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Abstract

Breast cancer is the most commonly diagnosed cancer and second-leading cause of cancer deaths
in women. Breast cancer stem cells (BCSCs) promote metastasis and therapeutic resistance
contributing to tumor relapse. Through activating genes important for BCSCs, transcription factors
contribute to breast cancer metastasis and therapeutic resistance, including the signal transducer
and activator of transcription (STAT) family of transcription factors. The STAT family consists

of six major isoforms, STAT1, STAT2, STAT3, STAT4, STAT5, and STAT6. Canonical STAT
signaling is activated by the binding of an extracellular ligand to a cell-surface receptor followed
by STAT phosphorylation, leading to STAT nuclear translocation and transactivation of target
genes. It is important to note that STAT transcription factors exhibit diverse effects in breast
cancer; some are either pro- or anti-tumorigenic while others maintain dual, context-dependent
roles. Among the STAT transcription factors, STAT3 is the most widely studied STAT protein in
breast cancer for its critical roles in promoting BCSCs, breast cancer cell proliferation, invasion,
angiogenesis, metastasis, and immune evasion. Consequently, there have been substantial efforts in
developing cancer therapeutics to target breast cancer with dysregulated STAT3 signaling. In this
comprehensive review, we will summarize the diverse roles that each STAT family member plays
in breast cancer pathobiology, as well as, the opportunities and challenges in pharmacologically
targeting STAT proteins and their upstream activators in the context of breast cancer treatment.
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1. Introduction

Breast cancer is the most frequently diagnosed cancer in women; an estimated 287,000
will be diagnosed with breast cancer in 2022 [1]. Despite advances in early detection and
breast cancer therapeutics, breast cancer patients that present with distant metastases have
poor prognoses and high probabilities of drug resistance resulting in tumor relapse [2—4].
Metastasis to distant organs is responsible for the majority of breast cancer-related deaths
[5], underscoring the importance of identifying mechanisms or cell populations that drive
and facilitate breast cancer metastasis.

Breast cancer stem cells (BCSCs) are a small percentage of cells within breast tumors

that maintain the ability to self-renew and regenerate the heterogeneous tumor lesions,
known as tumor relapse [2,6,7]. These BCSCs are few in number, often quiescent, express
high levels of ATP-binding cassette transporters, maintain upregulated DNA-repair capacity,
and retain resistance to high levels of reactive oxygen species (ROS) contributing to
therapeutic resistance and poor patient prognoses [7-9]. Given that BCSCs are responsible
for metastasis and contribute to therapeutic resistance, this supports the clinical need to
study and therapeutically target these cell populations [6,7].

Transcription factors play essential roles in eukaryotic gene expression by binding specific
DNA sites and regulating transcription of almost every gene in a cell’s genome [10-12]. It
is estimated that there are more than 1600 transcription factors in the human genome, nearly
20% have been associated with different disease phenotypes [10,13]. Multiple transcription
factors have been identified as molecular markers and/or mediators of BCSCs that are
correlated with breast cancer disease stage [14-18]. Since some transcription factors have
been established to play important roles in promoting cancer progression [19], they often
represent valid therapeutic opportunities.

Signal transducer and activator of transcription (STAT) family of transcription factors were
originally discovered as ligand-induced transcription factors in interferon (IFN)-treated
cells that mediate cytokine signaling pathways [20-22]. STATSs play important roles in the
regulation of cell proliferation, differentiation, apoptosis, and modulate the immune cell
landscape [23,24]. In breast cancer, some members of the STAT family, particularly STAT3
and STAT5, are frequently hyperactivated by multiple cytokines leading to the enrichment
of BCSCs and other malignant phenotypes of more aggressive breast cancer [25]. Thus, a
deeper understanding of how these transcription factors modulate breast cancer progression
remains essential in the development of novel breast cancer therapeutics in order to improve
patient prognoses and reduce tumor relapse and metastasis.
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2. Methods

Databases including open access journals, PubMed (Central), Scopus, Medline, Web of
Science, and Google Scholar were utilized to obtain articles related to specific topics

of interest. Key terms used during data collection include “STAT” with “breast cancer”,
“treatment”, “inhibitors”, and “therapeutics”. Boolean logic (AND, OR) applied to connect
the terms when searching databases. The comprehensive review included the most relevant
or original articles for Sections 1-4. Section 5 (STAT proteins in breast cancer) includes

all references that described individual STAT proteins in breast cancer and any tested STAT
inhibitors in breast cancer.

3. Breast cancer, BCSCs, and transcription factors

3.1.

Breast cancer

Breast cancer represents 31% of all diagnosed cancer cases in women and is the second
leading cause of cancer-related deaths in women [1]. Though a large percentage of breast
cancer cases are treatable, metastatic breast cancer patients have a dismal 5-year survival

of 22%, with metastasis to distant organs causing the majority of breast cancer deaths

[4,5]. Breast cancers can be categorized by intrinsic subtypes (PAM50), which are broadly
named Luminal A, Luminal B, human epidermal growth factor receptor 2 (HER2)-enriched,
and triple-negative breast cancer (TNBC), which encompasses claudin-low and basal-like
TNBCs [26,27]. To make the breast cancer classifications more clinically relevant, the
surrogate intrinsic subtypes are based on molecular and histological characteristics that

are more widely used: Luminal A-like, Luminal B-like HER2-negative, Luminal B-like
HER2-positive, HER2-enriched (non-luminal), and triple-negative [26]. Luminal A-like
tumors are the least proliferative and tend to express high levels of specific hormone
receptors: estrogen receptor (ER) and progesterone receptor (PR) [28]. Luminal B-like
HER2-negative tumors express ER and PR, but at levels lower than in Luminal A-like

and lack HER2 expression. Luminal B-like HER2-positive tumors are significantly more
proliferative (indicated by a higher Ki-67 index) than Luminal A-like and Luminal B-like
HER2-negative, which is partly attributed to expression of HER2. HER2-enriched (non-
luminal) tumors lack expression of both hormone receptors and are considered one of the
most aggressive breast cancer subtypes. While many HER2-enriched breast tumors respond
to HER2-targeted therapies, it is not uncommon that these tumors become refractory to
HER2-targeted therapies after 1-3 years [26,29]. TNBCs are characterized by the lack of
ER, PR, and HER?2 receptors excluding these patients from hormone- or HER2-targeted
therapies. Due to the lack of these important receptors and incomplete knowledge of the
mechanisms that drive TNBC, prognoses for TNBC patients are poor. Moreover, TNBC and
HER2-enriched breast cancers also maintain the highest propensity to metastasize to distant
organs [5,30]. The most common sites of metastasis for breast cancer patients include: bone,
lungs, brain, and liver [4]. Despite advances in breast cancer therapeutics [29,31,32], there
are limited FDA-approved therapies for TNBC patients and few options for HER2-enriched
breast cancer patients who exhibit tumor relapse underscoring the clinical importance for
further investigating the molecular mechanisms that drive metastatic breast cancer.
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3.2. The discovery of cancer stem cells (CSCs) and BCSCs

Stem cell properties and the manipulation of “stemness” by cancer has been widely accepted
for years [33]. The first “cancer stem cell” was discovered in the 1930 s when researchers
identified a single cell from a mouse tumor initiates a new tumor in a recipient mouse
[34]. Nearly 30 years later, single cells isolated from malignant teratocarcinomas have the
ability to differentiate into multiple cell lineages and differentiate into non-tumorigenic
tumor types [35]. Multiple findings led to the first definition of a cancer stem cell (CSC)
that describes cancer cells as those that mimic tissue renewal, retain stemness properties,
and contain malignant stem cells that maintain the ability to proliferate, but have limited
ability to differentiate [33,36]. In 1995, multiple subtypes of acute myeloid leukemia were
consistently engrafted into immunodeficient mice; engraftment was only successful when
initiated from CD34-positive CD38-negative populations [37].

The first BCSCs were identified in 2003 when researchers established that breast cancer
cells within a single breast tumor were incredibly heterogeneous [6]. Furthermore, as

few as 100 CD44M9"/CD24!oW cells could initiate tumors in a mouse xenograft assay. In
contrast, thousands of cells with combinations of markers other than CD44Mgh/CD24low
were unable to establish tumors in immunodeficient mice. Notably, the subpopulation of
tumorigenic cells could be serially passaged and at each passage, the CD44Nigh/CcD24!ow
subpopulation could give rise to both CD44M39h/CD24!W cells, as well as, non-tumorigenic
cells of differing phenotypes. Though specific subsets of markers have been identified to be
expressed heterogeneously in numerous cancer types, combinations of markers are variable
and remain to be fully understood as there are still conceptual and technological challenges
within the CSC field [33,38]. However, since the discovery and isolation of BCSCs [6], an
abundance of exciting BCSC research has flourished in the last two decades leading to the
discovery of important factors known as transcription factors.

3.3. Transcription factors and breast cancer

Transcription factors are an essential class of proteins that control expression of nearly the
entire cell genome, and have become a focus of cancer research and therapeutics following
the discovery of oncogenes [19,39,40]. The main function of transcription factors is to bind
specific sites on DNA and recruit transcriptional machinery to regulate gene expression [13].
Transcription factors typically act as the nuclear effectors of signal transduction pathways
that starts with the binding of an extracellular ligand to a cell-surface receptor with an
extracellular domain for that ligand [13,19]. This interaction may cause conformational,
chemical, or biological changes that activate intracellular signaling. Here, latent transcription
factors are activated by a host of modifications including phosphorylation or interactions
with other factors. The activated transcription factors then translocate to the nucleus where
they modulate the cell’s transcriptome. Given the critical regulatory control that transcription
factors exhibit within cells, dysregulation of these gene expression networks often leads to
cancer [41].

In breast cancer, there are numerous transcription factor families known to promote tumor
malignancy including the STAT family of proteins. Since their discovery in 1994 [20-
23], significant advances have been made in elucidating the roles of and mechanisms
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for the STAT transcription factors in facilitating or suppressing breast cancer. In recent
years, substantial efforts have been invested in developing STAT-targeted therapeutics
with promising outcomes and challenges. This review will focus on the STAT family of
transcription factors, their important roles in breast cancer, and the advancements made in
STAT-targeted breast cancer therapeutics.

4. STAT family of transcription factors

4.1. STAT transcription factors and structure

The discovery of STAT proteins resulted from the examination of IFN-related pathways,
which led to the identification of a previously unrecognized signal transduction pathway
[20-22,42]. Since the discovery of the STAT family, STATs play essential roles in the
regulation of a myriad of physiological and biological processes in cells [23]. Given that
STATSs regulate proliferation, metastasis, and chemoresistance, STAT function is often
hyperactivated or dysregulated in many cancer types [24,43]. STAT transcription factors
maintain the ability to transduce signals resulting in STAT translocation to the nucleus
and subsequent gene expression modulation [23]. The STAT family consists of six major
isoforms including STAT1, STAT2, STAT3, STAT4, STAT5, and STAT6, which have been
identified at these chromosome locations within the human genome 2932.2, 12913.3,
17921.2, 2g32.2, 17g21.2, 17921.2, and 12q13.3, respectively [23,44,45]. Of note, multiple
isoforms for each STAT protein have been identified, so full-length isoforms are denoted
with a and the following isoforms named with p-6 [46].

STAT family members are ~740-900 amino acid residues in length and are mostly
structurally conserved. In general, the canonical STAT members contain these common
domains/regions including 1) the N-terminal domain (NTD; NH2), 2) the coiled-coil domain
(CCD), 3) the DNA-binding domain (DBD), 4) the linker domain (LD), 5) the SRC
homology 2 domain (SH2), 6) the tyrosine-phosphorylation site (pY), and 7) the C-terminal
transactivation domain (TAD) [23,46-53] (Fig. 1).

The NTD is a hook-like structure made up of several alpha-helices [51,54]. Importantly,
the NTD mediates critical protein-protein interactions between the STAT family members
leading to dimerization and cooperative DNA-binding [47,51]. The CCD also consists

of multiple alpha-helices, this time forming a rope-like structure [46]. In contrast to

the NTD, the CCD facilitates STAT protein binding to other transcription factors or
co-activators [46,55]. For example, STAT1 and STAT3-STAT6 interact with N-Myc
interactor (Nmi), which is stimulated by the ligands interleukin-2 (IL-2) and IFNy [55].
In another example, downstream of IFNa, the STAT1-STAT?2 heterodimer recruits and
interacts with p48 to mediate STAT-driven transcription [56]. In addition, STAT5a and
STAT5b interact with silencing mediator for retinoic acid receptor and thyroid hormone
receptor, which suppresses STAT5-mediated transcription, demonstrating that the CCD
also mediates interactions with co-repressors [57]. The CCD also contributes to nuclear
translocation as the nuclear localization signal (NLS) interacts with importins to facilitate
nuclear translocation [46,58,59]. The DBD contains an immunoglobulin fold that mediates
recognition, binding to specific DNA sequences, and stabilization of DNA interacting
elements [46,47,50]. The LD is an essential contact point that provides structural stability
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for the STAT-driven complex [46,56]. The SH2 domain structure enables the protein

the ability to bind specific phosphotyrosine-containing motifs, also referred to as tyrosine-
phosphorylation sites (pY) [60-62]. This region is highly conserved in a variety of signaling
molecules in order to mediate protein-protein interactions [61]. More specifically, the
SH2 domains of STAT proteins can bind both pY's on receptor complexes and pYs on

the same STAT protein leading to subsequent dimerization [46, 63]. Moreover, tyrosine
phosphorylation is necessary for activation of a myriad of transcription factors including
those in the STAT family [21, 44,64,65]. Finally, the C-terminal TAD facilitates STAT
interactions with transcriptional co-factors [66,67]. For example, TAD enables STAT?2 to
bind p300/CREB-binding protein [68] and Brahma-related gene 1 in response to IFNa
signaling [69]. Additionally, STAT6 can directly interact with p300/CBP and the nuclear
coactivator 1 via the TAD to enhance transcriptional activation [70].

4.2. Canonical STAT functions

The canonical STAT pathway is evolutionarily conserved and activated by ligands, such

as IFNs or ILs, binding to cell surface receptors [47,53]. Activation by ligand binding

to its respective surface receptor initiates a cascade of signaling events leading to STAT
translocation to the nucleus and regulation of downstream target genes (Fig. 2). Inactive (i.e.
unphosphorylated) STAT proteins reside in the cytoplasm prior to ligand binding [47,53].
Once an extracellular ligand binds a cell surface receptor, it undergoes conformational
changes leading to the recruitment of Janus kinases (JAKS), non-receptor tyrosine kinase
family, and subsequent autophosphorylation of tyrosine residues within the receptor
complex [21,44,53,71]. Activated JAKSs now provide docking sites for a diverse number

of signaling molecules with SH2 domains, such as STATs [72]. Given that multiple ligands
can activate this JAK/STAT signal cascade to modulate many cell phenotypes, the pY-

SH2 interaction is highly specific as a way of regulating STAT activation. When receptor-
mediated STATS are recruited to the activated JAK complex, the JAKs phosphorylate a
specific pY on the unactivated STAT molecule resulting in reciprocal binding of the pY

on one phosphorylated STAT (pSTAT) to the SH2 domain of the pSTAT associated with
the second receptor. This reciprocal binding leads to STAT homo- or heterodimerization
releasing the complex from the extracellular receptor-JAK complex and allows the pSTAT
dimer to translocate the nucleus, which is facilitated by importins and other helper proteins
[73-75]. Unactivated STATs are also phosphorylated by tyrosine kinases that retain intrinsic
kinase activity, which do not require JAKSs (Fig. 2). In this mechanism, a growth factor or
ligand binds its respective receptor tyrosine kinase, which phosphorylates STAT proteins,
allows for STAT dimerization and translocation to the nucleus [43,76]. Though the physical
STAT functions within the nucleus are relatively conserved, nuclear import of each STAT
varies representing an important aspect of STAT regulation. However, the mechanistic
findings of how STATs 1-6 are imported and exported from the nucleus go beyond the
scope of this review [73,77-79].

Within the nucleus, the pSTAT dimer binds specific DNA sequences within promoter or
regulatory regions of genes, often referred to as DNA regulatory elements, leading to robust
transcriptional changes that alter expression of a multitude of target genes [44,47,80-82].
Though canonical STAT signaling involves STATs homo- or heterodimerizing following
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phosphorylation by JAKs, multiple studies report non-canonical STAT signaling. For
example, STAT1 and STAT3 can form homodimers prior to phosphorylation [83-86].
However, these non-phosphorylated STAT dimers are unable to translocate to the nucleus
[84]. In another report, the majority of unactivated STAT3 (as well as other STATS)

is detected in multimeric complexes, referred to as “statosomes”, indicating an alternate
method of STAT3 activation that is retained in the cytoplasm [87]. In contrast to previous
reports, unphosphorylated STAT1 translocates to the nucleus and upregulates immune
regulatory genes in the absence of IFN stimulation [88]. Interestingly, STAT5 forms
tetramers, which mediate IL-2-dependent transcriptional activation of a specific subset of
genes involved in immune function that canonical STAT5 dimers are unable to activate [89,
90]. Alternative STAT activation also occurs through other proteins, such as non-receptor
tyrosine kinases or G-protein coupled receptors (GPCRs) that facilitate STAT recruitment to
JAKSs as STAT proteins are unable to phosphorylate themselves or other proteins since they
do not maintain any tyrosine kinase activity [23,82,91,92]. Though these reports shed some
light on alternative STAT signaling, non-canonical mechanisms of STAT signaling remain
largely unexplored.

There are main regulators of STAT signaling including suppressors of cytokine signaling
(SOCS), which are expressed at the start of STAT signaling [93]. SOCS have the ability

to bind and inhibit both STAT proteins and/or JAK kinases as they maintain an SH2
domain and kinase inhibitory regions to inhibit each, respectively [93,94]. For example,
SOCS3 is an important JAK-STAT pathway inhibitor that specifically prevents STAT3
expression and pSTATS in breast cancer [95,96]. Moreover, treatment with isolinderalactone
increases SOCS3 and subsequently suppresses pSTAT3 and apoptosis-inducing factors

in TNBC [97]. Additionally, SOCS2, SOCS3, SOCS5, SOCS6, and SOCS7 are highly,
constitutively expressed in breast cancer cells compared to normal breast epithelial cells
[98]. Phosphatases are another category of proteins that can negatively regulate STAT
pathway activation mediated by dephosphorylation of tyrosine residues [99]. Though
regulation of STATs are important for understanding STAT pathways, further detail into the
exact mechanisms of the negative regulators of STATs go beyond the scope of this review
[53,93].

It is widely understood that STAT proteins play critical roles in many signal transduction
pathways that are important in human physiology and biology. Furthermore, over 50
cytokines and growth factors can activate a combination of STAT signal cascades [21,44],
suggesting that dysregulation of the extracellular activators (i.e. cytokines or growth factors),
the intrinsic players (i.e. STATSs or associated factors and kinases), the negative regulators

of STAT proteins, or any combination of these events may lead to cancer [53]. More
specifically, STAT3 contributes to breast cancer progression and chemoresistance with many
of these findings leading to the development of natural compounds and drug inhibitors

that target STAT3 for breast cancer treatment. While STAT proteins besides STAT3 are

not as well understood in breast cancer, there are promising findings investigating all

STAT family members in breast cancer. This review will summarize functions for all STAT
proteins in breast cancer, discuss STAT inhibitors reported in breast cancer, and their clinical
implications.
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5. STAT proteins in breast cancer
5.1. STAT1

STAT1 signaling modulates pathways involved in cell growth, differentiation, homeostasis,
immune signaling, and immune response [100]. Similar to other STAT family members,
STAT1 is activated by both types of IFNs (I and I1) [80,101]. Numerous reports
demonstrate that STAT1 displays tumor suppressive functions in many cancer cell

types, including breast cancer, with loss of STAT1 expression or activation leading to
cancer progression [23,102,103]. Moreover, higher STAT1 activation, as indicated by

both tyrosine phosphorylation and DNA binding, is associated with longer relapse-free
survival and overall survival for breast cancer patients [104]. Furthermore, high STAT1
MRNA expression using a STAT1-immune-related gene signature correlates with longer
distant metastasis-free survival (DMFS) in ER-negative/PR-negative and TNBC patients
[105]. Additionally, chemotherapy-induced IFN target genes are associated with STAT1
phosphorylation and IFNy secretion in treatment-sensitive breast cancers, suggesting that
IFN/STAT1 activation predicts response of ER-negative breast cancers [106]. PR also
suppresses IFN-activated pSTAT1 decreasing immune surveillance and increasing immune
evasion in PR-positive breast tumors [107]. STAT1 inhibition decreases breast cancer cell
proliferation, ERa protein levels and target gene expression [108]. Further investigation
reveals that STAT1 directly binds the promoter region of ERa, suggesting an important role
for STATL in ER activity [108].

Utilizing diverse transgenic and alternative mouse models, STAT1 exhibits anti-tumor
function including inhibition of mammary gland tumorigenesis and promotion of tumor
immune surveillance 77 vivo[102,109-113]. For example, STAT1 suppresses ErbB2/Neu
(or Her2/Neu)-induced tumorigenesis in transgenic mice [110]. In another study, human
breast tumors had little to no expression of STAT1; normal breast epithelial cells express
significantly elevated levels of STAT1 compared to adjacent breast tumor tissue [102].
From the same study, STAT 1-deficient transgenic mice develop spontaneous ER-positive/
PR-positive mammary tumors whereas none of the wild-type mice developed tumors [102].
Moreover, STAT1 antagonizes the JAK2-STAT3/5 A/5B pathway, induced by the prolactin
receptor, to inhibit ER-positive tumorigenesis [114]. STAT1 also downregulates NAD(P)H
quinone dehydrogenase 1 resulting in increased oxidative stress in sensitized patient-derived
xenografts for both HER2-positive and TNBCs [115].

In contrast to multiple studies demonstrating a tumor-suppressive role for STAT1, high
STAT1 activity also correlates with poorer patient prognoses [116]. STAT1 is activated by
CD95 (Fas), a receptor that mediates apoptosis by activating a caspase cascade, which
promotes STAT 1-dependent mammospheres [117]. Inhibition of DNA methyltransferase 3
beta by microRNA (miR)- 29c results in upregulated TIMP3/STAT1/FOXO1 signaling,
which promotes breast cancer progression [118]. Phospholipid scramblase 1 directly
binds and increases STAT3 interactions with the STAT1 promoter, leading to enhanced
transactivation and breast cancer cell proliferation and invasion [119]. Overexpression of
STAT1 also promotes myeloid-derived suppressor cell (MDSC) migration and suppresses
both CD4-positive and CD8-positive T cells in mouse tumors [116]. STAT1 knockdown in
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cancer-associated fibroblasts extends breast cancer progression and combination treatment
of a STAT1 inhibitor with doxorubicin suppresses tumor progression in mouse mammary
tumors [120]. STAT1 also interacts with ERa and STAT1 and ERa directly interact with
the promoter region of interferon-induced transmembrane protein 1 (IFITM1) resulting in
upregulated IFN-mediated gene expression to promote breast cancer cell survival [121]. In
another example, STAT1 activation, in cooperation with mucin 1, associates with shortened
recurrence-free survival and overall survival in breast cancer patients [122], suggesting that
STAT1 functions in breast cancer still remain to be fully understood.

Given that BCSCs are major drivers of therapeutic resistance, STAT1’s role in modulating
BCSCs may be important in understanding how to utilize STAT1 in breast cancer treatment.
Low levels of surface-CD24, concurrently with high levels of surface CD44, indicate cancer-
initiating cells or BCSCs [6]. CD24-mediated inhibition of the Sonic Hedgehog (SHH)
pathway and STAT1 activity suppresses breast cancer cell proliferation and invasion [123].
Similarly, sphingosine kinase 1 promotes breast cancer cell proliferation and mammosphere
formation, while suppressing apoptosis, in part by downregulating STAT1 activation [124].
Following irradiation, an increase in STAT1 is attributed to a significant decrease in
apoptosis of mammospheres [125]. In contrast, overexpressed and hyperactive STAT1
decreases CD44-expressing cells in breast cancer cells [126]. STAT1’s role in modulating
BCSCs and potential contribution to radioresistance highlight the need to further examine
STAT1 mechanisms in breast cancer.

STAT1 and STAT3 have been reported to functionally interact, antagonize, and cooperate in
cancer cells [127,128], suggesting these two STAT family members have complex networks.
STAT1 is enriched by nuclear epidermal growth factor receptor (EGFR) and STAT3 binds

to the STAT1 promoter to increase STAT1 expression in breast cancer cells [127]. EGFR

is an important transcriptional regulator in breast cancer and nuclear EGFR staining is a
predictive marker for patient prognosis [129]. Moreover, inhibition of EGFR and subsequent
suppression of STAT3 activation with tannic acid promotes cell cycle arrest and apoptosis

in breast cancer cells [130]. Further investigation reveals that tannic acid also increases
pSTATL, leading to increased expression of p21, a cyclin-dependent kinase inhibitor, leading
to cell cycle arrest and apoptosis [130]. When comparing STAT expression in lymph nodes
and primary breast tumors using a tissue microarray, the lymph nodes exhibit increased
cytoplasmic STAT1, pSTAT3, and STATS and nuclear pSTAT3 [131].

In another study using breast cancer specimens, high STAT1 and STAT3 activation
correlate with decreased tumor grade; high pSTAT1 associates with increased immune
infiltration (inflammation-induced) whereas increased pSTAT3 associates with suppressed
CD4-positive T-cell infiltrate [132]. The Shcl scaffold activates STAT3 and inhibits STAT1
activation to promote immunosuppression while inhibiting anti-tumor immune surveillance
in breast cancer cells, respectively [128]. Loss of Shcl-tyrosine kinase signaling increases
IFNy, while WT-Shcl-tyrosine kinase signaling represses IFNy secretion [128]. Further
investigation into the relationship between STAT1 and STAT3 in anti-tumor immunity
reveals that STAT1 loss in high STAT3-activated mammary tumors suppresses tumor onset
in mice. Interestingly, STAT1 loss in low STAT3-activated mammary tumors significantly
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promotes tumor growth, suggesting that STAT3 activity may be critical in determining
STAT1’s pro- or anti-tumor roles [128].

The programmed cell death 1 (PD-1) and programmed death-ligand 1 (PD-L1) interaction,
which inhibits hyperactivation of immune cells to balance normal immune homeostasis, is
a common strategy for tumor cells to inhibit and evade anti-tumor immune cells [133,134].
IFNy induces PD-L1 expression through the JAK1/2-STAT1 pathway in TNBC cells
[135,136]. PD-L1 and pSTAT1 are positively correlated in breast tumor specimens [137].
Furthermore, upregulated PD-L1 in CSCs promotes immune evasion or suppression [138].
One study elucidating the mechanisms of PD-L1 in breast cancer utilizes dual inhibition

of both STAT1 and STAT3, and found that combined inhibition abrogates expression of
PD-L1; pSTAT1 and pSTAT3 form a heterodimer in the cytosol, translocate to the nucleus,
and directly bind the promoter region of PD-L1 [139]. Taken together, STAT1 plays critical
roles in modulating breast cancer cells, BCSCs, and the pro- and anti-tumor immune system.
However, the major regulators or modulators that determine whether STAT1 will promote
or antagonize breast cancer remain unclear, emphasizing the importance of continuing to
investigate STAT1 in breast cancer.

Since the tumor suppressive role of STAT1 is highly reported, there are few STAT1
inhibitors currently used for the treatment of breast cancer (Table 1). Epigallocatechin
gallate (EGCG), the main active component in green tea and a known STATL1 inhibitor,
reduces cell proliferation and induces apoptosis in luminal A breast cancer cells [131,140].
Furthermore, EGCG decreases tumor volume and increases PARP expression to inhibit
tumor growth /n7 vivo [140]. EGCG also exhibits a dual impact by suppressing proliferation
and migration and by modulating vascular endothelial growth factor (VEGF) in TNBC,
suggesting an important role for angiogenesis in TNBC [141]. Another STAT1 inhibitor,
Fludarabine [142,143], suppresses STAT1 expression, pSTAT1, and PD-L1 expression in
breast cancer cells [139]. In conclusion, the pro- or anti-tumor roles may be dependent on
the status of additional factors (i.e. STAT3) or other aspects in the tumor microenvironment,
which warrants further investigation.

STAT?2 was discovered through investigation of IFN signaling pathways and relays
important immunomodulatory and anti-viral functions of IFN-1 [144-146]. STAT?2 is the
longest STAT family protein and is physically and functionally conserved; IFNy signaling
is restored with mouse STAT2 in STAT2-deficient human cells [147,148]. Canonical STAT2
signaling involves IFN-I or —I11 activation of the heterotrimeric interferon-stimulated gene
factor 3 (ISGF3) complex, which contains STAT1, STAT2, and interferon regulatory factor
9 (IRF9) [42,144]. The ISGF3 complex is unique to STAT?2 activation as pPSTAT2 molecules
do not form homodimers despite the fact that alternative homo- and heterodimers of the
other STAT proteins are identified to mediate IFN signaling [148]. Notably, the STAT2-
mediated ISGF-3 complex can upregulate IL-6 gene expression leading to increased IL-6/
STAT3 signaling [149,150], which is commonly dysregulated and hyperactivated in breast
cancer [24].
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PR suppresses IFN signaling in breast cancer cells by promoting an immunosuppressive
microenvironment [151]. Further investigation reveals that STAT2 is critical for IFN-I
pathway activation and that PR-mediated suppression of IFN signaling occurs by increasing
ubiquitination and subsequent degradation of STATZ in breast cancer cells [151]. STAT2-
deficiency suppresses breast cancer cell proliferation, migration, and invasion, while STAT2
overexpression upregulates expression of IFITMZ1, contributing to aggressive inflammatory
breast cancer phenotypes [152]. Covalent addition of ISG15 ubiquitin like modifier (ISG15),
a ubiquitin-like protein tag, to STAT2 promotes secretion of chemokine ligands leading

to a subsequent increase in CD8 + T cells and suppression of breast cancer growth and
metastasis [153]. Analysis of breast cancer patient data reveals that high STAT2 mRNA
expression correlates with worse post-progression survival, but better relapse-free survival
[154,155]. Given that STAT2 is not as commonly studied, there are currently no published
natural compounds or pharmacological inhibitors for STAT2 in breast cancer.

5.3. STAT3

In 1994, STAT3 was first described as a DNA-binding protein activated by IL-6 in
hepatocytes [156,157]. A year later, the Src oncoprotein was reported to activate STAT3,
making this publication the first to implicate STAT3 in cancer [158]. Nearly 20 years later,
STAT3 is now the most widely studied STAT family member in breast cancer as it regulates
networks of genes involved in oncogenesis [159], cancer cell proliferation [43], cell cycle
progression [43], angiogenesis [160,161], metastasis, and evasion of apoptosis [162—164].
Moreover, STAT3 is the only STAT protein that is essential for embryonic development as
homozygous genetic deletion is lethal in mice [165]. STAT3 activation is triggered by the
largest and most diverse number of cytokines of all the STAT family members, underscoring
its vast influence on many physiological pathways [53, 166, 167]. These ligands include

the IL-6 cytokine family, IL-10 cytokine family, additional interleukins (i.e. 1L-21), multiple
IFNs, EGF, FGF, IGF, leptin, and granulocyte-colony stimulating factor (G-CSF) [21, 44,
53, 168, 169]. Additionally, there are multiple isoforms of STAT3, though most publications
studying STAT3 in cancer refer to the full-length isoform (STAT3a) [170].

Though in normal conditions STATS3 is regulated by many molecular factors [23], STAT3 is
dysregulated in multiple cancer types including breast cancer [171,172]. The IL-6 family of
cytokines are the most predominant STAT3 activators, in particular, IL-6 is a major mediator
of breast cancer cell growth, angiogenesis, tumor growth, metastasis, and immune evasion
or modulation [24, 43, 169, 173-175]. Increased serum IL-6 upregulates STAT3 activity,
which increases IL-6 expression through STAT3 directly binding and transactivating the IL-6
promoter region, further promoting this 1L-6/JAK/STAT3 positive-feedback loop [173,174].
Hyperactivation of STAT3 enriches expression of genes involved in cancer stemness (CD44)
[176], cell cycle (cyclin D1) [159, 177], apoptosis or cell survival (Bcl-2, Bcl-xL, and
Mcl-1) [178-180], invasion and migration (matrix metalloproteases or MMPs, ERRa.) [181,
182], angiogenesis (VEGF and HIF1a) [183,184], and immunosuppression (IL-10 and
TGFp) [174, 183, 185, 186]. Furthermore, pSTAT3 correlates with poor prognosis for breast
cancer patients [187]. Though STAT3-mediated gene signatures are identified in most breast
cancer subtypes, STAT3-mediated gene signatures are upregulated in basal-like compared to
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luminal subtypes, suggesting STAT3 activity is more likely to be hyperactivated in TNBC
subtypes of breast cancer [188].

Oncostatin M (OSM) upregulates STAT3-dependent expression of 1L-6 and high OSM
associates with worse patient survival [189,190]. Increased IL-6 secretion and pSTAT3
promote breast cancer progression resulting in shortened patient survival [189]. OSM
activates STAT3/SMAD3 signaling in breast cancer cells, which leads to increased

Snail and epithelial-to-mesenchymal transition (EMT) [191]. IFNp antagonizes this OSM/
STAT3/OSM pathway, thus inhibiting BCSC phenotypes and increasing STAT1 and pSTAT1
in breast cancer cells [191]. Increased IL-8 and growth-regulated oncogene in inflammatory
breast cancer promotes BCSCs, which is enhanced by co-culture with macrophages [192].
On the other hand, IL-17 suppresses STAT3 activation [193].

In addition to cytokines and chemokines, proteins or other factors also activate STAT3
signaling in breast cancer. Long noncoding RNA (IncRNA) MAFG-antisense 1 (MAFG-
AS1), whose expression is elevated in breast tumors compared to normal breast tissue,
increases pJAK2 and pSTAT3; knockdown of MAFG-AS1 suppresses breast cancer cell
proliferation and decreases tumor growth in mice [194]. Enhancer of zeste homolog 2
methylates STAT3 to increase nuclear localization of STAT3 and promote breast cancer
progression [195]. Endogenous breast tumor kinase (Brk) leads to upregulated pSTAT3 and
STAT3 transcriptional activation to promote breast cancer oncogenesis [196]. Furthermore,
STAP-2 enhances STAT3 activation by directly binding and interacting with STAT3 and
indirectly through Brk; increased STAT3 activation promotes breast cancer cell proliferation
[197-199].

EGFR is highly upregulated and often constitutively activated in breast cancer [200-202].
Importantly, EGFR activation leads to JAK autophosphorylation and subsequent STAT
activation [203,204]. EGFR and pSTAT3 promote breast cancer cell proliferation and
invasion and are upregulated in TNBC tissues [203]. Growth factor receptor-binding protein
2 (Grb2), the adaptor protein that directly binds EGFR, downregulates EGF-mediated
activation of STAT3, which decreases STAT3-mediated gene transcription [205].

Tropomyosin receptor tyrosine kinases (Trk), a family of tyrosine kinase receptors, bind
neurotrophins and other ligands to regulate multiple cellular processes [206]. TrkA and
phosphorylated-TrkA (pTrkA) levels are elevated in breast tumors compared to normal
breast tissue; overexpression promotes breast cancer cell proliferation, migration, and
invasion [207]. Our lab found that TrkA and JAK2/STAT3 are co-overexpressed and
activated in HER2-enriched and TNBC [208]. TrkA and JAK2/STAT3 also physically and
functionally interact in HER2-enriched and TNBC [208]. Moreover, TrkA interaction with
STAT3 promotes STAT3 phosphorylation resulting in STAT3 translocation to the nucleus
and increases STAT3 transcriptional activity. Additionally, co-activation of the TrkA-STAT3
pathway promotes BCSCs and correlates with poor patient prognosis [208].

Interestingly, STAT3 also physically and functionally interacts with truncated glioma-
associated oncogene homolog 1 (tGLI1), a gain-of-function isoform of the transcription
factor GLI1, increasing mammosphere forming ability of breast cancer cells [171,209].
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tGLI1, originally discovered in glioblastoma [210], is tumor-specific [210,211], and can
regulate GLI1 target genes as well as eight novel target genes, which include VEGF-A,
VEGF-C, VEGFR2, TEM7, HPSE, CD24, CD44, and OCT4 [171, 212-218]. tGLI1

has also been shown to promote breast cancer brain metastasis (BCBM) by enriching
BCSCs [214]. More recently we found that tGLI1-positive breast cancer cells upregulate
extracellular vesicle-derived miR-1290 and miR-1246 to activate astrocytes to promote the
progression of brain metastases; astrocytes overexpressing miR-1290 promoted the growth
of co-implanted breast cancer cells in the brain /n vivo [219].

There are also multiple negative regulators of STAT3 reported in breast cancer. Double
PHD fingers 3 (DPF3 or CERD4) suppresses breast cancer cell proliferation and higher
expression correlates with better patient prognoses; downregulation of DPF3 activates the
JAK2/STAT3 pathway to promote breast cancer proliferation and migration [220]. WW
domain-containing oxidoreductase (Wwox) is lost in TNBC compared to luminal breast
cancer cells, while overexpression of Wwox suppresses cell proliferation and metastasis
in TNBC [221]. Further investigation reveals Wwox inhibits pJAK2, pSTAT3, and STAT3
association with the IL-6 promoter region, implicating Wwox as an important negative
regulator of STAT3 activity [221]. Gametogenetin-binding protein suppresses breast cancer
cell proliferation, migration, invasion, BCSCs, and induces apoptosis partly through the
inhibition of the IL-6/JAK/STAT3 pathway [222]. GRAM domain-containing protein 1B
decreases breast cancer cell migration by modulating cell morphology and decreasing
STAT3 signaling [223].

MicroRNAs (miRNAs), small noncoding RNAs that regulate gene expression by targeting
MRNAs, also modulate STAT3 activity in breast cancer [30, 224, 225]. Overexpression

of miR-124 decreases mRNA and protein levels of STAT3; miR-124 directly binds to
STAT3 mRNA leading to decreased breast cancer cell growth and invasion [226]. Moreover,
IncRNA nuclear enriched abundant transcript 1, which is increased in breast cancer
compared to normal breast tissues, promotes proliferation and cell cycle progression of
breast cancer cells, potentially by downregulating the STAT3-inhibitor miR-124 [227].
miR-125a and miRNA let-7e directly target the 3’- untranslated regions of IL-6 receptor
(IL-6R) and STAT3 to mediate breast cancer cell proliferation, chemosensitivity, and
endothelial cell adhesion [228]. The cytokine resistin increases expression of LIN28A,
which suppresses let-7a in breast cancer cells [229]. Furthermore, downregulation of let-7a
increases expression of target genes STAT3 and IL-6 and overexpression of let-7a suppresses
resistin-mediated breast cancer cell proliferation and mammaosphere formation [229].
miR-93-5p also suppresses cell proliferation by downregulating STAT3 in breast cancer
[230]. miR-519d negatively regulates STAT3 to suppress breast cancer cell proliferation and
invasion while inducing apoptosis [231]. Similarly, miR-520c suppresses breast cancer cell
migration, invasion, and EMT-associated markers by downregulating STAT3 [232]. miR-204
suppresses expression and subsequent activity of JAK2, decreasing pSTAT3 and breast
cancer cell proliferation [233]. Similarly, miR-375 suppresses BCSCs and Adriamycin
resistance by directly targeting JAK2 and subsequent STAT3 activation [234]. In contrast,
miR-18a overexpression correlates with a decrease in protein inhibitor of activated signal
transducer and activator of transcription 3 expression to counteract STAT3 downregulation
[235].
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Immune modulation is another way STAT3 promotes a pro-tumorigenic microenvironment
for breast cancer. Macrophages play important roles in immune surveillance and the anti-
tumor immune response. However, macrophages can be transformed into tumor-promoting
cells (referred to as tumor-associated macrophages, TAMS) that facilitate cancer cell evasion
of the immune response as well as promote tumor cell growth [236-239]. Breast cancer
cell-derived chemokine C-C motif ligand 5 promotes the M2 macrophage phenotype through
activating STAT3 from receptor C-C chemokine receptor type 5 [240]. TAM-secreted IL-6
also induces BCSCs by activating STAT3 signaling to promote migration and angiogenesis
[241]. In contrast, overexpression of Kruppel-like family of transcription factor-14 (KLF14),
which is downregulated in breast cancer, inhibits M2 macrophage polarization as well as
suppresses breast cancer cell invasion /n7 vitro and tumor growth 7 vivo [242]. Further
investigation reveals that KLF14 reduces invasion of breast cancer cells by activating
expression of SOCS3, leading to the suppression of RhoA/Rock/STAT3 signaling in breast
cancer cells [242].

STAT3 signaling also upregulates immune evasion to promote breast cancer progression.
STAT3-deficient mice developed early lesions, suggesting that STAT3 is not required for
tumor initiation. However, the lesions regressed over time, which is attributed to an increase
in immune infiltration including increased CD8 + T cells and macrophages resulting in
tumor clearance [243]. Interestingly, STAT3-wild-type mice developed a high number of
lung metastases, while STAT3-deficient mice did not develop any lung metastases [243].
These findings are consistent with additional reports of high STAT3 activity in BCSC-
enriched TNBC cells increasing metastatic potential [244]. In addition, 1L-35, secreted from
breast cancer cells, suppresses canonical T cell proliferation and induces differentiation of
regulatory T cells [245]. These induced-regulatory T cells activate both STAT1 and STAT3
activity to promote breast cancer cell proliferation and T cell-specific immune evasion [245].

STAT3 can also promote breast cancer progression through mediating resistance to

breast cancer treatments. SIRT4 decreases pSTAT3 in breast cancer cells and increases
sensitivity to tamoxifen [246]. Exosomal miR-378a-3p and miR-378d are highly secreted
by breast cancer cells treated with doxorubicin or paclitaxel and increase drug resistance
by upregulating Wnt and Notch pathways while downregulating Dickkopf WNT Signaling
Pathway Inhibitor 3 and NUMB Endocytic Adaptor Protein [247]. Furthermore, STAT3
promotes a drug resistant phenotype by binding the promoter regions of both miR-378a-3p
and miR-378d in the breast cancer cells. miR-124, previously reported to downregulate
STAT3 [226], sensitizes doxorubicin-resistant BCSCs by downregulating STAT3 and
hypoxia-inducible factor-1 (HIF-1) signaling pathways in breast cancer [248]. Consistent
with these findings, pharmacological inhibition of STAT3 also sensitizes breast cancer
cells to doxorubicin [249]. Higher expression of Bcl-2, a regulator of apoptosis, and
STAT3 activity is elevated in metastatic breast cancer cell lines compared to their parental
lines and additional functional assays reveal that constitutively active STAT3 upregulates
Bcl-2 in a mechanism that promotes chemoresistance of metastatic breast cancer cells
[250]. Inhibition of HER2 and subsequent STAT3 activity sensitizes HER2-positive breast
cancer cells to radiotherapy [251]. JAK/STAT3 signaling also regulates fatty acid beta-
oxidation (FAQ) by activating CPT1B and JAK inhibition suppresses FAO-mediated BCSCs
and chemoresistance in breast cancer cells [252]. Overexpression of leukemia inhibitory
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factor receptor (LIFR)-mediated STAT3 activation promotes resistance to trastuzumab-
emtansine (T-DML1), while STAT3 inhibition sensitizes T-DM1-resistant breast cancer cells
[253]. Given that STAT3 promotes the progression of breast cancer by upregulating pro-
tumorigenic pathways, STAT3 is a very favorable target for breast cancer therapeutics both
pre-clinically and clinically [254].

As previously mentioned, STAT3 is the most widely studied STAT protein in breast cancer.
Given STAT3’s various roles contributing to breast cancer progression, there are over 60
STAT3 inhibitors published in breast cancer to date (Table 1). Since the early 2000 s,

STAT3 inhibitors ranging from pharmacological small-molecule inhibitors to natural plant
derivatives have been a major focus for breast cancer therapeutics. It is important to note that
many synthetic or natural compound STAT3 inhibitors are not fully characterized in breast
cancer as not every publication shows direct and specific STAT3 inhibition. This section will
discuss STAT3 inhibitors for breast cancer listed in Table 1.

For example, novel platinum compounds, CPA-1/7, inhibit STAT3 activation and DNA-
binding, resulting in a decrease in cell proliferation and increase in apoptosis in breast
cancer cells [255]. S31-201 inhibits activated-STAT3 dimerization to suppress breast
cancer cell proliferation and induce apoptosis [256]. An analog of S31-201, referred to

as BP-1-102, inhibits STAT3 activation, which results in a decrease in breast cancer

cell proliferation, migration, invasion, and increase apoptosis [257]. Furthermore, BP-1—
102 intravenously injected into mice bearing breast tumor xenografts suppresses tumor
growth, tumoral pSTAT3, and additional STAT3-mediated gene expression [257]. Stattic (or
6-nitro-benzo[ fJthiophene-1,1-dioxide 1), an important STAT3 inhibitor, acts by selectively
inhibiting STAT3 activation by blocking the GP130 receptor and STAT3-SH2 domain
interaction, STAT3 dimerization, and nuclear translocation [258]. In addition, Stattic induces
apoptosis in highly activated STAT3 breast cancer cell lines. Though Stattic is highly
selective for STAT3, Stattic can bind STAT1 and STAT5b, but with significantly reduced
binding affinities [258]. Hydroamic and benzoic acid analogues SH5-07 or SH4-54 inhibit
pSTAT3 and DNA-binding and both effectively suppress breast tumor growth 7 vivo [259].
Furthermore, pimozide, an antipsychotic drug originally synthesized to treat schizophrenia,
suppresses pSTAT3, migration and invasion and induces apoptosis in multiple TNBC cell
lines [260].

WP1066, originally discovered to inhibit STAT3 in human glioma cells [261], inhibits
STAT3 activation and reduces macrometastases of brain-tropic breast cancer cells in the
brain of nude mice [262]. Moreover, WP1066 suppresses breast cancer cell invasion and
MMP9 expression and angiogenesis, implicating WP1066 as a potential therapeutic for
BCBM [262]. Interestingly, STAT3 activation distinguishes a subpopulation of reactive
astrocytes that promote BCBM; loss of STAT3 in reactive astrocytes abrogates brain
metastases in mice, in part, by modulating both innate and adaptive immunity in the brain
[263]. Silibinin (Legasil), a STAT3 inhibitor derived from a nutraceutical product extract
from milk thistle seeds, crosses the blood-brain barrier [264, 265], and suppresses brain
metastases in both mouse models and in patients [263].
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In addition to silibinin, there are numerous natural compounds that exhibit anticancer
effects in breast cancer. Curcumin, for example, is an important phytochemical derived from
turmeric that is implicated in prevention and treatment of a multitude of diseases including
cancer [266]. Furthermore, curcumin alone and with EGCG suppressed mammosphere
formation, pSTAT3, and CD44-positive cells of TNBC and HER2-enriched breast cancer
cells [267]. In another example, FLLL31/FLLL 32, STAT3-specific small molecule inhibitors
designed to biochemically mimic curcumin inhibit pPSTAT3, DNA-binding, and subsequent
transactivation in breast cancer cells; FLLL32 suppresses tumor growth in mouse xenografts
[268]. Saikosaponin b2 (SSb2) is extracted from the root of Bupleurum plants and is
traditionally used to treat inflammation [269]. SSb2 decreases pSTAT3 and suppresses
proliferation and migration of breast cancer cells [270]. Additionally, Esculentoside A
(EsA) is extracted from Phytolacca esculenta roots; the triterpene saponin suppresses cell
proliferation and mammosphere formation of BCSCs as well as induces apoptosis [271].
Furthermore, treatment with ESA decreases tumor growth of mouse breast tumors /in vivo
[271].

Medicinal mushrooms can also exhibit pharmacological properties, including antitumor and
immunotherapeutic effects [272,273]. Hericium erinaceus (H. erinaceus) water extract, a
medicinal mushroom demonstrated to exhibit anticancer properties, inhibits cell viability,
and induces apoptosis and cell cycle arrest in breast cancer cells [274]. Moreover, whole
genome and transcriptome analysis revealed that the JAK-STAT pathway is significantly
enriched in response to H. erinaceus treatment based on differential gene expression results
[274]. Furthermore, Micotherapy U-care, which contains medicinal mushroom extracts
from Agaricus blazei, Ophiocordyceps sinensis, Ganoderma lucidum, Grifola frondosa, and
Lentinula edodes, has been shown to decrease pulmonary metastases and reduce NOS,
COX2, and 1L-6 expression in a TNBC mouse model [275]. Reduced IL-6 expression in
metastatic and bronchial epithelial cells suggested that Micotherapy U-care could suppress
STAT3 activation in TNBC.

There are over 60 STAT3 inhibitors published in breast cancer and more in clinical trials
for the treatment of numerous cancers [276,277]. However, there are currently no FDA-
approved STAT3 inhibitors for the treatment of breast cancer underscoring the clinical
importance of these preclinical studies in breast cancer.

5.4. STAT4

The crystal structure of the NTD of multiple STATSs and the specific characterization of
the secondary structure of this NTD for STAT4 was discovered in 1998 [51]. STAT4 is not
as commonly studied as other STAT proteins, which may be due to the fact that very few
cytokines activate the STAT4-mediated immune pathways [23]. IL-12 is the main ligand
that triggers JAK2-Tyk2 phosphorylation, STAT4 homodimerization, translocation to the
nucleus, and subsequent modulation of STAT4-mediated genes [278,279]. IL-12 increases
production of IFNy, differentiation of T helper cells, and facilitates innate and adaptive
immunity in a mainly tumor-suppressive manner [279-282]. Though few cytokines trigger
STAT4 pathways, STAT4 has the ability to bind multiple target gene promoter regions
including MYD88, IFNy, TNF, IL18R1, Furin, and IL18RAP [280,283]. Additionally,

Semin Cancer Biol. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wong et al.

5.5. STATS

Page 17

STAT4-deficient mice have underdeveloped immunity against both parasitic and bacterial
infections [278]. Though IL-12 is the master regulator of STAT4 activation, IL-23, IFNa,
IL-2, IL-27, and IL-35 also trigger STAT4 signaling [284-286].

STAT4’s functions in breast cancer are not well understood. Immunohistochemical analysis
of STAT4 expression reveals higher STAT4 expression in non-cancer breast tissues
compared to the breast cancer tissue samples [287]. High STAT4 expression correlates
with better overall survival and relapse-free survival in breast cancer patients [154]. High
expression of STAT4 and IL12B1/2 also correlates with better survival in breast cancer
patients [288]. Furthermore, pSTAT4 is upregulated by cryptotanshinone in CD4-positive T
cells, which suppresses breast cancer cell growth /in vivo [289]. STAT4 co-expressed genes
are also enriched in adaptive immune responses, specifically T cell activation and signaling
as well as cytokine regulation [290]. The role of STATA4 in breast cancer or specifically

in the breast-immune microenvironment warrants further investigation. Given that there

are limited studies and that most of breast cancer studies implicate STAT4 in a tumor
suppressive role, there currently no published STAT4 inhibitors for breast cancer.

STATS often refers to two proteins: STAT5a and STAT5b [291]. Originally described as
mammary gland factor (MGF), STAT5 was later renamed as it shared amino acid sequence
homology with STAT1 and STAT2 [292]. Further investigation reveals that there are two
STATS proteins, STAT5a and STATS5b, as the proteins share 94% structural homology,

but originate from separate genes [293-295]. Structurally, the CCD, DBD, LD, and SH2
domain remain conserved throughout the STAT family; however, the NTD and TAD exhibit
the most diversity and allow for different signaling activities [295]. STAT5 proteins are
mainly activated by the IL-2 family of cytokines, which are characterized by signaling
through the IL-2 receptor y and includes IL-2, IL-4, IL-7, IL-9, and IL-15 [296-299].

The IL-2 family and receptors are critical for normal immune cell development as well as
mediate lymphocyte activation and expansion during immune responses [291]. Importantly,
STAT5a and STAT5b dimers bind to similar core consensus sequences, suggesting these
STATS isoforms can regulate many of the same pathways and genes [291]. Moving forward,
“STAT5” will be used to describe both STATS5 isoforms unless otherwise specified.

In normal mammary development, STATS5 transcription factors modulate genes involved
in mammary tissue differentiation, development of alveolar progenitors, and lactation
associated with pregnancy [300-303]. Dysregulated activation of STATS5 results in over-
aggressive alveolar development, impaired mammary gland remodeling, and mammary
tumor formation through upregulating Akt/phosphatidylinositol 3-kinase (P13K) signaling
components [304]. Constitutively active STATS5 also significantly promotes mammary
tumor formation in mice with loss of phosphatase and tensin homolog, an important
tumor suppressor in the PI3K pathway [304]. STAT5a and Nmi are downregulated in

70% of metastatic breast tissues compared to primary tumors, suggesting that these two
cooperatively regulate normal breast tissue and that dysregulation may contribute to breast
cancer metastasis [305]. N-a-Acetyltransferase 10 protein (NaalOp) decreases migration
and invasion of breast cancer cells [306]. Furthermore, NaalOp physically and functionally
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interacts with STAT5a and antagonizes STAT5a-JAK2 activity leading to suppression of
breast cancer metastasis /17 vitroand in vivo [306].

Activation of STAT5 signaling has been reported to contribute to breast cancer. For
example, 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase 4 (PFKFB4) promotes
angiogenesis by upregulating IL-6 in breast cancer cells, which activates pSTAT5 in
endothelial cells [307]. Pharmacological inhibition of PFKFB4 suppresses breast cancer
tumor growth and decreases angiogenesis in mouse xenografts [307]. Fibroblast growth
factor 2 (FGF2) activates STAT5, ERK, and AKT to increase breast cancer cell proliferation
[308]. Additionally, breast cancer cells with constitutively active FGFR-2, the receptor for
FGF that co-localizes in the nucleus with STAT5, promotes breast tumor growth in an
orthotopic mouse model [308]. Signal-transducing adaptor protein-2 (STAP-2) promotes
STATS5 activation through Brk phosphorylation of STAT5; knockdown of STAP-2 suppresses
breast cancer cell proliferation [309]. In another study, parathyroid hormone-related protein
overexpressed in mammary tissue promotes tumor growth in transgenic mice, in part,
through the activation of STAT5 and subsequent downstream target genes [310]. FYN, a

Src tyrosine kinase family member, promotes breast cancer cell migration and invasion
through the activation of STAT5 and subsequent upregulation of Jagged-1 and Delta Like
Canonical Notch Ligand 4 [300]. Consistent with /in vitro findings, knockdown of FYN
suppresses breast cancer lung metastases in mice [300]. ABL non-receptor tyrosine kinases
upregulate pSTATS5 to promote STAT5-target gene-mediated osteolysis of breast cancer cells
[311]. ABL kinase knockdown, and subsequent STAT5 downregulation, suppresses breast
cancer bone metastasis /7 vivo [311].

Prolactin (PRL) signaling is implicated in breast cancer progression [312]. PRL-induced
pSTATS directly upregulates heat shock protein-90a to promote breast cancer cell survival
by evading apoptosis [313]. Further investigation into the mechanism by which PRL-induces
STATS activation reveals that PRL promotes the dissociation of linker histone H1, which
negatively regulates STATS signaling by limiting chromatin accessibility, thereby increasing
breast cancer cell proliferation [314]. Moderate extracellular acidosis suppresses PRL-
STATS5 signaling in breast cancer, but did not impact signaling triggered by other ligands,
such as OSM [315]. Additionally, protein tyrosine phosphatase 1B (PTP1B) negatively
regulates PRL-induced pSTAT5 by inhibiting JAK2 phosphorylation in breast cancer cells
[316]. Given that PTP1B and pSTAT3 negatively correlate in breast cancer patient datasets
[316], further investigation into PTP1B and additional modulators of the PRL-STAT5
signaling axis may inform breast cancer treatments.

On the other hand, STATS5 activation, not protein expression, is decreased or lost in

breast cancers, especially those with lymph-node positive or metastasized breast cancers
[317]. Moreover, PRL-STAT5 suppresses invasive phenotypes, such as migration, invasion,
MMP secretion, and regulation of E-cadherin in breast cancer cells [318]. Stabilized and
upregulated E-cadherin is recapitulated in breast cancer xenografts with STAT5 activation
[318].

Breast cancer cells can modulate immune cells in the tumor microenvironment to create
a pro-tumorigenic niche. In response, anti-tumor immune cells may activate pathways
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associated with tumor clearance. For example, STATS5 activation by breast cancer cells
secreting GM-CSF promotes expression of immune-related genes and loss of STAT5
in macrophages promotes breast cancer cell migration /n vitro and breast cancer lung
metastasis /n vivo [319].

STAT5a exhibits dual roles in luminal breast cancer depending on which tyrosine residue is
phosphorylated [320]. Where phosphorylation at one residue decreases cell proliferation, the
other suppresses clonogenicity, suggesting STAT5a may be able to switch phosphorylation-
dependent phenotypes. Prognostic assessment of STAT mRNA expression reveals that high
STAT5a and high STAT5b expression associates with better overall survival and relapse-free
survival in breast cancer patients [154,155]. Interestingly, an endogenous dominant-negative
STATS isoform, identified in luminal A breast cancer cells, inhibits transcriptional activity
of STAT5a, STAT5b, and both estrogen receptors [321]. The dominant-negative STAT5 also
induces apoptosis in some luminal breast cancer cells, suggesting the full mechanism of
action of this STATS5 isoform has yet to be elucidated.

Despite the abundance of studies focused on STAT5 in breast cancer, there are limited
studies describing the role of STATS5 in therapeutic resistance. STAT5a expression is
increased in chemoresistant patient breast tumors compared to chemosensitive breast tumors
[322]. STAT5a also upregulates ABCB1 expression, which mediates chemoresistance in
breast cancer cells [323].

STAT3 and STATS are activated in 29% of breast tumors stained [324,325]. STAT3 and
STATS are upregulated by STAP-2 in breast cancer cells and knockdown of STAP-2 or
STATS decreases proliferation of breast cancer cells [197,309]. Interestingly, STAT3 and
STATS5 can exhibit antagonistic functions in breast cancer. For example, LIF-mediated
STAT3 activation induces apoptosis in mammary epithelial cells whereas STAT5 activation
inhibits apoptosis [326,327]. STATS5, with STAT3 or alone, plays important roles in breast
cancer emphasizing the importance of studying STATS5 inhibitors for the treatment of breast
cancer.

Despite STAT5’s numerous roles in breast cancer, there are only a few STATS inhibitors
published for the treatment of breast cancer (Table 1). A nicotinoyl hydrazine compound,
CAS 285986-31-4, decreases pSTATS5 to reduce breast cancer cell proliferation [314].
Pimozide, an antipsychotic drug previously mentioned to target STAT3, inhibits cell
proliferation and promotes cell cycle arrest and DNA damage in breast cancer cells
[328,329]. Consistent with these findings, pimozide decreases pSTAT5 and ABCB1 and
sensitizes doxorubicin-resistant luminal A breast cancer cells to doxorubicin treatment
[322]. Interestingly, pharmacological inhibition of JAK2 and subsequent inactivation of
STATS in combination with PI3K/mTOR inhibitors exhibits synergism. Combination
treatment decreases cell proliferation and suppresses breast tumor growth and metastasis in
an orthotopic mouse model [330]. This JAK2/STATS signaling pathway is induced by 1L-8
suggesting that IL-8 mediated activation of JAK2/STAT5 signaling promotes breast cancer
progression and metastasis and should be investigated further. Though few STATS5 inhibitors
are reported in breast cancer, inhibition of STAT5-mediated pathways reveals promising
results for breast cancer therapeutics.
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5.6. STAT6

STAT6 was first discovered in B cells when researchers identified a transcription factor
whose activation was upregulated by 1L-4 [331, 332]. Further investigation reveals that
IL-4 activation of STAT6 allows STAT6 to translocate to the nucleus and influence gene
expression [333-335]. IL-13, which is structurally and functionally similar to IL-4 and
shares the same receptor, also triggers canonical STAT6 signaling [332, 336, 337]. STAT6
activation promotes differentiation of macrophages and expansion and proliferation of B
and T cells [332, 338, 339]. Though STAT6 is implicated in multiple cancer and disease
types, the crystal structure was not solved until 2016, where researchers confirmed that
only the activated STAT6 homodimer exhibits DNA-binding activity as opposed to the
non-phosphorylated form [340].

STATG6 regulates G1/S cell cycle progression as STAT6 knockdown increases proliferation
and decreases p21 and p27, G1 cyclin-dependent kinase (CDK) inhibitors, in breast cancer
cells [341]. Furthermore, STAT6 interacts with transcription factor Sp1 to transcriptionally
regulate p21 and p27 expression [341]. Interestingly, TNBC cells expressing low levels of
STAT6 modulate expression of genes associated with decreased metastatic potential and
apoptotic resistance as compared to the luminal A, STAT6-high expressing breast cancer
cells [342]. STAT®6 increases breast cancer cell resistance to apoptosis [342, 343]. STAT6-
deficient mice challenged with 4T1 cells exhibit reduced primary breast tumor growth and
decreased metastases, suggesting that loss of STAT6 may promote anti-tumor immunity 7
vivo [344].

Interestingly, reduction of 1L-13 receptor subunit alpha 2 (ILL3RAZ2) results in elevated
pSTAT6 and suppresses migration of breast cancer cells [345]. Silencing IL13RA2

with IL-13 treatment increases expression of tumor protein 63, a tumor suppressor

protein, and suppresses STAT6-mediated breast cancer lung metastasis [345]. Additionally,
overexpression of IL-4 and subsequent STAT6 activation suppresses cell proliferation and
increases apoptosis of breast cancer cells [346]. Suppression of STAT6 by miR-1207-5p
decreases breast cancer cell proliferation and promotes cell cycle arrest [347]. Trastuzumab-
resistant breast cancer cells express significantly decreased levels of STAT6 compared

to trastuzumab-sensitive breast cancer cells [323]. Loss of STAT6 increases resistance

to trastuzumab in HER2-positive breast cancer cells [348]. Moreover, STAT6 knockout
modulates expression of genes associated with EMT, promotes mammosphere formation,
and increases anchorage-independence of breast cancer cells [323,348]. In addition, loss of
STAT6 transformed a non-tumorigenic breast cancer cell line to promote tumor formation
in mice [348]. High STAT6 mRNA expression correlates with favorable overall survival
relapse-free survival in breast cancer patients [154].

IL-4 and IL-13, STAT®6 activators, also promote macrophage polarization [349,350]. In
contrast to previous findings, STAT6 upregulates pro-tumorigenic, M2 phenotype associated
genes [351,352], suggesting that inhibition of STAT6 may prevent TAM differentiation. M2
macrophages exhibit high levels of pSTAT6, while STAT6 knockdown or inhibition prevents
M2 phenotype differentiation of mouse macrophages [353]. Furthermore, pharmacological
inhibition of STAT6 suppresses tumor growth of 4T1 tumors and liver metastasis in

mice [353]. Similarly, inhibition of both IL-4- and IL-13-induced pSTAT6 suppresses M2
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macrophages in breast cancer [354]. Though STAT®6 is not as widely studied in breast cancer
compared to its other STAT family members, STAT6-mediated pathways could provide
important therapeutic targets for breast cancer treatment.

Though STAT6 inhibitors are used in multiple cancer types, very few are published for
breast cancer (Table 1) [254]. Notably, AS1517499, a potent STAT6 inhibitor originally
synthesized to treat asthma and other allergic reaction-associated diseases [355,356], inhibits
M2 macrophage polarization in mouse macrophages to suppress breast cancer tumor growth
and liver metastasis [353]. To assess the clinical relevance of this STAT6 inhibitor in

breast cancer, AS1517499 was used in a 4T1-orthotopic mouse model and found to

suppress tumor growth and liver metastasis /7 vivo [353]. These findings suggest that
STAT6-mediated signaling pathways may contain important therapeutic targets and warrant
further investigation.

6. Clinical trials targeting STAT family members in breast cancer

All of the STAT protein family members are implicated in breast cancer, either in pro-
tumorigenic or anti-cancer roles. As previously mentioned, STAT3 is the most commonly
studied STAT protein in breast cancer and contributes to breast cancer by promaoting

breast cancer cell and tumor growth, metastasis, and immune evasion [43]. TTI-101, an
orally available STAT3 inhibitor, is currently in Phase I clinical trials (NCT03195699)

for patients with advanced cancers. These include breast cancer, head and neck squamous
cell carcinoma, non-small cell lung cancer, hepatocellular cancer, colorectal cancer, gastric
adenocarcinoma, and melanoma. This Phase | clinical trial, which started recruiting as
early as 2017, aims to determine compound administration safety, patient response (if any),
and will focus on pharmacodynamics by measuring pSTAT3, PD1 and PD-L1 expression.
Though there are additional clinical trials also directly targeting STAT3, many do not include
breast cancer patients or are no longer recruiting patients due to adverse effects.

Though inhibition of STAT proteins has been demonstrated to be effective in suppressing
breast cancer in preclinical models, there are numerous challenges to targeting transcription
factors in the clinic. Transcription factors are reported to be “intrinsically disordered”,
which not only effects the structure of potential binding pockets, but also means that

the rate, frequency, and affinity for protein-protein or protein-nucleic acid interactions is
highly variable [13,357]. Therefore, to target STAT3, JAK1/2 inhibitors are currently being
utilized in clinical trials instead [24,358]. Ruxolitinib is a JAK1/2 receptor tyrosine kinase
inhibitor and is currently approved to treat patients with myelofibrosis or polycythemia
[359-361]. Ruxolitinib was evaluated in a non-randomized phase |1 clinical trial for patients
with metastatic TNBC (NCT01562873). Patients were enrolled on the basis of tumoral-
pSTAT3 IHC staining, and while pharmacodynamic analysis of ruxolitinib indicates that the
proportion of pSTAT3-positive cells decreased, the study was terminated as other objective
responses were not met [359]. In a randomized, phase 11 study designed for patients

with advanced HER2-negative breast cancer (NCT02120417), ruxolitinib or placebo was
evaluated in combination with capecitabine, a fluorouracil prodrug that is approved for
metastatic breast cancer [362, 363]. Patients were enrolled based on prior chemotherapy
treatments for hormone receptor positivity, advanced, or metastatic disease and patient
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prognosis (overall survival and progression-free survival) was the main objective [363].
Though the overall response rate to the combination treatment was increased, the primary
endpoint (overall survival) did not improve compared to capecitabine and placebo so

the study was terminated. Combination of ruxolitinib and paclitaxel (NCT02041429), a
chemotherapeutic approved to treat node-positive breast cancer, was evaluated in HER2-
negative breast cancer patients and demonstrates promise as the combination treatment

was well tolerated [364]. Similarly, the same combination was evaluated for TNBC
patients with inflammatory Brca, though those results are still ongoing (NCT02041429,
NCT02876302). A phase I/11 clinical trial investigating the safety and efficacy of ruxolitinib
in combination with trastuzumab (NCT02066532), a monoclonal antibody approved for the
treatment of HER2-positive breast cancer, yielded less than successful results as there was
no improvement in progression-free survival and hematologic-related adverse events were
observed [365].

To improve upon current, FDA-approved treatments, ruxolitinib in combination with
pembrolizumab, an anti-PD-1 immunotherapy, is being evaluated in a phase | study

for patients with advanced or metastatic TNBC (NCT03012230). This study, which is

still recruiting patients, aims to determine the safety and efficacy and examine PD-1,

PD-L1, JAK2, and pSTAT3 tumoral expression. Interestingly, there is also a randomized
phase 11 study evaluating ruxolitinib in the treatment of premalignant breast cancer cells
with objectives focused on apoptosis and pSTATS5 levels (NCT02928978). Given that
numerous clinical trials utilizing ruxolitinib alone or in combination have been terminated or
completed, an open-label study for patients with breast cancer, colorectal cancer, pancreatic
cancer or lung cancer is currently recruiting with the purpose of continuing ruxolitinib
treatment alone or with a previously administered chemotherapy (NCT02955940). In
summary, targeting STAT3 activity by directly or indirectly targeting STAT3 activity, such as
JAK1/2 inhibitors, is a major focus for breast cancer treatment.

7. Conclusion

Since the discovery of the first STAT protein over 20 years ago, all of the STAT

family members are considered mediators of multiple cellular processes leading to the
progression or suppression of breast cancer. In this review, we discussed the STAT family
of transcription factors, their many roles in breast cancer, and therapeutic strategies to
target them for breast cancer treatment. Each STAT signaling pathway is activated by a
set of cytokines or ligands and that dysregulation of the ligands, cell-surface receptors,
STATSs, negative regulators, or downstream target genes can lead to breast cancer. Further
investigation reveals that understanding how one STAT member acts in a specific setting
may not be enough to determine a patient’s outcome, but that focusing on the balance
between two or more STATS is incredibly beneficial. Though most studies focus on

the role of STATSs within breast cancer cells, emphasis on STAT signaling in tumor
microenvironmental cells and the immune cell populations is gaining more attention. Insight
into the communication between breast cancer cells and immune cells or stromal cells has
led to clinical trials utilizing combination therapies yielding promising results.
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Despite these promising findings, many of the mechanisms reported to date are still
incomplete as STAT signaling is clearly complex in breast cancer. Furthermore, breast
cancer is an incredibly heterogeneous malignancy and current understanding of breast
cancer subtypes are constantly being modified. A better understanding of STAT expression
and activation in different subtypes of breast cancer is critical in developing more effective
STAT inhibitors for breast cancer treatment. Even with hundreds of published articles
describing STAT mechanisms and dozens of STAT3 inhibitors in breast cancer, there are
still no FDA-approved STAT inhibitors for the treatment of breast cancer. Moreover, the
limited number of STAT inhibitors in clinical trials further underscores the need to continue
to study STAT proteins in breast cancer to advance treatment for breast cancer patients.
Though individual STAT proteins correlate with different patient outcomes, it is clear that a
better understanding of the balance between the STAT family members is critical for breast
cancer diagnoses and treatments. Important future tasks may include 1) the development or
manipulation of current diagnostic tools to detect multiple STAT proteins simultaneously,
2) development of reliable, predictive biomarkers to determine STAT activity, 3) utilization
of multiple methods to stratify patients for treatment, and 4) counteract or resolve issues in
current STAT-targeted or JAK1/2-targeted treatments that are responsible for adverse events.
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BCSCs breast cancer stem cells

CCD coiled-coil domain

CDK cyclin-dependent kinase

CsC cancer stem cell

DBD DNA-binding domain

DMFS distant metastasis-free survival
DPF3 double PHD fingers 3

EGCG epigallocatechin gallate

EGFR epidermal growth factor receptor
EMT epithelial-to-mesenchymal transition
ER estrogen receptor
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EsA
FAO
FGF2
G-CSF
GPCRs
Grb2
HER2
HIF-1
IFITM1
IFN
IL13RAZ2
IL-2
IRF9
1SG15
ISGF3
JAK
KLF14
LIF
LIFR
MAFG-AS1
MDSC
MGF
NaalOp
NLS
NMI
NTD
OSMm
PD-1

PD-L1

Esculentoside A

fatty acid beta-oxidation

fibroblast growth factor 2
granulocyte-colony stimulating factor
G-protein coupled receptors

growth factor receptor-binding protein 2
human epidermal growth factor receptor 2
hypoxia-inducible factor-1
interferon-induced transmembrane protein 1
interferon

interleukin 13 receptor subunit alpha 2
interleukin-2

interferon regulatory factor 9

ISG15 ubiquitin like modifier
interferon-stimulated gene factor 3

Janus kinase

Kruppel-like family of transcription factor-14
leukemia inhibitory factor

leukemia inhibitory factor receptor
MAFG-antisense 1

myeloid-derived suppressor cell
mammary gland factor
N-a-Acetyltransferase 10 protein

nuclear localization signal

N-Myc and STAT interactor

N-terminal domain

oncostatin M

programmed cell death 1

programmed death-ligand 1
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PFKFB4 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase 4
PI13K phosphatidylinositol 3-kinase
PR progesterone receptor
PRL prolactin
pSTAT phosphorylated STAT
PTP1B protein tyrosine phosphatase 1B
pY tyrosine-phosphorylation site
ROS reactive oxygen species
SHH Sonic Hedgehog
SIRT4 sirtuin 4
SOCS suppressors of cytokine signaling
SSh2 saikosaponin b2
STAP-2 signal-transducing adaptor protein 2
STAT signal transducer and activator of transcription
TAD transactivation domain
TAMS tumor-associated macrophages
T-DM1 trastuzumab-emtansine
TNBC triple-negative breast cancer
Trk Tropomyaosin receptor tyrosine kinases
VEGF vascular endothelial growth factor
Wwox WW domain-containing oxidoreductase
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Fig. 1. STAT structure.
The signal transducer and activator of transcription (STAT) family members are ~740-900

amino acids in length and maintain relatively conserved regions in their structures. Each
STAT protein contains these functionally conserved domains: 1) N-terminal domain (NTD)
capped with NH2, 2) coiled-coiled domain (CCD), 3) DNA-binding domain (DBD), 4)
linker domain (LD), 5) SRC homology 2 domain (SH2), 6) tyrosine phosphorylation site
(pY), and 7) C-terminal transactivation domain (TAD) containing COOH. STAT4 is the
shortest STAT protein (748), while STAT2 is the longest (851). Additionally, there is another
conserved phospho-serine residue in the TAD of STAT1, STAT3, STAT5a, STAT5b, and
STATS.

Semin Cancer Biol. Author manuscript; available in PMC 2023 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wong et al.

Page 51

Ligand-receptor Ligand-receptor
O complex complex O

Ligand
igan O Q OR O Ligand
Extracellular

—lp +— Space

Cytoplasm
Ligand

receptor
External Receptor
receptor

P
STAT P R— STAT

STAT
P

STAT ©

Ta
tran
sTat "
Nucleus
Fig. 2.

Canonical STAT pathway activation. STAT proteins are activated by a myriad of cytokines
or growth factors (i.e. ligands), which bind to extracellular domains on cell-surface
receptors (i.e. receptors) to form ligand-receptor complexes. The canonical IL-6/1L-6Ralpha/
STAT3 pathway (left), for example, involves the IL-6 cytokine (ligand) binding to

the IL-6Ralpha, which activates gp130 association with IL-6/IL-6Ralpha. Two trimeric
IL-6/IL-6Ralpha/STAT3 complexes interact, recruit JAKs, phosphorylate the intracellular
domains of gp130, activate STAT3 via phosphorylation, pSTAT3 dimers then translocate to
the nucleus where they modulate gene expression of downstream target genes. Additional
receptors, such as EGF or FGF receptors (right), retain intrinsic kinase activities and can
directly phosphorylate STAT proteins leading to STAT phosphorylation, dimerization, and
subsequent translocation to the nucleus. Though there are reports of alternative STAT
activation including methods where STAT proteins form dimers without phosphorylation,
this pathway describes the most common STAT pathway activation.

Semin Cancer Biol. Author manuscript; available in PMC 2023 November 01.



Page 52

Wong et al.

801W 8pnu
u1 s]192 89%-9IN-VAIN pue TEZ-AIN-VAIN 'S8

801w apnu ul syelbousx DGNL 40 yimolb

[22€] (897-9N-VAIN PUE TEZ-GIN-VAIN) J80UBD Isealg panqIyut 's|32 OGN L J0 sisoydode psanpui pue ABeydoine pue uonesajjold 1139 sHqIyu| ulpueyued €1Vv1S
Japow asnow yeBousx Isealq ul s|199 TEZ-9N Jopow asnow JedBousx ul Yol Jowny sigiyul ‘sjjad
[9s€] -VaIN ‘s1199 (TEZ-9N-VaIN) Jedued sealg OGN Ul 1s81Je 8]9AJ |32 SBINPUI pUB UOISeAUI pue ‘uoitelBiw ‘uorielaytjoid [182 sHgyu| uipueyUR) €1VIS
si9jareld
[sz€] s1199 (£-4DIN) 19oued Isealg 0] S|]99 199UBD 1SB3I] O UOISAYPE Pa)IGIYUl ‘S||8d 199URD ISeald Ul YImolh [199 sasealdaq uipueyIUR) €1VvIS
801w ul syesbousx TEZ-GN 90IW Ul syeiBouax Jowiny 1sealq uewny Jo ymmolb suqiyul
-WAIN ‘S]189 J189ued d1reasdued pue ‘1aourd Bunj |92 ‘sauah 1961e)-£ 11 S 40 UuoIssaldxa sassaiddns pue s|j22 Jowiny Jo UOISeAUl pue ‘uorelbiw
[v2€]  1rews-uou ‘syeysoud ‘(TEZ-GIN-VAIN) J90Ued Jsealg ‘yamolB sassaiddns ‘UoleAndE €1V1S pue €11 Sd $490]9 (990T T0Z-TES 40 Bojeuy 20T-T-d9 €1vIS
S|189 |e1jaLy10pus Uewny SIEN
[ez€] pue (2-4DIN pue T€Z-9IN-VYAN) Jaoued jseaig J139ued 1se8Iq Ul €1V.LS PUB 493 A J0 uoissaidxa Buissaiddns Aq sissuabolbue sassaiddng (qs) agd-sjopuisig €1VIS
901W D/g1vd Ul S]199 TLy SNoaueInagns ‘sjjad OAIA U] SISelselsW Bun| pue ‘awinjoA ‘yimolh
[z2€] (T€Z-aN-VAIN pPue ‘Tl ‘Z-4DIN) J9oued 1sealg JOWN} Saseadap S||99 J99URI 1Sealq JO UoISeAUl pue ‘uoliedBiw ‘uolelasijold syuqiyuj pIoe olulN1eg €1VvIS
s1189 (89v-9aN-VAW S|189 499U Isealq ui sisoydode saonpui
[12€] pue ‘T€Z-9N-VYAW ‘6STINNS) Jeoued 1sealg !S]199 Jaoued 15B3Iq JO UOISEAUl pue UolelBiw ‘uonelayljoid 1199 ‘e1v1Sd sassaiddng suajIxopazeg €1VvIS
S]189 J99UBD 1Sealq Ul £1Wv1Sd pue [enusiod sueiguuswl [eLIPUOYI0IIW S8SeaI09p
o€l S1199 (2-4DIN pue TEZ-GIN-VAIN) Jaoued 1sealg pue sasedsed sajeAlloe ‘s|ans] SOY pue sisoldode saonpul suoioe] auadiaiinbsas v auojoe|oIUR|Y €1VvIS
(ND3) auouenadiuoiou
-Z-01pAyYap-yT'e
—(AxojA1fanglAyraw
S]199 492U Jsealq ui sisoydode saonpul pue 21sd ‘z/TMved ‘1wl Sd sassaiddns -2)-oT —(AxojAou01010
[69¢] S[199 (TEZ-9IN-VYAIN) 190ued 1sealg (uolyewwe LUl 1311 0} PASN AUIDIPaW [euonipe.) ‘Soj4 deleyie4 wol)) plouadiaiinbsas v -s19-1Ay13-€)-92 €1VvIS
901W apnu Jo yuely ybu ul TeZ-g9N-VYAn syeiBouax asnow Ul azis pue Yol
[89¢] ‘s1199 (2-4DIN pue TEZ-GIN-VYAIN) Ja2ued 1sealg Jowin} Sasealdap ‘€ 1V.1S 40 uoireanae Buiaolq Aq sisoidode pue 1saise 81949 189 saanpu| ®9-1g9 €1VIS
SIERRIEN]
[29€] a1dinw pue (89-9IN-VAIN) 199ued Isealg S|189 432U 1SeaIq Ul €11 Sd sasealdaq 0/T €1VIS
syelBouax asnow ui s|j8d TEZ-AIN e1v.1Sd panqgiyur ybnoays yimolb downy passaiddns ADQ UoiSeAul
-WaW ‘si199 (WOT-42N) lerjayida Alewwew pue pue ‘uonelbiw ‘uoiresalljoid |99 199URD 1SeaIq Pasealdap 0} Buipes| ‘g 10 TV (ADQ)
[99¢] (897-9IN-VAN pue TEZ-9IN-VAIN) 190ued Isealg weansdn Bunoedwi Inoyim €1vw1Sd sgiyul ‘snbuny suLiew Woiy paALIap ‘ap1joJoe|N  ULIRJNAINI0IPAYSP-TT 0T €1VvIS
(1pow L INAD-ALININ
WwoJy siown) Alewwew snoauejuods WoJlj paALIap
auI| Jown) Arewiwew aulinw) TIBN'WYNJ :S]199 S|189 Jowin) Arewiwew uIo1gnIoXop
[ozT] (TIBN'VYNd puUe TEZ-9IN-VAIA) 189ued 1sealg auLnw Jo ymoih Jowny Arewwrew passalddns pue sj1ad aasod-T1V.1S paseaidad pue auiqetepn| T1VIS
s1189 (89v-aIN
[6eT]  -vaW pue T€Z-GN-VAW ‘L-4DIN) J90Ued Jseaig $139 J30UED IseRIq Ul UOISsadxd T71-Ad Pue ‘T1vLSd ‘T1VLS sessaiddns aulgelepn]4 TLVIS
[teT] S1199 (£-4DIN) Ja2ued i1sealg S|199 JaJued 1sealq Jo uoneiaijold |199 sassaiddng 9093 T1VIS
Jougiyui
k] 8dA 1 |pO lojpue Loued uolpung ure N onnede sy | /Bnig 1v1Ss

Author Manuscript

*J92UBD 1SB3IQ Ul SI0NGIYUI 11 S [edluljdsld

T alqeL

Author Manuscript Author Manuscript

Author Manuscript

Semin Cancer Biol. Author manuscript; available in PMC 2023 November 01.



Page 53

Wong et al.

Japow yeiBouax asnow apnu ul s|139 TEZ-9IN
-VAIN 's1189 (VOT-4DIN) [etjaynde Arewiew pue

o/iA U1 ynolb Jown) sassaiddns !s|[80

[t6€l (897-9IN-VAN pue TEZ-9IN-VAIN) 189ued isealg OGN J0 158418 31242 189 pue sisoldode saonpul pue uonesapljosd ‘€ 1v1Sd sessaiddns r apijoutjedng €1VIS
aolwW
S]199 JaAI| [ewou pue ‘(WOT4DIN) [eljaynda ur yimodb Jowny pajeniul DS Isealq sassalddns isjjad Jsoued Isealq ul sisoydode saanpul
[122] Arewwew [ewuou ‘(L-4DIAl ‘9.LINT) Jooued Jseaig pue saiaydsowwrew pue uorjesasijold s)gIyul ‘eus|ndsa eae|0lAUd JO 1001 WOol) PaALIsd V 9pISojuaINasy €1V1S
Japow Jowny YesBouax aidojoyno 921W U1 Usp.Nng
u1 TEZ-9N-VAW s]199 a1koodipe-aid pue SISeIselall Janl| pue Bunj pasealosp g ‘Yamoab Jowny uo J0ays 8Nl pey £T-1d ‘S|[89
[o6€] (897-9IN-QIN Pue TEZ-GIN-VAIN) J90UED Jsealg 130Ued Jsea1q Ul uoIssaldxs QO 1d Pue £1v1Sd Jo uolssaiddns eia uolesBiw siaiyuj €1-1La €1vIS
901W U1 syeJBouax Jowny ul /-4DIN Japow 1yeibousx (s1HQ)
[68€] 1199 (£-4DIN pue TEZ-GIN-VAIN) J90uBd JSealg  asnow Ul YimodB Jowny sHqiyul s|[ad J8oued 1sealq JO UoITewio) a1sydsowwew sasealdsq auoulysuejoIpAyIq €1VIS
921W apNU JO ueyy [eSIOP 901W 8pnu Jo
u1 s]192 TEZ-GN-VAIA 1199 (6¢5-19 pue 0z-19 SUeJS [eSI0P UI S[189 TEZ-GIN-VAIN J0 Yimodb sigiyul ‘sjjad Jadued 1seauq o uonetajijoid
[gse] ‘897-aIN-VAN ‘TEZ-GIN-VAIN) 192ued Jsealg 1189 pue suisjoud 1861e) weansumop-y-493 Jo uolssaldxs pue £1v] Sd sesesldsq urjenfaqg €1VIS
S]199 192UBD JSB3IQ U] UOI}81I3S pue (9€2)
[z8€]  sI199 (L 8.5-SH pue T€Z-GIN-VAIN) J8oued isealg  uoissaidxa 493 Bumqiyur Aq sissusBoifue psonpal ‘syniy Auew ur uiueAdoyjue ue ‘9gd ap1soon|B-g-uIpiueAD €1V1S
[ogg salsydsowwew pue ‘s|ja2 aaisod-yyQD ‘g4N 9293 UM UIWNnINd
‘2971 S1189 (L-4OWN pue TEZ-GIN-VAIN) J90ued Jsealg Uim uonoeIRul €1V1S ‘€1v1Sd paanpal (9093) ajeljeb uiyasyeoso]ebida pue uiunaind pue suofe uiwnaind €1vlS
S]192 J8oURD
[geg] S|199 (Lg-deag pue TEZ-9IN-VAIN) 199ued isealg 15€3.q JO 153.4B 9]9AD |89 pue sisoydode saanpul pue €11 Sd pue yimoih suqiyul (3nD) 3 u19eNqINdND €1VIS
S]182 J82UBD UOJ0D
pue ewouided Bunj Jaaued ajelsoud ‘ewouejsw
‘(89v-9IN-VAIN PUe ‘2-40IN ‘SSr-gIN-VAIN S]199 J8dued Jsealq ul sisoydode seanpul
[v8el ‘SEv-dN-VAIN ‘TEZ-GIN-VAIN) J90ued jsealg pue AHIgeIA 190 pue €11 Sd Ul 3sea103p pue UOIRAIIR €11 S SBAIINHISUOD JO UOgIYU] L-¥dD ‘T-vdD €1viS
|opow 1yeiBousx
asnowl T_L{ :S][89 BWOUIDJED J]UOJ0D PUE ‘BUWOUIIIED apIxolp-T
Jejnjgooieday ‘(WOT-4DN) [etjayids Arewiwew oA U €1Ww1Sd pue yimolb Jown) pasealosp ‘S|1ad Jaoued isealq ‘T auaydoiyi[glozuaq
[ese] ‘(TLy pue ‘2-4DIN ‘TEZ-GIN-VAIN) J80ued 1sealg 10 uonessusb SOY pue sisoydode paonpul pue uoiessyijoid 82 pue €11 Sd sesessdeq -ueWN0D €1V1S
sjown} ul €11 Sd paonpal yim ad1w Ul S||89 Jadued
15e2.q J0 yImouB Jowny sassaiddns ‘g 11 Sd palelpaw-9-T| sHAIyul ‘sjj8 [e1jaynda isealq
201w O/gTvg ul paroalur Alsnosueinogns JewJou Jou Ing ‘s|[99 Jadued Jsealq ul sisoydode saanpur g9 punodwo) s|jad Jadued Isealq
S1189 2-4DIN ‘1189 J3AI1| [ewuou pue ‘(WOT-4DIA) ur AiAnoe Buipuig-wNQ pue ‘uoiredosuesy Jeajonu ‘g 11 Sd passaiddns g9 punodwod
[z8¢] [e1faypida isealq [ewou ‘(L-4IN) J8oued 1seaiq 'SI0MQIYUI E1VLS SB SPLAAY (dLg-utwnaind) spixolp-T ‘T susydolyrfglozusg-uiwnainy 9 punodwod €1vIS
s|92 UoIjeZII3WIP PUe UOITeAIIJR (an-oaa)
[t8e]  190ued [€21AI9D pUE (891-GIN-VAIN) J9Ued sealg €1V.LS Paonpui-9-1 sHaIyut pue ‘AUAIIE THVL SAINHISUOD pue Paonpul-9-T1 sHaiyul 1183 1ABN-0aad €1vis
S]199 182U JSe3lq JO
[ose] $1199 (£-4OIN pue TEZ-GIN-VAIN) 19oued Jsearg  (uonendodans yo72AD/ysyyyAD PUE) UONEWLIOY d1aydsowwew pue uolesay|od snaiyuj |oydsIeD €1VIS
801W 8pNU U1 §][80 TEZ-FIN-VAIN 'S|[89 Jown TEZ-9IN-VAN Ynum 8d1uw
[626]  (89v-9N-VAIN PUe TEZ-GIN-VAIN) 190Ued 1sealg U1 9-711 WINJas SaseaId8p ‘saul| [[99 J8oUBD 1Sealq Ul SISONW pue uoijelajijold sasealdsq qlwiozjed c1V1S
Jopow asnow Yeibouax ui sisoydode saonpui (zoNd
90IW 8pNu Ul S|199 TEZ-GIN-VAIN J0 uonoalui pue ymoib Jowny sassaiddns ‘uoiseaul pue ‘uoijelBiw ‘uoiresajljoid |99 189URD 1Sealq -3dVvD) 48189 |Aylsuayd
[82€] SnoaueINAgNS ‘1139 (T€Z-GIN-VAIN) Jaoued 1sealg sassaIddns S4DIA pue ‘6dININ ‘ZdAIN ‘Pivd ‘€1v1Sd ‘4493d sasealoap ZONd-IdVD -04)1u-d pioe o1ayed €1VvIS
Jo)qiyu|
oy adAL D lojpue soued uonoung ure iy onrede ey L/Bnig 1vis

Author Manuscript

Author Manuscript Author Manuscript

Author Manuscript

Semin Cancer Biol. Author manuscript; available in PMC 2023 November 01.



Page 54

Wong et al.

301W Ul siown TEZ-9IN-YaN
{s]199 1se1qo.qiy Bun| uewny pue ‘salAaoreday
uewiny ‘ewojse|qollb ‘1aoued onealoued (£-4g-MS

s)yesBousx Jowny asnow
Ul 8WINJOA JOWNY Pasealdsp ‘S|189 Jaoued 1sealq Ul uoneibiw pue Anjigela 8o ‘Ananoe

[eor]  pue ‘eSy-9N-VAN ‘TEZ-GIN-VAIN) J80ued 1sealg asetayton| Juspuadap-g1v1S “Aianoe Buipuiq wNQ ‘uonejfioydsoyd £1v1S sHayul 211 €1V1S
S[199 S[E-PERIT|h]
[zor] (L-40WN pue 908TOOH ‘LE6TODH) J80ued Isealg 1se3.q U1 $OSOg pue ‘uoneibiw ‘uoressyijod sessaiddns pue g1 Sd saseasosp LHI (LHI) sutuoibuLLIeyOS] €1v1S
S1199 1sejqo.quy
pue ‘192ued 8913ealouRd ‘ewouR|aW ‘18dURd
aeisoud ‘(89y-gIN-VYAW Pue ‘€Sy-aIN-VAIN S]199 J99URI 1SBaI( Ul 1sale 9]9A9 |90 parowold pue sisoidode paonpul
[tov] ‘Sev-aN-VYaAW ‘TEZ-GIN-VAIN) Jaoued 1sealg {S]192 J90URD 1SB3IQ Ul UOITRAIOR €11 S SAIINIISUOD pue uonelayljoid |19 pasealdsqg G62 €SI €1Vv1S
S[199 DGN.L Ul sisoidode saonpui pue uoiseAul
S1199 (WOT4DIN) 1sealq [ewou pue (2-4DN pue uoneiBiw ‘uoneayijoid ‘€ 1v1 Sd sassaiddns {s)jad wwnT 'SA |82 OGN 1surebe
[osT1] pue ‘6v5-19 ‘TEZ-9IN-VAIN) 19oued i1sealg  AN91X0) pasealou] ‘sadAwoidans (woly parejost) Aq paonpoud sapidad 211949 aue sulAwe)| D uoAwey| €1VIS
S]199 J92URD 1sealq ui sisoydode sadnpul pue UoISeAul pue
[oow] 1199 (-4 pue T€Z-9IN-VYAIN) J92ued isealg uoneiBiw 199 ‘sauab 186ue) €11 S Weansumop ‘€1w1Ssd suqiyul (Uuiwnaind jo Hojeuy) ulwinaInaoulzelpAH €1VIS
OAIA ur SiyeIBOUSX BULINW J13JURD 1SBaI] Ul BWNJOA J0Wn) S3dnpal
801w Ul syesBouax Jown TEZ-9IN 9TY0DCH :S|199 Jaoued isealq ui sisoydode sajowoud pue uoissalboid 81942 [132 suqiyul
[66¢] “YAN ‘s1199 (TEZ-AIN-VAIN) Jeoued 1sealg  9TH0OrH (apiwezusgAxoipAy-z—(1A-9-usydoiyrlg]ozusg-9 Y T-H T-0X0IP-T'T)-N-010]yd-G) 9T¥0OCH €1v1S
Jopow asnow yeifousx
Ul S]199 TEZ-9IN-VYAIN :S]182 Jadued d1ealoued |apow asnow JesBouax DGN.L Ul yimodh Jowny siqiyui ‘sj189 DgN.L
[s6¢] pue (T€Z-aIN-VAIN pue L-4DN) J8oued Jsealg Ul sisoldode paonpul pue AiAnoe Japodal 8selayion| palelpaw-g 1S pue €1v1Sd sugiyul €2T0OCH €1v1S
S]199 Jadued S]199 Jadued 1sealq
[26€] oneasoued pue (TeZ-GIN-VAIN) J9dued Jsealg i sisojdode saonpul pue AjigelA 139 ‘AuAnoe feuonduosues €1v1S ‘€1v.LSd sassaiddng 0E0A-09 €1v1S
[96€] S[199 (ESY-GIN-VAIN) 190ued 1sealg uonelaijold 199 Jaoued Isealq sassaiddns ulaisiuas) onnadesayioifyd uIgIsIugD €1VvIS
S|199
[s6€] S[199 (TEZ-9IN-VYAIN) 190ued 1sealg  Jadued Isealq Jo sisoldode saonpul pue uoiseaul sassaiddns pue €1v1Sd ‘zyvrd sasealdsq \/ pIoe dllapoues €1VIS
90IW apnu u1 uoreiue|dwi
snoaueINagns (Palels 1ou aul| |19 19eXa) S|18d
AN ‘81139 (VOT-40IN) [el1oynda Arewwew OAIA U 81190 DENLL J0 pmoiB Jown suqiyul 1/ T-9S ‘sisoidode
pue (eSy-9IN-VAN ‘€-d49-MS ‘AL ‘2-40N pue 1sa11e 81942 [180 $80NPUI TZLT-OS 'S]192 DGN.L Ul uofelajjold pue ANjigelA |182 TZLT-9S pue '60.T-9S
[v6el ‘89%-9IN-VAIN ‘0Z-19 ‘67G-19) J80ued 1sealg ssauddns pue €1v15d 001q (TZZT-9S PUe 60.T-9S) sanfiojeue om} pue suojoele||aiies ‘auooe(e||aleD €1VvIS
301W D/97Vv4g 40 d4IN Ul S][89 TLY ‘SI199 (T Ly pue OAIA U] SISeIseIaW pue ‘sisauabolbue ‘Yimolh Jowny DGNL paydLIua
[e6e] '675-19 '18/GSH ‘TEZ-AN-VAIN) Jeoued 1sealg  -0SO4 sassauddns !s|j9d OGNLL ut sisoidode seonput pue Aijigela |89 pue £1v15d snaiyuj ajozepuaqgnid €1vliS
syesbouax asnow TEZ-GIN syeiBousx asnow Ul UOIeZIIBINISeA pue YImoih
-WYAW ‘S]189 Asupy d1uoAigquia uewiny pue ‘4aoued Jowny sassalddns g 17114 S]199 J8oued 1sealq Jo sisordode saonpul {s]1ad 1aoued 1seaiq Jo
oneasoued ‘(BSTINNS Pue ‘€Sy-dIN-YAW ‘89-aN uoiseAut pue ‘Anfigela 182 ‘Anianoe Buipuig-wNQ ‘€1v.LSd sareinBaiumop ‘urewop ZHS
[s92] VAW ‘€-d9-YS 'T€C-AN-VAIN) Jeoued jsealg  €1V.LS PUe gV pulg 03 paubisap :(211awiny Ul punoduiod urew) uiunaing Wwolj paaLeq 2€T1114/1€71114 €1V1S
S[189 elaH
pue ‘ewojaAw ajdinnw ‘4189ued uojod ‘(6STINNS S|189 J32UB) 1Se3Uq Ul AJIANDR £-asedsed Sasealoul
[e6€] pue ‘TeZ-9IN-VAN ‘L-4OIA) 130ueD Isealg  pue ‘AHIgeIA |]90 Sasea1osp ‘g 1v.LSd paonpul-9-1 pue €1v.1Sd sHalyul (|OH-8uajIxofed)  (JOH-dusyIxo[eY) BlsIng €1V1S
Jonqiyu|
‘P 8dA L |pD lojpue Loued uotuny ure annede ey | /Bnig 1vIS

Author Manuscript

Author Manuscript Author Manuscript

Author Manuscript

Semin Cancer Biol. Author manuscript; available in PMC 2023 November 01.



Page 55

Wong et al.

s1192 Asupiy o1uoAiquis pue ‘(YOT4OIN)
[erjaynda Arewwrew ‘48oued bun| ‘(eSy-gN-YAW

S[199 190UBD 1SB3I( JO UOISeAUl puR UoieiBiw
sossalddns (6NN PUB ‘'TANDD ‘5OH19 1127109) seusb 1obel €1v1S Jo uoissaidxe
sessalddns pue Bulpulg-¥YNQ €1V.LS ‘€1V1S-G0.A-d JO UONRINWNOJE Jesjonu ‘€ 1v.LSd

[6T¥] pue ‘1€2-9IN-VAIN ‘897-AIN-VAIN) J80ued 1seaiq SHQIYUI ‘UOIIBIO|SURI} Je3|anu 10} painbal si YIIYM ‘UoiezUBWIP €1V1S-E1V.LS sidnisig LS/T-1ES €1Vv1S
s|199 J92ued 3reIsold

pue ‘ewouejaw ‘ewoise|qollb ‘(TL1y pue ‘alyL S||99 J92URd Isealq Jo sisoldode paonpul pue ‘uoieayljoid pue

[stv] ‘L-40N ‘897-AIN-VAIN ‘€4GMS) Jooued Isealg  uolssaldxa auab e} €11 S sessaiddns (80-dd4) JoHaIyul di108ds-€ 1L S Jue 80-dd! €1V1S
S|199 1se|qoiqiy S|199 199U Isealq Ul sisoydode saonpui pue
(217 asnow pue ‘1aoued ajelsold ‘Jsoued oneasoued  uoissalfold 91942 1189 ‘uonesayljold 189 ‘(€1v.1Sd) UoieAdR €11 S SAIINIISUOD Buqiyul

‘9Ty]  ‘(89%-9IN-VAIN Pue TEZ-GIN-VAIN) Jeoued 1sealg  Agaiay) ‘A11A10R aseuy aUISLI0A) 1S $301g (auaqiIsAX0IpAyLI-G* 7'E-Suel) BXe ‘STY exe) (S3Y) |01eI9ASDY €1VvIS
901W U1 S99 Bal | Sasealoap pue S|189 J92Ued 1Sealq JO UoISeAul

[sT¥] s[199 (OgN.L) Jeoued isealg pue uolleJajijoid sasealdsp ‘siown] asnoW pue S||ad Jaduerd I1sealq Ul €11 Sd sasealdaq aulweyBWIIAd €1VvIS
01W (484 pu02as) B21W 8pnu Ul uonelayijoid Jowny yesBousx Jowny 1sealq uewny g9y-giN
487 apnu ui syeafiousx Jowny 1sesiq uewny goy-aiN -VdIN 21d010yLI0 SHAIYUT JuBWIIeal ] (431 1s11) S[190 89p-dIN-YAWW Ul uote|Aloydsoyd

‘€TY] “VAIN ‘1139 (891-9IN-VAIN) J90ued jsealg T98IAL 10 PV J0U Ing ‘€ 11 Sd BAINHISUOD $400]q Bnupoud answiwopndadoydsoyd 9¢/-Nd €1vlS
s|199 sisoydode saonpui pue ‘uoirewlo} Auojod ‘uonesaijold

[zTy] (eSv-9N-VYAN pue TeZ-9IN-VAIN) Jaoued isealg 1189 Jaoued 1sealq sassalddns ‘gMvrd pue €11 Sd sasealosp ‘plojeje jednjeu e ‘1d (1d) auiwnbuopiadid €1VIS
$1192 (908TOOH pue ‘897-aiN s|190

[o9z] VAN ‘TEZ-9N-VAWN ‘675-19) 19oued isealg DgNL ul sisoydode saseasoul pue uoiseaul pue uonelbiw sassaiddns ‘g 11 Sd sasealdaq apizowid €1VvIS

s1199 (YOT4OW) [etjauynda Arewiwrew pue (89v-gIN

-VAW pue TeZ-aIN-VAIN ‘L8.SSH ‘€4aMS SII®d

[t11] ‘T9e-aN-VYAW ‘alvL ‘Z-4DN) Jeoued sealg 29N ui sisoydode paonpui pue uoissaldxa auab pare|nbal-g w1 S pue £1v1Sd sasealnaq 9 aulpiseldld €1VvIS
anssi} oneIseIaW
Bunj ur pue poo|q esayduiad ui s|[80 1 + 8AD pasealoul ‘saselselsw Bun| snosuejuods
901 Ul S]189 T SN0aUBINIgNS ‘S[]82 pasealdsp INg ‘s||99 TLy paroalul AjsnoaueInagns Jo Ymolh Jowny uo 10818 ou pey ‘s|jad

[oT¥] (2-42IN pue ‘T€Z-9N-VAIN ‘TLp) J92ued 1sealg 132U 1Sealq Jo sisoidode saonpul pue uoiseAul pue uoreBiw ‘uonelsyrjold sassaiddng uluabiieur|01oad €1VIS
ONIA U] S]190
901W /g1 Ul S|[99 T1¥ 'SI192 T 40 yimouh Jowny passasddns sjja2 Jaoues isealq Jo sisoydode saonpui pue uoiseAul pue

[60v] (TLy pue ‘Z-40IN ‘T€EZ-GIN-VAIN) Jooued isealg  uoneiBIW ‘AIGeIA |30 S8SB8109p ‘GdINIAI PUE ZdIAIIN JO UoIssaidxa pue €1v1Sd seonpay apIZexoInyIN €1v1S
S|]89 199URd 1Seaiq Ul £1Ww1Sd pue 9-7| paseslosp

[sov] S1199 (Z-4DIN pue 89%-gIN-VAIA) Jaoued 1sealg ‘S[199 Jaoued 1sealq ui sisoldode saonpul pue uoiseAul pue ‘uolresBiw ‘uoielayijoid sygiyug 3PIWESO|IIN €1VIS
AInnoe 6 pue g asedsed

[20¥] S[199 (TEZ-9IN-VAIN) 190ued 1sealg $9sRa.IOUI ‘S]]89 Jaoued Isealq Jo sisoydode seonpul pue AljIgeIA |99 ‘€11 Sd sasealdaq utuaburieN €1VvIS

[oov] s1189 (2-4DIN) 190ued Isealg S|189 J32UBD 1SB3I( JO SSaUUIRIS pue ‘AlljIgeIA [199 ‘€11 Sd saseasoad (809199) uiseangedeN €1VIS
201W 201 Ul slown) TEZ-GIN-VYAIN JO Ymolb s)giyul ‘s|jad 1aoued 1seaiq Jo UOISeAul
apnu Jo Mueys Ul pajoalul Aisnoaueinogns TZ-9IN pue uoneiBiw ‘AlAnoe pue uoissaidxa 6dININ ‘S1v1Sd sessaiddns ‘|oiresansal oLswWLY JO

[sov] VAW s|199 (T€C-GIN-VAIN) 19oued Jsealg  aARALIap B ‘(TLYATT) duo-|oiypexo-[g T] ozuag-H §-01pAyIp-2 ‘g-ourwnjAdoud-g-1Ayiaw-9 TLHAT €1VIS
901W /g Ul |9pow ashow ONIA UI S|199 TV
d4IN Ul T1 ‘s1199 (TLy pue ‘6%S-19 ‘6STINNS 10 ymoub Jowny sessaiddns ‘Sjjad Jaourd Isealq W JeullwnT 1ou ‘s|jad DGN.L ul sisoydode

[vov] ‘TEZ-9N-VAWN ‘897-IN-VAIN) Jaoued 1sealg  $aanpul pue uolelbiw pue AljigeIA |19 sassaiddns (sjjad 1aoued isealq ul £1v1Sd suqiyuj AVNE €1VIS

Jougiyui
Py adA1 |pD lojpue woued uo1uNS ue N annedepy 1/6niq 1v1S

Author Manuscript

Author Manuscript Author Manuscript

Author Manuscript

Semin Cancer Biol. Author manuscript; available in PMC 2023 November 01.



Page 56

Wong et al.

[9zy] s1192 (89v-GIN-VQAIN) J30ued Jseaig $|129 J30ued 3seR.q Ul £1v1Sd pue Bupulg Jejowoid £1VLS panagIyul 6TT0-X1S €1vIS
utewop ZHS
s|189 z9daH pue (SSev-aIN €1V.LS 8y 01 Joydasas ogTdb sy woiy paaLiap apndad Buiureluos-suisoiAloydsoyd e jo
[ssel -VAN pue T€Z-AIN-VAIN) Jeoued jsearg  Buipuig Bungiyur Aq [0s0Ao ul €1v1S surelay (T apixolp-1'T-auaydoiyy[g]ozusg-o.u-9) RIS €1VIS
s1189 1s81q0IqY
UD{S UBWINY pUe ‘BWOUIAIED UBLIBAO UBWNY Buireubis €1v1S
‘(Z-40I pue ‘89p-aIN-VYAW ‘€S-aIN-VAN BAIINIISUOD YN ]33 J8OUED 1SEDIQ JO [BAIAINS SHQIYUI ‘ANANOR 8SeIaj1an| Juspuadap
[szy] 'SGEP-AIN-VAIN ‘TEZ-AIN-VAIN) 180ued 1sealq -€1VLS pue ‘uolrezuawip ‘Anande Bulpulg VNG €1VLS sHaIyul TZ-V.LS (698829# OSN) T¢-V1S €1vliS
s|199
1SB|0Jq Iy 8SNOW [ewJou pue ‘1adued Bunj 189 |jews
-uou ‘139ued areisold ‘1soued oneasoued (2-4DIN s1goued adinw u1 uonoduny feuonduidsuel) pue ‘Auanoe pue Buipulq NG
[rzv] ‘SEp-aIN-VAIN ‘TEZ-QIN-VAIN) J80ued 1seaiq ‘€1V1Sd BAIINHISUOD $300]q ‘UTBLIOP ZHS €1V.LS U} JO JONGIYUI BAIIBI3S pue Jus)od 1dS €1Vv1S
201w Ul (4aoued 1sealq
S||99 eWOUR[BW pue  Buipnjour) s1aoued ajdiyNwW WoJ) saseIsels urelq pasealdsap ul Bunjnsal se1A0041se aA1oRal
[g9z] (znig-TEZ-9IN-VYAIN) J9oued Isealq oidon-utelg  ul Buljeubis €1W.1S $%90]q ‘Spass aISIy} X|IW WOy S}IeAIXd PIOUOAR|S Wol) apelA ‘(j1sebaT) €1VIS
syeibouax syelbouax
asnow Ui s]199 TEZ-9IN-YAW :s1192 (VOT-40) asnow ul yimouh sowny 3sealq sugiyul ‘sisoydode 189 19oued 1sBAIQ SBINPUI (S]|89 J8dued
le1jayyida 1sealq Jowni-uou pue (89y-aIN-van 1se8Iq Ul uoissaldxa auab 1ab1e) Juanbasgns pue ‘AlAnde Buipulg WNQ ‘Uoiedojsuel)
[ezv] pue TEZ-GIN-VAN ‘Z-4DIN) J30ueD Isealg 1E8J9NU ‘UOIBANOE E1V1S SAINMINSUOD SHAIYUI (3AITEALISD UIUOMIYS B) /8T-aNING /8T-9INNd €1VIS
oA Ul
201W dIWAYe sauab 196Je)-€ 11 S JO UOISSaIdxa pasealoap pue S|jad Jadued 1sealq 40 yamolb passaiddns
Yuely Yo ot parasful 1180 TEZ-AIN-VAIN 'S|139 (Alrenpiaiput) spunodwod yiog ‘ANAIOE €1V1S SAIINMISUOD HGIYXS S][39 U} Uaym
1S8]q0.q1y 3SNoW [ew.ou pue ‘ayeisold ‘orealoued JU81Xa 191ealh 03 uonelaijold [192 Jaoued Isealq passalddns ‘AliAnoe Buipuig wNQ pue
[6sel ‘(L4OIN puE TEC-GIN-VAIN) J3oued Jsealg  UONBANIE €1V1S Naiyut senojeue (¥S—HS) PIoe d10zuaq pue (L0-GHS) P19e d1Wex0IpAH ¥S—¥HS 'L0-GHS €1VIS
$]199 J89Ue) [BJINIBD
pue “49oued ajeisold ‘(sed-w0T4DIN) ausboouo auaboouo sel-H Aq pawLiojsuel) s1a9 Jeljayds Arewwrew Jo
[zzv] sel-H Ag pawiiojsuesy s|[39 [erjaynds Arewwey ABeydolne ssonpul ‘SNajoNu ay3 0jul UOIBIO|SUBI} PUE UOIRZIIBWIP E1VLS SHAIYul 87HS 8VHS €1VIS
$1199 (295-X pue ¢ov.-139) $1139 J90UED JsEaIq
[Ter] JUelSISal-XOd pue (Z-4DIAl) 19oued 1sealg Ul £1v1Sd pasealoap s]99 190ued Jsealq ul uolssaidxe uisjoud pue wNYw db-4 suqiyug V ULIpuesIyos €1VIS
S]199 Jaoued
[6v2] S1189 (T€Z-9N-VYAWN Pue /-4DIN) Jaoued isealg 1sea1q Jo sisoydode sasealoul pue 11 Sd sasealdap aAleAlap wnuie|d JuafeAelial unejdelres €1VIS
801W U1 A1191X0) A8upIy pue JaAI| OU 0} paliwi| ‘uolyelBiw pue uolelasijold 189 Jsdued
[oze] S1199 (£-4DIN) Jedued Jsealg  1seauq sassalddns (GdININ PUe ‘ZdININ ‘dSWA ‘€LvLSd sasealdsp (zqss) zg utuodesoxies  (¢dss) ¢g utuodesores €1V1IS
slown)
1se8IQ UBWINY Ysaly Ul €11 Sd sasealdap pue s|j18d THATV Pue vaD sasealdsp ‘sisoidode
sa|dwes Jown} Isealq  Pasealoul ‘s||ad Jadued Isealq ul uonejndodgns molyzad/ubiuyyad pue £1v1Sd seseaidsp
[ozv] uewny :s|199 (TS1eD pue 2-4JIAl) Jaoued isealg pue ‘AuAnoe asedsed pue sisoidode saonpui ‘siuobejue uisiold g-109g annoe-ued Xe|20INqes €1VIS
OMIA U SJOWNY ISBalq Uewny
10 yimouB sugiyur pue (UIAIAINS pue ‘[X-]og ‘Ta Ulj9Ad) sauah pare|nbal-glels Jo uoissaidxa
301W Ul syelbouax Jowny 1sealq TeZ-9N-VYAN sHqiyui ‘S99 Jowny ul Ajjenuaisyaid sisoydode saonpul pue yimoib sugiyul ‘swipowoy
{S]199 (24S-A/ELE HIN) Jayio pue (89t-9N-VYAIN BI30E1VLS 8yl JO a1nonuls [eIsAI0 Ael-x ayl wiouy panLiap spndad auisosfioydsoyd
[osz]  pue 'Ser-GN-VAIN ‘TEZ-GIN-VAN) J80ued Jsealg €1V.LS 03 spulq ‘ANAnde €1VLS 40 Jongiyut 8qoad eatwayd (6581 .# OSN) T0Z-1€S €1VIS
Jonqiyuj
Py adA1 |pD lojpue woued uo1uNS ue N annedepy 1/6niq 1v1S

Author Manuscript

Author Manuscript Author Manuscript

Author Manuscript

PMC 2023 November 01.

in

available

Semin Cancer Biol. Author manuscript



Page 57

Wong et al.

Jopow asnow 21dojoyIo Ul S|[39 T1

19pOLU 3SNOW 132UB) 1Se81q T .11 91d0I0Y1IO0 JO SISeISEIaW JaAl| pue yimolB Jowny

[ese] ‘s]199 abeydo.ioew asnow pue (T 1) Jaoued 1sealg sassalddns ‘sabeydoioew asnow Jo uorenualaylp abeydosdew g pue 91v1Sd sugiyug 661.TSTSV 91VIS
[gze Jopow asnow Yeibouax snoauenagns ul Yymoih Jowny

‘zze] s1189 (2-4DIN) 190ued Isealg $3SLaI0ap ‘BG1V1S 40 uoissaiddns ayy ybnoayl sj189 JUeISISaI-XOQ SIARISUSS apIzowld apizowid ©G1VIS
S|199 199U 1Sealq Ul uoneayjoid

[yTel s1189 (@Ly1) 490ued Jsealg pue G 11 Sd s3s83103p 40NQIYUI G1VLS Punoduiod suizespAy Aounodiu aipndaduoN 7-1€-98658¢ SVO S1v1S
ymoaB Jowny 3sealq sassaiddns Juswyeals S|jad J1aoued 1sealq

ul sisoydode saonpui pue uoissaldxa auab 196.1e1-€ 1\/1'S pue UOIeAIIdESURI) PIsEaldap Ul G1VIS

S]199 1SB|q0IqLy asnow Bunnsals AuAnoe Bulpulg WYNQ pue uoljedojsuel) jesjonu Jesjonu €11 Sd sassaiddns pue

[6zv] pue 49ued Bun| (89r-8IN-VAIN) J30ued Isealg ‘0€1d6 pue Y493 0} BuIpUIg G1VLS PUE EL1VLS PaIRINWINS-9-T] 40 -493 $H00|9 unsIuoBYIM €LVIS

SOY JO S|aA9] pasealaul 0} 1depe 0} S1vIS

S||99 J22URD 0} [e1IUSSSA aJe YdIyMm Jo Uiog ‘Hodwi aunsAd pue (Dx) walsAs Jeuodiue pue

[gzv] 1199 (AZyL pue TEZ-GIN-VAIN) Jaoued 1sealg auelquiaw ewseld 1199 DGN.L Sasealoap ‘uonelaijoid [1ad 1ourd Isealq passaiddng ¥S—v-HS €1VIS
S|199 199URD ISB3Iq Ul Uolle|nwinaoe
S[199 492uR2 21jeasoued pue (2-4DN Jeajonu pue €11 Sd paonpul-9-| sHgiyul ‘s|ja9 Jaaued isealq ui sisoxdode ssonpuil pue

[22v] pue 6STINNS ‘TEZ-GIN-VAIN) 190ued Isealg uonelfiw pue uorew.Ioy Auojod ‘sauab 1a6ue) Weansumop £1VIS ‘€1v1Ssd sasealdaqg G-HZX €1VvIS
S|199 211BISEIBW Urelq Ul Uolssaldxa 493 A pue ‘uoissaldxa
[zoz 901W U1 SaseIseIaW urelq ¥gTEZ-dIN-VAN ‘S]199 GIAIN ‘Uonelasijoid saonpal {|apoLl 3SNOW JeIpJRIRIIUL Ul SBSBISEISW Ulelq 180U 1Sealq

‘79¢] (dgvLy-19 pue YATEZ-GIN-VAIN) J90URD Jsealg  S3SERIBP !S||90 Jadued Jsealq Ul €11 Sd sasealodp 990TdM (0679V O 3Injon.ls payyipoLy) 990TdM €1Vv1S

Jougiyui
ol ] 8dA L |pD lojpue Loued uoipung ure N annede ey | /Bnig 1v1Ss

Author Manuscript

Author Manuscript Author Manuscript

Author Manuscript

Semin Cancer Biol. Author manuscript; available in PMC 2023 November 01.



	Abstract
	Introduction
	Methods
	Breast cancer, BCSCs, and transcription factors
	Breast cancer
	The discovery of cancer stem cells (CSCs) and BCSCs
	Transcription factors and breast cancer

	STAT family of transcription factors
	STAT transcription factors and structure
	Canonical STAT functions

	STAT proteins in breast cancer
	STAT1
	STAT2
	STAT3
	STAT4
	STAT5
	STAT6

	Clinical trials targeting STAT family members in breast cancer
	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Table 1

