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Preface

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 specifically (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 STAT?3 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
STATSs in Health and Disease

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

Abstract Signal Transducers and Activators of Transcription (STATSs) 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, specificity, 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 » STATS » STAT6

1.1 Introduction

Signal Transducers and Activators of Transcription (STATs) were first identified
over 20 years ago in the context of interferon signaling [1]. They are now firmly
established as one of the most important signaling modalities, particularly in the
context of mediating rapid responses of target cells to specific 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.
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2 C. Liongue et al.
1.2 STAT Protein Structure, Regulation and Specificity

Seven STAT proteins are present in humans: STAT1-6, which includes the
closely-related STATSA and STATSB 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
B-barrel DNA binding domain is responsible for the interaction with specific 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 influencing transcription, either
directly or via recruitment of other transcriptional regulators [5].

1.2.2 Activation

One of the defining 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
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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 modifications
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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,

Extracellular b

Intracellular

%,
2o
®
/// HHH“““.\
Nucleus

Fig. 1.2 Activation of STATSs by cytokine receptors. Binding of a specific 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 specific phosphotyrosines. The phosphorylated STATs can
then form dimers and translocate to the nucleus to induce transcription of responsive genes via
specific 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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Table 1.1 Key activators of individual STAT proteins

Activators
STAT protein | Cytokines Other factors References
STAT1 IFNo/f, IFNy, IFNA FGF, CCL5 [99, 101, 102,
105, 106, 277]
STAT2 IFNo/p, IFNA [101, 113,277]
STAT3 IL-6, IL-11, IL-21, IL-23, EGF, PDGF, VEGF TSH, | [103, 106,
OSM, LIF, LEP, G-CSF, CCL5, TLR-ligands, 116-128]
IL-10, IL-22, IFNA catecholamines, nicotine
STAT4 IL-12, IL-23 [139]
STATS5 A/B IL-2, IL-7, IL-9, IL-15, IL-21, | PDGF, CSF-1, NRG [21, 141-149,
IL-3, IL-5, GM-CSF, EPO, 278]
TPO, PRL, GH, G-CSF
STAT6 IL-4,1L-13 [169]

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 STATSs 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 specific regulatory sequences in their promoter, generally
exerting a positive effect in this regard [8].

1.2.3 Receptor Specificity

Different receptors are able to activate different STAT proteins, which are then able
to mediate appropriate cellular responses. The specificity in activation profiles 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 specific tyrosine (Y) residues within the cytoplasmic domain
of the receptor that become phosphorylated following receptor ligation. For instance,
STAT1 is able to dock specifically to Y440 of the interferon gamma (IFNy) R1
receptor chain [9]. STAT3 is recruited via a consensus YxxQ 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, STATS5
docks to activated receptors at consensus YxxV/L/M motifs [15, 16]. Furthermore,
STAT6 can dock to Y578 and Y606 of the interleukin-4 (IL-4) receptor a 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 IFNaR1 [18]. In addition, it has
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been shown that STAT1 activation by growth hormone [19], STAT3 activation by
granulocyte colony-stimulating factor (G-CSF) [20] and STATS 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 STATS5 can be recruited via docking to
activated JAK proteins [23, 24], while STAT3 can dock to phosphotyrosines on
other receptor-associated kinases [25]. STAT specificity is therefore determined by
recruitment to all components of a receptor complex, rather than just the receptor
cytoplasmic domain.

The repertoire of STAT' activated by specific receptors can also be affected by the
particular cell-type and/or its differentiation state, reflecting differential expression
of the STAT's 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 STATS 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 Specificity

STATS are able to affect transcription of specific target genes by binding directly to
DNA response elements in their promoters. The core recognition site is TTCN, ;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 y-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 STATS [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 MCMS [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 a2-macroglobulin
promoter [40], STATS5, CEBP/f and GR interact on the p-casein promoter [41],
while STAT1 and STATS associate with N-myc interacting (Nmi) protein on many
promoters [42].



Table 1.2 Selected genes induced by STAT proteins
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STAT Gene function Genes encoding References
STAT1 Thl1 promoting TBX21; IL-12; CD40; CD80; [34, 265, 279,
IRF-1; 2,3’ dioxygenase 280]
Anti-viral ISG54; CIITA
Negative regulatory | p21¢P; SOCS1
Pro-apoptotic Caspases
STAT1/STAT2/p48 | Thl promoting 2’,3’-dioxygenase [34, 265]
(ISGF3) Anti-viral 2’,5’ oligoadenylate synthetase;
ISG15; ISG54
STAT3 Th17 promoting 1L-17; 1L-21/22; IL-2R« [235, 244, 252,
Anti-apoptotic BCL2; BCL-x;; Survivin 258, 260, 271,
Pro-proliferative | JUNB; c-MYC; Cyclin D 280-283]
Differentiation Integrins
Acute phase SAA3; CRP
Negative regulatory | p19™P; p21Ciel; p27Xipl; SOCS3
Angiogenesis VEGF
Metastasis MMPs; Twist; Snail
STAT4 Th1 promoting IFNy; IL-18 R1 [280, 284]
Differentiation FcyRI; IRF-1; MHC class 1I;
CD23
STATS A/B Treg promoting FoxP3; IL-2Ra [83, 152, 154,
Anti-apoptotic BCL-x. 241, 250,
Pro-proliferative Pim1; Cyclin D1; IGF-1; OSM 285-287]
Differentiation a-lactalbumin; MUP
Negative regulatory | p21¢*'; SOCS2; CISH
Metabolic Adiponectin; PDK4; LPL; AOX
STAT6 Th2 promoting GATA3; IL-24; GFI1; IL-4Ra [48, 238, 245,
Differentiation MHC; CD86; FceRlIla; Ce; Cyl; 288]

Cvy4

Anti-apoptotic

Bcl-x; Bel-2

1.2.5 Alternate STAT Isoforms

Naturally-occurring splice variants exist for several STATs, including STATI1p,
STAT3p, STAT4p, and STATS5p, 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 specific STAT6 isoform that appears to act as a
repressor of IL-4 transcription [48]. Other isoforms are produced through specific
proteolysis, such as STAT3y [49], STAT36 [50] and STATS p80 [51]. Furthermore,
while STAT typically form homodimers, they can also heterodimerize to extend the
range of DNA site specificities [52]. For example, G-CSF signaling mediates acti-
vation of STAT3, STATS and some STAT1 homodimers, but also STAT1/STAT?3
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and STAT3/STATS 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 significantly affect the
transcriptional response [54].

1.2.6 Additional Post-Translational Modification

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]. Specific STATs
can also be modified 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 STATSs [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 STATSs 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 specific 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, STATS and BCL6 have
antagonistic functions, showing reciprocal occupancy of DNA binding sites due to
overlapping binding specificity [80].
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There are several layers of specificity 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 influence [81]. Amongst the SOCS proteins, CISH is prin-
cipally induced by STATS [83], whereas SOCS3 is largely induced by STAT3 [77].
Secondly, at the level of protein-protein interactions. For, SHP and SOCS proteins,
SH2 domain specificity is a major determinant. For example, the effects of SHP-1
on STATS 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 STATSA [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 STATSs to mediate
transcriptional repression at specific promoters, such as described for STATS on the
promoters for IRF8 [87] and Igk [88]. Certain STATS can also be activated indepen-
dent of JAKSs 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 STATSs [97]. Importantly, several of these non-canonical roles are conserved in
the single STAT found in Drosophila [98].

1.3 Role of STATSs 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).
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Table 1.3 STAT functions phenotypes of selected mouse knockouts
Factors
STAT KO type Relevant phenotypes affected References
STAT1 Global e | innate immune IFNs o/f, y, A | [107-109,
responses/{ sensitivity to 289]
infection
¢ | chondrocyte proliferation | FGF [105]
Myeloid-specific | 1 microbial sensitivity IFNs [111]
T cell-specific * T microbial sensitivity IFNs [111]
(partial)/|] protective
immunity
DC-specific e | protective immunity IFNs [111,112]
STAT2 Global e | innate immune IFNo/p [114]
responses/{ sensitivity to
infection
STAT3 Global ¢ Embryonic lethality LIF [129]
T cell-specific ¢ Tlymphocyte IL-2, IL-6 [130]
proliferation/] apoptosis
Myeloid-specific | 1 inflammation/Thl IL-10 [133]
responses
Skin-specific ¢ Impaired wound healing/ IL-6, EGF [135]
disorganized hair cycle
Liver-specific ¢ Impaired acute-phase IL-6 [12]
response
Thymic ¢ Disruption of post-natal ? [138]
epi.-specific thymus architecture
Neuron-specific e | sensory neuron survival LIF, CNTF [136]
Mammary- ¢ Delayed mammary gland PRL [137,290]
specific involution
Myocardium- e tsusceptibility to heart IL-6 family [134]
specific failure
CD4*-specific e | Th17 cells IL-6, IL-23 [131]
Treg-specific ¢ Lethal auto-immune IL-6 [132]
syndrome
Uterus-specific ¢ Embryo implantation LIF, [291]
failure Progesterone
STAT4 Global e | Thl cells/t Th2 cell/| IL-12 [140]
NK cell-mediated
cytotoxicity
¢ | obesity-induced insulin IL-12? [292]
resistance/inflammation
STATSA Global e | mammary gland PRL [150]
development/lactogenesis
e | T cell proliferation 1L-2 [151]
STATSB Global ¢ | postnatal growth GH [152]
e | NK proliferation/activity |IL-2, IL-15 [153]

(continued)
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Table 1.3 (continued)

Factors
STAT KO type Relevant phenotypes affected References
STAT5A/B | AN/Global e | mammary gland PRL/GH [154]
development/| postnatal
growth
e | T cell proliferation/NK 1L-2 [156]
cell deficiency
¢ Fetal anemia EPO [155]
e | Beells IL-7 [157]
Global e | T cell proliferation & 1L-7 [158]
survival/B cell
differentiation block
Mammary- e | mammary gland PRL [164]
specific development
Liver-specific * Hepatosteatosis/impaired GH [165-167]
liver regeneration/| growth
Skeletal e | postnatal growth GH [168]
muscle-specific
CD4 +-specific e Thl7 cells IL-2 [161]
e Ttfhcells IL-2 [160]
Hematopoietic- ¢ Impaired erythropoiesis EPO [162, 163]
specific  Impaired granulopoiesis GM-CSF [293]
Pro B-specific ¢ 1 V(H) recombination/| B IL-7
cell survival
STAT6 Global e | Th2 cells/block in B cell |IL-4,1L-13 [129, 170]
IgE class-switching
¢ Resistance to diet-induced | IL-4 [294]
obesity

1.3.1 STATI

STATT is strongly activated via the receptors for IFNa/f, IFNy and the IFNAs to
form STAT1 homodimers [99—101], with IFNa/p and IFNAs 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 STATSs, 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 fibroblast growth factor
(FGF) and the chemokine CCLS5 [105, 106].

STAT 1-deficient 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
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defective FGF-dependent chondrocyte proliferation observed in STAT1-deficient
embryos [105], but no other overt developmental defects. However, STAT 1-deficient
mice developed spontaneous tumors, which was exacerbated in the absence of p53,
indicating a tumor suppressor role [110]. Specific 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

STAT? is activated by IFNa/p and IFNAs and principally forms the STAT1/STAT2/
p48 heterodimeric complex [101, 102, 113]. STAT2-deficient mice exhibit pheno-
types that largely overlapped those observed in STAT 1-deficient mice, being unre-
sponsive to IFNo/p with high susceptibility to viral infections, although they are
still able to respond to IFNy [114]. Mice in which both STAT1 and STAT?2 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-deficient mice exhibited embryonic lethality prior to gastrulation, a result
of ineffective embryo implantation due to defective LIFR signaling [129]. Numerous
tissue-specific STAT3-deficient mice have subsequently been produced that have
identified 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-specific
STAT3 loss also resulted in increased inflammatory responses, including enhanced
susceptibility to chronic enterocolitis and endotoxic shock, but this was due to loss
of IL-10 signals that caused increased Th1l responses [133]. Liver-specific STAT3
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ablation impaired the acute-phase response, also largely attributable to disruption of
IL-6R signaling [12], with myocardium-specific 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-specific 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

STATH4 is activated exclusively in response to IL-12 and IL-23 [139]. As a conse-
quence, STAT4-deficient mice showed similar phenotypes to IL-12-deficient mice,
with lymphocyte development skewed toward Ty2 cells at the expense of Ty1 cells.
This was principally due to the inability of natural killer (NK) cells to respond to
IL-12 to produce the Ty1-inducing cytokine IFNy [140].

1.3.5 STATS5 Proteins

The STATSA and STATS5B proteins are encoded by adjacent genes and are highly
homologous, with around 96 % amino acid identity [21, 141]. The STATS 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 B¢ (shared by IL-3R, IL-5R and GM-CSFR) and y¢ (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 STATS including EGFR, PDGFR and colony stimulating factor-1 (CSF-1)
receptor [21, 141-149].

A variety of different STATS-deficient mouse lines have been generated.
Surprisingly, ablation of individual STATS proteins resulted in distinct and specific
phenotypes. STATSA-deficient 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]. STATSB-deficient 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 STAT5SA and STATS5B were targeted was
subsequently demonstrated to possess some functional N-terminally truncated
STATS protein. Despite this, these so-called ‘AN’ 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-deficient mouse line was generated in which no STATS
proteins were produced [158]. These mice showed >99 % perinatal lethality, with the
fetuses displaying severe hematopoietic defects, with anemia comparable to EPOR
deficient mice, a reduction in thymocytes similar to IL-7R and vy, deficient mice and
in splenocytes even more severe than vy, deficient 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-specific STATS knockouts have revealed additional details, including
defective IL-2 signals leading to increased Th17 and follicular T helper (Tth) cells
[159, 160] and perturbed IL-7 signals leading to inceased V(H) recombination and
decreased B cell survival [161]. They have also confirmed 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 STATS in GH signaling between liver and
skeletal muscle [167, 168].

1.3.6 STAT6

STAT®6 is activated principally by IL-4 and IL-13 via specific recruitment to the
common receptor chain shared by their respective receptor complexes [169].
STAT6-deficient mice were defective in lymphocyte proliferation and Th2 cell
differentiation, showing a more profound defect than that of IL-4R deficient 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 STATSs are associated with significant pathological outcomes, with
a particularly important etiological role in immune and inflammatory disorders as
well as cancer [171].
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1.4.1 Immunodeficiencies

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 STATSB are also associated with immune deficiency [176]. In other
disorders, abrogated STAT activation downstream of other mutations appears to
represent one of the key mediators of disease, such as defective STATS5 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 inflammatory 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 inflammatory 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 STATS 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 deficiencies, STAT proteins have been identi-
fied 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 specific 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 STATS 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, specifically myeloproliferative neoplasms (MPNs), leukemias and lymphomas.

In MPNss, constitutive STATS activation appears to play the most important etio-
logical role. This is often mediated by hyperactivating mutations in the upstream
JAK?2 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 STATS5 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], STATS 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 JAKSs, including point mutations in JAK1, JAK2 and JAK3 [206-208]
translocations such as ETV6-JAK?2 [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 STATS have been reported in Sezary
syndrome lymphomas [215]. Animal models have confirmed the hyperproliferative
effects mediated by STATS in myeloid and lymphoid cells [216, 217].

1.4.5 Solid Tumors

Constitutive activation of STATSs is also a common observation in a variety of solid
tumors, especially of STAT3 and to lesser extent STATS. 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 STATS 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 inflammation or infection [228] or disruption or suppression
of key negative regulators [229, 230]. Importantly, constitutive STAT3 and STATS
activation is typically associated with increased tumor proliferation, survival and
invasion [231], with several studies confirming the key role for these STAT' 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 STATSB mutations lead to growth defects associated
with growth hormone insensitivity and insulin-like growth factor deficiency [176],
while in contrast increased STATS5 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
STATS can stimulate proliferation by inducing c-MYC [235-237], STAT3 and STATS
can induce the cell cycle regulator cyclin D1 [238-240], while STATS can induce
PIM-1 [237]. STATs can also induce pro-proliferative cytokines, such as STAT3-
mediated IL-6 production [228] and STATS-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 influencing 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 IFNy to skew T cell differentiation toward the Thl subtype by
[140], or STATS to induce ELF5 to stimulate the development of mammalian
epithelium [241]. Repression can also play a role, with STATS repressing BCLOA
to promote B cell differentiation [242] and IRF8 to block plasmacytoid DC
development [87]. As an additional mode of regulation, unphosphorylated STATS
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has been shown to elicit a transcriptional program inhibitory for megakaryocyte
differentiation, with STATS activation relieving this inhibitory effect to allow
differentiation to proceed [96]. STATs can be antagonistic with regard to differen-
tiation, such as STAT3 and STATS in Th9 cell development [243]. In addition, STAT
proteins can stimulate the production of key proteins that represent the final and
often defining 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 STAT®6 to induce key B cell proteins, such as CD86, MHC mol-
ecules and Fc receptors [245]. Finally, PRLR-mediated STATS 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_ is induced by STAT3 activated downstream of IL-6R [202], by STATS 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 STATS5 [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 STAT 1-deficient 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, IFNy-
mediated STAT1 induced SOCS1 to limit the potentially pathologic effects of this
cytokine [255]. Alternatively, STAT's can regulate the cell cycle. Thus, IFN-mediated
activation of STAT1 induced the cell-cycle inhibitors p27%?! [256] and p21¢P [257].
Moreover, G-CSF-mediated STAT3 activation similarly induced p27%*! in myeloid
cells [244, 258], and TPOR-mediated STAT5 activation induced p21°P in mega-
karyocytes [259], whereas IL-6-mediated STAT3 activation induced the alternate
cell cycle inhibitor p19™K4E [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" induction is
sufficient 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
STAT?2 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, STATS contributed to Treg development [268], while
STAT6 promoted M2 and Th2 polarization [269, 270]. As a result, STAT3, STATS
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, specific proteolysis, receptor “cross-talk” and negative
feedback loops. Together, this complex control of specificity 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
STATS 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 STATSs in cancer, providing a
general overview of STAT function and regulation in tumor cells and in immune
cells within the TME.

Keywords STAT1 e STAT3 ¢ STATS5 e« JAK/STAT e Cancer ° Tumor
microenvironment

2.1 Introduction

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

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 modification 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 specific 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 TYK?2) [4-7, 13, 16, 17] (Fig. 2.1).

Following receptor dimerization, JAKSs 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 JAKSs 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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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 o (IL-6Rax)
induces formation of the IL-6 receptor complex. This leads to activation of JAK family kinases
(often JAK1, but also JAK2 or TYK?2), 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 JAKSs. 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 (BCL2LI, BCL2), and
immunosuppression in the TME (/L6). Notably, STAT3 induction of /L6 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 TYK?2). 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

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 STATSs not only in tumor cells, but also in stromal
cells and tumor-infiltrating 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
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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-Infiltrating Immune Cells

The mechanisms that regulate STATs within tumor cells also govern their functions
in immune cells, wherein STATSs 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 STATS 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 efficacy in a num-
ber of cancer types. The functions of STATS in tumor-infiltrating immune cells will
be discussed alongside their tumor cell-intrinsic roles in the following sections.
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Table 2.1 Diverse roles of STAT proteins in immune cells in the TME
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STAT | Effects on immune cells in the TME References
protein | Anti-tumorigenic Pro-tumorigenic
STAT1 |» Promotion of Thl |* Expansion of MDSCs [2,9,13, 16, 27,
response 33, 40-47]
e MI polarization e M2 polarization of macrophages
of macrophages
e Promotion of ¢ Expression of PD-L1
anti-tumor
functions of DCs
STAT2 ¢ Promotion of Thl [16, 81]
response
STAT3 ¢ Expansion of and [2,13, 16, 21,42,
immunosuppression by MDSCs 72-75, 78]
¢ M2 polarization of macrophages
¢ Inhibition of DC maturation
* Differentiation of Th17 cells
¢ Differentiation and expansion of Ty,
STAT4 | » Promotion of Thl [16, 80]
response
STAT5 | Promotion of » Differentiation and expansion of Ty, |[13, 16,78, 79]
A/B cytotoxic CD8* T
cells
STAT6 ¢ Expansion of MDSCs [16, 42, 82, 84-86]
e M2 polarization of macrophages
¢ Inhibition of tumor infiltration by
CD8* T cells
2.6 STAT1

STAT1 was initially considered to function primarily as a tumor suppressor. Though
studies continue to demonstrate tumor suppressive roles of STAT 1, pro-tumorigenic
roles of STAT1 have also been identified.

2.6.1 STATI 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¢P/wait
(gene name: CDKNIA) and p27%®! (CDKNIB) [11, 27]. STAT1 can also promote
stabilization of p27%P! through transcriptional repression of the gene encoding
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S-phase kinase-associated protein 2 (Skp2), a ubiquitin ligase that tags p27%¥! 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 identified 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 STATI 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-infiltrating 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.

tumor cell

Growth inhibition O
and apoptosis

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 fig-
ure). STAT1 can promote the activation of tumor cell-targeting Th1 cells by DCs and mediate type
I interferon-induced activation of anti-tumor (M 1) macrophages (M®) and CD8* T cells. However,
STATT1 can also promote expansion of immunosuppressive MDSCs and M2 polarization of M®
(right side of figure), and can induce expression of PD-L1 on tumor cells, protecting them from
T cell-mediated lysis
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T helper 1 (Thl) immune responses are characterized by the activation of the
Thl subset of CD4* T cells, which can drive anti-tumor immune responses by
releasing pro-inflammatory cytokines such as interferon gamma (IFN-y) 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 naive CD4* T cells into Th1
cells) and mediates the expression of many IFN-y-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 identified activation of the JAK2/
STAT1 axis in response to epidermal growth factor (EGF) and interferon gamma
(IFN-y) in head and neck cancer cells [8]. In this system, inhibition of JAK?2 abro-
gated STAT 1-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-specific [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 identified (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.



40 R.A. O’Keefe and J.R. Grandis
2.7 STAT3

In contrast to STAT 1, the functions of STAT?3 identified 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 (CCNDI) 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 BIRCS, which encode
the anti-apoptotic proteins Bcl-2, Bel-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). VEGEF, 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 (SNAII), Twist (TWIST1), and ZEB1
(ZEBI) [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 first identified 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-naive 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 STAT?3 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-
fied 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-infiltrating 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-infiltrating 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 SI00A9 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].
STAT?3 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-inflammatory 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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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 (M®) and inhibits matura-
tion of DCs. STAT3 can also promote differentiation of Th17 and T,., cells and mediate their secre-
tion of IL-17 and IL-22, and IL-10 and TGF-B, respectively. Collectively, activation of STAT3 in
tumor-infiltrating immune cells facilitates immunosuppression in the TME

Activation of STAT3 in naive 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,e) [78]. STAT3 mediates expression of immunosup-
pressive cytokines in both T, (which produce IL-10 and transforming growth
factor (TGF)-B) 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 STATS

STATS 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 STATS [19].

Compared to STAT3, relatively little is known about the role of STATS in the
anti-tumor immune response. While expression of a constitutively active STATS
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 STATS



2 STAT Proteins in Cancer 43

can promote the anti-tumor immune response, STAT5 can also mediate IL-2-
induced differentiation of T, 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 identified.

STAT2 and STAT4 participate in Thl anti-tumor immune responses. STAT4
mediates IL-12-induced expression of IFN-y [16, 80], while STAT?2, operating as a
heterodimer with STAT1, promotes expression of IFN-y-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. STAT®6 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 infiltration by induc-
ing downregulation of very late antigen-4 (VLA-4, or integrin a,f,), 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. STATSs play roles in tumor cells as well as other
cells in the TME, including tumor-infiltrating 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-infiltrating
immune cells does not appear to be a side effect of STAT inhibitors; rather, this may
be critical for their anti-tumor efficacy. 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 efficacy of the STAT3
antisense oligonucleotide AZD9150 is currently thought to stem primarily from its
ability to enhance the anti-tumor immune response [87]. STATS inhibitors are also
in development for cancer treatment, and the bromodomain and extra-terminal
(BET) family bromodomain inhibitor JQ1, which inhibits STATS, 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 STATS 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 STATSs 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 efficacy 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 e Clinical trials

3.1 Introduction

Cancer therapy has evolved greatly since its advent in the 1940s, progressing from
non-specifically 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 difficult 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 difficult 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 (STATSs) 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 STATS, 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 STATS5 encompasses two highly homologous proteins,
STATSA and STAT5B. In hematological malignancies in particular, inappropriate
activation of STATS is a common event that leads to increased expression of genes
regulating cell cycle progression and survival [3—5]. STATS is constitutively active
in chronic myelogenous leukemia (CML) [6, 7], acute myelogenous leukemia
(AML), acute lymphocytic leukemia (ALL) [3, 8], and Hodgkin lymphoma [9].
STATS 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]. STATS plays a crucial role in mediating survival
signals emanating from these upstream oncogenic kinases, since disruption of
STATS abrogate tumorigenesis induced by the oncogenic kinases.
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STAT3 is activated in leukemia and lymphoma often through Janus kinases
(JAKSs). 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 JAKSs. Reflecting how oncogenic
pathways often subvert physiologic signaling events, STATS plays an important role in
normal mammary gland development, and it frequently becomes constitutively acti-
vated in breast cancer. The activation of STATS in breast cancer may be due to the
autocrine, paracrine, or endocrine secretion of prolactin. In the mammary gland,
STATS is activated late in pregnancy in response to prolactin to promote terminal dif-
ferentiation and milk production [14-16]. In breast cancer, constitutively activated
STATS enhances both survival and anchorage-independent growth of human mam-
mary carcinoma cells [17]. Mice that express a constitutively activated form of STATS
develop mammary carcinomas, whereas mice that lack STAT5A are protected against
mammary tumors induced by transforming growth factor o [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 STATS, 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 identified 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 HER?2 inhibitors reduces tumorigenicity
of hormone receptor (—)/HER2(+) breast cancers.

3.3 Critical Role of STATSs 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 MNI1- and HOXA9-co-
expressing leukemias, types that harbor a particularly poor prognosis [29]. STATS
can confer long-term expansion exclusively on human HSCs, by directly modulat-
ing Hypoxia-induced factor 2a (HIF2a) 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 significantly 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-ABLI1 protein kinase, but rather
JAK/STATS 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 STATS in eliminating leuke-
mia stem cells, but also highlights the fact that STATS can be activated by multiple
aberrant kinases within leukemic stem cells to maintain their survival. Inhibiting
STATS 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"/
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
STATSs 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/STATS
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 STATS has been associated with leukemia progression and TKI resistance in



3 Translating STAT Inhibitors from the Lab to the Clinic 53

CML [39, 40]. In addition, it has been suggested that an increased level of STATS
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 STATS5 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 identified as an essential regulator of tumor permeability bar-
rier function, and STAT3 inhibition increased drug sensitivity. The combination of
STAT?3 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

STAT?3 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-deficient mice, hyperplastic
and early adenoma-like lesions initially formed, but they later completely regressed.
This tumor regression correlated with massive immune infiltration into the STAT3-
deficient 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-inflammatory cytokines and chemokines, and led to
the activation of dendritic cells and lymphocytes [52]. STAT3 inhibition was also
found to enhance the therapeutic efficacy 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 infiltrating 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 STATS
can promote oncogenesis, there is evidence showing that in certain cellular con-
text, STAT3 or STATS 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 STATS5-deficiency 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-deficient
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 conflicting 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 STATS 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 STAT?3,
it is repressed by STATS, 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 STATS 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 specific 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 reflect 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 identified. Compounds identified 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 Modifications and STAT
Transcriptional Function

While STATSs 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 modified at different
locations, in addition to the canonical tyrosine phosphorylation, and several of those
modifications 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 sufficient to drive target
gene expression [72]. In renal cell carcinoma, STAT3 was found to be phosphorylated
by glycogen synthase kinase 3a and -p (GSK-3a/p) 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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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 modifications
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)

STATS encompass two isoforms, STAT5A and STAT5B. The canonical activation
marker for STAT5A is Y694 and for STATSB 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 STATSA, S779 phosphorylation seemed dis-
pensable for phosphorylation of STATSA at Y694 and subsequent DNA binding.
However S127/S128 was required for ERBB4-induced phosphorylation of Y694 of
STATSA [79]. STAT5B can be serine phosphorylated at S731 and S193 [75, 80].
Furthermore, although Y699 is absolutely required for transcriptional activation of
STATSB, tyrosines 725, 740, and 743 may be involved in a negative regulation of
STATS5B-mediated transcription [81].

Recently, key methylation sites that modulate STAT3 transcriptional activity
have been identified, 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 LSDI1. 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].
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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, EZH?2 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 EZH?2 function did not inhibit Y705 phosphoryla-
tion of STAT3, although it significantly reduced STAT3 transcriptional activity. It
was found that in this IL-6 dependent system, dimethylation of K49 of STAT3 by
EZH?2 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 modification altered STAT3-dependent gene expression is unclear. It does not
appear that K49 methylation affected the binding of STAT?3 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
identified.

3.9 Identification of Clinically-Translatable STAT Inhibitors

Although different modifications 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 identified 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 identified 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 pM [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 TYK?2 and JAK?2 (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 identified 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 STATS tyrosine phosphorylation. Interestingly, pimozide inhibits
STATS phosphorylation irrespective of the upstream kinases that activate STATS.
Indeed, pimozide inhibits STATS phosphorylation in CML cells in which STATS is
activated by the BCR-ABLI fusion kinase [85], AML cells in which STATS is acti-
vated by FLT3-ITD [86], and myeloproliferative neoplasms in which STATS 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 findings 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 STATS
inhibition by pimozide may provide an important therapeutic opportunity. First,
kinase mutation or amplification frequently leads to a reduction or loss of efficacy
of kinases inhibitors. Therapies that target STATS independent of upstream kinases
may still be able to achieve therapeutic efficacy. Indeed, hematopoietic cells with
the T3 151 mutation in BCR-ABL are completely resistant to the BCR-ABLI kinase
inhibitor imatinib, but they are still sensitive to STATS inhibition by pimozide [85].
Second, even without BCR-ABL mutation, increased amount of STATS 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 STATS 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 efficacy with a lower chance of the
emergence of resistance. Consistent with this idea, combining pimozide with kinase
inhibition augmented the therapeutic efficacy of a JAK inhibitor in myeloprolifera-
tive diseases [5].

3.10 Therapeutic Modulation of Co-Factors of STATs

As with other transcription factors, STATSs 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
STATS 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 BRGI 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 profile STAT3-interacting proteins. This approach
has allowed the identification 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 identified may be difficult
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 STATS transcriptional activity.
Further RNA interference-based experiments demonstrated that among the three
BET bromodomain proteins expressed in hematological malignancies and targeted
by JQI, only BRD2 is necessary for STATS transcriptional function [99]. BRD2
likely participates in the STATS transcriptional complex, and acts as a critical co-
activator for STATS function. The recruitment of STATS to its genomic binding sites
is not dependent on BRD?2, but rather maximal transcriptional initiation of these
target genes requires BRD2. Interestingly, although JQI significantly reduces the
transcriptional function of STATS, it had essentially no effects on STAT3-dependent
gene expression. Given the structural similarity between STATS and STAT3, further
genomic and structural studies are necessary to elucidate the mechanism of this
selectivity. The therapeutic implication of targeting STATS5 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 STATS5 rescued cell death induced by
the combination of JQ1 and TKIs, supporting the notion that the synergistic effect is,
at least partially, mediated through STATS inhibition. These findings also reaffirm
the important role of STATS 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,
modifications of STATSs that regulate their transcriptional function could also influence
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 STATSs 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 identified 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
specifically inhibit STAT function, have been introduced into clinical trials. This
reflects a number of factors, including a relative lack of enthusiasm for targeting
transcription factors among many in the field 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 first 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, immunofluo-
rescence, or immunoblots. Where malignant cells and tissue can easily be obtained,
as in hematological cancers or superficial 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 first,
built on pioneering work from the laboratory of Jennifer Grandis, highlighted sev-
eral key points [100]. The first 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 STAT?3, 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 STAT?3 is common, and which
is often accessible to direct visualization and injection. They performed a so-called
“Phase 07 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-x1 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 significant advance in
actually translating STAT3 inhibitors from the laboratory to the clinic.

In contrast to this macromolecular approach to STAT3 inhibition, the first small
molecule inhibitor of STAT3 to enter a clinical trial was based on a drug, pyrimeth-
amine, that was identified 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 efficacy, specificity, and safety, it had one disadvantage. At
the lower range of concentrations at which it inhibits STAT3 transcriptional func-
tion, it does not significantly 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 sufficient tumor cells to perform pharmacodynamic evaluation of
whether STAT3 function was definitively 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
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adequately being inhibited, yet there is little clinical benefit, 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
fludarabine 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-specifically damage DNA or microtubules, or inhibited
metabolic pathways, the field is now shifting to a new, more rational approach.
Targeted molecular therapies first showed dramatic efficacy when specific kinases,
activated by mutation, could be specifically 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 STATS 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 firmly 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 first reported direct STAT3 inhibi-
tor peptide, PpPYLKTK 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 significant 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 efficacy.

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 identified 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 first 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, inflammation 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
first 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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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 defined 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

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 confirmed by direct transformation of mouse fibroblasts
with a constitutively-active mutant form of STAT3 [9]. Unlike many oncogenes,
however, STAT3 mutations leading to its persistent activation are rarely identified in
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human cancers. In 2011, somatic STAT3 activating mutations were first reported in
human inflammatory 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 identified
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 fine-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 defined.

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 specific
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 specifically 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 identified 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), inflammation (such as COX-2), immune eva-
sion (such as IL-10, IL-23), and cell metabolism (such as HIF-1a). 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 first 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, STATS 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, STATS trans-
location into mitochondria correlates with phosphorylation of the conserved tyrosine
residue. STATS is another STAT family member widely implicated in human cancer.
Regulation of mitochondrial genome through direct binding of STAT3 and STATS
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 first generation of native pTyr peptides, PpYLKTK, PpYL,
and ApYL and their modified 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 pM to 1 mM, and they have preferen-
tial affinity for STAT3 over STAT1 and relatively minimal impact on STATS
activity. A modified 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 (gpl30) [47, 48]. These and their peptidomimetic analogs such as
Ac-pYLPQTV-NH, reportedly inhibited STAT3 activity, with an ICs, of 150 nM
[48, 49]. Moreover, a 28-mer peptide derived from the STAT3 SH2 domain, SPI
(amino acid sequence, NH,-FISKERERAILSTKPPGTFLLRFSESS-COOH),
was functionally active at 25-50 pM [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 S31-M2001 [46] and PM-73G [57] are active and efficacious 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 prolific 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
identified 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 pM. 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 efficacy 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 S31-201 (NSC74859) as a disrup-
tor of STAT3 dimerization and activation, with potency of 86+33 pM, and a strong
in vivo antitumor efficacy against human breast tumor xenografts [60]. Subsequent
medicinal chemistry and lead optimization efforts have generated several deriva-
tives, including S31-201.1066, S31-1757, 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 pM, 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-ox0-2-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 HIC0123 [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, HIC0152 [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], LYS (5,8-dioxo-6-(pyridin-3-ylamino)-5,8-
dihydronaphthalene-1-sulfonamide) [88], compound 1 [89], compound 9 and com-
pound 16w [90], HIC0416 [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 defined. 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, STATS, 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]. Specific 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
modified version of high-affinity 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 modified 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 specific 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 efficacy 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-
modified 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 defining 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-1p (IL-1p)-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 pM [115]. BBMD3 is likely
functiioning as a JAK inhibitor, because it directly inhibited the auto-phosphoryla-
tion of the mutant JAK2V'7F 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 pM, 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 (ICs, of 10.4 nM), JAK2 (74.1 nM), Tyk2 (0.7 nM), and Src (ICs, of
10.7 nM), and downregulated pSrc and pSTAT3 levels, and STAT3 transcriptional
activity in pancreatic cancer cells at 1-2 pM [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, Bel-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 HIFla 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 pM) 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 (3p-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 JAK?2 protein levels, blockade of JAKI,
JAK?2, 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 identified
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 findings 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 pM [151-154]. The mechanisms of action remain unclear and likely
involve the suppression of STAT3 nuclear translocation, inhibition of Tyr kinases,
including Src and JAK?2 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 officialis) 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. y-Tocotrienol (a member of the vitamin E superfamily),
acetyl-11-keto-p-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 VEGEF, 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-y, IL-4 and IL-17 production in CD4+ T cells isolated from the peripheral
blood of healthy volunteers and was efficacious in rheumatoid arthritis [167].
CP690,550 inhibited STAT3 and the activation of other STATSs in cultured anti-
CD3-stimulated T cells [167]. Also, ruxolitinib inhibits JAK1 (IC5,=3.3 nM) and
JAK?2 (ICsy=2.8 nM), blocks both STAT3 and STATS activation in a human eryth-
roleukemia cell line (HEL) expressing JAK2V'7F, and inhibits STAT3 activity, soft-
agar growth, and tumor growth in vivo in a NSCLC model [168, 169]. AZD1480
inhibits JAK1 (IC5p=1.3 nM) and JAK2 (ICs,=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 pM) [170],
suggesting additional mechanisms contribute to the anti-proliferative effects.
Atiprimod (SK&F 106615) suppressed pJAK2 and JAK2 protein levels, blocked
STAT3 and STATS 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]. Auranofin, 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 defined.
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 undefined 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 (#NCTO01406574). 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 identified 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 O 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 (#NCTO01839604) 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
NSCLCinaPhase 1 dose-escalation study. Another clinical study (#NCT01563302)
is ongoing, which is intended to provide more data on the clinical and therapeutic
significance of the inhibition of STAT3 function in cancer patients and on the
efficacy 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
(#NCTO00124657) 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/IIT 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,
AZDO0530 on c-Src, STAT3, STATS 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 profile, and the effects on
pSTATS5 ex vivo and in vivo. Furthermore, an observational clinical study
(#NCTO01633346) will determine the activation status of STAT3 and other STAT 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 auranofin, 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 benefits 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, inflam-
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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 STAT?3 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 STATS3 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 e 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 configuration 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 inflammation.

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 STAT?3 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 Thl-mediated immune response [14, 15]. In addition, recent findings 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 significant 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 significant 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 findings 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 STAT?3, as this informa-
tion forms a basis for target identification and design of specific inhibitors (Fig. 5.1).

5.3.1 Structure and Biochemical Properties of STAT3

The initial steps in STAT?3 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 configuration, STATSs rapidly accumulate



5 STAT3 Inhibitors in Cancer: A Comprehensive Update 101

Signalin Target/
gteps k Inhibitor example
& Cytokine /Growth Factor l— Ligand / Recopter

Binding CNTO 328, BE-8, Toclizumab

Recoptor Activation

= winase
- Tyrphostins, Sorabenil
‘\_\ ‘Caffeic acid, Resweratrol
l_ Docking, (SH2 Domain)
Stattic, S31-M201, C183-9,
BP-1-102, 5H4-54

Kinase Recrultmant

STAT3 Phosphorylation

= vimerization, {51z Domain)

SH2-SHZ STA-21, 53-201, LLL-3

STAT3 Dimarization

Nuclear Trafficking
{impartin, CCO)
Importin Assisted

Nuclear Localization Lepiomycin B, Ratjadone A

4
E |= oA Binding (DBO)
DNA Binding! Decoy ODNs, GQ-O0MNs,
Trascriptional Activation ~—__ > “ 153-25, InS3-54, CPA-T

Phosphatase Activity Transcription (NTD)

Nuclear Export STAT3-Hel2A-2

Pheschate  importin Wt sH2SID -, sac
bt STATA Dimer
STAT3 Dimer

Fig. 5.1 Strategies for targeting STAT3 signaling. STAT3 signaling cascade is triggered by phos-
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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

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 a3, oS5,
a6, and o7 are involved in the nuclear translocation of STAT3. Importin &3 and a6
are linked to translocation of unphosphorylated STAT3 while a5 and o7 are required
for pY-STAT3 nuclear import [28]. All importins involved in STAT3 trafficking
appear to utilize a NLS located within the coiled-coiled domain of STAT3 [29, 30].
Once localized in the nucleus, STAT3 binds to specific 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].
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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).

STAT?3 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
STAT?3 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 specifically, 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
STAT?3 that drive STAT3 phosphorylation [36, 37].
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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 specific
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 specifically 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 efficacy. However, acquired resistance against tyrosine kinase inhibi-
tors remains a significant challenge [21, 39]. Besides, there have been inhibitors
(e.g. OPB-31121) that showed very low nanomolar level ICsys in pre-clinical set-
tings, but eventually failed to show efficacy 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 defined 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-affinity 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 fluores-
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).
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5.3.4.1 Peptides and Peptidomimetics

Elucidation of the crystal structure of STAT33-STAT33-DNA complex [43] and sub-
sequent studies [25, 44—46] indicated that the SH2 domain facilitates binding to spe-
cific 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, 2 AAPY*LKTKFI’", 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 (IC5,=235 pM) 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 fibroblasts
albeit at 1 mM concentration [45, 48], underscoring the potential difficulty of con-
verting this approach into an effective therapeutic modality. The exploration of pep-
tidomimetic and phosphotyrosine (pY) mimic approaches led to the identification of
ISS 610, a peptidomimetic analog of the tripeptide, PY*L [49], the minimal peptide
from PY*LKTK that was required for STAT3 inhibition (ICs,=182 pM). PY*L
mimic, ISS 610, better disrupted STAT3 DNA-binding activity (IC5,=42 uM) [45,
49], and had increased STAT3 selectivity, (STAT1 ICs5,=310 pM; STATS
1C5,=285 uM) but still had weak intracellular inhibitory properties (ICso=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 (IC5=79 uM), loss of specificity (STATI
1C5,=159 pM), but improved intracellular activity [50]. S3I-M2001 reduced pY-
STAT3 levels, DNA-binding, nuclear translocation, and transcriptional activity in
NIH3T3/v-Src fibroblasts and human breast carcinoma cells at 50-100 pM. Cell
growth inhibition ability was still weak (ICsy=100 pM), including inhibition of cell
growth, survival, and metastasis of NIH3T3/v-Src fibroblasts and human breast and
pancreatic carcinoma cells with increased pY-STAT3. But importantly, it showed a
significant 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 TGFo/EGFR-mediated autocrine growth in
cancer cells [25]. Examining the structural basis for the specificity 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 p} turn [25, 51].

Another approach found gp130-derived STAT3-inhibitory pY-peptide Y*LPQTV
and several modified versions, including hydrocinnamoyl-Tyr (PO3 H2)-Leu-cis-
3,4-methanoPro-GIn-NHBn [44, 52], that showed potent inhibition of STAT3
DNA-binding activity (ICsy=0.15-0.29 pM). The peptidomimetic CJ-1383 devel-
oped from these, inhibited constitutive pY-STAT3 and inhibited growth of breast
cancer cell lines (IC5,=3.6—11.2 pM). PM-73G, another peptidomimetic developed
from Y*LPQTYV, also showed a low micromolar ICs, of pY-STAT3 reduction in
cancer cells, inhibited their growth, and blocked xenografts formation [53, 54].

The peptide aptamer APTgpars-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 specifically interacted in SPR assays with
the STAT3 dimerization domain (K;=231 nM), reduced levels of pY-STAT3, DNA
binding, and transcriptional activity [55] and blocked the growth of A549 cells in
vitro (ICsg=10-20 puM) 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 (ICso=15-128 pM) as well it ability to inhibit
growth of various cancer cells (IC5y=11-100 pM) [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.

SH?2 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 first 200 compounds in an in
vitro STAT3-luciferase assay identified STA-21, a deoxytetrangomycin, with potent
cell growth inhibitory activities (ICso=12.2/18.7 pM 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 identified 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 (IC5,=10-20 pM), prostate cancer
(ICs=11.3 pM), and CML cells (IC50=6.3 uM). 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 (IC5,=0.16-3.09 pM) and the growth of various cancer cell lines in vitro includ-
ing osteosarcoma cell lines U20s, SAOS2, and SISA (IC5,=0.3-0.8 pM,), breast
cancer cell lines MDA-MB-231 and SKBR3 (IC5,=0.97-3.1 pM,), pancreatic can-
cer cell lines HPAC and Panc-1 (IC5=0.16-0.29 pM), glioblastoma cell lines
US7MG and U373MG (IC5,=0.21-0.86 pM) and myeloma cell lines U266 and
ARH-77 (IC5=0.49—-1.9 pM), as well as their xenografts [66, 69, 70, 72].

Stattic (Stat three inhibitory compound) 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*LPQTYV; IC5=5.1 pM) and
blocked IL-6-induced STAT3 activation, nuclear accumulation, and DNA-binding
activity IC50=20 pM). It efficiently blocked the growth [74—76] of several cancer
cell lines with increased levels of pY-STAT3 (IC5=0.43-5.6 uM), 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 pM; 10 uM of pY-
STAT3) suggested that eight molecules of Stattic bind to one pY-STAT3 scaffold and
identified 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 pM/10 pM STAT3). Four or five
of the nine covalently-modified 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 STATS [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 (ICs, = 86 pM), and inhibited proliferation of several cancer cell
lines, including hepatocellular carcinoma, breast cancer, and prostate cancer
albeit with high ICs,s (100-300 pM) [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 (ICs,=18.7-51.9 pM) and
disruption of STAT3—pY-peptide interactions (Ki=15.5-41 pM). S31-201.1066
(or SF-1066) was the most potent in this series; it was demonstrated to directly
bind STAT3 (Ky4=2.7 pM) and to inhibit growth of multiple cancer cell lines
with greater potency than S31-201 (ICs,=35-48 pM) [85, 86]. Sixteen novel
sulfonamide analogues of SF-1066 were subsequently characterized; of these,
BP-1-102 [87, 88] effectively inhibited STAT3 DNA binding (ICs5,=6.8 pM),
which was a 5-fold improvement over SF-1066 [83, 84], resulting in better cell
growth inhibition (IC5,=10.9-22.7 pM). 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 identified 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. S31-V3-31, S3I-
V3-32, S31-V3-33, S3I-V3-34, and S3I-V4-01, showed good affinities (Kb,
0.8 12 pM) for purified, non-phosphorylated STAT3, inhibited STAT3 DNA-
binding (ICs,=27 — 84 pM) and intracellular phosphorylation (ICs5y=20 — 60 pM)
and suppressed growth of transformed cells (ICs5,=41-80 pM) with increased
constitutive STAT3 activity [89]. Recently, another S3I-201 analog, S31-1757,
was described that was capable of inhibiting STAT3-pYpeptide binding
(IC5p=13 pM); however, it had only modest potency for decreasing levels of
nuclear pY-STAT3 and STAT3-DNA binding (ICs, > 50 pM) [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 identified 4 inhibitors —SH4-54, SH5-07, SH5-19, and
SH5-23. Each had nanomolar ICsys 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 (Kp =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 (ICso=0.07-0.2 pM). SH-4-54 crossed the
blood-brain barrier, reduced pY-STAT?3 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 (ICs5y=3.9 and 4.7 pM, respectively)
and inhibited DNA-binding in cells at 1-3 pM; however, their ability to reduce lev-
els of pY-STAT3 in cells was much less pronounced (significant reduction not
observed below 10 pM) 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, [1e386, and I1e439 [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 identified 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 (ICs5o=7.5-20 pM; calculated K;=37.3 nM), inhibited G-CSF-
stimulated increased pY-STAT3 levels in Kasumi-1 cells (ICs,=16.2 pM) and
induced apoptosis in pY-STAT3-high breast cancer cells (EDsy=0.7-3.9 uM) [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 affinity (Kp=4.7+0.4 nM) in microscale thermo-
phoresis assays and potently inhibited STAT3 binding to its pY-peptide ligand
(ICs=2.5 pM, SPR; K;=12.4 nM), inhibited G-CSF-stimulated increased pY-
STAT3 levels (ICsp=3.7 pM), and reduced constitutive pY-STAT3 levels
(ICsp~4 nM) in A549 cells [99].

Shin et al. searched a library of natural compounds using a STAT3-luciferase assay
and identified 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 (ICsp=4.6 pM) 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 (ICs5p=5.8—15.1 pM) 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] identified 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 identified were examined in a STAT3-dependent
luciferase reporter gene assay and a fluorescence resonance energy transfer-based
STAT3 dimerization assay. STX-0119 inhibited STAT3-reporter activity
(IC50=74 pM), downregulated STAT3-regulated genes, and inhibited growth of
multiple hematological cancers (ICso=1.4-18.3 pM), as well as glioblastoma cell
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lines (IC50=6.6-44.5 pM) 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 identification of 52 compounds that were tested for the ability to block STAT3
DNA binding by EMSA [79]. Of these 52 compounds, C36 was identified as the
most potent hit (IC5,=30-50 pM). 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 (ICso=10-50 pM); 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 modifier of STAT3 and
alkylates Cys468, a residue at the DNA-binding interface.

Our group used a high-throughput fluorescence microscopy search to identify
compounds in a drug-repositioning library (Prestwick library) that block ligand-
induced nuclear translocation of STAT3 and identified piperlongumine (PL), a natu-
ral product isolated from the fruit of the pepper Piper longum [115]. PL inhibited
STAT3 nuclear translocation (IC5=0.9-1.7 pM), inhibited ligand-induced
(IC5=0.9-2.7 pM) and constitutive (IC5y=0.4-2.8 puM) 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 (IC5,=0.9-1.7 puM), 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.

SH?2 inhibitors identified 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 STAT?3 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 fluorobenzene 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 (ICsy~ 15-50 pM) [119-121].

Li et al. used a novel approach combining Multiple Ligand Simultaneous
Docking (MLSD), drug scaffolds, and drug repositioning to find potent STAT3
inhibitors. Briefly, 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
identified two synthetic compounds T2 and T3 and the repositioning search yielded
celecoxib. Each reduced the growth of HCT-116 (ICs5,=9.0, 10.1 or 43.3 pM,
respectively). Further lead optimization produced 5 analogues [123] that were more
potent in inhibiting cancer cell line growth (IC5,=6.5 pM for a breast cancer cell
line; 7.6 uM for pancreatic cancer cell lines).

Niclosamide, an FDA-approved anticestodal drug with a very low bioavailability
in humans, was identified 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
HJCO0152 and HJCO0123 [125, 126]. HIC0123 inhibited STAT3 activation and pro-
moter activity, growth of breast and pancreatic cancer cell lines in vitro ICs,=0.1-
1.2 pM) 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. LY, the most potent compound, inhibited growth of U20S and
RD2 cancer cells (IC5,=0.5-1.39 pM) 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 specific 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 first 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 efficacy. 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 efficacy 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 ODNSs 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 ICsys ranging
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from 5 to 7 pM [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 identified from a screen of the NCI 2000
diversity set of compounds, was reported to bind STAT3 and prevent its interaction
with specific DNA response elements in a dose dependent manner with an ICs, of
1.4 pM [150]. All platinum IV compounds mentioned here preferentially inhibit
STAT3 and to some extend STAT1 DNA binding, but showed no activity against
STATS DNA binding, reducing the possibility that this is a nonspecific DNA target-
ing effect. The compound suppressed STAT3 dependent gene activation and showed
antiproliferative effects against v-Src transformed fibroblast 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 STATS suggests that covalent modifi-
cation involves a unique site within STAT3 to which the compounds first 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-defined 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-oxo0-5-
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 (ICs5o=20 pM) by non-covalently binding to the DBD of STAT3.
Although efficacious in inhibiting proliferation of various cancer cell lines, the
1Csy (<6 pM) 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 ICs, for growth inhibition, better speci-
ficity, 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 specificity 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 (ICso~5 pM), reduced STAT3-regulated gene
induction, and blocked the growth of various cancer cell lines e.g. DU145, in vitro
(IC5p=3.4 pM) and in vivo [160-162]. Galiellalactone did not prevent dimerization
of the STAT3 monomers and showed no significant 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-modifier 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 (ICs,~10 puM)
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 (IC5,=1-5 pM) by
upregulation of SHP1 leading to inhibition of cancer cell growth in vitro (ICsy=2-5 pM)
and inhibition of xenografts growth in mice. Many other known JAK/STAT?3 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], dihydroxypentamethoxyflavone [202], butein [203], icariside II (a flavonoid
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.

STAT?3 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,
STAT?3 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].
AZDO9150 (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-specific 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 sShRNAs 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 define 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-specific 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 traffic 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 o3, aS, o7, and P, 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 trafficking across the nuclear membrane is likely to be toxic
[229]. Whether an inhibitor of nuclear pore transit can be developed with sufficient
STAT?3 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
STATS3 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 STAT?3 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/RY 10-4 [236], shikonin [237], paclitaxel [238-240],
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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 reflection 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 flexibility within the hydrophobic
core of STAT3. In addition, a mutation (I5S68F) in the LD, identified 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
affinity 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 modification approach identified 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
STAT?3 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 find-
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 clarified [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 STAT3p homodimer [43] and confirmation
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 MADb 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
MAD 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, five
are still ongoing, and five have been either terminated or withdrawn because of lack
of efficacy. 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 IFNo2b 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 myelofibrosis [305], but toxicity remains an issue. In phase III clinical stud-
ies, ruxolitinib provided rapid and durable improvement of myelofibrosis-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-
fibrosis (MF), polycythemia vera (PV), and essential thrombocythemia (ET).
Interestingly, in the phase III Controlled Myelofibrosis Study, patients with MF not
only achieved significant 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,,,,, 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 insufficient 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 profile, however, was unfavor-
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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 (1) 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 efficacy of the JAK?2 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 STATS [284].
Pacritinib is an active agent in patients with myelofibrosis (MF), offering a potential
treatment option for patients with preexisting anemia and thrombocytopenia. It
demonstrated a favorable safety profile with promising efficacy in phase I studies in
patients with primary and secondary MF. A subsequent multicenter phase II study
demonstrated efficacy [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 efficacy 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 field it
appears that there still remain some obstacles that have to be overcome before
ODN:s realize their full clinical potential as STAT3-targeting therapeutic agents.

STAT?3 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 confirmed
durable PR [293]. The only NSCLC patient evaluated showed evidence of near-
complete resolution of highly treatment refractory NSCLC liver metastasis upon
first 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 first 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-inflammatory 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 difficult 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 ICs, for pSTAT?3 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 specific 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-defined binding pockets seen in enzyme active sites, thereby
making the designing difficult [315]. In addition, the binding regions of STAT3
protein—protein or DNA—protein interactions are often non-contiguous, making
mimicry of these domains difficult to accomplish for simple peptides or peptidomi-
metics [314]. Yet, several small-molecule STAT3 inhibitors are under development,
which have good binding affinity for STAT3, potent STAT3 inhibitory activities,
and a good safety profile. 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 identification of new small-
molecule STAT3 probes should combine conventional screening-based strategies
with FBDD and structural analytical tools, such as NMR analysis.
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