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.
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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
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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].



3 Translating STAT Inhibitors from the Lab to the Clinic 57

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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