
Volume 23 Number xxx Month 2021 pp. 1167–1178 1167 

STAT3 as a mediator of oncogenic 

cellular metabolism: Pathogenic and 

therapeutic implications 

Isidora Toši ́c 

a , b , c ; David A. Frank 

a , b , ∗

a Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, MA, USA 
b Harvard Medical School, Boston, MA, USA 
c Department of Biochemistry, Faculty of Medicine, University of Novi Sad, Novi Sad, Serbia 

Abstract 

The oncogenic transcription factor signal transducer and activator of transcription 3 (STAT3) is activated constitutively in a wide 
array of human cancers. It is an appealing molecular target for novel therapy as it directly regulates expression of genes involved in 

cell proliferation, survival, angiogenesis, chemoresistance and immune responsiveness. In addition to these well-established oncogenic 
roles, STAT3 has also been found to mediate a wide array of functions in modulating cellular behavior. The transcriptional function 

of STAT3 is canonically regulated through tyrosine phosphorylation. However, STAT3 phosphorylated at a single serine residue can 

allow incorporation of this protein into the inner mitochondrial membrane to support oxidative phosphorylation (OXPHOS) and 

maximize the utility of glucose sources. Conflictingly, its canonical transcriptional activity suppresses OXPHOS and favors aerobic 
glycolysis to promote oncogenic behavior. Apart from mediating the energy metabolism and controversial effects on ATP production, 
STAT3 signaling modulates lipid metabolism of cancer cells. By mediating fatty acid synthesis and beta oxidation, STAT3 promotes 
employment of available resources and supports survival in the conditions of metabolic stress. Thus, the functions of STAT3 extend 

beyond regulation of oncogenic genes expression to pleiotropic effects on a spectrum of essential cellular processes. In this review, 
we dissect the current knowledge on activity and mechanisms of STAT3 involvement in transcriptional regulation, mitochondrial 
function, energy production and lipid metabolism of malignant cells, and its implications to cancer pathogenesis and therapy. 
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Transcription factors (TF) exquisitely regulate expression of genes, 
epresenting crucial mediators in defining fundamental cellular behavior and 
dentity. Impairment of TF function can thus result in various pathological
henotypes, and has been recognized as an important mediator in malignant
ransformation and progression ( 1 ). The most evident and direct relation
etween transcription factors and cancer development comes from TFs 
hat regulate genes involved in proliferation, invasion, immune response 
ransforming growth factor beta; TNF α, tumor necrosis factor alpha; VEGF, vascular 
ndothelial growth factor. 
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and self-renewal, as the hallmarks of malignant behavior. Additionally,
due to insufficient vascularization, hypoxic environment and nutrient
deficiency, cancer cells commonly employ compensatory mechanisms to
achieve continued proliferation under metabolic stress ( 2 ). Thus, tumors are
generally characterized by altered metabolism and utilization of glucose and
lipids to satisfy their distinct energy needs and provide building blocks for
rapid cell division ( 3 , 4 ). 

The crucial interplay between metabolic and transcriptional cellular
regulation has recently been recognized ( 5 , 6 ). For certain metabolic enzymes,
such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH) ( 7 ) and
fructose-bisphosphatase 1 (FBP1) ( 8 ), it is becoming clear that they not
only regulate metabolism through their enzymatic function, but they can
also serve as co-regulators of transcription factors on chromatin with clear
roles in cancer development. Conversely, a number of TFs known to affect
cell survival and proliferation through transcriptional mechanisms have also
been found to utilize non-transcriptional mechanisms to shape the metabolic
architecture of neoplastic cells. For some TFs, subcellular localization is not
restricted to shuttling between cytoplasm and nucleus, but they are found to
be present in mitochondria to directly modulate energy metabolism. These
include TFs such as nuclear factor kappa B (NF κB), tumor protein 53 (p53),
cAMP response element-binding protein (CREB) and myocyte enhancer
factor 2D (MEF2D) ( 9-12 ). 

One of the transcription factors that displays both transcriptional and
direct metabolic regulation, and which has been shown to play a critical
role in tumorigenesis, is signal transducer and activator of transcription
3 (STAT3) ( 13 ). Increasing evidence suggests that STAT3 plays a direct
role in modulating the biology of cancer cells, through its involvement in
energy metabolism, and metabolism of glucose and lipids ( 13-16 ). While
the transcriptional regulation of cancer-promoting genes by STAT3 has been
well established, a better understanding of its influence on the metabolic
milieu of malignant cells may provide the basis for the development of novel
therapeutic strategies. 

The STAT3 signaling pathway 

The STAT family of proteins consists of seven related transcription factors
termed STAT1 to STAT6, including the closely related STAT5A and STAT5B
( 17 ). Under basal conditions in normal cells, STAT3 resides in the cytoplasm
in a latent state and can become transcriptionally active in response to external
signals. These include cytokines such as IL-6, IL-10, IL-23, IL-21, IL-11,
oncostatin M (OSM), leukemia inhibitory factor (LIF), ciliary neurotrophic
factor (CNTF) as well as growth factors such as epidermal growth factor
(EGF), platelet-derived growth factor (PDGF) and others ( 6 , 18 , 19 ). Upon
binding to their cognate cell surface receptor, these receptors oligomerize,
thereby bringing their associated tyrosine kinases into close proximity
to initiate their transphosphorylation and activation of kinase activity.
In particular, cytokine receptors associate with the Janus kinases (JAK),
JAK1, JAK2, JAK3, and TYK2 ( 20 ). These JAKs then phosphorylate the
intracellular domain of receptors, forming a docking site for the SH2 domains
of cytoplasmic STAT3. Following STAT3 recruitment, JAKs phosphorylate
STAT3 on tyrosine 705 (Y705). In addition to membrane receptor kinases,
non-receptor cytoplasmic kinases that signal through STATs include ABL
and Src-related kinases. These can be activated in a variety of cancers, such
as chronic myeloid leukemia (CML) characterized by the BCR-ABL fusion
( 19 , 21 ). STAT3 Y705 phosphorylation further initiates conformational
changes and SH2 domain-dependent formation of an activated homodimer
or STAT1-STAT3 heterodimer. This activating dimerization reveals a nuclear
localization signal that facilitates its translocation to the nucleus and binding
to the nine base pair sequence TTCN 3 GAA in the promoter of target genes
to modulate their transcription ( 22 ). Given its role in essential cellular events,
STAT3 function is tightly regulated by endogenous inhibitors including
suppressors of cytokine signaling (SOCS), protein tyrosine phosphatases
PTPs) and protein inhibitors of activated STATs (PIAS) ( 18 ). As STATs
re downstream of multiple kinases and cytokine receptors, they lay at the 
onvergence point of various signaling pathways and can integrate signals 
rom a variety of internal and external cellular stimuli ( 19 , 23 ). 

Genes whose transcription is regulated by STAT3 include key mediators 
f cell cycle progression and promoters of oncogenic cell behavior. Such 
ro-tumorigenic genes include regulators of cell survival and suppressors of 
poptosis, such as B-cell lymphoma (BCL)-2, BCL-6, BCL-xL, myeloid cell 
eukemia (MCL)-1, survivin (a member of the inhibitor of apoptosis (IAP) 
amily); regulators of proliferation such as MYC and cyclin D1; promoters 
f migration and metastasis including matrix metalloproteinases (MMPs); 
ediators of angiogenesis such as vascular endothelial growth factor (VEGF); 

ro-inflammatory cytokines such as IL-6 and immunosuppressive cytokines 
ncluding IL-10 ( 18 , 22 , 24 ). These genes are general STAT3 transcriptional
argets, as they show responsiveness to STAT3 activity across multiple cell 
ypes (reviewed in 25). 

The transcriptional effects of STAT3 vary among tissue types, 
uggesting that cell-type specific interactions with other proteins, such as 
ther transcription factors and transcriptional co-regulators, modulate the 
otency and biological outcome of STAT3 activity ( 21 , 26 ). Chromatin

mmunoprecipitation followed by DNA sequencing (ChIP-seq) has been 
sed to identify cell-type specific genomic binding sites of activated STAT3. 
hese analyses have confirmed near universal STAT3 binding to the 
romoters of SOCS3, BCL3, JUNB and STAT3 itself in a spectrum of 
ell types ( 27-32 ). They also revealed cell type-specific binding patterns, 
nderlining the importance of the specific genetic and biological context. 
ctivated STAT3 was associated with inflammatory gene signature expression 
atterns in Src-transformed MCF-10A mammary epithelial cells ( 29 ), 
h17 polarization in naïve CD4 + cells ( 30 ), anti-inflammatory phenotype 
evelopment in macrophages ( 31 ), and pluripotency markers in ESCs ( 32 ).
ased on these findings, Hutchins et al ( 33 , 34 ) proposed two distinct modes
f STAT3 target DNA-binding. The first represents universal, evolutionary 
onserved STAT3 DNA-binding sites comprising a set of 35 regions that 
ediate STAT3 auto-regulation and cell growth. The second binding mode 

s cell-type specific, mediating a diverse spectrum of functions depending on 
he cellular context. 

he role of STAT3 in tumorigenesis 

As noted, STAT3 regulates the expression of genes important for essential 
ellular processes including survival, proliferation, self-renewal, angiogenesis, 
nd immune response ( 35 ). Given this, it is not surprising that constitutive
TAT3 activation is a sufficient factor to cause malignant transformation 
nd tumor development in model systems ( 36 , 37 ). While the activation of
TAT3 is tightly controlled in a physiological setting, constitutive activation 
f this transcription factor has been reported to occur in more than 70%
f all human malignancies and is associated with poor clinical prognosis 
 21 ). Aberrant STAT3 activity has been detected in most hematological 
alignancies, including acute myeloid leukemia (AML), multiple myeloma, 

on-Hodgkin lymphoma, and chronic lymphocytic leukemia (CLL), as well 
s solid tumors of the lung, breast, ovary, cervix, prostate, bladder, kidney, 
olon, liver, stomach, head and neck, and others ( 38-43 ). Constitutive 
TAT3 activation can occur as a result of an activating mutation, most 
requently found in the SH2 domain. However, much more common 
s constitutive phosphorylation of wildtype STAT3, driven by pathogenic 

echanisms including paracrine or autocrine cytokine stimulation; hyper- 
ctivation of JAKs due to genetic or epigenetic alterations or overexpression; 
r, by downregulation of physiological inhibitors of STAT3 ( 18 , 21 ). In
ddition, therapeutic inhibition of several pathways in “oncogene addicted”
umors result in feedback activation of STAT3, as seen in non-small lung 
ancers with EGFR or KRAS activating mutation, ALK- and MET-addicted 
euroblastomas, and HER2-driven breast cancer cells. In turn, activated 
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STAT3 prevents apoptosis by promoting survival and chemoresistance
patterns in tumor cells, and dual inhibition of these targets along with STAT3
has shown promise in inducing cancer apoptosis in preclinical models ( 44 ). 

In conjunction with its tumor cell-intrinsic oncogenic roles, STAT3
is commonly overactivated in tumor-infiltrating immune cells, thereby
affecting the tumor microenvironment in a dual manner ( 45 ). In tumors,
STAT3 promotes tumor-promoting pro-inflammatory pathways, through
both transcriptional upregulation of cytokines such as IL-6 ( 25 ), as well as
by cooperating with other inflammatory mediators such as NF κB ( 46 , 47 ).
In infiltrating immune cells, STAT3 induces strong immunosuppression,
leading to an immune tolerant state and immune evasion of cancer cells ( 48 ).
Such immunosuppressive effects of STAT3 transcriptional activity has been
shown to impair both innate and adaptive immunity, reducing the functional
activity of dendritic cells, neutrophils, natural killer cells, and T effector cells
( 49-51 ), while promoting differentiation of naïve T cells to T regulatory cells
by upregulating FOXP3 expression ( 47 ). Another important aspect of STAT3
relates to its regulatory role in metabolism of energy, glucose, and lipids,
which support cancer progression under conditions of metabolic stress. Thus,
STAT3 acts as a pleiotropic protein, exerting both transcriptional and non-
transcriptional functions in shaping cellular identity and behavior. 

Posttranslational modifications of STAT3 

In addition to canonical tyrosine phosphorylation, other posttranslational
modification of cytoplasmic STAT3 include phosphorylation at serine
727, acetylation (at Lys685) ( 52 ), methylation (at Lys180) ( 53 ), S-
glutathionylation (at Cys328 and Cys542) ( 54 ), ubiquitination ( 55 ), and
SUMOylation (at Lys451) ( 56 ). Each of these diverse modifications
modulate some part of the STAT3 activation process, including dimerization,
nuclear translocation, nuclear retention and DNA binding ability, resulting
in reduced or enhanced transcriptional activity. Although all of these
modifications have been reported to mediate effects on STAT3 activity,
current evidence supports the greatest role for serine phosphorylation,
along with tyrosine phosphorylation, as contributing the most to STAT3
pathological cellular phenotypes. This likely reflects both transcriptional and
non-transcriptional effects of serine-phosphorylated STAT3. 

STAT3 serine phosphorylation 

The potential importance of STAT3 phosphorylation on a serine residue
within the C-terminal domain was recognized soon after the identification
of the protein itself, however its function was less clear than that of pY-
STAT3. So-called proline-directed serine/threonine kinases that are able
to phosphorylate serine residues found in the P-M-S-P motif in which
Ser727 is found include MAP kinases (including ERK ( 57 ), p38 ( 58 )
and JNK ( 59 )), mTOR ( 60 ), cyclin-dependent kinase (CDK) 1, protein
kinase C δ (PKC δ) ( 61 ) and TANK-binding kinase 1 (TBK1) ( 62 ). The
interconnection with these crucial players in carcinogenesis underlies the
importance of STAT3 as a convergence node for multiple oncogenic signaling
pathways. A quarter of a century ago it was reported that STAT3 (as well
as STAT1) require serine phosphorylation in addition to classical tyrosine
phosphorylation to achieve the maximal transcriptional effect ( 63 ), although
this finding may not be universally true. More recent evidence indicated
that serine phosphorylation of STAT3 is an independent tumor driving
posttranslational modification of this TF, capable of facilitating pathological
growth, proliferation and invasiveness of several tumor types independently
of tyrosine phosphorylation. Accordingly, constitutive pS-STAT3 levels were
found to be major oncogenic factors in a number of malignancies, including
glioma, melanoma, hematological malignancies, breast and prostate cancers
( 64-69 ). 

It has also become clear that serine phosphorylation may modulate
the effects of other STAT family members. For example, STAT5,
hich is frequently activated in hematologic malignancies, is frequently 
hosphorylated at two C-terminal serine residues (Ser725 and Ser779) in
uman myeloid malignancies ( 70 ). In fact, serine phosphorylation was shown
o be required for STAT5 nuclear translocation and consequent oncogenic
otential in these tumors, as mice with substitution of alanine at either Ser725
r Ser779 showed impeded leukemogenesis ( 70 , 71 ). Analogously, interferon
IFN) gamma-induced transcriptional activity of STAT1 was shown to be
educed by 80% when Ser727 is mutated, indicating the importance of serine
hosphorylation in diverse STAT family members ( 63 ). 

ranscriptional activity of pS-STAT3 

In certain cancer systems, pS-STAT3 was shown capable of driving
ncogenesis independently of the canonical pY-STAT3, due to the ability
o autonomously promote STAT3 transcriptional activity ( 68 , 72-74 ) . In a
elanoma model, IFN β-induced serine phosphorylation was essential for 

TAT3 translocation to the nucleus, which was abrogated by S727 mutation
 75 ). Serine phosphorylation of STAT3 may have direct pathogenic effects
n at least some human cancers. For example, it has been reported that
he malignant lymphocytes in all samples tested from patients with chronic
ymphocytic leukemia (CLL) display constitutive pS-STAT3, whereas 
hosphorylation at Y705 occurred in a cytokine-inducible manner ( 76 ). This
tudy further showed nuclear localization and direct DNA-binding capacity 
f the pS-STAT3, while pY-STAT3 levels did not affect DNA binding ability
f STAT3 in the tested CLL cells. On the other hand, in solid tumors such
s gastric cancer, pS-STAT3 was shown not to directly bind to DNA, nor to
romote the DNA-binding affinity of STAT3. Instead, pS-STAT3 facilitated 
he transcriptional elongation of STAT3 target genes by RNA polymerase
Pol) II, without affecting Pol II recruitment and transcription initiation
 77 ). These findings might be explained by the cooperation of pS-STAT3
ith other coregulatory proteins. Accordingly, rapid immunoprecipitation 
ass spectrometry of endogenous proteins (RIME) coupled with a CRISPR-

ased gene editing screen revealed the chromatin and transcription regulating
roteins pontin and enhancer of rudimentary homolog (ERH) to form
uclear complexes with pS-STAT3. Reducing expression of these genes 
arkedly reduced the expression of a STAT3 target gene SOCS3, whereas

OCS1 expression remained unaltered, indicating conserved STAT1 activity. 
Additionally, it is plausible that pS-STAT3 contributes to transcriptional 

otency of nuclear STAT3 through interaction with other transcriptional 
egulators, including other members of the STAT family ( 78 ). Considering its
mportance for transcriptional efficacy, it was not surprising that abrogation 
f STAT3 serine phosphorylation markedly reduced tumor formation and 
ecreased disease severity in mice with gastric tumors ( 77 ) and certain
ematological malignancies ( 79 , 80 ). On the contrary, JNK1/2-mediated
timulation of S727 phosphorylation with reciprocal reduction of pY-STAT3 
evels, suppressed cell survival and proliferation of oral cancer cells in a
ose dependent manner ( 81 ). Overall, it seems that pS-STAT3 driven
alignancies occur less commonly than ones initiated and facilitated by

he canonically active pY-STAT3. Interestingly, cooperation between the two 
osttranslational modifications of this oncogenic transcription factor proved 

mportant for orchestrating metastatic dissemination of lung cancer cells to
one marrow. While LIFR-mediated pS-STAT3 led dissemination and early 
igration ability of the lung cancer cells, IL6/pY-STAT3 signaling prevailed

n the later metastatic phase, promoting proliferation and tumor initiation at
he secondary site while attenuating motility of the metastatic cells ( 82 ). 

itochondrial function of pS-STAT3 

The role of STAT3, particularly pS-STAT3, extends beyond its nuclear
unction to the mitochondria, where it can exert significant effects on cellular
nergy metabolism and physiology ( Fig. 1 ). The first indication of pS-STAT3
ffects in mitochondria came from the observation that a subunit of electron
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Fig. 1. Canonical and non-canonical pathway effects of STAT3 on energy metabolism. 
Canonical STAT3 signaling is activated by its tyrosine phosphorylation, which enables STAT3 to regulate transcription of its target genes. In addition to 
regulating genes controlling proliferation, survival and self-renewal, STAT3 both directly and indirectly regulates the expression of genes important for energy 
metabolism. Consequently, canonical STAT3 transcriptional activation favors glycolysis over oxidative phosphorylation as the cellular mechanism of ATP 

production. Non-canonical STAT3 function occurs via STAT3 phosphorylation at Ser727. Serine phosphorylated STAT3 can regulate the transcription of 
target genes. In addition, pS-STAT3 can be transported into the inner mitochondrial membrane where it enhances the activity of ETC complexes, stimulating 
OXPHOS and increased ATP production. 
ATP, adenosine triphosphate; CDK1, cyclin-dependent kinase 1; ETC, electron transport chain; GLUT1, glucose transporter 1; GRIM-19, gene associated 
with retinoid-IFN-induced mortality; HIF1 α, hypoxia inducible factor 1 α; LDHA, lactate dehydrogenase; OXPHOS, oxidative phosphorylation; PKC δ, 
protein kinase C δ; STAT3, signal transducer and activator of transcription 3; TBK1, TANK-binding kinase 1. 
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transport chain (ETC) complex I, gene associated with retinoid-IFN-induced
mortality (GRIM) 19, directly binds to STAT3 ( 83 ) and is likely responsible
for its transport into mitochondria ( 84 ). This interaction is specific to STAT3,
as GRIM-19 did not co-precipitate in cellular lysates with other family
members, such as STAT1, STAT2 or STAT5. Inside the mitochondria,
GRIM-19 integrates STAT3 into ETC complex I, where STAT3 associates
with the inner mitochondrial membrane and is oriented towards the matrix
( 84 ). Besides direct incorporation into complex I, mitochondrial STAT3
enhances the activity of complexes I, II and ATP synthase (complex V)
( 85 ). Conversely, STAT3 functional inhibition ( 85 , 86 ), genetic deficiency
( 86 ) or serine mutation ( 84 ) attenuate their functional activities without
affecting other ETC components, including Complexes III and IV. Of
note, the STAT3-GRIM-19 interaction also reduces transcriptional effects
of STAT3, possibly due to impairment of nuclear translocation and favoring
mitochondrial localization ( 83 ). 

Contrary to the classical Warburg effect, mitochondrial STAT3 stimulates
oxidative phosphorylation (OXPHOS) and respiration through the ETC
( 14 , 15 ). This results in increased production of ATP, providing additional
energy needed for rapid oncogenic growth and cell division ( 85 , 87 ).
Consequently, STAT3 mutation of Ser727 to alanine significantly reduced
the activity of ETC and suppressed tumor growth in breast cancer-bearing
mice ( 88 ). In addition, STAT3 activity may modulate Ras-dependent
oncogenic transformation in divergent manners depending on the cellular
ontext and subcellular localization of activated STAT3. Mitochondrial pS- 
TAT3 strongly supports Ras-mediated oncogenic transformation in mouse 
mbryonic fibroblasts, breast, renal and myeloproliferative neoplasms, in 
hich nuclear STAT3 was shown to be redundant for this process ( 80 , 89 ).
hile STAT3 −/ − cells with activated Ras showed survival dependency 

n high glucose media, reconstitution of STAT3 reversed this sensitivity, 
resumably due to the ability to provide sufficient ATP from restricted glucose 
esources ( 85 ). Mutational studies confirmed that mitochondrial STAT3 
s responsible for this effect, as reconstitution of STAT3 with 727 with a
erine to alanine substitution failed to rescue the survival in glucose deprived 
onditions, while mutations at Y705, the SH2 domain, or the DNA-binding 
ite did not affect the cellular glucose dependence of Ras-transformed cells 
 85 ). 

However, Ras-transformation and STAT3 signaling are found to be 
utually exclusive in pancreatic cancers, in which KRAS mutation occurs at a 

0% frequency ( 90 ). Analyses of primary human pancreatic adenocarcinomas 
nd pancreatic cancer cellular systems showed that the LIF receptor is 
ignificantly downregulated in cancers with mutated KRAS, and this 
ownregulation of LIFR was necessary for KRAS-mediated neoplastic 
ransformation. Inhibition of the LIFR/pY-STAT3 axis led to upregulation 
f GLUT1 expression, resulting in increased levels of both glycolysis and 
XPHOS. Thus, in addition to tumor promoting effects, STAT3 signaling 
ay display tumor suppressing activity in certain cancer systems depending 
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on the genetic background of neoplastic cells. In addition to supporting
energy provision, it is plausible that mitochondrial STAT3 improves cell
survival and apoptosis resistance by suppressing mitochondrial permeability
transition pore (MPTP) opening and consequent cytochrome c release. While
this effect has been described in cardiomyocytes, it needs to be further
investigated in cancer models ( 91 , 92 ). 

Effects of nuclear STAT3 on ATP production 

In contrast to the mitochondrial effects on ATP production, STAT3
transcriptional activity in the nucleus has been shown to promote
aerobic glycolysis to enhance energy production and proliferation of breast
cancer cells ( 87 ). Consistent with this finding, inhibition of STAT3
tyrosine phosphorylation decreased glycolysis and lactate production, and
consequently induced death of prostate and breast cancer cell lines
( 87 ). This glycolysis-promoting effect originates as a consequence of
STAT3 transcriptional output, including positive regulation of HIF1 α
and MYC ( 93 ) expression, the two major promoters of the Warburg
effect ( 94 ). MYC is well known for its transcriptional regulation
of glycolytic enzymes, including glucose-6-phosphate isomerase (GPI),
phosphofructokinase (PFK), GAPDH, phosphoglycerate kinase (PGK 1),
and phosphopyruvate hydratase ( 95 ). In addition, MYC activity supports
cellular glucose import through transcriptional upregulation of GLUT1 ( 96 ),
but also increases metabolic flux from pyruvate to lactate via induction
of lactate dehydrogenase A (LDHA) expression ( 97 ). Similar to MYC,
HIF1 α transcriptionally regulates the expression of numerous genes involved
in glycolysis in hypoxic and also normoxic setting ( 98 , 99 ). In addition
to STAT3-mediated HIF1 α expression, STAT3 binds to the promoters
of HIF1 α target genes, contributing to formation of a transcriptional
complex that supports HIF α target genes expression ( 100 ). Thus, in
contrast to mitochondrial pS-STAT3, transcriptionally active pY-STAT3
favors glycolysis over the more efficient ATP production via OXPHOS. 

Lipids in tumorigenesis 

The crosstalk between lipid metabolism and tumorigenesis became
intriguingly evident in the last decades, and can be observed through
both paracrine signaling between adipose tissue and cancer cells, as well
as intracellular alterations of cancer cells’ metabolic profile ( 4 ). Adipose
tissue surrounding the tumor can influence its growth through secretion of
adipokines, cytokines, hormones and growth factors ( 101 ). This adipocyte-
tumor communication is particularly important in cancer types in which a
significant portion of tumor environment comprises adipose tissue, such as
in breast cancers ( 4 ). An intriguing implication of such an interplay comes
from a clear link between obesity and cancer development ( 102 ). As estimated
by the American Cancer Society, approximately 20% of all malignancies
are associated with obesity ( 103 ), and more strikingly, one study reported
that cancer-related death could be prevented in 14% of men and 20% of
women if normal weight was maintained ( 104 ). The microenvironment of
adipose tissue in obese people displays several similarities with the tumor
microenvironment, such as a chronic low degree of inflammation and
increased release of reactive oxidative species ( 101 ). 

Additionally, adipose tissue functions as an endocrine organ, producing
elevated levels of tumor-promoting hormones, growth factors and cytokines
in obese people, such as leptin, estrogen, TNF α, VEGF, TGF β and several
members of interleukin family including IL-1 β, IL-6, IL-8 and IL-17 ( 4 ,
105 ). As a response, different transcription factors, including STAT3 and
NF κB, are continually activated, promoting oncogenic behavior ( 102 ). For
instance, leptin, which circulates in elevated levels in obese people, has dual
effects on STAT3 signaling. In addition to binding to its receptor (OBR)
on the plasma membrane, which can itself mediate downstream signaling
through STAT3 ( 106 ), leptin can bind to the IL-6 receptor glycoprotein
30 (GP130), initiating a cascade of events that lead to STAT3 Y705
hosphorylation ( 107 , 108 ). It is suggested that continuous leptin stimulation
nduces the STAT3-mediated expression of its major endogenous inhibitor 
nd target gene SOCS3, which further decreases leptin-induced signal 
ransduction and finally facilitates leptin resistance ( 109 ). 

Furthermore, adipocyte-derived IL-6, which can trigger STAT3-mediated 
umor promoting properties, was reported in a number of malignancies
ncluding multiple myeloma ( 110 ), hepatic ( 111 ), prostate ( 112 ) and breast
ancer ( 113-115 ). A high-fat diet can induce STAT3 Y705 phosphorylation
nd prostate tumor progression in mice ( 116 ). Conversely, treatment of
iet-induced obese and atherosclerotic rabbits with the JAK inhibitor 
uxolitinib (which decreases STAT3 phosphorylation), significantly reduced 
he plasma levels of total cholesterol, triacylglycerol (TAG) and low-density
ipoprotein cholesterol (LDL-C) and increased high-density lipoprotein 
holesterol (HDL-C) levels ( 117 ). These findings indicate a potential
eedback loop between IL-6-induced STAT3 signaling and lipid metabolism. 
inally, STAT3 was shown to be an important factor in differentiation of
readipocytes into adipocytes and a promotor of mitotic clonal expansion
nd lipid accumulation in adipocytes ( 118 ), as well as fatty acid uptake in
ancer cells ( 119 ). 

ipid metabolism of malignant cells and the role 

f STAT3 

In addition to being influenced by adipose tissue through paracrine and
ndocrine mechanisms, cancer cells themselves change their intracellular 
ipid metabolism to maximize the utility of available resources. Interestingly,
TAT3 may play a number of roles in this process ( Fig. 2 ). Under stressful
onditions of limited nutrient supply, malignant cells may employ lipids as
 valuable alternative source of energy, membrane building units to support
apid cellular division and proliferation, buffers to resist excessive oxidative
tress, and substrates to produce lipid-based hormones to promote their
athological growth ( 105 , 120 ). Endogenous lipids have been implicated in
ellular events such as proliferation, differentiation, inflammation, autophagy, 
poptosis, and membrane modeling ( 105 ). Thus, alterations in expression
f proteins regulating lipid synthesis, catabolism, and storage have been
xtensively described in malignant cells ( 115 , 121 ). For instance, HER2/neu
verexpression in breast cancers is commonly accompanied by amplification 
f the peroxisome proliferator-activated receptor gamma (PPAR γ ) binding 
rotein (PBP) gene, possibly due to the co-localization of these genes on
hromosome 17q12–21 ( 122 ). Interestingly, the STAT3 gene is also located
n close proximity to these genetic loci, at chromosome 17q 21.2. Both PBP
verexpression and STAT3 activity stimulate PPAR γ transcriptional activity, 
hich is one of the major regulators of lipid metabolism and a necessary
ediator of adipogenesis and adipocyte differentiation ( 121 , 123 , 124 ). 

Additionally, both fatty acid synthesis (mediated by fatty acid synthase
FASN)) and beta oxidation (FAO) are commonly upregulated in malignant 
ells ( 125 , 126 ). FASN-mediated de novo fatty acid synthesis and anabolic-
riven proliferation, survival and migration can be triggered by upstream
ignaling pathways, such as HER/neu overexpression, and activation of 
I3K/AKT/mTOR and MAPK ( 4 , 127 ). Importantly, STAT3 activity was
hown to upregulate FASN expression ( 128 , 129 ). This relationship might
old therapeutic potential, as FASN inhibition reversed previously acquired 
esistance to trastuzumab in HER2 positive breast cancers ( 130 , 131 ). In
ddition, FA catabolism through FAO stimulates tumor growth by providing
TP to support cellular needs under the conditions of metabolic stress
ssociated with glucose deprivation ( 132 ). Leptin, IL-6, or STAT3 activation
hrough other means induces the expression of carnitine palmitoyltransferase 
B (CPT1B), a rate limiting enzyme in fatty acid oxidation ( 125 , 133 ). This
athway is crucial for self-renewal of breast cancer stem cells (BCSCs) and
romotes their chemoresistance. FAO results in production of NADH and
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Fig. 2. STAT3 transcriptionally regulates lipid metabolism in malignant cells. 
Adipose tissue can produce elevated levels of tumor-promoting hormones, growth factors and cytokines, some of which can directly initiate STAT3 tyrosine 
phosphorylation. Activated STAT3 can further regulate cellular lipid metabolism through transcriptional regulation of genes involved in this process. Alteration 
of these metabolic pathways supports proliferation and survival of malignant cells. The development of novel STAT3 inhibitors may be beneficial for both 
suppressing the transcription of oncogenic genes as well as blocking abnormal lipid metabolism. 
CPT1B, carnitine palmitoyltransferase 1B; ETC, electron transport chain; FA, fatty acid; FAO, fatty acid oxidation; FASN, fatty acid synthase; GP130, 
glycoprotein 130; IL, interleukin; SREBP1, sterol regulatory element-binding protein 1; STAT3, signal transducer and activator of transcription 3; TCA, 
tricarboxylic acid cycle; TGF β, transforming growth factor beta; TNF α, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor. 
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FADH2 which can both reduce oxidative stress and enhance ATP production
by the electron transport system ( 134 ). 

Another product of FAO is acetyl-CoA, which may be utilized for energy
production through the Krebs cycle, or fatty acid synthesis and protein
acetylation, all of which may promote tumor growth ( 125 ). Consistent with
this relationship, acetyl-CoA supplementation partially reversed the effects of
silencing STAT3 on proliferation and survival of BCSCs ( 125 ). Additionally,
enhanced FAO is important for the development of chemoresistance in
various malignant systems, including AML and breast, lung, and gastric
cancers, and abrogating this pathway blocks aberrant growth of cancer cells
and re-sensitizes them to chemotherapy ( 125 , 135-137 )). 

Another potential approach to therapeutically exploit STAT3-mediated
lipid characteristics is to use it as a basis for distinguishing between cancer and
normal cells, whose STAT3 activity is generally low. STAT3 activation and
consequent malignant transformation of mammary epithelial cells results in
a significant decline of cellular N-acyl taurine and arachidonic acid content
( 138 ). Since both of these molecules are important for plasma membrane
modeling, it was considered whether this property can be therapeutically
exploited by novel nanoparticle drug delivery systems. Nanoparticles whose
urface layer was composed with poly-L-glutamic acid showed preferential 
ellular binding to cells characterized by abnormal STAT3 activity, and 
ytotoxic agents delivered via these particles selectively induced greater 
poptosis in such cells. 

In addition to effects on cell survival and proliferation, a recent 
eport indicated the importance of lipid architecture on the metastatic 
redisposition of cancer cells. By creating a metastatic map of over 500 
ell lines, this study found that cancer cells with high metastatic potential 
how significantly greater cellular content of cholesterol, phosphatidylcholine 
PC), and sphingomyelin (SM), while having lower triacylglycerol levels 
 139 ). Interestingly, this was similar to trends identified independently in 
ellular TAG and SM levels following STAT3 activation in breast cancer cells
 138 ). Jin et al. additionally found that several metabolic regulators strongly
nfluenced the potential of breast cancer cells to form brain metastases, 
ncluding the key mediator of FA and TAG synthesis, sterol regulatory 
lement-binding protein 1 (SREBP1), the FA transporter CD36, and FA- 
inding protein FABP6 ( 139 ). Intriguingly, STAT3 activity was found to 
orrelate with the mRNA expressions of SREBP1 and CD36 in different 
ellular and animal models. High glucose-induced SREBP1 expression 
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Table 1 

STAT3 inhibitors in clinical trials. 

Compound Mechanism of action Indication Phase 

Clinical trial 

identifier 

Inhibitors of STAT3 activation 

Tocilizumab Anti-IL6 mAb Solid (breast, lung, ovarian, pancreatic, 

prostate, liver etc.) and hematological 

malignancies (lymphomas, AML, ALL) 

2 & 3 66 clinical trials 

Atovaquone GP130 inhibitor NSCLC 1 NCT04648033 

NSCLC 1 NCT02628080 

AML 1 NCT03568994 

Ruxolitinib / 

INCB018424 

JAK1/2 inhibitor Head and neck cancer 2 NCT03153982 

TNBC 2 NCT02876302 

AML, ALL, CML, MDS 2 NCT00674479 

SAR302503 / 

TG101348 

JAK2 inhibitor Hematopoietic malignancies 2 NCT01420783 

Pacritinib JAK2 inhibitor AML 2 NCT02532010 

WP1066 JAK2 inhibitor Recurrent glioma or metastatic melanoma in 

the brain 

1 NCT01904123 

Pediatric progressive and refractory brain 

tumor 

1 NCT04334863 

OPB-31121 JAK2 inhibitor Advanced solid tumors 1 NCT00955812 

AZD1480 JAK2 inhibitor Solid tumors 1 NCT01112397 

Icaritin IL-6/JAK inhibitor HCC 2 NCT01972672 

Imx-110 NF-kB/Stat3/ 

pan-kinase inhibitor 

Advanced solid tumors 1 & 2 NCT03382340 

Direct binding small molecule STAT3 inhibitors 

Napabucasin / 

BBI608 

Phosphorylation 

inhibitor 

NSCLC 3 NCT02826161 

Metastatic Colorectal Cancer 3 NCT03522649 

Metastatic Pancreatic Ductal 

Adenocarcinoma 

3 NCT02993731 

Colorectal metastatic cancer 2 NCT03647839 

OPB-51602 Phosphorylation 

inhibitor 

Advanced solid tumors 2 NCT01423903 

Nasopharyngeal Carcinoma 1 NCT02058017 

OPB-111077 Phosphorylation 

inhibitor 

Solid tumors 1 NCT01711034 

Disulfiram Phosphorylation 

inhibitor 

Refractory solid tumors and metastatic 

pancreatic cancer 

1 NCT02671890 

WP1220 Phosphorylation 

inhibitor 

Cutaneous T-cell lymphoma 1 NCT04702503 

TTI-101 /C188-9 Phosphorylation 

inhibitor 

Advanced tumors (breast, HNC, NSCLC, 

HCC, colorectal, gastric, melanoma) 

1 NCT03195699 

Oligonucleotide inhibitors 

IONIS-STAT3Rx / 

Danvatirsen 

STAT3 Antisense 

Oligonucleotide 

Advanced and refractory pancreatic, NSCLC, 

and colorectal cancer 

2 NCT02983578 

DLBCL, Lymphoma 1 & 2 NCT01563302 

AZD9150 STAT3 Antisense 

Oligonucleotide 

Malignant ascites in ovarian and 

gastrointestinal cancers 

2 NCT02417753 

NHL, DLBCL 1 NCT03527147 

Advanced solid tumors 1 NCT03421353 

STAT3 decoy STAT3 decoy Head and neck cancer 1 NCT00696176 

CpG-STAT3 siRNA 

CAS3/SS3 

STAT3 siRNA silencer Relapsed/Refractory B-cell NHL 1 NCT04995536 

Indirect STAT3 inhibitors 

Pyrimethamine STAT3 transcriptional 

activity inhibitor 

CLL/Small Lymphocytic Lymphoma 1 & 2 NCT01066663 

SC-43 SHP-1-mediated 

inhibitor of STAT3 

phosphorylation 

NSCLC and Biliary Tract Cancer 1 & 2 NCT04733521 

Bazedoxifene ER modulator, GP130 

inhibitor 

Pancreatic Cancer N/A NCT04812808 

ALL, acute lymphocytic leukemia; AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; CML, chronic myeloid leukemia; DLBCL, 

diffuse large B cell lymphoma; ER, estrogen receptor; HCC, hepatocellular carcinoma; HNC, head and neck cancer; N/A, non-applicable; NHL, 

non-Hodgkin lymphoma; NSCLC, non-small cell lung carcinoma; MDS, myelodysplastic syndrome; TNBC, triple-negative breast cancer. 
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displays dependency on STAT3 tyrosine phosphorylation ( 140 ), and this is
strongly attenuated by STAT3 silencing ( 141 ). Similarly, overexpression of a
constitutively active form of STAT3 significantly elevated CD36 expression
( 142 ) and JAK2/STAT3 signaling was required for IL13-induced CD36
expression ( 143 ). These data suggest that the metastatic potential of STAT3-
driven malignancies may partially be explained by its pleiotropic effects
on lipid metabolism, although further studies are needed to dissect the
mechanistic aspects of these intriguing correlations. 

Clinical development of STAT3 inhibitors 

Given the evidence for a major role of STAT3 in cancer cell growth,
and metabolic and immune regulation, there has been a growing interest in
targeting this pathway therapeutically. Currently, 23 novel STAT3-directed
therapies are being investigated in clinical trials ( Table 1 ). A number of these
treatments are directed towards upstream mediators of STAT3 activation,
such as blocking antibodies to IL-6 or its receptor, and small molecule JAK
kinase inhibitors. The most advanced stage JAK targeting cancer therapy is
ruxolitinib, which is FDA approved for polycythemia vera and myelofibrosis,
and has been tested for the treatment of pancreatic, colorectal, and triple-
negative breast cancer ( 144 ). While these upstream-targeted therapies hold
therapeutic potential, the effectiveness of this approach is often limited by
the absence of a single driver cytokine or kinase in human cancers, and the
development of resistance by kinase mutations or other upstream events that
bypass the inhibition through collateral signaling pathways ( 26 ). 

Direct binding STAT3 inhibitors have been challenging to design due
to structural similarities with other STAT family members and the steric
limitations of the relatively flat interacting surfaces of transcription factors
( 145 ). However, a number of compounds have been successfully generated
and have advanced to clinical investigations. For some of these molecules,
such as for OPB-51602 and OPB-111077, it has been shown that their anti-
cancer effect depends on the mitochondrial STAT3-mediated modulation
of oxidative phosphorylation ( 146 , 147 ). The other strategies most likely
at least partially achieve their effectiveness through metabolic modulation,
however, their specific effects are still largely unknown. Many STAT3-targeted
molecules are designed to interact with the STAT3 SH2 domain, thereby
blocking both STAT3 phosphorylation and its activating dimerization. Given
the structural and binding similarities of many SH2 domains, it can be
challenging to achieve specificity with this approach. 

Napabucasin ( 148 ), is being studied in phase 3 trials for the treatment
of metastatic pancreatic and colorectal cancer. Preclinical data indicated
potent efficacy of this molecule in reducing glioma proliferation and spheroid
formation in a STAT3-mediated manner ( 149 ). These therapeutic effects
were further enhanced when this drug was administered together with
gemcitabine and nab-paclitaxel in the clinical setting, perhaps reflecting the
effect of STAT3 inhibition on decreasing expression of pro-survival proteins.
This combination therapy achieved disease control in over 90% of patients
with metastatic pancreatic carcinoma ( 150 ), encouraging further clinical
studies. 

An alternate approach is to identify drugs that specifically inhibit STAT3-
dependent gene expression, though may do so by indirect means. One
example is pyrimethamine, an FDA approved anti-parasitic drug that blocks
STAT3 transcriptional activity, and shows anti-cancer effects in a number of
systems ( 41 , 151 ). Of note, pyrimethamine seems to enhance the anti-cancer
immune response. Given the role of STAT3 in mediating immune resistance
of tumor cells and an immunosuppressive microenvironment, this effect of a
STAT3 inhibitor is not unexpected. This finding also raises the possibility that
combinations of STAT3 inhibitors with immune-mediated therapies, such as
immune checkpoint inhibitors or engineered T cells or NK cells, may show
synergistic benefit. 

While most of the STAT3 inhibitors moving ahead with clinical
development are small organic molecules, larger molecular approaches
re being used as well. For example, heterobifunctional molecules to 
nduce the targeted degradation of STAT3, such as PROTACs, are 
nder development. In addition, nucleic acid-based approaches, such as, 
ntisense oligonucleotides, decoy oligonucleotides, and RNA interference- 
ased silencers of STAT3 mRNA expression are all under active development. 
hile all of these approaches hold promise, the clinical benefit of these 

trategies remain to be demonstrated. 

onclusion 

The oncogenic transcription factor STAT3 is aberrantly activated in a 
arge proportion of human malignancies, driving the persistent expression 
f its target genes that underlie cancer initiation and progression. Cancers 
ith hyperactivated STAT3 generally display a poor prognosis ( 24 ), thus 
TAT3-directed pharmacological approaches represent an appealing strategy 
n cancer therapy. In addition to mediating the hallmarks of tumorigenic 
ellular behavior, STAT3 activity leads to a number of metabolic alterations, 
endering cancer cells resistant to the metabolic stress associated with a lack 
f nutrients and oxygen. The elevated production of ATP to support rapid 
rowth and proliferation is strongly regulated by STAT3 activation, with dual 
nd opposing roles mediated by its two key posttranslational modifications, 
er-727 and Tyr-705 phosphorylation. Aberrant growth of malignant cells is 
learly supported by pathological adaptation of lipid metabolism, and cancers 
ith high metastatic potential display a discrete lipid fingerprint. While 

cting as an important mediator of lipolysis, beta oxidation, and membrane 
ipid raft modeling, activated STAT3 promotes neoplastic development and 
rogression ( 125 , 152-154 ). Therefore, STAT3 represents a key regulator of
oth transcriptional and metabolic identity of the cell, and the development 
f specific inhibitors of this pleiotropic oncogenic transcription factor holds 
reat promise for the treatment of STAT3-driven malignancies. 
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