are required to confi rm this study 
and to examine long term outcomes [ 31 ].  

6.2.5     AZD1480 

 AZD1480 is a pyrazole pyrimidine ATP-competitive inhibitor of both JAK1 and 
JAK2. This agent was shown to inhibit proliferation and survival of JAK2 V617F- 
positive myeloid and myeloma cell lines, which correlated with suppression of 
STAT3 and STAT5 phosphorylation [ 32 ,  33 ]. The  in vivo  effi cacy of AZD1480 has 
been demonstrated in various xenograft mouce models, including ETV6-JAK2- 
positive leukemias and solid tumors such as breast, ovarian and prostate cancer, 
neuroblastoma, sarcoma and glioblastoma, with inhibition of tumor growth observed 
that correlated with decreased activation of STAT5 and STAT3 [ 33 – 37 ]. Signifi cantly, 
AZD1480 was not only able to suppress tumor growth at the primary site but also 
inhibited both angiogenesis and metastasis [ 32 ]. 

 However, despite these very favourable pre-clinical results, a phase I clinical trial 
investigating the safety and effi cacy of AZD1480 in patients with MF and solid 
tumors resulted in a lack of clinical response due to rapid elimination from plasma, 
as well as induction of a rare unusual neuropsychiatric dose-limiting toxicity, which 
resulted in the cessation of the trial [ 38 ,  39 ].  

6.2.6     Gandotinib 

 Gandotinib (LY2784544) is an agent that shows selectivity toward mutant JAK2. 
This compound was able to inhibit JAK2 V617F and downstream STAT5 signaling 
at a signifi cantly lower concentration than that required to inhibit wild-type JAK2, 
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and so with the potential to minimize effects on normal hematopoisis [ 40 ]. Clinical 
evaluation of this inhibitor in MPN patients identifi ed reduced spleen size, improved 
clinical symptoms and decreased bone marrow fi brosis, although no signifi cant 
changes in mutant allele burden were seen. Gastrointestinal toxicity, increased 
serum creatinine, hyperuricemia and anemia were the most frequent drug related 
adverse effect [ 41 ]. Several clinical trials using this inhibitor in MPN patients are 
currently active (#NCT01134120, #NCT01520220, #NCT01594723).  

6.2.7     XL019 

 XL019 is a 4-aryl-2-aminoalkylpyrimidine-based derivative with high selectivity 
and potency toward JAK2. XL019 administration in a xenograft mice model of 
erythroleukemia resulted in signifi cant dose-dependent inhibition of STAT1 and 
STAT3 phosphorylation, reduced tumor growth and vascularization along with 
increased tumor cell apoptosis [ 42 ]. 

 Preliminary results in MF patients identifi ed a reduction in spleen size, blast 
count and other clinical symptoms in concert with a restoration of hemoglobin in 
those treated with XL019. However, further clinical studies have been suspended 
due to high neurologic toxicity [ 43 ].  

6.2.8     NS-018 

 NS-018 is a selective JAK2 inhibitor preferential with activity toward constitutively- 
active JAK2 V617F and its downstream signalling including via STAT3 and STAT5. 
NS-018 showed anti-proliferative activity in cell lines harboring mutated JAK2 and 
primary cells from PV patients.  In vivo  administration of NS-018 in mouse models 
of MF demonstrated improvements in splenomegaly, bone marrow fi brosis, leuko-
cytosis and survival without reducing the platelet or erythrocyte count in peripheral 
blood. [ 44 ,  45 ]. A clinical trial to test NS-018 in MPN patients is ongoing 
(#NCT01423851) with preliminary data indicating a safe durable dosing schedule 
associated with splenic volume reduction and clinical improvement [ 46 ].  

6.2.9     BMS-911453 

 BMS-911453 is a selective inhibitor of JAK2 with increased sensitivity toward 
mutated JAK2. Functionally, it displayed antiproliferative activity in cells harbour-
ing activated JAK2 mutation and in primary progenitor cells from MPN patients 
that correlated with suppression of constitutive active STAT5 in these cells. 
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Unexpectedly, this inhibitor also downregulated STAT1 transcripts and phosphory-
lation level [ 47 ]. However,  in vivo  studies on a murine model of JAK2 V617F-
driven MPN revealed limited effi cacy of this inhibitor, with suppression of 
leucocytosis but not erythrocytosis, partial normalization of cytokines such as IL-6, 
IL-15 and TNF, but without any alteration in MPN histopathology [ 48 ]. A phase I/
II clinical study to determine the safety and effi cacy of this inhibitor in myelofi -
brotic patients has completed recently with preliminary results indicating rapid con-
trol of constitutional symptoms and splenomegaly in these patients [ 49 ].  

6.2.10     Other JAK Inhibitors 

 A variety of other JAK inhibitors are under development, particularly those target-
ing JAK2. INCB16562 is a potent inhibitor of both JAK1 and JAK2. This agent was 
shown to exert a strong anti-proliferative effect in cell lines harbouring JAK1V658F 
and JAK2 V617F mutations, or with activating mutations in the upstream thrombo-
poietin receptor (MPL W515L), as well as in primary hematopoietic cells obtained 
from PV patients [ 50 ,  51 ]. In a JAK2 V617F murine bone marrow transplantation 
(BMT) model, treatment with INCB16562 resulted in a reduction in splenomegaly, 
malignant cell burden and pro-infl ammatory cytokines levels, along with increased 
survival [ 50 ]. Furthermore, in a murine MPL W515 BMT model, INCB16562 treat-
ment decreased extramedullary hematopoiesis and bone marrow fi brosis and nor-
malize white blood cell and platelet counts, but did not alter malignant clone 
frequency in the BM [ 51 ]. INCB16562 has also been demonstrated to inhibit both 
proliferation and survival of myeloma cell lines and primary BM-derived plasma 
cells from multiple myeloma patients by inhibiting IL-6- induced STAT3 activation 
[ 52 ]. INCB16562 is yet to be evaluated in clinical trials. NVP-BSK805 is a potent 
inhibitor of JAK2 that exhibited both anti-proliferative and pro-apoptotic effects in 
JAK2 V617F-postive cells with concurrent reduction in STAT5 phosphorylation. 
This compound also showed signifi cant effi cacy in a mouse JAK2 V617F transplan-
tation model, where it reduced splenomegaly and spread of malignant cells, and was 
also able to suppress erythropoietin-induced extramedullary erythropoiesis and PV 
in a rat model [ 53 ], but is yet to progress to clinical trials.   

6.3     Multi-Kinase Inhibitors 

 An emerging theme in cancer therapy is the effi cacy of broad range inhibitors 
that can target several tyrosine kinases simultaneously. This has also proven to 
be the case for several inhibitors for which JAKs are part of their spectrum of 
activity. 
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6.3.1     Pacritinib 

 Pacritinib (SB1518) is an inhibitor of FLT3 and JAK2 that has demonstrated promis-
ing effi cacy in the context of both myeloid and lymphoid malignancies. Pre- clinical 
studies of pacritinib have demonstrated dose-dependent inhibition of STAT3 and 
STAT5 activation with concomitant cell cycle arrest and induction of apoptosis in 
lymphoid and myeloid cell lines harbouring either wild-type or mutant JAK2. 
Similarly, in a mouse MPN xenograft model pacritinib suppressed JAK2/STAT5 
signaling within tumor tissue concurrently with inhibition of proliferation [ 54 ]. 

 In clinical studies, improved splenomegaly and constitutional symptoms was 
observed in a signifi cant proportion of MF patients treated with pacritinib. 
Importantly, this agent did not cause signifi cant myelosuppression, indicating it 
might be particularly amendable to MF patients with baseline cytopenia [ 55 ]. 
Pacritinib was also shown to be well tolerated in patients with relapsed/refractory 
Hodgkin and non-Hodgkin lymphoma and elicited a decrease in tumor size in >50 % 
of patients [ 55 ,  56 ]. Two phase III clinical trials are currently underway for this 
agent comparing pacritinib with BAT in MF patients, either with no platelet count 
cut off (#NCT01773187) or in patients with thrombocytopenia (#NCT02055781). 
Gastrointestinal toxicity represents the main side effect of pacritinib [ 55 ].  

6.3.2     Lestaurtinib 

 Lestaurtinib (CEP701) is a multi-kinase inhibitor that has signifi cant activity toward 
TRK family members, FLT3, as well as both JAK2 and JAK3. Lestaurtinib was 
shown to inhibit the proliferation of primary erythroid cells from MPN patients with 
concomitant inhibition of JAK2 V617F phosphorylation and activation of down-
stream effectors, including both STAT3 and STAT5 [ 57 ]. 

 In clinical trials, lestaurtinib demonstrated modest effi cacy in JAK2 V617F- 
positive MF patients with a response rate of 27 %, but with no signifi cant changes in 
bone marrow fi brosis and JAK2 V617F allele burden detected [ 58 ]. Lestaurtinib 
was also trialled in high risk JAK2 V617F-positive PV and ET patients, where 
administration of this agent resulted in a reduction in spleen volume, amelioration 
of pruritus, minor reduction in mutant allele burden and a decreased need for 
 phlebotomy [ 59 ]. Thrombocytopenia leading to thrombotic events remains the main 
concern for this agent [ 58 ,  59 ], although both anemia and gastrointestinal symptoms 
have also been commonly observed [ 58 ].  

6.3.3     MK-0457 

 MK-0457 (VX-680) is an inhibitor of Aurora kinase, BCR-ABL and JAK2. This 
agent displayed signifi cant  in vitro  activity against cells harboring normal and 
mutated BCR-ABL and also  in vivo  in xenograft models of leukemia, where it led 
to a block in mitosis and induction of apoptosis in cycling cells [ 60 ,  61 ]. 
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 MK-0457 was the fi rst kinase inhibitor to enter the clinic for treatment of chronic 
myeloid leukemia (CML) patients expressing the BCR-ABL T315I mutation that is 
responsible for clinical resistance to imantinib [ 62 ,  63 ]. Signifi cant hematological 
responses were identifi ed in nearly half of the patients, with complete remission observed 
in around one-third of patients in the blastic phase of the disease. However, MK-0457 
failed to elicit a signifi cant response in a variety of other refractory hematological malig-
nancies, including Philadelphia-positive ALL, AML and MF. Febrile neutropenia, tran-
sient mucositis and alopecia were the most common toxicities of this drug. However, 
another clinical limitation of MK-0457 is the requirement to deliver therapy as a 
continuous infusion compared to other inhibitors that can be taken orally [ 62 ].  

6.3.4     LS104 

 LS104 (CR4) is a novel non-ATP inhibitor of several therapeutically important 
kinases, including BCR-ABL and JAK2. Importantly, it has been shown to inhibit 
JAK2 autophosphorylation and activation of downstream targets including STAT3 
and STAT5 [ 64 ]. It is being developed for the treatment of non-CML MPNs and 
other hematological malignancies, with a signifi cant advantage in treating refrac-
tory leukemias harbouring mutations in the ATP binding pocket, since it interacts 
away from this site. LS104 preferably inhibited the growth and survival of a variety 
of leukemic cell lines of myeloid and lymphoid origin, while being relatively non- 
toxic to the growth and differentiation of normal cells [ 64 – 66 ]. The  in vivo  effi cacy 
of LS104 has been proven in mice xenograft models of Philadelphia-positive ALL, 
where it resulted in a signifi cant decrease in blast counts in the bone marrow along 
with increased survival [ 65 ]. LS104 also showed a synergistic enhancement of 
apoptosis in JAK2 V617F-positive cells when used in combination with an ATP- 
competitive JAK2 [ 64 ]. Based on these positive fi ndings LS104 has recently entered 
clinical trials for treatment of patients with hematological malignancies and myelo-
proliferative disorders [ 64 ,  67 ].  

6.3.5     ON044580 

 ON044580 is another non-ATP-competitive kinase inhibitor with activity toward both 
BCR-ABL and JAK2 with many similar properties to LS104 [ 68 ,  69 ]. This compound 
was able to induce apoptosis in primary cells from leukemic patients expressing the 
JAK2 V617F mutation and from CML patients regardless of the stage of disease or 
imatinib sensitivity. Furthermore, when tested on bone marrow cells from patients with 
monosomy 7 myelodysplastic syndrome (MDS), the cytotoxic effects were limited to 
cells with aneuploidy [ 69 ]. Thus, ON044580 also appears to have considerable 
potential to treat a range of MPDs, such as CML and MDS, particular as an alterna-
tive for patients who develop resistance to current therapies. However, the clinical 
safety and effi cacy of this inhibitor have yet to be demonstrated.   
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6.4     Conclusion 

 JAK inhibitors represent some of the most promising agents for mitigating the 
effects of STAT hyperactivation in neoplasia. The multi-kinase inhibitors that target 
JAKs and other tyrosine kinases represent particularly attractive agents in this 
regard, since they are likely to affect several upstream pathways that converge at the 
level of STAT activation.     
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    Chapter 7   
 Inhibitors of Upstream Inducers of STAT 
Activation                     

     Janani     Kumar    

    Abstract     Activation of STATs, especially STAT3 and STAT5, is commonly 
observed in solid tumors and hematological malignancies. In several instances the 
key upstream signaling molecules responsible for STAT activation have been identi-
fi ed. Many of these proteins are able to be targeted with specifi c antibodies or small 
molecules and so represent attractive candidates for therapeutic development. This 
chapter details several promising agents that target receptors — both receptor tyro-
sine kinases and cytokine receptors — and downstream kinases that activate STATs 
in cancer, including EGFR, VEGFR, IL-6R, SRC and ABL.  

  Keywords     EGFR   •   VEGFR   •   IL-6R   •   SRC   •   ABL   •   STAT3   •   RTK   •   Inhibitor   •   Cancer  

7.1       Introduction 

 A number of molecules that mediate STAT activation have been identifi ed in a range 
of malignancies, several of which are involved in the hyperactivation of STATs 
observed. These include receptor tyrosine kinases (RTKs), non-receptor tyrosine 
kinases (non-RTKs) and cytokine receptors, which represent attractive targets for 
treatment. This has led to the development of a variety of specifi c inhibitors of these 
molecules, several of which have shown clinical effi cacy. This chapter describes the 
most important of these inhibitors (Fig.  7.1 ).

7.2        Epidermal Growth Factor Receptor Inhibitors 

 Epidermal growth factor receptor (EGFR) and related receptors are known to be 
active in multiple cancers — where downstream STAT3 activation plays a key role — 
and have been shown to be validated therapeutic target in several solid tumors [ 1 ]. 
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7.2.1     Cetuximab 

 Cetuximab is a humanized mouse monoclonal antibody against epidermal growth 
factor receptor (EGFR) that acts by interacting with the EGFR ligand-binding 
domain thereby blocking EGF binding [ 2 ], the effi cacy of which directly correlated 
with STAT3 inhibition [ 3 ]. The effectiveness of cetuximab was initially demon-
strated in colon cancer cells, including suppressed tumor growth in a mouse xeno-
graft model of the disease [ 4 ], and has been approved for use in colon cancer with 
wildtype K-RAS [ 5 ]. Cetuximab has also been shown to be effective in inhibiting 
EGFR-mediated signalling in a variety of other cancers, including head and neck 

  Fig. 7.1    Targeting molecules upstream of STAT activation. Schematic representation of STAT 
activation by representative RTKs ( red ), cytokine receptors ( green ), and non-RTKs ( brown ), and 
the downstream phenotypes affected. Inhibitors that target each are indicated (antibodies:  purple ; 
small chemicals:  blue ), with those with multiple targets in italics       
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squamous epithelial cell cancer, pancreatic cancer, renal cancer, prostate cancer and 
bladder cancer [ 2 ,  3 ], Importantly, the compound has proven to act synergistically 
with other treatment modalities, including various chemotherapeutic regimes [ 6 ,  7 ], 
which has led to its approval in head and neck squamous epithelial cell cancer in 
combination with platinum-based chemotherapy [ 6 ]. Cetuximab also induces radio-
sensitivity that has recently been demonstrated to be augmented by concurrent inhibi-
tion of JAK1 [ 8 ]. Common side effects include skin blemishes, swelling of the face, 
arms, hands, lower legs, feet, body aches or pain, chills, congestion and cough.  

7.2.2     Gefi tinib 

 Gefi tinib is a specifi c inhibitor of the tyrosine kinase activity of EGFR by targeting 
the ATP-binding pocket [ 1 ]. It has demonstrated effectiveness in non-small cell lung 
cancer (NSCLC) patients expressing mutant forms of EGFR [ 9 ], and has been 
approved for use in this clinical setting. Variable results have been obtained in the 
treatment of acute myeloid leukemia (AML) [ 10 ,  11 ], but there remains potential 
for use of this agent in chronic lymphocytic leukemia, although its effects in this 
cancer type may be due to its action on other kinases [ 12 ]. Interestingly, gefi tinib 
resistance has been shown to be typically mediated by the pro-survival effects of 
STAT3 [ 13 ], as described for several other EGFR inhibitors [ 14 ]. This has led to the 
successful use of gefi tinib in combination with JAK/STAT3 inhibitors, including in 
ovarian cancer [ 15 ]. Side effects of treatment include dark urine, headache, fatigue 
and decreased appetite.  

7.2.3     Erlotinib 

 Erlotinib is also a tyrosine kinase inhibitor that targets the ATP-binding pocket of the 
EGFR kinase domain and thereby inhibits downstream signaling including via the 
JAK/STAT pathway [ 1 ]. It has proven effi cacious in several cancer settings, notably 
including NSCLC [ 16 ], and has been approved for therapy in NSCLC and pancreatic 
cancer. Erlotinib has also demonstrated effectiveness in other cancers, including in 
chemically induced mouse model of oral squamous cell carcinoma [ 17 ], as well as 
AML, where it enhances chemosensitivity  in vitro  [ 18 ], leading to synergistic effects 
in combination with a DNA methyltransferase inhibitor [ 19 ]. Erlotinib has shown 
promise in AML [ 20 ], which has seen its evaluation in AML and myelodysplastic 
syndrome (MDS) [ 21 ,  22 ]. It has also been shown to inhibit JAK V617F activity and 
growth of polycythemia vera cells [ 23 ], suggesting it may also be applicable to 
myeloproliferative disorders. Some of the reported side effects include nausea, stom-
ach upset, vomiting, loss of appetite, weight loss, diarrhea, mouth sores, dry skin, 
acne, eye irritation, or fatigue.  
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7.2.4     Lapatinib 

 Lapatinib is another tyrosine kinase inhibitor that is specifi c for EGFR as well as the 
closely-related ERBB2/HER2 [ 24 ], which is able to block downstream signalling 
via STAT3, as well as AKT and MAPKs [ 25 ,  26 ]. It has demonstrated clinical effec-
tiveness against a range of carcinomas [ 27 ] and has approval for use in breast cancer 
[ 28 ,  29 ], where it has been shown to specifi cally reduce breast cancer stem cells 
[ 28 ]. Lapatinib has also shown effectiveness in pre-clinical studies on other cancers, 
blocking tumor growth in an orthotopic model of human testicular germ cell cancer 
[ 30 ] and inducing apoptosis in chronic myelogenous leukemia (CML) cell lines and 
patient blasts [ 31 ,  32 ]. Common side effects reported include nausea, vomiting, 
mouth sores, rash, hair loss, and sleep disturbance.  

7.2.5     PKI166 

 PKI166 is also a dual EGFR and ERBB2 tyrosine kinase inhibitor, which blocks 
downstream signaling cascades including the JAK2/STAT3 pathway [ 33 ]. It has 
been shown to suppress growth of pancreatic carcinoma xenografts concomitant 
with induction of apoptosis in endothelial cells [ 34 ], as well as inhibit angiogenesis 
in a human renal cell carcinoma xenograft model via its effects on STAT3 [ 35 ]. This 
drug has undergone phase I clinical trials in patients with advanced solid malignan-
cies and was shown to be well tolerated [ 36 ], with minor side effects such as diar-
rhoea, skin rash and fatigue.   

7.3     Vascular Epithelial Growth Factor Receptor Inhibitors 

 Vascular epithelial growth factor receptor (VEGFR) family members play critical 
roles in angiogenesis, an essential part of tumor growth, as well as vasculature 
integrity, important in effective chemotherapy, making these useful targets for can-
cer therapy [ 37 ]. 

7.3.1     Axitinib 

 Axitinib is an inhibitor of VEGFR1-3, with weaker activity toward other kinases 
that inhibits downstream signaling cascades including STAT3 [ 38 ]. It has been 
shown to inhibit growth of tumors  in vivo , including in a breast cancer xenograft 
model by decreasing vascular permeability [ 39 ]. Following favorable clinical trials, 
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atixinib has been approved for use in refractory renal cell carcinoma [ 38 ], while it 
has also shown clinical effi cacy in pancreatic cancer patients [ 40 ]. Axitinib has been 
demonstrated to exert other effects, inhibiting JAK2/STAT3-dependent epithelial-
to- mesenchymal transition and metastasis of cervical cancer cells [ 41 ], and by ame-
liorating accumulation of myeloid-derived suppressor cells via a STAT3-dependent 
mechanism to enhance anti-tumor activity in renal cell carcinoma [ 42 ]. More 
recently, its application has been demonstrated potential for the treatment of 
imatinib- resistant BCR-ABL positive CML [ 43 ]. Side effects include diarrhea, 
hypertension, weight loss, nausea and asthenia.  

7.3.2     SKLB1002 

 SKLB1002 is a novel VEGFR2 inhibitor that has been shown to be very effective at 
inhibiting angiogenesis and tumor growth  in vivo  [ 44 ]. In addition, it has been 
shown to normalize the vasculature thereby increasing retention of chemotherapeu-
tic agents to enhance their effectiveness [ 45 ]. Synergistic antitumor effects have 
been observed with SKLB1002 and both hyperthermia and chemotherapy [ 45 ,  46 ]. 
This drug is yet to be tested in clinical trials.   

7.4     Non-RTK Inhibitors 

 Several intracellular kinases also play an important role in STAT activation in can-
cer, notably including JAKs, SRCs and BCR-ABL [ 47 – 49 ]. JAK inhibitors are 
detailed in Chap.   6    , and so are not mentioned further here. 

7.4.1     Saracatinib 

 Saracatinib (AZD0530) is an oral tyrosine kinase inhibitor targeting both SRC and 
BCR-ABL kinases [ 50 ]. It has shown strong activity in a variety of pre-clinical 
cancer models. Thus, saracatinib inhibited the growth and migration of gastric can-
cer cells with increased apoptosis due to reduction of STAT3-mediated anti- 
apoptotic genes, leading to a decreased tumor burden in xenograft models [ 51 ]. It 
was also able to reduce cell-cycle progression of estrogen receptor-positive primary 
ovarian cancer cells in culture and as xenografts, and induced autophagy in combi-
nation with fulvestrant [ 52 ]. Saracatinib is being trialled in several clinical settings 
[ 53 ], but effi cacy in published clinical trial has so far been poor [ 54 ]. Common side 
effects reported include fatigue, nausea, cough, and adrenal insuffi ciency.  
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7.4.2     Bosutinib 

 Bosutinib (SKI-606) is an orally administered ATP-competitive inhibitor specifi c 
for BCR-ABL and members of the SRC family of kinases [ 55 ]. Bosutinib has been 
shown to decrease the migration and invasion of breast cancer cells by inhibiting 
multiple signaling pathway including STAT3 [ 56 ], and was also able to reduce 
tumor burden in xenograft models of colon cancer [ 57 ]. Bosutinib showed effi cacy 
against CML, including in xenograft models of the disease, along with variable 
hematological toxicity [ 58 ]. In comparison to imatinib, bosutinib showed similar 
effectiveness in CML patients, with gastrointestinal and liver-related side effects 
observed [ 59 ], and has subsequently been approved for use in resistant/intolerant 
BCR-ABL positive CML.  

7.4.3     Dasatinib 

 Dosatinib (BMS-354825) is another oral ATP-competitive inhibitor of BCR-ABL 
that also acts on SRC and other tyrosine kinases [ 60 ]. Hepatocellular carcinoma 
cells treated with dasatinib showed decreased proliferation, adhesion, migration and 
invasion as well as inhibition of downstream pathways [ 61 ]. In human AML cells, 
dasatinib induced cell differentiation that correlated with inhibition of STAT1 sig-
nalling [ 62 ]. Dasatinib also enhanced cisplatin sensitivity in esophageal squamous 
cell carcinoma (ESCC) cells through suppression of PI3K/AKT and STAT3 signal-
ing [ 63 ]. This agent similarly inhibited STAT3 phosphorylation in glioma and pros-
tate cancer cells leading to decreased cell growth and metastasis, as well as increased 
apoptosis [ 64 ,  65 ]. Dasatinib has demonstrated effi cacy in BCR-ABL-positive CML 
patients, including those resistant to imatinib [ 66 ], and has been approved for clini-
cal use in CML, although further investigation is needed with regards to solid 
tumors. Side effects include neutropenia, myelosuppression and pleural effusion.   

7.5     Multi-TK Inhibitors 

 An exciting recent development has been the success of inhibitors that target mul-
tiple tyrosine kinases (TKs). 

7.5.1     Ponatinib 

 Ponatinib represents a tyrosine kinase inhibitor originally designed to target BCR- 
ABL, but also acts on various RTKs, including VEGFRs, FGFRs, FLT3 and TIE2, 
with downstream effects on STAT3 and STAT5 activation demonstrated in several 
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cases [ 67 ,  68 ]. This compound has been used to treat patients with refractory CML 
and BCR-ABL positive acute lymphoblastic leukemia (ALL) [ 67 ]. Posatinib has 
also demonstrated effectiveness in imatinib-resistant chronic eosinophilic leukemia 
(CEL), concomitant with reduced activation of both STAT3 and STAT5 [ 69 ], as well 
as in a rhabdosarcoma xenograft model, where it blocked STAT3 activation from 
both wildtype and mutant forms of FGFR [ 68 ]. Common side effects include 
peripheral edema and neuropathy, dizziness, headache, gastrointestinal haemor-
rhage and hyperesthesia.  

7.5.2     Vandetanib 

 Vandetanib (ZD6474) is an oral tyrosine kinase inhibitor of the RTKs VEGFR, 
EGFR and RET, as well as SRC [ 70 ,  71 ]. This compound has been approved for 
treatment of medullary thyroid cancer [ 72 ] and has undergone a clinical trial for 
NSCLC (#NCT00687297), showing similar side effects to gefi tinib. Other studies 
have shown vandetanib was effective in inducing apoptosis of CML cells by block-
ing SRC-mediated STAT3 activation [ 71 ], as well as eliciting both anti-proliferative 
and anti-angiogenic effects in a head and neck squamous cell carcinoma (HNSCC) 
xenograft model through inhibition of VEGFR and EGFR signals [ 73 ].  

7.5.3     Sorafenib 

 Sorafenib is a multi-TK inhibitor, which targets the RTKs VEGFR, PDGFR and FLT3, 
as well as SRC and RAF, impacting on downstream STAT3 activation in several 
cases [ 74 – 76 ]. This agent has been shown to be effi cacious in several clinical set-
tings, including advanced hepatocarcinoma [ 77 ], renal cell carcinoma (RCC) [ 78 ] 
and thyroid carcinoma [ 79 ], where it is approved for clinical use. Sorafenib has also 
been demonstrated to be effective in MDS/AML cell models and patient samples, 
largely due to its effects on mutant FLT3 [ 75 ], through induction of apoptosis [ 80 ]. 
Common side effects include acne, dry skin, nausea, diarrhoea, patchy hair 
loss/thinning, loss of appetite, dry mouth, hoarseness, or tiredness.  

7.5.4     Sunitinib 

 Sunitinib (SU11248) is a TK inhibitor active against the RTKs VEGFR, c-KIT, 
PDGFR and FLT3 [ 81 – 83 ]. This compound has shown clinical effi cacy on imatinib- 
resistant gastrointestinal stromal tumors [ 84 ] and RCCs [ 85 ]. It is also been trialled 
in AML with activating FLT3 mutations [ 86 ]. Side effects include jaundice, pig-
mentation defects, fatigue, nausea, vomiting, mouth sores and pain.  
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7.5.5     SKLB1028 

 SKLB1028 is a novel oral inhibitor of the RTKs EGFR and FLT3, as well as the 
intracellular BCR-ABL [ 87 ]. This compound elicited reduced tumor burden in a 
K562 leukemic mouse xenograft models, and is destined for clinical trials for leu-
kemic patients in combination with chemotherapy [ 87 ].  

7.5.6     Lenvatinib 

 Lenvatinib (also known as E7080) is an oral inhibitor of VEGFR2, RET and c-KIT that 
inhibits multiple signalling pathways including STAT3 [ 88 ]. Through its action on 
VEGFR2, lenvatinib acts to decrease vascular endothelial cell migration and prolifera-
tion, and augment vascular endothelial cell apoptosis [ 88 ]. Lenvatinib has successfully 
passed phase I trials on patients with a variety of solid tumors [ 89 ], and following suc-
cessful phase II and III clinical trials has been approved for use in refractory thyroid 
cancer [ 90 ] and in combination with mTor inhibitors in metastatic RCC [ 91 ]. Common 
side effects include high blood pressure, fatigue, diarrhea, joint and muscle pain.  

7.5.7     Other Multi-TK Inhibitors 

 A few alternate SRC inhibitors that act, at least in part, by inhibiting STAT3 signal-
ing are at various stages of clinical evaluation in solid tumour. For example, XL999 
is a new chemical entity that inhibits a spectrum of RTKs, including, PDGFR, 
VEGFR, KIT and FLT3, as well as SRC. It induces a cell-cycle block that provides 
broad antitumor activity in xenograft models. XL999 has shown effi cacy in several 
cancer settings, but has been hampered by cardiotoxicity [ 92 ].   

7.6     Interleukin-6 Receptor (IL-6R) Inhibitors 

 Interleukin-6 (IL-6) signaling through its specifi c receptor (IL-6R) plays a pivotal 
role in the proliferation, differentiation, survival, and angiogenesis of malignant 
cells, largely via activation of the downstream JAK2/STAT3 pathway [ 93 ], which 
makes it an attractive therapeutic target in cancer [ 94 ]. 

7.6.1     Tocilizumab 

 Tocilizumab is a humanized monoclonal antibody inhibitor targeting IL-6R, which 
blocks ligand-induced activation [ 95 ]. It was able to block IL-6–mediated STAT3 
activation and inhibited tumor progression in a xenograft model of oral squamous 
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carcinoma, as well as lead to a signifi cant impairment of tumor angiogenesis [ 96 ]. 
Tocilizumab also inhibited proliferative signalling via STAT3 in MCF7 breast can-
cer cells in a dose-dependent manner [ 97 ]. In chronic lymphocytic leukemia (CLL) 
cells, it blocked constitutive activation of STAT3 via IL-6R and decreased expression 
of the key downstream genes MCL-1 and BCL-xL to overcome chemoresistance 
[ 98 ]. Tocilizumab was also able to inhibit IL-6R-mediated proliferative responses in 
NSCLC cells [ 99 ]. Several clinical studies have shown tocilizumab as a promising 
drug for the treatment of chronic infl ammatory diseases, although clinical trials 
testing the effi cacy of tocilizumab in cancer are yet to be performed.  

7.6.2     Siltuximab 

 Siltuximab (or CNTO328) is a potent antibody that targets IL-6 thereby limiting its 
bioactivity [ 100 ]. Siltuximab has been shown to inhibit IL-6R-mediated STAT3 
activation, exerting an anti-tumor effect in various pre-clinical studies, such as lung 
cancer [ 101 ] and prostate cancer [ 102 ], in the latter case impacting on the stem cell 
pool. Promising clinical trial results have been obtained in prostate cancer [ 103 ], 
RCC [ 104 ], multiple myeloma [ 105 ,  106 ] and non-Hodgkin’s lymphoma [ 106 ]. 
Siltuximab is safe, but has side effects of increased weight, rash, pruritus, hyperuri-
cemia, and upper respiratory tract infection.   

7.7     Conclusion 

 Inhibition of receptors and tyrosine kinases lying upstream of STATs represent 
some of the most promising agents for mitigating the effects of STATs —  particularly 
STAT3 — in cancer. Several of these have progressed to successful clinical trials for 
specifi c malignancies. However, most remain unexplored in many cancer types, but 
provide an ongoing avenue for therapeutic development in cancers in which STAT 
activation has been identifi ed.     
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