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FOXA1 (Forkhead Box A1) and FOXA2 (Forkhead Box A2) serve as pioneering transcription factors that build gene expression
capacity and play a central role in biological processes, including organogenesis and differentiation, glycolipid metabolism,
proliferation, migration and invasion, and drug resistance. Notably, FOXA1 and FOXA2 may exert antagonistic, synergistic, or
complementary effects in the aforementioned biological processes. This article focuses on the molecular mechanisms and clinical
relevance of FOXA1 and FOXA2 in steroid hormone-induced malignancies and highlights potential strategies for targeting FOXA1
and FOXA2 for cancer therapy. Furthermore, the article describes the prospect of targeting upstream regulators of FOXA1/FOXA2 to
regulate its expression for cancer therapy because of the drug untargetability of FOXA1/FOXA2.
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FACTS

® FOXA1 and FOXA2 transcription factors in mammals have
both overlapping and non-redundant functions.

® FOXAT and FOXA2 have much crosstalk in steroid-hormone-
associated cancers, for example, signaling pathways, epige-
netic modifications, and post-translational modifications.

® Both FOXA1 and FOXA2 are involved in cancer resistance, and
targeting FOXA1 and FOXA2 can solve the problem of drug
resistance.

® Targeting FOXA1/FOXA2 proteins for cancer therapeutic or
preventive purposes has become feasible.

OPEN QUESTIONS

® What is the relationship between FOXA1 and FOXA2 in
metabolic regulation?

® Will co-targeting FOXA1 and FOXAZ2 in treating cancer achieve
a better therapeutic effect?

® What are the effects of FOXA1 mutations in cancer on FOXA2?

® What are the effects of FOXA2 mutations on cancer
development?

INTRODUCTION

Research into the FOXA (Forkhead box A) family first began in
1990 under the name hepatocyte nuclear factor 3 (HNF-3), of
which HNF3a, HNF3(, and HNF3y are the current members [1].
With the study of its structure and function, HNF3 was renamed
FOXA of the forkhead box (FOX) protein family; the three

members were named FOXA1, FOXA2, and FOXA3 [2]. So far,
researchers have studied FOXA for over 30 years [1]. The members
of the FOXA family have evolutionarily conserved DNA-binding
domains and are involved in regulating cell growth, differentia-
tion, and embryogenesis [3-5]. FOXA has received increasing
attention for its critical roles in several mammalian stages,
especially FOXA1 and FOXA2 [4, 6]. Functionally, FOXA1 and
FOXA2 are required for the normal development of organs of
endodermal origin, such as the liver, pancreas, lungs, and prostate
[7, 8]. In addition, FOXA1 and FOXA2 control glucose and lipid
metabolism by regulating multiple target genes in the liver,
pancreas, and adipose tissue [6, 9]. Mechanistically, the FOXA
family of transcription factors maintains enhancer activity and
nucleosome localization by opening chromatin structures; thus,
they are known as pioneer factors [5, 10, 11]. FOXA1 and FOXA2
play different biological functions in tumor development by
regulating the expression of multiple genes, which are closely
related to cancer development and chemoresistance [12-15]. This
work discusses the roles of FOXA1 and FOXA2 in organ
development, glycolipid metabolism, hormone signaling pathway
transduction, and cancer drug resistance and their functions as
pioneer factor (Fig. 1). The study also highlights that FOXA1 and
FOXA2 have the same or opposite roles in several mammalian
stages, which provides a theoretical basis for the future treatment
of metabolic diseases, neurodegenerative diseases, and cancers by
targeting FOXA1 and FOXA2.

ROLE OF FOXA1 AND FOXA2 IN ORGANOGENESIS AND
DIFFERENTIATION

FOXA family members were initially found in hepatocyte nuclear
extracts, and studies have indicated that the initiation of liver

"Department of Radiotherapy and Oncology, Affiliated Kunshan Hospital of Jiangsu University, Kunshan, China. 2Department of Radiotherapy and Oncology, Gusu School,
Nanjing Medical University, The First People’s Hospital of Kunshan, Suzhou 215300 Jiangsu Province, China. 3College of Life Sciences, University of Chinese Academy of Sciences,
Beijing 100049, China. “These authors contributed equally: Na Liu, Anran Wang, Mengen Xue. ®email: 2697075944@qq.com; cmb1981@163.com

Received: 14 January 2024 Revised: 23 March 2024 Accepted: 26 March 2024

Published online: 11 April 2024

Official journal of CDDpress

SPRINGER
CDDpress


http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-024-01936-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-024-01936-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-024-01936-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-024-01936-1&domain=pdf
http://orcid.org/0009-0000-8898-1840
http://orcid.org/0009-0000-8898-1840
http://orcid.org/0009-0000-8898-1840
http://orcid.org/0009-0000-8898-1840
http://orcid.org/0009-0000-8898-1840
https://doi.org/10.1038/s41420-024-01936-1
mailto:2697075944@qq.com
mailto:cmb1981@163.com
www.nature.com/cddiscovery

N. Liu et al.

Liver development :]—

Lung development

Pancreatic development

Organogenesis
and differentiation

Insulin sedetion

Glucagon seretion
Glycogen synthesis
Glycolysis
Gluconeogenesis

Cell
metabolism

Fat metabolism

Bile metabolism

—I: Prostatic development

Mammary gland development

Neuronal development

Fig. 1 Overview of the functions of FOXA1 and FOXA2 in mammals: please see the text for specific details.

development depends on FOXA family members [10, 16]. FOXA1
and FOXA2 activate developmental genes within the foregut
endoderm to establish the ability to respond to organ-specific
signals and induce the expression of liver-specific genes [16]. Thus,
when FOXA1 and FOXA2 are absent, the hepatic gene regulatory
network is disrupted, leading to a rapid and substantial reduction
in the expression of key hepatic genes, which severely affects liver
development and function [10]. FOXA1 and FOXA2 mediate liver
development by regulating hepatocyte and cholangiocyte growth
[17, 18]. Notably, the deletion of FOXA1 and FOXA2 in mouse
embryonic livers results in the proliferation of biliary ductal cells,
as FOXA1/2 prevents biliary ductal cells from overproliferation to
maintain normal bile duct development [18]. Furthermore, FOXA1
can combine with three other transcription factors, Hnf4a, Prox1,
and HIf, to induce differentiation of liver ductal organoids, which
exhibits more hepatocyte-specific features that enhance the
transition from biliary ductal cells to hepatocyte lineage [17].
The Notch signaling pathway is crucial in bile duct development,
and FOXAT mRNA levels were found to be significantly lower in
Notch2-cKO mice than in control mice, but FOXA2 was normal or
elevated [19]. Notch signaling has different effects on FOXA1 and
FOXA2 expression [19].

The deletion of FOXA1 and FOXA2 in the mouse pancreatic
primordium results in pancreatic hypoplasia [20]. In contrast to
normal mice, FOXA1- and FOXA2-deficient mice exhibit hypergly-
cemia and die shortly after birth [20]. Further studies have shown
that FOXA1 and FOXA2 are synergistically involved in regulating
Pdx1 (pancreatic and duodenal homeobox 1) expression, affecting
pancreatic development [20]. Thus, FOXA1 and FOXA2 are
essential transcription factors required for Pdx1 expression and
pancreatic growth [20, 21]. Similarly, FOXA1 and FOXA2 regulate
signaling and transcriptional programs as are necessary for
morphogenesis and cell differentiation during lung formation
[22]. In the absence of FOXA1 and FOXA2 in the lung, the branch
morphogenesis of the lung would be blocked; however, in the
absence of either FOXA1 or FOXA2, the lung morphology does not
change in a short time [22, 23]. They may play complementary
roles in the superficial regulation of genes required for branch
morphogenesis in the lung interstitium during lung morphogen-
esis [22, 23]. In summary, FOXAT and FOXA2 have two main
aspects during the development of the liver, pancreas, and lung:
first, FOXA1 and FOXA2 promote signal-dependent lineage
initiation through enhancer initiation; second, FOXA1 and FOXA2
enhance organ cell-type-specific gene expression through
lineage-specific recruitment of transcription factors [7].

SPRINGER NATURE

Studies have detected the expression of FOXA1 and FOXA2
transcription factors in the mouse prostate, which interact with
the androgen receptor (AR) to regulate the expression of prostate-
specific genes; these transcription factors are crucial to the
regulation of prostate morphogenesis and cellular differentiation
[13, 24]. In the mammary gland, FOXAT1 is required for estrogen
receptor alpha (ERa) expression and functional activity, and ERa is
essential for mammary gland development and ductal morpho-
genesis; thus, FOXA1 is necessary for mammary ductal spectrum
expansion and morphogenesis [25, 26]. However, the role of
FOXA2 in mammary gland development has not yet been
investigated.

FOXA1/2 not only regulates organ development but is also a
key determinant in neuronal development [27]. Knockout of
FOXA1/2 in mouse dopaminergic (mDA) neurons compared with
normal mice revealed that FOXA1/2-deficient mice were function-
ally altered, e.g., severely deficient in food intake, independently
of motor control [28, 29]. Mechanistically, FOXA1/2 deletion
contributes to the downregulation of tyrosine hydroxylase, the
rate-limiting enzyme for dopamine (DA) biosynthesis, leading to
reduced DA synthesis and striatal DA delivery [28, 30]. Thus,
FOXA1/2 maintains its function by inducing a transcriptional
program in DA neurons [28, 30]. FOXA1/2 also mediates neural
differentiation. A study overexpressed FOXA1 in P19 cells through
adenovirus vectors and found that the sonic hedgehog (Shh) gene
associated with early neurogenesis was directly activated by
FOXA1 [31]. The dynamic regulation of the Sonic Hedgehog (SHH)
signaling pathway by inhibiting FOXA2 expression through
retinoic acid (RA) promotes SN (serotonin neuron) differentiation
in humans. This study reveals the role of FOXA2 in human SN
development and improves its differentiation [32]. Conversely,
Notch and Shh signaling mediates the regulation of FOXA1/2
transcription factors through tgf-B1 [33]. Recent studies have
shown that LncRNA (NKILA) exacerbates the progression of
Alzheimer's disease by regulating FOXA1-mediated TNFAIP1
transcription [34]. Thus, FOXA1 can regulate neuronal develop-
ment by itself but also exert biological functions through
downstream target genes, which further illustrates the functional
diversity and complexity of FOXA.

FOXA1- AND FOXA2-MEDIATED CELLULAR METABOLISM
Glucose metabolism

The  previous chapter highlights that FOXA1 and
FOXA2 synergistically participate in the development of metabolic
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organs, such as the pancreas and liver, and their functions can be
affected by organ hypoplasia [10, 20]. In the pancreas, FOXA1 and
FOXA2 alter glucose homeostasis by affecting the function of
pancreatic a and 3 cells to regulate glucagon and insulin secretion
[9, 35]. Studies have shown that mice deficient in FOXA1 in the
pancreas exhibit hyperglycemia [36, 37]. Mechanistically, FOXA1
deficiency leads to increased expression of uncoupling protein 2,
which partially uncouples mitochondrial oxidative phosphoryla-
tion, further affecting the subsequent ATP-dependent closure of
potassium channels and inward flow of calcium ions, ultimately
inhibiting insulin release and leading to hyperglycemia [36, 37].
Alternatively, the absence of FOXA1 may affect the development
and maturation of pancreatic B-cells, inhibiting insulin secretion
and leading to hyperglycemia [38]. Similarly, FOXA2 controls
insulin secretion; however, FOXA1 and FOXA2 have opposing
effects on insulin regulation, and the absence of FOXA2 leads to
increased insulin secretion and induces hypoglycemia [39]. Specific
FOXA2 ablation was shown to cause hyperinsulinic hypoglycemia
in both mouse pancreatic tissue and human pancreatic cells
[40, 41]. FOXA2 regulates insulin secretion. Conversely, FOXA2
activity is regulated by insulin, which regulates FOXA-2 activity
through Akt-mediated phosphorylation and nuclear/cytoplasmic
localization [42]. Because of the importance of pancreatic -cells in
diabetes, further understanding of the molecular regulatory
pathways of FOXA1 and FOXA2 in pancreatic {3-cell development
and insulin secretion might provide therapeutic prospects.

FOXA1 and FOXA2 synergistically affect pancreatic a-cell differ-
entiation and control glucagon biosynthesis and secretion [43].
Consistent with reduced glucagon gene expression, glucagon
content was decreased in FOXA1- and FOXA2-deficient pancreatic
a-cell, and only the combined silencing of FOXAT and FOXA2
affected glucagon secretion [43]. Furthermore, in mice with
endoderm-specific knockout of FOXA2, pancreatic alpha cells did
not complete terminal differentiation, resulting in a dramatic
reduction in the number of mature alpha cells, triggering
hypoglucagonemia and hypoglycemia as well as death [43]. FOXA2
is an important metabolic regulator of glucose metabolism and
energy depletion in adipocytes of diet-induced obese mice [44]. It
can counteract obesity and diet-induced insulin resistance and
maintain glucose homeostasis [44]. FOXA-2 can also activate the
expression of insulin-sensitizing genes in adipocytes [44]. Therefore,
FOXA-2 is an important activator of glucose metabolism genes.

Hepatic glucose production and consumption is a key centerpiece
of systemic glucose homeostasis [45]. The liver regulates glucose
production and release through glycogenolysis and gluconeogen-
esis, so what roles do FOXA1 and FOXA2 play in hepatic
glycogenolysis and gluconeogenesis? Studies have shown that
gluconeogenesis is compensatory and initiated during fasting to
maintain the energy required for human life activities, and FOXA2
plays a central role in the transcription of genes that trigger the
initiation of gluconeogenesis [46]. Mechanistically, FOXA2 executes
the hepatic gluconeogenesis program by recruiting CREB (cyclic
AMP response element binding protein) and glucocorticoid receptor
(GR) to their respective target sites in chromatin [46]. Besides, in
fasting mice, an up-regulation of ten-eleven-translocation family 3
(TET3) mRNA expression was detected. TET3 was recruited by FOXA2
to HNF4a promoter 2 (P2), leading to promoter demethylation and
increased transcription, activation of phosphoenolpyruvate carbox-
ykinase, and the gene encoding glucose-6-phosphatase, and
contributing to gluconeogenesis activation, ultimately leading to
increased hepatic glucose production (HGP) [47]. TET3 overexpres-
sion enhances HGP, and knockdown of TET3 or P2 in the liver
improves glucose homeostasis in dietary and genetic mouse models
of Type 2 diabetes (T2D). These studies provide potential therapeutic
targets for T2D. FOXAT1 has been reported to be under-expressed in
the kidney tissue of mice with diabetic nephropathy (DN) [48].
FOXA1 overexpression decreased fasting blood glucose and 24 h
urinary protein concentration in mice, inhibited the accumulation of
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mesangial matrix and the proliferation of glomerular basement
membrane, and ultimately reduced collagen deposition and
interstitial fibrosis in mice kidneys [48]. Mechanistically, FOXA1
binds to the promoter region of SATB1 and inhibits its transcription,
leading to the inactivation of the Wnt/B-catenin signaling pathway,
thereby inhibiting podocyte apoptosis and DN progression [48].

Adenovirus-mediated FOXA2 transgenic mice exhibited ele-
vated serum bile acid and bilirubin levels and a complete loss of
hepatic glycogen stores [49]. This finding shows that FOXA2 plays
a negative role in liver glycogen storage [49]. Tian’s group also
found that maintaining the expression of HNF6 prevented FOXA2-
mediated reduction in the expression of liver glucose transmem-
brane protein Glut-2 and glycogen levels [50]. In hepatic
progenitor cells, FOXA2 inhibits aerobic glycolysis and further
inhibits cell proliferation by inhibiting the PI3K/Akt pathway [51].
FOXA2 can prevent glycogen storage and glycolysis to regulate
glucose metabolism. In addition, FOXA2 can inhibit PKM2
transcription, affect Wnt/B-catenin protein activity, and block the
aerobic glycolysis of thyroid cancer [52]. Therefore, FOXA1 and
FOXA2 can indirectly affect the activity of the Wnt/B-catenin
signaling pathway and regulate glucose metabolism.

In summary, FOXA1 and FOXA2 control glucose metabolism by
regulating multiple target genes in the pancreas, liver, and
adipose tissue and are potential therapeutic targets for patients
with diabetes. However, when it comes to controlling glucose
homeostasis in the pancreas, FOXA1 and FOXA2 work both in
opposition and synergy. When the liver and adipocytes control
glucose homeostasis, only FOXA2 seems to play a role, and there
have been no research reports on FOXA1 so far. Future studies
should determine whether FOXA1 is involved in regulating
glucose metabolism in the liver and adipocytes.

Lipid metabolism

Fat metabolism occurs primarily in the liver; metabolic disorders
lead to obesity, fatty liver, and other diseases [45, 53]. Studies have
shown that by increasing the expression of FOXA2 cDNA in mouse
hepatocytes, a large amount of transient steatosis was observed in
the liver of mice on the 5th day of life, which was related to fatty
acid and triglyceride synthesis, lipid B-oxidation, and amino acid
synthesis [45]. FOXA-2 has been shown to inhibit adipocyte
differentiation and hinder adipogenesis by activating Preadipo-
cyte factor-1 [44, 54]. FOXA2 deficiency in hepatocytes leads to
significant alterations in the expression of key developmental and
functional genes in liver progenitor cells and mature hepatocytes,
accompanied by massive lipid accumulation, increased bile acid
synthesis, and glycerol production but decreased glucose uptake,
glycogen storage, and albumin secretion [55]. FOXA2 overexpres-
sion in hepatocytes reversed the aforementioned situation and
improved hepatocyte function [55]. We speculated that this
reversed effect may be because of the different metabolism of the
research subjects, and changes in the body’s metabolic rate affect
the role of FOXA2. For example, in the fasting (low insulin) state,
FOXA2 activates transcriptional programs of lipid metabolism and
ketogenesis, whereas, in hyperinsulinemia, FOXA2 is inactivated,
thereby promoting hepatic lipid accumulation and insulin
resistance [56]. Therefore, FOXA2 may serve as a sensor of
metabolism in the body and regulate lipid metabolism in negative
feedback. This finding explains the controversial role of FOXA2 in
lipid metabolism. Furthermore, FOXA1 reduces lipid accumulation
in human hepatocytes, and expression levels are downregulated
in non-alcoholic fatty liver disease [57]. In alcoholic liver disease,
FOXA1 and FOXA2 appear to act synergistically. Hepatocyte
nuclear factor 4, alpha (HNF4a) is an important transcription factor
in the liver, which not only regulates the expression of functional
genes but also regulates many cellular processes [58]. HNF4a has a
decisive effect on hepatocytes and liver functional properties [58].
Notably, the loss of FOXA affects the expression of key liver genes
resulting in a breakdown of the liver gene regulatory network [10].
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FOXA protein is required for the maintenance of enhancer activity,
chromatin accessibility, nucleosome localization, and HNF4a
binding. Therefore, the FOXA factor continues to function and
maintain the liver gene regulatory network [10]. FOXA1/2 and
HNF4a play a coordinated role in the maintenance of hepatocytes
and liver function. For example, a specific combination of two
transcription factors (Hnf4a + FOXA1, FOXA2, or FOXA3) can
induce mouse fibroblasts to directly transform into hepatocytoid
cells [59]. Studies have reported that members of the FOXA
protein family and Hnf4a sequentially and synergistically bind
chromatin to activate liver-specific gene expression [60]. Hippo
signaling can affect hepatocyte differentiation by influencing the
interaction of HNF4a and FOXA2 with enhancers [61]. Over-
expression of miR-122 significantly up-regulates two liver-specific
transcription factors FOXA1 and HNF4a, effectively promoting liver
differentiation and maturation [62]. In addition, FOXA1/FOXA2 and
HNF4a bind to rs953413 on the first intron of ELOVL2, regulating
long-chain polyunsaturated fatty acid (LC-PUFAs) metabolism by
altering the expression of ELOVL2 [63].

FOXA1- and FOXA2-mediated metabolism not only occurs under
physiological conditions but is also widely found in pathological
conditions, such as inflammation and cancer [55, 64]. The rapid
growth and proliferation of breast cancer cells require more lipid
anabolism than normal cells. FOXAT or FOXA2 triggers lipid
metabolism reprogramming by maintaining high expression of
endothelial lipase (LIPG) in breast cancer, allowing breast cancer
cells to grow and extracellular lipids required for proliferation [64].
The study further showed that the downregulation of LIPG or FOXA
in breast cancer resulted in reduced cancer cell proliferation and
impaired intracellular lipid synthesis [64]. Therefore, targeting
metabolic energy required for survival in breast cancer is also a
therapeutic strategy. Thus, FOXA1 and FOXA2 are critical for lipid
synthesis and breakdown in breast cancer, suggesting that FOXA1
and FOXA2 are potential therapeutic targets.

FOXA2 is required to maintain normal bile acid homeostasis;
thus, studies have identified FOXA2 as a new therapeutic target
for liver metabolic diseases [55, 65, 66]. FOXA2 affects the
accumulation of bile in the liver by directly or indirectly regulating
the expression of genes involved in bile formation and hepatic
bile acid transport, including Mrp2, Mrp4, Oatp2, and Mrp3
[65, 66]. FOXA2 deficiency increases cholestatic liver injury in mice
[65, 66]. Furthermore, cholestasis in FOXA2-deficient mice in the
liver induces inflammatory signaling that activates the mTOR
signaling pathway to increase hepatic lipogenesis and obesity in
mice [67]. Therefore, maintaining the expression of FOXA2 in
cholestatic patients may be a new treatment method for
cholestatic liver injury diseases. The latest RNA-sq (RNA sequen-
cing) data demonstrate that after knocking out FOXA1/2,
glycolysis, citric acid cycle, and other related genes are down-
regulated, and lipid metabolism, pentose phosphate pathway, and
ketogenesis are modified, indicating that FOXA1/2 may control
the developmental gene regulatory network of the liver, whose
knockdown leads to the reprogramming of liver metabolism [68].

FOXA1 and FOXA2 not only play a key role in organ
development but also participate in the reprogramming of
glucose and lipid metabolism, and they are targets for preventing
and treating diabetes, fatty liver, obesity, cholestasis, and cancer.
However, our understanding of the metabolism of the FOXA
family must be further deepened. Current research on FOXA also
has the following shortcomings. First, most studies on FOXA
metabolism are animal experiments and lack human clinical trials.
Second, the relationship between FOXA1 and FOXA2 in metabolic
regulation is unclear. Additional research is required to determine
whether the relationship is complementary, synergistic, or
antagonistic and is completely dependent on the external
conditions and merits. Third, metabolic diseases can be treated
by directly knocking out FOXA1 and FOXA2, but this approach also
causes the original physiological effects to disappear, leading to
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side effects such as incomplete organ development and
differentiation. We should selectively target the upstream
regulatory factors of FOXA1 and FOXA2 in metabolic diseases or
downstream regulatory factors to achieve therapeutic effects.

ROLE OF FOXA1 AND FOXA2 IN CANCERS

Prostate cancer

Globally, prostate cancer (PCa) ranks as the second most common
cancer among men worldwide, with the highest incidence in North
and South America, Europe, Australia, and the Caribbean [69]. The
incidence and mortality of PCa are increasing continuously in China
owing to the country’s aging population. According to the World
Health Organization’s International Agency for Research on Cancer,
there will be more than 115,000 new cases of PCa in China in 2022
[70, 71]. The standard treatment for PCa is surgical or chemical
deprivation of androgens called androgen deprivation therapy
(ADT), which is initially effective in inducing tumor regression, but in
the later stages, most patients become resistant to ADT and
progress to castration-resistant prostate cancer (CRPC) and neu-
roendocrine prostate cancer (NEPC), with a high mortality rate
[72-74]. Lineage plasticity is one of the major challenges in the
current treatment of PCa [72-74]. The ongoing investigation into the
pathogenesis of PCa primarily centers on androgen-transduced
oncogenic signaling, whereas FOXA1 and FOXA2 interact with AR to
regulate transcriptional programs associated with normal prostate
and PCa [13]. Studies have demonstrated that FOXAT and FOXA2
are not only involved in PCa development but also closely related to
their lineage plasticity and drug resistance [75-78]. Therefore, a
comprehensive understanding of the mechanism of action of
FOXA1 and FOXA2 in PCa can help identify new targets and propose
effective combination therapy strategies.

Nucleosome localization regulates chromatin open states; DNA
located between nucleosomes can bind transcription factors, and
their dynamic binding produces different chromatin open states
[79]. Specifically, at transcription start sites, FOXA1 replaces
nucleosomes and passes through some well-positioned but
unstable nucleosomes downstream of the promoter with migration,
resulting in nucleosome slip [79]. Thus, it specifically mediates the
open state of chromatin structure [79]. FOXA also plays a key role in
DNA opening changes because it has a specific recognition function
for DNA sequences [79]. FOXA1 induces and opens chromatin
conformation and, through direct interaction with AR, creates AR
signaling that drives PCa cell growth and survival and is an indicator
of PCa progression and prognosis [80]. LSD1 has been reported to
act as a transcriptional corepressor and co-activator [81, 82]. LSD1
also acts as a coactivator and a major regulator of AR transcriptional
activity [82]. LSD1 interacts with CoREST, binding to and co-
activating AR on most androgen-stimulating genes [82]. Further-
more, FOXA1 interacts with the LSD1-CoREST complex and may
mediate its initial recruitment of AR regulatory enhancers [82]. LSD1
mediates H3K4me2 demethylation of these androgen-stimulated
enhancers to maintain transcriptional inhibition of AR regulatory
enhancers [82]. If AR does not enhance H3K4 methylation and
FOXA1 binding, LSD1 may mediate demethylation of H3K4me2 at
these sites as a negative feedback mechanism to turn off enhancers,
thereby preventing abnormal enhancer activation [82]. The
transcription profile of LSD1 suggests that LSD1 may stimulate
PCa growth through its AR coactivator function and inhibit PCA
apoptosis through AR independent mechanism [82]. The transcrip-
tomic analysis results of castration-resistant PCa (CRPC) xenografts
sensitive to LSD1 inhibitors show that tumor growth restriction
caused by LSD1 inhibition can be attributed to a significant decrease
in MYC signal transduction, indicating that MYC is the target of LSD1
[81]. In summary, LSD1 inhibition disrupts the super-enhancer-
driven oncogenic transcriptional program in castration-resistant PCa
and inhibits PCa growth [81]. Chromatin binding of FOXA1 is
facilitated by lysine-specific demethylase 1 (LSD1)-mediated
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demethylation in PCa [8, 83]. Specifically, LSD1 positively regulates
FOXA1 binding to AR and its transcriptional output by demethylat-
ing lysine 270 in the wing2 region close to the FOXA1 DNA-binding
domain, significantly enhancing PCa growth (Fig. 2) [8, 83]. However,
histone-lysine N-methyltransferase SET domain containing 7
(SETD7), the major methyltransferase targeting FOXA1-K270, exerts
transcriptional repression in PCa by methylating FOXA1 (Fig. 2) [84].
Furthermore, SETD7 has tumor suppressor activity in PCa cells, and
deletion of SETD7 expression is significantly associated with PCa
progression and tumor aggressiveness [84]. Therefore, LSD1 and
SETD7 are key targets in PCa cells, and targeting LSD1 and SETD7
has been demonstrated to significantly affect PCa growth and
aggressiveness (Fig. 2) [8, 83]. FOXA1 expression in PCa not only acts
to promote cell growth but also has the effect of inhibiting
epithelial-mesenchymal transition (EMT) and preventing cell inva-
sion [85]. Thus, blocking FOXA1 decreases AR transcriptional activity
to inhibit PCa cell growth but increases the invasion of PCa cells.

FOXAT1 is reported to be a commonly mutated gene in PCa [85].
What effect would its mutation have on the biological behavior of
PCa? FOXA1 mutation induces AR reprogramming and transform-
ing growth factor beta (TGF-) pathway activation to promote
EMT-driven cancer metastasis compared with wild type [85].
Comparison of the role of mutant and wild-type FOXA1 in PCa
growth showed that patients with FOXA1-mutated PCa had a
poorer prognosis; furthermore, almost all FOXAT mutants resulted
in increased cancer cell growth compared with FOXA1 over-
expression [76, 86—-89]. Mechanistically, FOXA1 mutations promote
PCa development by enhancing chromatin binding and inducing
AR activation of oncogene expression and EMT signaling path-
ways [76, 86-89]. In addition, FOXA1 mutations altered its pioneer
function and disrupted the normal luminal epithelial differentia-
tion program, further supporting the role of genealogical plasticity
in cancer progression [76]. Thus, mutated FOXA1 is an indicator of
metastasis and poor prognosis in PCa. However, there have been
no studies demonstrating FOXA2 mutations in PCa.

Recent studies have found that PCa cells that express high
levels of FOXA1 are capable of driving tumor cell growth, even in
the presence of reduced or absent androgen levels, suggesting
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that tumors with higher levels of FOXA1 may have a growth
advantage after androgen deprivation [90]. A plausible explana-
tion may be that through upregulation of FOXA1, which leads to
an expansion of the AR chromatin binding range, tumors with
high FOXAT1 levels may have greater intrinsic AR transcriptional
activity and thus be suitable for survival at low levels of androgens
[90]. Thus, FOXA1-overexpressing PCa cells are more likely to form
CRPC [90]. NEPC—a subtype of CRPC—represents a great
challenge for current PCa treatment resistance [91]. The inhibitory
role of FOXA1 in neuroendocrine (NE) differentiation and its
association with NEPC progression was demonstrated in 2017 [92].
Mechanistically, FOXA1 inhibits its expression by binding to the
interleukin 8 (IL-8) promoter, and when FOXA1 expression is
decreased or absent, IL-8 up-regulation activates the MAPK/ERK
pathway, leading to ERK phosphorylation and enolase 2 (ENO2)
expression to promote NE differentiation in PCa cells [92].
Similarly, IL-8 knockdown or ERK inhibition abrogated NE
differentiation induced by FOXA1 deficiency [92]. In vitro and
in vivo experiments further demonstrated that FOXA1 is deleted
or downregulated in NEPC compared with primary PCa and CRPC
[92]. Consistent with this result, microRNA-194 (miR-194) was
negatively correlated with AR signaling in PCa treated with AR
inhibitors, and miR-194 upregulated the expression of the
chemokine IL-8 and the EMT transcription factors SNAI2 and
ZEB1, which can promote the NE phenotype in PCa, by targeting
and inhibiting the expression of the downstream gene FOXA1
[93]. IL-8 upregulation activates the MAPK/ERK pathway, leading
to ERK phosphorylation and ENO2 expression, promoting NE
differentiation of PCa cells to form NEPC [93]. miR-194 is seen to
be a potential target of NEPC [93]. However, FOXA1 is a
transcription factor required for NEPC proliferation and NE gene
expression, maintaining NEPC proliferation and expression of NE
profile-defining genes [77]. The role of FOXA1 in the transition
from prostate adenocarcinoma (PRAD) to NEPC seems to contra-
dict the role of maintaining NE gene expression in NEPC. For such
results, we make the following speculations. First, FOXA1 mutation
may lead to differences in the role of FOXA1 in the NE
differentiation of PCa. The authors of the two reports did not
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indicate whether FOXA1 was mutated or not. FOXA1 is also a
common mutational factor in PCa, and mutations in one site can
lead to the opposite function. Second, there may be differences in
experimental models, with one article using patient-derived
xenografts from NEPC and PRAD but the other using PCa cell lines.

FOXA2 also plays a role in the transition of PCa to NEPC [94].
Histone demethylases plant homeodomain finger-containing
protein 8 (PHF8) and FOXA2 are highly expressed in patients
with NEPC; PCa is unable to develop into NEPC when the PHF8
gene is absent [94]. PHF8 removes repressive histone marks from
the promoter region of the FOXA2 gene by demethylation,
contributing to the up-regulation of FOXA2 expression levels,
which induces the expression of NEPC developmentally-related
genes and drives progression [94]. Thus, the expression levels of
PHF8 and FOXA2 can be used as biomarkers for NEPC, and
targeting PHF8 or FOXA2 may be a potential therapeutic strategy
for NEPC treatment [94, 95]. Subsequent studies have shown that
FOXA2 expression is significantly increased after ADT in PCa and
drives the transition of PCa to NEPC; notably, FOXA2 knockdown
reverses the above transition [75]. Thus, FOXA2 is an important
factor driving the transition of PCa to NEPC, as well as a potential
therapeutic target for NEPC [75, 94, 95]. Both FOXA1 and FOXA2
play critical roles in the development of NEPC, and whether they
are synergistic or antagonistic to each other has not been
demonstrated. Based on the available data, we speculated that
FOXA1 and FOXA2 play a synergistic role in the transition to NEPC
after ADT. Simultaneous blockade of the signaling pathways
triggered by FOXA1 and FOXA2 may be the optimal therapeutic
option for NEPC.

When PCa is in a hypoxic tumor microenvironment, both FOXA1
and FOXA2 regulate the hypoxic transcriptional program by
binding to HIFTA [96, 97]. In CRPC, FOXA1 binds directly to the
HIF1A gene enhancer and represses its expression, which, in the
absence of FOXA1, leads to increased immunosuppressive
macrophage infiltration and cell invasion [96]. This finding is
consistent with the conclusion that in CRPC, metastasis is prone to
occur with low FOXAT1 expression. However, FOXA2 contributes to
the upregulation of expression of a subset of HIF1A target genes,
including Hes6, Sox9, and Jmjd1a, by binding to HIF1A, stimulat-
ing a transcriptional program that ultimately promotes NE
prostate tumorigenesis and metastasis [97]. FOXA1 and FOXA2
regulate the hypoxic transcriptional program inversely when PCa
is in a hypoxic tumor microenvironment, and which of FOXA1 and
FOXA2 tends to regulate HIF1A may depend on the high or low
expression of FOXA1 and FOXA2 in the PCa phenotype.

Breast cancer

According to the latest epidemiological statistics, the incidence of
breast cancer in China has reached the top of the female
malignant tumors, and the mortality rate ranks fourth in female
malignant tumors [71, 98]. Breast cancer is a heterogeneous
disease whose subtypes are determined by the presence of
estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2); different subtypes are
important for clinical management [99].

The primary role of FOXA1 is to open tightly coiled chromatin
and induce the activation of other transcription factors, including
ERa, which is essential for the expression of ERa target genes and
the development of estrogen-dependent tissues (Fig. 3a) [100]. In
addition, the transcription factor FOXA1 not only affects cell
growth but also plays a regulatory role in endocrine therapy
sensitivity [101]. Thus, FOXA1 may serve as a key determinant of
ER transcriptional programs and endocrine responses in breast
cancer [102]. FOXA1 and ER expression are positively correlated in
breast cancer, and the vast majority of ER-conducting signals
require FOXA1 binding to chromatin for activation, leading to
complete suppression of ER transcriptional activity when FOXAT1 is
absent [14, 103, 104]. As in PCa, mutations of the pioneer
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Fig. 3 Schematic representation of functional changes of FOXA1
in breast cancer under mutation or epigenetic modification.
Please see the text for specific details (Red arrows in the upward
direction indicate facilitation. m mutation, O-Glc OGIcNAcylation). a
FOXA1 activation of ER signaling; b effect of FOXA1 missense
mutation (Wing2 region) on cancer progression; ¢ O-GIcNAcylation
of FOXA1 reassembles the binding of FOXA1 to chromatin.

transcription factor FOXA1 are common in ER+ breast cancer, and
mutation of FOXA1 can alter its function and correlate strongly
with endocrine therapy sensitivity [105]. After treatment with an
aromatase inhibitor (Al), the progression-free survival of patients
with FOXA1 mutations was significantly lower than that of
patients with  WT FOXA1 [105]. Mechanistically, the FOXA1
missense mutation (Wing2 region) promotes chromatin binding
of FOXA1 to ER binding sites and enhances ER-mediated
transcriptional signaling under estrogen stimulation (Fig. 3b)
[105]. However, in breast cancer, no studies have shown the
relationship between FOXA2 and ER, and whether there is a link
between the two studies must be further explored in the future.

A growing number of studies have shown that O-linked B-N-
acetylglucosamine modification (O-GlcNAcylation) is upregulated
in breast cancer cells and is associated with their invasion
[106, 107]. In the last few years, the mechanisms of breast cancer
O-GIcNAcylation in cancer development have been unraveled.
Liu's group concluded that O-GIlcNAcylation of FOXAT1 increases
the metastatic capacity of breast cancer cells. Mechanistically,
O-GIcNAcylation of FOXAT1 reassembles the binding of FOXA1 to
chromatin and promotes breast cancer metastasis by orchestrat-
ing the transcription of a number of metastatic regulators (Fig. 3¢c)
[108]. In addition, the group found that microRNA24 (miR24)
inhibited O-GIcNAc transferase to maintain FOXA1 stability and
prevent breast cancer cell invasion [109]. Therefore, targeting
FOXA1 O-GIcNAacylation is a preventive and therapeutic strategy
for metastatic breast cancer.

Regulation of FOXA1 by upstream factors can affect its function,
and regulation of FOXA1 expression has been more studied with
microRNA [110, 111]. Ectopic microRNA-132 expression signifi-
cantly inhibited the expression of FOXA1 protein, which also
inhibited the proliferation of breast cancer cells, whereas miR-132
knockdown promoted FOXAT expression in breast cancer cells,
which facilitated the proliferation of breast cancer cells [110].
Similarly, microRNA-100 inhibited breast cancer cell proliferation,
invasion, and migration by targeting FOXA1 [111]. Overexpression
of FOXAT promoted the proliferation, migration, and invasion of
breast cancer cells; thus, the antitumor effect of miR-100 in breast
cancer was reversed after FOXA1 overexpression [111]. These
results provide new directions for targeted breast cancer therapy.

In addition to its role in ER-positive breast cancer, high levels of
FOXA1 improve survival in patients with the basal breast cancer
subtype [112]. FOXAT not only inhibits the molecular phenotype
of basal breast cancer cells but also activates the transcription of
E-calmodulin and p1Kip51 to block EMT and cell proliferation in
basal breast cancer [112-114]. Furthermore, FOXA1 deficiency was
able to induce membrane-associated protein 1 (ANXA1)
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expression, contributing to basal breast cancer metastasis [115]. In
vitro and in vivo experiments confirmed that elevated FOXA1
levels inhibited basal cell growth by stimulating the expression of
apoptosis-related genes (BIK) and suppressing the expression of
cell proliferation-related genes (PCNA, CDC8C, and MCM1) [115].
However, this result was demonstrated in a basal cell line with low
expression of Estrogen Receptor-1 (ESR1) [116]. When the cells
with high expression of ESR1 significantly reduced the activation
of FOXA1 at the BIK promoter, preventing the expression of pro-
apoptotic genes and eliminating the inhibitory effect of FOXA1 on
cancer development [116]. The role of FOXA1 in basal breast
cancer is determined by ESR1 expression [116]. These findings
provide a theoretical basis for developing new potential
therapeutic strategies for treating refractory basal breast cancer.

FOXAT1 plays different roles in different breast cancer subtypes.
In ER-positive breast cancer, FOAX1 is an oncogene, whereas in
basal breast cancer, the role of FOXA1 is determined by ESR1.
Therefore, when targeting FOXA1 for treating breast cancer, we
should first distinguish the type of breast cancer, detect the
expression of related hormone receptors, and finally decide the
treatment plan according to these conditions.

Most research on FOXA2 in breast cancer is related to EMT
[117, 118]. In breast cancer, FOXA2 expression prevents breast
cancer EMT, and the mechanisms regarding its inhibition are
multifaceted [117, 118]. Studies have shown that FOXP2 can
inhibit the metastasis of breast cancer cells [119]. The ability of
FOXP2 to inhibit EMT in breast cancer is dependent on FOXA2
[119]. Specifically, FOXP2 binds to the promoters of genes
associated with breast cancer cells, such as e-cadherin and
PHF2, and activates their transcription to inhibit EMT [119]. This
transcriptional activity of FOXP2 depends on its interaction with
FOXA2 [119]. FOXA2 recruits the transcriptional repressor TLE3 to
the ZEB2 promoter and inhibits the expression of the EMT-related
transcription factor ZEB2, thus preventing EMT in breast cancer
cells. Furthermore, FOXA2 stimulates the promoter of E-cadherin
and inhibits EMT formation in tumor cells [117]. In addition to
inhibiting downstream EMT-associated transcriptional programs,
FOXA2 can be regulated by upstream genes to affect its
expression in breast cancer, thereby affecting EMT. Studies have
shown that peroxisome gamma coactivator-13 (PGC-1f) is
negatively correlated with FOXA2 expression in breast cancer,
but PGC-1B binds to FOXA2 to decrease FOXA2 expression in
breast cancer and induces EMT [118]. In addition, PGC-1(3
knockdown and FOXA2 overexpression in breast cancer signifi-
cantly increased cell proliferation and migration as well as tumor
growth [118]. MicroRNA, a common upstream regulator of FOXA2,
can affect FOXA2 expression in breast cancer. For example, miR-
1290 upregulates ciliary neurotrophic factor (CNTF) expression by
decreasing FOXA2 expression in astrocytes, promoting breast
cancer cell growth and brain metastasis progression [120]. In
triple-negative breast cancer, FOXA2 promotes cell proliferation,
maintains cancer stem cells, facilitates the development of triple-
negative basal-like tumors, and is associated with recurrence [121].
The results of this study are in complete contrast to previous
conclusions that FOXA2 prevents EMT in breast cancer. We
speculated that it might be linked to the subtype of breast cancer
when there are differences in the expression of ER, PR, and her2,
the role of FOXA2 is not the same, and it is possible that the
transcriptional program regulation of hormone receptor also
influences the direction of cancer, just like FOXA1. Future studies
should focus on this aspect and explore these differences to better
achieve precision-targeted therapy in tumors.

Liver cancer

The number of new cases and deaths of cancer in China ranked first
in the world. The incidence of liver cancer rose to the fourth place in
China, but the mortality rate ranked second [122]. As a common
malignant tumor of the digestive tract, liver cancer is mostly
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diagnosed at an advanced stage and has a poor prognosis [123].
Current immunotherapy and chemotherapy have limited efficacy in
treating advanced liver cancer outcomes, and further research is
required to find better ways to treat liver cancer [123, 124]. According
to statistics, the incidence of liver cancer in men is approximately
three times that of women. This difference is mainly because of the
difference in sex hormones between men and women, and FOXA1
and FOXA2 are also essential for sexual dimorphism in liver cancer
[15, 125, 126]. Starting from the factors that affect the incidence of
liver cancer, gaining a comprehensive understanding of the
pathogenesis of liver cancer helps explore new treatment options.
Early studies have used the chemical carcinogen diethylnitro-
samine (DEN) to induce the formation of liver cancer in mice.
Almost all male mice formed obvious liver cancer tumors, whereas
only 13% of liver cancers were formed in female mice [125, 127].
Castration in male mice resulted in a decreased incidence of
hepatocellular carcinoma (HCC), whereas ovariectomy in female
mice resulted in an increased incidence of HCC, suggesting that
sex hormones are the major regulators of HCC sexual dimorphism
in mice [128]. Further experiments have shown that DEN
administration causes a greater increase in serum interleukin-6
(IL-6) concentration in males than in females. When the IL-6 gene
was knocked out, it not only reduced the hepatocyte damage
caused by the use of DEN in male mice cancer incidence but also
eliminated sex differences in liver cancer development in mice
[129]. Elevated IL-6 levels contribute to the development of HCC
and may be a key factor in the dimorphism of liver cancer [129].
From a mechanistic point of view, the chemical carcinogen DEN
induces liver cancer by promoting the production of IL-6 in
Kupffer cells (KCs) in a toll-like receptor adapter protein MyD88-
dependent manner. Estrogen can inhibit IL-6 secretion by KCs and
reduce IL-6 concentration in the circulation of DEN-treated female
mice, preventing the formation of liver cancer. Therefore, adding
estrogen to male mice can inhibit IL-6 production and reduce the
risk of liver cancer in men [129]. This study demonstrates that IL-6
acts as a pro-inflammatory cytokine and is beneficial to the
development of liver cancer in a DEN-induced mouse HCC model.
Consistent with the pathological conclusion, liver cancer evolves
from hepatitis and cirrhosis. Therefore, it seems logical to
conclude that IL-6 levels are elevated in patients prone to liver
cancer. Recently, in a study by Li’s group, the experiment of using
DEN to induce liver cancer in mice was consistent with previous
experiments. The formation of liver cancer in female mice was less
than one-third that of male mice [15]. This phenomenon can be
explained by estrogen preventing the occurrence of liver cancer
and androgen promoting the occurrence of liver cancer [15].
However, sexually dimorphic HCC was completely reversed in
FOXA1- and FOXA2-deficient mice, with tumor volume becoming
larger in FOXA1- and FOXA2-deficient female mice, and con-
versely, tumor volume was decreased in male mice [15]. The
mechanistic prevention of HCC by estrogen and the promotion of
HCC by androgens after the deletion of FOXA1 and FOXA2 is not
established, and both estrogen signaling that prevents HCC and
androgen signaling that promotes HCC are dependent on FOXA1/
2 for their existence [15]. Mechanistically, the synergistic regula-
tion of female liver target genes by FOXA1/2 and ERa is enhanced
during hepatocarcinogenesis, suggesting that myc is an important
target for FOXA2/ERa inhibition in the liver of female mice [15]. In
addition, multiple genes involved in cell cycle control and
carcinogenesis are dual targets of FOXA/ERa, which are engaged
in anticancer-related pathways and prevent hepatocarcinogenesis
[15]. The interaction between FOXA1/2 and ERa is lost in FOXA1/2
mutant livers, suggesting that the presence of FOXA1/2 is
important for the role of estrogen signaling in the protection of
female mice against chemical-induced hepatocarcinogenesis [15].
The incidence of HCC in male mice was decreased with estrogen;
therefore, estrogen has a defense-protective effect on the
development of HCC [15]. This view conflicts with the pro-
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carcinogenic role of estrogen in breast cancer, which may be due
to the specificity of the cancerous tissue and the internal and
external environment in which the cancer is located.

The aforementioned discussion suggests that FOXA1 and FOXA2
are key factors in HCC dimorphism, so what roles do FOXA1 and
FOXA2 transcription factors play in the biological behavior of HCC?

As a tumor suppressor, FOXA1 targets PIK3R1 and inhibits the
PI3K/Akt signaling pathway, which plays an inhibitory role in the
proliferation, migration, and invasion of male HCC patients [130].
Analysis from TCGA data and HCC cases revealed that MCM3AP-AS1,
a IncRNA, was overexpressed in HCC and positively correlated with
stage and poor prognosis of HCC patients [131]. Mechanistically,
MCM3AP-AS1 overexpression inhibited the downstream miR-194-5p
expression, which promoted FOXA1 expression and ultimately
promoted the growth of HCC [131]. In these two studies, FOXA1
expression is not only inconsistent in HCC but also has different
effects on the biological behavior of HCC. We conducted a detailed
comparison, and the case samples of the aforementioned two
studies were significantly different. First, there was a gender
difference in the case samples, with one group being male and
the other mixed. Second, the case samples were processed
differently, with one group using commercial tissue microarrays to
evaluate 90 HCC patients who did not undergo surgery and the
other group receiving 80 columns of mixed-gender tissue specimens
after hepatectomy. Therefore, we speculated that it might be the
variability between specimens that led to the inconsistent results.

FOXA1 is another target gene of miR-3064-5p and miRNA-212,
apart from miR-194-5p [132, 133]. miRNA-21, which is down-
regulated in most HCC tissues, inhibits tumor growth in human HCC
by targeting FOXA1 and induces apoptosis in HCC cells [132].
Similarly, miR-3064-5p plays an anti-angiogenic role by inhibiting the
FOXA1/CD24/Src pathway, exerting anti-angiogenic effects, and
hindering the growth of HCC cells [133]. Therefore, miR-194-5p, miR-
3064-5p, and miRNA-212 are potential therapeutic targets for HCC.

FOXA2 is expressed at lower levels in HCC tissues than in
paracancerous tissues, and low levels of FOXA2 expression
correlate with tumor aggressiveness [134, 135]. An investigation
was conducted into the mechanism by which FOXA1 expression
was decreased in HCC, which was mainly mediated through long
non-coding RNAs (IncRNAs) and micro-RNAs [136, 137]. In HCC,
loss of linc00261 reduced FOXA2 expression and finally enhanced
the biological behavior of HCC [136]. Conversely, 1inc00261
inhibited EMT of HCC by promoting FOXA2 expression, thereby
inhibiting the migration, invasion, and lung metastasis formation
of HCC [136]. Artificial up-regulation of FOXA2 in HCC can inhibit
the transcription of matrix metalloproteinase-9 and inhibit the
distant metastasis of HCC [138]. In conclusion, FOXA2 acts as a
suppressor of biological behavior in HCC. A novel IncRNA named
IncRNA-NEF is activated by FOXA2 and frequently downregulated
in HCC cell lines and clinical specimens. The ectopic expression of
IncrNa-NEF  significantly inhibits EMT programming and cell
migration [139]. Studies have shown that IncRNA-NEF, a new
activator of FOXA2, can interact with B-catenin to increase the
binding of GSK3p and B-catenin, thereby inhibiting the Wnt/
B-catenin signaling pathway and ultimately activating FOXA2
expression [139]. Therefore, a new positive feedback loop is
formed between FOXA2 and IncRNA-NEF to provide new insights
into the HCC metastasis process [139]. Low levels of miR-200a
were observed in the serum and tissues of HCC patients, miR-200a
overexpression in HCC reduced cell proliferation, migration, and
invasion, and FOXA2 was identified as a target of miR-200a [137].
The decreased expression of miR-200a in HCC may lead to cell
proliferation, migration, and invasion by up-regulating FOXA2
expression, leading to the deterioration of HCC [137]. This study
contradicts most studies suggesting FOXA2 as an HCC suppressor
gene. We look forward to more studies to explain the dual role of
FOXA2 in HCC proliferation, invasion, and metastasis. Besides, it is
determined by sex hormones.
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Other cancers

Here, we focus on the role of FOXA1/FOXA2 in cancers affected by
steroid hormones, such as PCa, breast cancer, and liver cancer.
However, FOXA1/FOXA2 is not only related to the aforementioned
three cancer types but also closely related to gastric cancer,
colorectal cancer, pancreatic cancer, lung cancer, cervical cancer,
endometrial cancer, ovarian cancer, and thyroid cancer [140-146].
Table 1 lists the regulatory mechanisms of FOXA1/FOXA2 in these
cancer types.

TARGETING FOXA MOLECULES FOR CANCER THERAPEUTICS
AND FUTURE RESEARCH

FOXA1-targeted combination therapy for PCa treatment

The progression of PCa to CRPC is a major treatment challenge.
CRPC tumors become resistant to the antiandrogen enzalutamide
through lineage plasticity, and the response to hormones that
directly target androgens or ARs, such as enzalutamide, is limited
and not durable [147]. lvermectin—a common anticancer drug—
can interact with FOXA1 to reduce AR signaling and chromatin
plasticity of GO0/G1 cell cycle regulator E2F1 to inhibit cell
proliferation [148]. lvermectin combined with AR signaling inhibi-
tion decreases cellular DNA repair capacity, increases intracellular
DNA double-strand breaks, and eventually triggers cell death [148].
Thus, inhibition of AR signaling by targeting FOXA1 is a promising
therapeutic approach for CRPC [148], which is only a preliminary
conclusion in cell lines. Future studies should perform animal
models and clinical trials to compare the conventional androgen or
AR-targeted therapy with ivermectin in the treatment of PCa and to
obtain the most effective treatment regimen for clinical application.
Furthermore, poly(ADP-ribose) polymerase-2 (PARP-2) can interact
with FOXA1 and promote AR recruitment to the genome-wide
prostate-specific enhancer region, which is a key component of AR
transcriptional machinery [149]. PARP-2 expression is substantially
higher in primary PCa and CRPC than in benign prostate tissues
[149]. Li's group blocked the interaction between PARP-2 and
FOXA1 by targeting PARP-2 with the selective PARP-2 inhibitor
UPF-1069, thereby attenuating AR-mediated gene expression and
inhibiting AR-positive PCa growth [149]. FOXAT deficiency pro-
motes TGF-f signaling and induces EMT in CRPC, which is blocked
by TGF-f receptor | inhibitor LY2157299 [78, 150]. The combination
of LY2157299 and enzalutamide in CRPC treatment could exert a
synergistic anticancer effect and improve the sensitivity of cancer
cells to enzalutamide [78]. In conclusion, targeting FOXAT1-
mediated oncogenic signaling can significantly inhibit the growth
of PCa. Here, we advocate a strategy of targeting FOXA1 combined
with endocrine therapy for PCa.

JQ1 is a targeted inhibitor of the bromodomain protein BRD4
and exerts anticancer effects, especially in breast cancer, by
inhibiting the epigenetic modification recognized by BRD4
[151, 152]. JQ1 has been shown to interact directly with FOXA1
to reduce AR transcriptional activity and suppress the growth of
PCa cells [153]. Concurrently, JQ1 can inhibit FOXA1 to activate
multiple invasion pathways, such as BMP signaling and EMT, and
induce the upregulation of invasion genes to promote PCa
invasion [153]. JQ1 inhibits PCa growth but promotes invasion
[153]. We ventured to propose a combination therapy in which
JQ1 can be combined with small molecules that inhibit EMT in
PCa, such as BMS-345541 -IkB kinase (IKK inhibitor), a potent small
molecule compound [154]. First, based on the results of the cell
experiment in which the viability and invasion capability of cancer
cells were assessed using JQ1 combined with IKK inhibitor
compared with the use of JQ1 alone, we speculated that the
combination of the two agents not only significantly reduces the
proliferation ability of cancer cells but also inhibits the invasion of
cancer cells. Second, in vivo experiments or preclinical experi-
ments should be conducted to further verify the results of cell
experiments when they are satisfactory.
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Furthermore, targeting FOXA1 protein post-translational modifi-
cation may become one of the approaches for PCa treatment. The
interaction between FOXA1 and AR depends on the stability of
FOXA1 [155]. Enhancer of zeste homolog 2 (EZH2) methylated
FOXA1 at Lysine-295 and enhanced the deubiquitination of FOXA1
by ubiquitin-specific protease 7 (USP7), which maintained the
stability of FOXA1 protein and promoted the growth of PCa [155].
Therefore, FOXA1 methylation may be a potential target for PCa
treatment [155]. EZH2 enzyme inhibitors could effectively attenuate
FOXA1-driven PCa growth alone or in combination with USP7
inhibitors [155]. SETD7 methylates FOXAT1 at lysine-270 (K270) to act
as a transcriptional repressor in PCa, inhibiting PCa cell viability
[8, 84]. These results suggest that FOXAT methylation leads to
opposite signaling in PCa. A reasonable explanation is that various
methylation sites of FOXA1 (EZH2 methylates FOXAT1 at lysine 295,
while SETD7 methylates at lysine 270) lead to opposite functions of
the protein. This feature is crucial to PTM and is responsible for the
biological functional diversity of proteins [156].

Although numerous studies have shown FOXA1 as a therapeu-
tic target for PCa, FOXA1 is a challenging target due to its
extensive regulatory role as a transcription factor. Because of the
physiological function of FOXA1 in organ development and
metabolism, the safety of FOXA1 targeted therapy in PCa patients
is controversial and may seriously affect the quality of life of
patients. Therefore, FOXA1-targeted treatment for PCa patients
must follow a path that does not endanger the patient’s life and
occurs under conditions that reasonably exceed the expected
therapeutic exposure; thereby, partial tendencies can be accepted
in early clinical development. However, this path advances a
known risk to the most expensive stage of development, the
clinical stage, and can lead to avoidable clinical toxicity and later
failure. Now, scientists are developing innovative strategies to
pursue these “unmedicable” targets, including FOXA1.

FOXA1-targeted combination therapy for breast cancer
treatment

In breast cancer, endocrine therapy has become the main
treatment for ER-positive breast cancer, but most patients have
recurrence and metastasis because of treatment resistance
[157, 158]. The regulation of FOXA1-driven ER signaling may be
one of the ways to control the progression of breast cancer and
improve the drug resistance of breast cancer treatment [159, 160].
Studies have shown that FOXA1 expression is increased in
endocrine therapy-resistant breast cancer, and FOXA1 is involved
in the formation of drug resistance by regulating downstream gene
expression through transcriptional reprogramming [159, 160]. Fu
et al. found that FOXA1 gene overexpression triggers oncogenic
signatures and proteomic signatures associated with endocrine
resistance in an ER-positive endocrine therapy-resistant breast
cancer cell line model [159]. IL8 is the most significant gene
regulated by FOXA1 transcriptional reprogramming in Endo-R-
endocrine-resistant cells, and IL-8 knockdown can inhibit the
growth and invasion of tamoxifen-resistant (TAM-R) cells [159].
Therefore, FOXA1 overexpression mediates endocrine resistance by
altering ER transcriptome and IL-8 expression in ER-positive breast
cancer. However, the expression of FOXA1 and ERa has decreased
in TAM-R breast cancer cells, but the activation of transcription
factor nuclear factor-kb (NF-kB) and the expression of its target
protein IL6 is increased in these cells, contributing to cancer stem
cell properties of TAM-R cells [160]. In conclusion, the expression of
IL6 and IL8 was significantly increased in TAM-R cells, and FOXA1
affected the endocrine resistance of breast cancer by targeting the
downstream factor IL6/8. Therefore, interfering with FOXAT1
transcriptional reprogramming in TAM-R breast cancer may be an
effective strategy to overcome drug resistance in breast cancer.
Endocrine-resistant breast cancer is characterized by a predisposi-
tion to distant metastasis, and FOXA1 has been reported to be
overexpressed in estrogen receptor-positive (ER+) endocrine-
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resistant metastatic breast cancer [161]. Mechanistically, upregu-
lated FOXAT activates the metastatic transcriptional program by
driving super-enhancer (SE) reprogramming and recognizes
hypoxia-inducible transcription factor (HIF-2a) as a target of
FOXA1-induced SE, mediates the expression of metastatic genomes
in endocrine-resistant breast cancer cells, and induces proliferation,
migration, and invasion of breast cancer cells [161]. From a clinical
point of view, the use of HIF-2a antagonists can reduce the
proliferation, migration, and invasion of endocrine-resistant breast
cancer cells with high FOXA1 expression [161]. In ductal
adenocarcinoma of the breast, FOXA1, together with EP300 and
RUNX1, enhances E-cadherin promoter activity in metastatic breast
cancer cells [114]. FOXAT overexpression led to increased expres-
sion of E-cadherin, which reduced the metastasis potential of breast
cancer cells [114]. However, triggering EMT and initiating metastasis
induce resistance to endocrine therapy in breast cancer. Here,
FOXA1 plays a role in inhibiting cancer cell metastasis and EMT
signatures [114]. Many studies have shown that the phosphatidy-
linositol 3-kinase (P13K)/Akt/mTOR pathway can mediate resistance
to all forms of endocrine therapy [162, 163]. Targeting the PI3K/
AKT/mTOR pathway can overcome endogenous therapy resistance
[164]. The transcription factor FOXAT1 is a key determinant of ER
function and endocrine response. What is the connection between
the PI3K/AKT/mTOR pathway and FOXA1? Functionally, hormone
resistance induced by the PI3K/Akt/mTOR pathway is associated
with FOXA1-mediated endocrine therapy resistance [165]. Future
studies should explore the relationship between the two mechan-
isms and drug resistance to endocrine therapy in breast cancer.

FOXA1-mediated transcriptional reprogramming not only leads
to endocrine resistance to breast cancer but also leads to
bortezomib (BTZ) resistance to breast cancer [166]. By comparing
BTZ-resistant breast cancer cells with BTZ-sensitive breast cancer
cells, BTZ-resistant breast cancer cells had a high level of O-GIcNAc
modification of FOXA1, which altered its function to inhibit the
transcription of pro-apoptotic gene Bim and ultimately prevented
apoptosis of breast cancer cells [166]. Therefore, the resistance
mechanism of BTZ resistance can be speculated to be caused by
the O-GIcNAc modification of FOXAT. Further studies showed that
treatment of breast cancer with O-GIcNAc inhibitor LO1 in
combination with BTZ-sensitized BTZ-resistant cells [166].
O-GIcNAcylation of FOXA1 reasseminates FOXA1 binding to
chromatin to promote breast cancer metastasis by coordinating
the transcription of many pro-cancer cell metastasis regulators
[108, 109]. Therefore, targeting O-GIcNA acylation can not only
solve the problem of BTZ resistance in breast cancer but also serve
as a therapeutic strategy for metastatic breast cancer.

FOXA1 acts as a cis-regulatory element to reprogram ER
recruitment, thereby influencing cell growth and response to
endocrine therapy [159, 167, 168]. Genome-wide chromatin
recruitment, chromatin openness, and transcriptional networks
in breast cancer models with frequent FOXA1 mutations found
that patients with these mutations had unique chromatin
characteristics and did not respond well to Al therapy [105].
Overall, on the one hand, FOXA1 triggers the expression of
oncogenic groups associated with endocrine resistance through
mediated transcriptional reprogramming, leading to the develop-
ment of drug resistance. On the other hand, mutations in FOXA1
genes turn on different chromatin regions and activate alternative
cistrome and transcriptome involved in regulating the clinical
outcome of antiestrogenic therapy [105, 159, 167].

FOXAT1 binds to ER and promotes the transcription program of
drug-resistance-related genes, which favors cancer progression
and drug resistance. Here, we advocate the use of small molecule
blockade of FOXA1/ER transcriptional reprogramming in combina-
tion with endocrine therapy to address drug resistance in breast
cancer. In the future, more drug trials and clinical trials should be
carried out to obtain the best combination treatment strategy for
breast cancer.
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Fig.4 Schematic representation of targeting upstream regulators of FOXA1 and FOXA2 for cancer therapy. Please see the text for specific
details (Blue arrows indicate positive effects. Red perpendicular bars indicate negative effects. The minus sign represents an inhibitory effect
on cancer growth, and the plus sign represents a promoting effect on cancer growth.) a The expression of FOXA1 in cancer is regulated by
various factors and has an impact on cancer progression; b the expression of FOXA2 in cancer is regulated by various factors and has an

impact on cancer progression.

FOXA2-targeted combination therapy for liver cancer treatment
FOXA2 is not only an important transcription factor for liver
development and metabolic homeostasis but also plays a key role
in the development and treatment resistance of HCC [15, 55, 134].
A recent study showed that FOXA2 overexpression enhanced the
antitumor effect of Lenvatinib. Mechanistically, FOXA2 over-
expression enhanced the inhibitory effect of lenvatinib on HCC
cells by up-regulating the AMPK-mTOR pathway and promoting
autophagy in lenvatinib-treated HCC cells [134]. Therefore,
targeting FOXA2 combined with chemotherapy drugs may be
an effective treatment for HCC [134]. Starting from the transcrip-
tional and metabolic reprogramming mediated by FOXA1 and
FOXA2 in HCC, we expect that more targeted therapies for HCC
will be proposed to achieve more precise and effective targets.

DISCUSSION AND PERSPECTIVE

The present article describes in detail the mechanisms and clinical
applications of FOXA1 and FOXA2 in organ development and
differentiation, metabolic reprogramming, metabolic diseases, and
cancer development. Although FOXA1 and FOXA2 are structurally
similar, they are not necessarily functionally identical. FOXA
proteins promote the binding of nuclear receptors to their
respective targets in a context-dependent manner, and their
effects largely depend on the biological functions of the respective
downstream target genes. FOXA1 and FOXA2 play a synergistic role
in organ development, but in some cases, FOXA1 and FOXA2 have
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opposite effects on glulipid metabolism and cancer development.
Notably, the different regulatory functions of FOXA1 and FOXA2 in
tumorigenesis are also substantially different in different sexes and
various subtypes of cancer, which can act as oncogenes or tumor
suppressors. In addition, FOXA is tissue-specific in cancer EMT
induction. Finally, the article highlights the role of FOXAs in cancer
treatment resistance and proposes strategies for targeting FOXAs in
combination with chemotherapy to address cancer resistance.

Although many cell and animal experiments have demon-
strated that FOXA1/FOXA2 knockout can significantly inhibit
cancer progression, FOXAs themselves are undruggable targets
for clinical application because of their intricate transcriptional
network as transcription factors. Indeed, this finding may also be
due to the structural specificity, functional complexity, and
diversity of the FOXA family. Based on the aforementioned
discussion, we advocate targeting the upstream regulators or
downstream target genes of FOXA1/FOXA2 to achieve anticancer
effects. In various tumors, FOXA1 and FOXA2 are mostly regulated
by microRNA or lincRNA. We can target the upstream regulators
that mediate the expression of FOXA1 or FOXA2 to exert
anticancer effects (Fig. 4). In addition, targeting FOXA1/FOXA2
epigenetic modification may be an effective approach. At present,
it is widely used to degrade protein stability by ubiquitination to
counter its function, such as the proteolysis-targeting chimera
(PROTAC) method [169, 170]. We hope that more preclinical and
clinical trials will be conducted to prove our proposed cancer
treatment strategy in the future.

SPRINGER NATURE

11



N. Liu et al.

12

REFERENCES

1.

12.

13.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Lai E, Prezioso V, Smith E, Litvin O, Costa R, Darnell J. HNF-3A, a hepatocyte-
enriched transcription factor of novel structure is regulated transcriptionally.
Genes Dev. 1990;4:1427-36.

. Kaestner K, Knochel W, Martinez D. Unified nomenclature for the winged helix/

forkhead transcription factors. Genes Dev. 2000;14:142-6.

. Reizel Y, Morgan A, Gao L, Schug J, Mukherjee S, Garcia M, et al. FoxA-

dependent demethylation of DNA initiates epigenetic memory of cellular
identity. Dev Cell. 2021;56:602-12.e4.

. Gao B, Xie W, Wu X, Wang L, Guo J. Functionally analyzing the important roles of

hepatocyte nuclear factor 3 (FoxA) in tumorigenesis. Biochim Biophys Acta Rev
Cancer. 2020;1873:188365.

. Friedman J, Kaestner K. The Foxa family of transcription factors in development

and metabolism. Cell Mol Life Sci. 2006;63:2317-28.

. Kaestner K. The hepatocyte nuclear factor 3 (HNF3 or FOXA) family in meta-

bolism. Trends Endocrinol Metab. 2000;11:281-5.

. Geusz R, Wang A, Lam D, Vinckier N, Alysandratos K, Roberts D, et al. Sequence

logic at enhancers governs a dual mechanism of endodermal organ fate
induction by FOXA pioneer factors. Nat Commun. 2021;12:6636.

. Gao S, Chen S, Han D, Wang Z, Li M, Han W, et al. Chromatin binding of FOXA1 is

promoted by LSD1-mediated demethylation in prostate cancer. Nat Genet.
2020;52:1011-7.

. Juan-Mateu J, Bajew S, Miret-Cuesta M, [Aiguez L, Lopez-Pascual A, Bonnal S,

et al. Pancreatic microexons regulate islet function and glucose homeostasis.
Nat Metab. 2023;5:219-36.

. Reizel Y, Morgan A, Gao L, Lan Y, Manduchi E, Waite E, et al. Collapse of the

hepatic gene regulatory network in the absence of FoxA factors. Genes Dev.
2020;34:1039-50.

. Heslop J, Duncan S. FoxA factors: the chromatin key and doorstop essential for

liver development and function. Genes Dev. 2020;34:1003-4.

Orstad G, Fort G, Parnell T, Jones A, Stubben C, Lohman B, et al. FoxA1 and
FoxA2 control growth and cellular identity in NKX2-1-positive lung adeno-
carcinoma. Dev Cell. 2022;57:1866-82.e10.

Yu X, Gupta A, Wang Y, Suzuki K, Mirosevich J, Orgebin-Crist M, et al. Foxal and
Foxa2 interact with the androgen receptor to regulate prostate and epididymal
genes differentially. Ann N Y Acad Sci. 2005;1061:77-93.

. Augello M, Hickey T, Knudsen K. FOXA1: master of steroid receptor function in

cancer. EMBO J. 2011;30:3885-94.

. Li Z, Tuteja G, Schug J, Kaestner K. Foxal and Foxa2 are essential for sexual

dimorphism in liver cancer. Cell. 2012;148:72-83.

. Lee C, Friedman J, Fulmer J, Kaestner K. The initiation of liver development is

dependent on Foxa transcription factors. Nature. 2005;435:944-7.

. Tomofuji K, Kondo J, Onuma K, Coppo R, Horie H, Oyama K, et al. Hepatocyte

differentiation from mouse liver ductal organoids by transducing 4 liver-specific
transcription factors. Hepatol Commun. 2023;7:e0134.

. Strazzabosco M. Foxal and Foxa2 regulate bile duct development in mice. J

Hepatol. 2010;52:765-7.

Falix F, Weeda V, Labruyere W, Poncy A, de Waart D, Hakvoort T, et al. Hepatic
Notch2 deficiency leads to bile duct agenesis perinatally and secondary bile
duct formation after weaning. Dev Biol. 2014;396:201-13.

Gao N, Lelay J, Vatamaniuk M, Rieck S, Friedman J, Kaestner K. Dynamic reg-
ulation of Pdx1 enhancers by Foxal and Foxa2 is essential for pancreas
development. Genes Dev. 2008;22:3435-48.

Bastidas-Ponce A, Roscioni S, Burtscher |, Bader E, Sterr M, Bakhti M, et al. Foxa2
and Pdx1 cooperatively regulate postnatal maturation of pancreatic 3-cells. Mol
Metab. 2017;6:524-34.

Wan H, Dingle S, Xu Y, Besnard V, Kaestner K, Ang S, et al. Compensatory roles
of Foxal and Foxa2 during lung morphogenesis. J Biol Chem.
2005;280:13809-16.

Yoshimi T, Nakamura N, Shimada S, Iguchi K, Hashimoto F, Mochitate K, et al.
Homeobox B3, FoxA1 and FoxA2 interactions in epithelial lung cell differ-
entiation of the multipotent M3E3/C3 cell line. Eur J Cell Biol. 2005;84:555-66.
Mirosevich J, Gao N, Matusik R. Expression of Foxa transcription factors in the
developing and adult murine prostate. Prostate. 2005;62:339-52.

Gao N, Ishii K, Mirosevich J, Kuwajima S, Oppenheimer S, Roberts R, et al.
Forkhead box A1 regulates prostate ductal morphogenesis and promotes epi-
thelial cell maturation. Development. 2005;132:3431-43.

Bernardo G, Lozada K, Miedler J, Harburg G, Hewitt S, Mosley J, et al. FOXA1 is an
essential determinant of ERalpha expression and mammary ductal morpho-
genesis. Development. 2010;137:2045-54.

Ferri A, Lin W, Mavromatakis Y, Wang J, Sasaki H, Whitsett J, et al. Foxal and
Foxa2 regulate multiple phases of midbrain dopaminergic neuron development
in a dosage-dependent manner. Development. 2007;134:2761-9.

Pristera A, Lin W, Kaufmann A, Brimblecombe K, Threlfell S, Dodson P, et al.
Transcription factors FOXA1 and FOXA2 maintain dopaminergic neuronal

SPRINGER NATURE

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41,

42,

43.

44,

45,
46.

47.

48.

49.

50.

51.

52.

53.

54.

properties and control feeding behavior in adult mice. Proc Natl Acad Sci USA.
2015;112:E4929-38.

Lin W, Metzakopian E, Mavromatakis Y, Gao N, Balaskas N, Sasaki H, et al. Foxa1l
and Foxa2 function both upstream of and cooperatively with Lmx1a and Lmx1b
in a feedforward loop promoting mesodiencephalic dopaminergic neuron
development. Dev Biol. 2009;333:386-96.

Metzakopian E, Bouhali K, Alvarez-Saavedra M, Whitsett J, Picketts D, Ang S.
Genome-wide characterisation of Foxal binding sites reveals several mechan-
isms for regulating neuronal differentiation in midbrain dopamine cells.
Development. 2015;142:1315-24.

Tan Y, Xie Z, Ding M, Wang Z, Yu Q, Meng L, et al. Increased levels of FoxA1
transcription factor in pluripotent P19 embryonal carcinoma cells stimulate
neural differentiation. Stem Cells Dev. 2010;19:1365-74.

XuT, Cao L, Duan J, Li Y, Li Y, Hu Z, et al. Uncovering the role of FOXA2 in the
Development of Human Serotonin Neurons. Adv Sci. 2023;10:2303884.

Ma L, Yang Z, Ding J, Liu S, Guo B, Yue Z. Function and regulation of trans-
forming growth factor 1 signalling in antler chondrocyte proliferation and
differentiation. Cell Prolif. 2019;52:e12637.

Zhou Y, Wang Y, Wang Y, Chen L, Wang N, Su Y, et al. LncRNA NKILA exacer-
bates Alzheimer's disease progression by regulating the FOXA1-mediated
transcription of TNFAIP1. Neurochem Res. 2023;48:2895-910.

Yu G, Li X, Zhao Y, Hu Y. The role of FOXA family transcription factors in glu-
colipid metabolism and NAFLD. Front Endocrinol. 2023;14:1081500.
Vatamaniuk M, Gupta R, Lantz K, Doliba N, Matschinsky F, Kaestner K. Foxa1l-
deficient mice exhibit impaired insulin secretion due to uncoupled oxidative
phosphorylation. Diabetes. 2006;55:2730-6.

Robson-Doucette C, Sultan S, Allister E, Wikstrom J, Koshkin V, Bhattacharjee A,
et al. Beta-cell uncoupling protein 2 regulates reactive oxygen species pro-
duction, which influences both insulin and glucagon secretion. Diabetes.
2011;60:2710-9.

Theis A, Singer R, Garofalo D, Paul A, Narayana A, Sussel L. Foxa1Groucho co-
repressor proteins regulate 3 cell development and proliferation by repressing
in the developing mouse pancreas. Development. 2021;148:dev192401.

Lantz K, Vatamaniuk M, Brestelli J, Friedman J, Matschinsky F, Kaestner K. Foxa2
regulates multiple pathways of insulin secretion. J Clin Investig.
2004;114:512-20.

Wu Z, Fei A, Liu Y, Pan S. Conditional tissue-specific Foxa2 ablation in mouse
pancreas causes hyperinsulinemic hypoglycemia. Am J Ther. 2016;23:e1442-e1448.
Sund N, Vatamaniuk M, Casey M, Ang S, Magnuson M, Stoffers D, et al. Tissue-
specific deletion of Foxa2 in pancreatic beta cells results in hyperinsulinemic
hypoglycemia. Genes Dev. 2001;15:1706-15.

Wolfrum C, Besser D, Luca E, Stoffel M. Insulin regulates the activity of forkhead
transcription factor Hnf-3beta/Foxa-2 by Akt-mediated phosphorylation and
nuclear/cytosolic localization. Proc Natl Acad Sci USA. 2003;100:11624-9.
Heddad Masson M, Poisson C, Guérardel A, Mamin A, Philippe J, Gosmain Y.
Foxal and Foxa2 regulate o-cell differentiation, glucagon biosynthesis, and
secretion. Endocrinology. 2014;155:3781-92.

Wolfrum C, Shih D, Kuwajima S, Norris A, Kahn C, Stoffel M. Role of Foxa-2 in
adipocyte metabolism and differentiation. J Clin Investig. 2003;112:345-56.
Jones J. Hepatic glucose and lipid metabolism. Diabetologia. 2016;59:1098-103.
Zhang L, Rubins N, Ahima R, Greenbaum L, Kaestner K. Foxa2 integrates the
transcriptional response of the hepatocyte to fasting. Cell Metab. 2005;2:141-8.
Li D, Cao T, Sun X, Jin S, Xie D, Huang X, et al. Hepatic TET3 contributes to type-2
diabetes by inducing the HNF4a fetal isoform. Nat Commun. 2020;11:342.

Zhu H, Peng J, Li W. FOXA1 suppresses SATB1 transcription and inactivates the
Wnt/B-Catenin pathway to alleviate diabetic nephropathy in a mouse model.
Diabetes, metabolic syndrome and obesity. Targets Ther. 2021;14:3975-87.
Tan Y, Hughes D, Wang X, Costa R. Adenovirus-mediated increase in HNF-3beta
or HNF-3alpha shows differences in levels of liver glycogen and gene expres-
sion. Hepatology. 2002;35:30-9.

Tan Y, Adami G, Costa R. Maintaining HNF6 expression prevents AdHNF3beta-
mediated decrease in hepatic levels of Glut-2 and glycogen. Hepatology.
2002;35:790-8.

Wang P, Cong M, Liu T, Li Y, Liu L, Sun S, et al. FoxA2 inhibits the proliferation of
hepatic progenitor cells by reducing PI3K/Akt/HK2-mediated glycolysis. J Cell
Physiol. 2020;235:9524-37.

He Y, Chen W, Yu L, Liu Y, Cheng Y, Li X, et al. FOXA2 suppresses PKM2 tran-
scription and affects the Wnt/B-catenin activity to block aerobic glycolysis in
thyroid carcinoma. Clin Exp Pharmacol Physiol. 2023;50:561-72.

Badmus O, Hillhouse S, Anderson C, Hinds T, Stec D. Molecular mechanisms of
metabolic associated fatty liver disease (MAFLD): functional analysis of lipid
metabolism pathways. Clin Sci. 2022;136:1347-66.

Lee K, Villena J, Moon Y, Kim K, Lee S, Kang C, et al. Inhibition of adipogenesis and
development of glucose intolerance by soluble preadipocyte factor-1 (Pref-1).
J Clin Investig. 2003;111:453-61.

Cell Death Discovery (2024)10:172



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Aghadi M, Elgendy R, Abdelalim E. Loss of FOXA2 induces ER stress and hepatic
steatosis and alters developmental gene expression in human iPSC-derived
hepatocytes. Cell Death Dis. 2022;13:713.

Wolfrum C, Asilmaz E, Luca E, Friedman J, Stoffel M. Foxa2 regulates lipid
metabolism and ketogenesis in the liver during fasting and in diabetes. Nature.
2004;432:1027-32.

Moya M, Benet M, Guzméan C, Tolosa L, Garcia-Monzén C, Pareja E, et al. Foxal
reduces lipid accumulation in human hepatocytes and is down-regulated in
nonalcoholic fatty liver. PLoS ONE. 2012;7:e30014.

Hansen J, Cohen B. A quantitative metric of pioneer activity reveals that HNF4A
has stronger in vivo pioneer activity than FOXA1. Genome Biol. 2022;23:221.
Liu T, Zhang S, Xiang D, Wang Y. Induction of hepatocyte-like cells from mouse
embryonic stem cells by lentivirus-mediated constitutive expression of Foxa2/
Hnf4a. J Cell Biochem. 2013;114:2531-41.

Horisawa K, Udono M, Ueno K, Ohkawa Y, Nagasaki M, Sekiya S, et al. The
dynamics of transcriptional activation by hepatic reprogramming factors. Mol
Cell. 2020;79:660-76.e8.

Alder O, Cullum R, Lee S, Kan A, Wei W, Yi Y, et al. Hippo signaling influences
HNF4A and FOXA2 enhancer switching during hepatocyte differentiation. Cell
Rep. 2014;9:261-71.

Deng X, Qiu R, Wu Y, Li Z, Xie P, Zhang J, et al. Overexpression of miR-122
promotes the hepatic differentiation and maturation of mouse ESCs through a
miR-122/FoxA1/HNF4a-positive feedback loop. Liver Int. 2014;34:281-95.

Pan G, Cavalli M, Carlsson B, Skrtic S, Kumar C, Wadelius C. rs953413 Regulates
Polyunsaturated Fatty Acid Metabolism by Modulating ELOVL2 Expression.
iScience. 2020,23:100808.

Slebe F, Rojo F, Vinaixa M, Garcia-Rocha M, Testoni G, Guiu M, et al. FoxA and
LIPG endothelial lipase control the uptake of extracellular lipids for breast
cancer growth. Nat Commun. 2016;7:11199.

Bochkis I, Rubins N, White P, Furth E, Friedman J, Kaestner K. Hepatocyte-specific
ablation of Foxa2 alters bile acid homeostasis and results in endoplasmic reti-
culum stress. Nat Med. 2008;14:828-36.

Moschetta A. Welcoming Foxa2 in the bile acid entourage. Cell Metab. 2008;8:276-8.
Bochkis I, Shin S, Kaestner K. Bile acid-induced inflammatory signaling in mice
lacking Foxa2 in the liver leads to activation of mTOR and age-onset obesity.
Mol Metab. 2013;2:447-56.

Warren |, Moeller M, Guiggey D, Chiang A, Maloy M, Ogoke O, et al. FOXA1/2
depletion drives global reprogramming of differentiation state and metabolism
in a human liver cell line and inhibits differentiation of human stem cell-derived
hepatic progenitor cells. FASEB J. 2023;37:€22652.

Bergengren O, Pekala K, Matsoukas K, Fainberg J, Mungovan S, Bratt O, et al.
2022 update on prostate cancer epidemiology and risk factors-a systematic
review. Eur Urol. 2023;84:191-206.

llie G, Rendon R, Mason R, MacDonald C, Kucharczyk M, Patil N, et al. A com-
prehensive 6-mo prostate cancer patient empowerment program decreases
psychological distress among men undergoing curative prostate cancer treat-
ment: a randomized clinical trial. Eur Urol. 2023;83:561-70.

QiJ, Li M, Wang L, Hu Y, Liu W, Long Z, et al. National and subnational trends in
cancer burden in China, 2005-20: an analysis of national mortality surveillance
data. Lancet Public Health. 2023;8:€943-e955.

Quintanal-Villalonga A, Chan J, Yu H, Pe’er D, Sawyers C, Sen T, et al. Lineage
plasticity in cancer: a shared pathway of therapeutic resistance. Nat Rev Clin
Oncol. 2020;17:360-71.

Chan J, Zaidi S, Love J, Zhao J, Setty M, Wadosky K, et al. Lineage plasticity in prostate
cancer depends on JAK/STAT inflammatory signaling. Science. 2022;377:1180-91.
Ku S, Rosario S, Wang Y, Mu P, Seshadri M, Goodrich Z, et al. Rb1 and Trp53
cooperate to suppress prostate cancer lineage plasticity, metastasis, and anti-
androgen resistance. Science. 2017;355:78-83.

Han M, Li F, Zhang Y, Dai P, He J, Li Y, et al. FOXA2 drives lineage plasticity and
KIT pathway activation in neuroendocrine prostate cancer. Cancer Cell.
2022;40:1306-23.e8.

Adams E, Karthaus W, Hoover E, Liu D, Gruet A, Zhang Z, et al. FOXA1 mutations
alter pioneering activity, differentiation and prostate cancer phenotypes. Nat-
ure. 2019;571:408-12.

Baca S, Takeda D, Seo J, Hwang J, Ku S, Arafeh R, et al. Reprogramming of the
FOXA1 cistrome in treatment-emergent neuroendocrine prostate cancer. Nat
Commun. 2021;12:1979.

Song B, Park S, Zhao J, Fong K, Li S, Lee Y, et al. Targeting FOXA1-mediated
repression of TGF-B signaling suppresses castration-resistant prostate cancer
progression. J Clin Investig. 2019;129:569-82.

Klemm S, Shipony Z, Greenleaf W. Chromatin accessibility and the regulatory
epigenome. Nat Rev Genet. 2019;20:207-20.

Sahu B, Laakso M, Ovaska K, Mirtti T, Lundin J, Rannikko A, et al. Dual role of
FoxA1 in androgen receptor binding to chromatin, androgen signalling and
prostate cancer. EMBO J. 2011;30:3962-76.

Cell Death Discovery (2024)10:172

N. Liu et al.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104,

105.

106.

107.

108.

109.

Li M, Liu M, Han W, Wang Z, Han D, Patalano S, et al. LSD1 Inhibition disrupts
super-enhancer-driven oncogenic transcriptional programs in castration-
resistant prostate cancer. Cancer Res. 2023;83:1684-98.

Cai C,He H, Gao S, Chen S, Yu Z, Gao Y, et al. Lysine-specific demethylase 1 has
dual functions as a major regulator of androgen receptor transcriptional activity.
Cell Rep. 2014;9:1618-27.

Omarjee S, Carroll J. Targeting LSD1 and FOXA1 in prostate cancer. Nat Genet.
2020;52:1002-3.

Wang Z, Petricca J, Liu M, Zhang S, Chen S, Li M, et al. SETD7 functions as a
transcription repressor in prostate cancer via methylating FOXA1. Proc Natl
Acad Sci USA. 2023;120:e2220472120.

Teng M, Zhou S, Cai C, Lupien M, He H. Pioneer of prostate cancer: past, present
and the future of FOXA1. Protein Cell. 2021;12:29-38.

Gao S, Chen S, Han D, Barrett D, Han W, Ahmed M, et al. Forkhead domain
mutations in FOXA1 drive prostate cancer progression. Cell Res. 2019;29:770-2.
Shah N, Brown M. The sly oncogene: FOXA1 mutations in prostate cancer.
Cancer Cell. 2019;36:119-21.

Parolia A, Cieslik M, Chu S, Xiao L, Ouchi T, Zhang Y, et al. Distinct structural
classes of activating FOXA1 alterations in advanced prostate cancer. Nature.
2019;571:413-8.

Cancer Genome Atlas Research Network. The Molecular Taxonomy of Primary
Prostate Cancer. Cell. 2015;163:1011-25. https://doi.org/10.1016/j.cell.2015.10.025.
Robinson J, Hickey T, Warren A, Vowler S, Carroll T, Lamb A, et al. Elevated levels
of FOXA1 facilitate androgen receptor chromatin binding resulting in a CRPC-
like phenotype. Oncogene. 2014;33:5666-74.

Evans A. Treatment effects in prostate cancer. Mod Pathol. 2018;31:5110-121.
Kim J, Jin H, Zhao J, Yang Y, Li Y, Yang X, et al. FOXA1 inhibits prostate cancer
neuroendocrine differentiation. Oncogene. 2017;36:4072-80.

Fernandes R, Toubia J, Townley S, Hanson A, Dredge B, Pillman K, et al. Post-
transcriptional gene regulation by MicroRNA-194 promotes neuroendocrine
transdifferentiation in prostate cancer. Cell Rep. 2021;34:108585.

Liu Q, Pang J, Wang L, Huang Z, Xu J, Yang X, et al. Histone demethylase PHF8
drives neuroendocrine prostate cancer progression by epigenetically upregu-
lating FOXAZ2. J Pathol. 2021;253:106-18.

Park J, Lee J, Witte O, Huang J. FOXA2 is a sensitive and specific marker for small
cell neuroendocrine carcinoma of the prostate. Mod Pathol. 2017;30:1262-72.
Wang X, Brea L, Lu X, Gritsina G, Park S, Xie W, et al. FOXA1 inhibits hypoxia
programs  through transcriptional repression of HIF1A. Oncogene.
2022;41:4259-70.

Eisinger-Mathason T, Simon M. HIF-1alpha partners with FoxA2, a neuroendocrine-
specific transcription factor, to promote tumorigenesis. Cancer Cell. 2010;18:3-4.
Mao X, He W, Eriksson M, Lindstrom L, Holowko N, Bajalica-Lagercrantz S, et al.
Prediction of breast cancer risk for sisters of women attending screening. J Natl
Cancer Inst. 2023;115:1310-7.

Nolan E, Lindeman G, Visvader J. Deciphering breast cancer: from biology to the
clinic. Cell. 2023;186:1708-28.

Servetto A, Kollipara R, Formisano L, Lin C, Lee K, Sudhan D, et al. Nuclear FGFR1
regulates gene transcription and promotes antiestrogen resistance in ER breast
cancer. Clin Cancer Res. 2021;27:4379-96.

Jozwik K, Carroll J. Pioneer factors in hormone-dependent cancers. Nat Rev
Cancer. 2012;12:381-5.

Hurtado A, Holmes K, Ross-Innes C, Schmidt D, Carroll J. FOXA1 is a key
determinant of estrogen receptor function and endocrine response. Nat Genet.
2011;43:27-33.

Badve S, Turbin D, Thorat M, Morimiya A, Nielsen T, Perou C, et al. FOXA1
expression in breast cancer-correlation with luminal subtype A and survival. Clin
Cancer Res. 2007;13:4415-21.

Metovic J, Borella F, D'Alonzo M, Biglia N, Mangherini L, Tampieri C, et al. FOXA1
in breast cancer: a luminal marker with promising prognostic and predictive
impact. Cancers. 2022;14:4699.

Arruabarrena-Aristorena A, Maag J, Kittane S, Cai Y, Karthaus W, Ladewig E, et al.
FOXA1 mutations reveal distinct chromatin profiles and influence therapeutic
response in breast cancer. Cancer Cell. 2020;38:534-50.€9.

Ferrer C, Lu T, Bacigalupa Z, Katsetos C, Sinclair D, Reginato M. O-GIcNAcylation
regulates breast cancer metastasis via SIRT1 modulation of FOXM1 pathway.
Oncogene. 2017;36:559-69.

Liu Y, Liu H, Yu T, Lu Q, Zhang F, Liu G, et al. O-GIcNAcylation of MORC2 at
threonine 556 by OGT couples TGF-B signaling to breast cancer progression.
Cell Death Differ. 2022;29:861-73.

Liu Y, Yu K, Kong X, Zhang K, Wang L, Zhang N, et al. FOXA1 O-GlcNAcylation-
mediated transcriptional switch governs metastasis capacity in breast cancer.
Sci Adv. 2023;9:eadg7112.

Liu Y, Huang H, Cao Y, Wu Q, Li W, Zhang J. Suppression of OGT by microRNA24
reduces FOXA1 stability and prevents breast cancer cells invasion. Biochem
Biophys Res Commun. 2017;487:755-62.

SPRINGER NATURE

13


https://doi.org/10.1016/j.cell.2015.10.025

N. Liu et al.

14

110.

111,

112

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134,

135.

136.

Wang D, Ren J, Ren H, Fu J, Yu D. MicroRNA-132 suppresses cell proliferation in
human breast cancer by directly targeting FOXA1. Acta Pharmacol Sin.
2018;39:124-31.

Xie H, Xiao R, He Y, He L, Xie C, Chen J, et al. MicroRNA-100 inhibits breast cancer cell
proliferation, invasion and migration by targeting FOXA1. Oncol Lett. 2021;22:816.
Bernardo G, Bebek G, Ginther C, Sizemore S, Lozada K, Miedler J, et al. FOXA1
represses the molecular phenotype of basal breast cancer cells. Oncogene.
2013;32:554-63.

Williamson E, Wolf I, O’Kelly J, Bose S, Tanosaki S, Koeffler H. BRCA1 and FOXA1
proteins coregulate the expression of the cell cycle-dependent kinase inhibitor
p27(Kip1). Oncogene. 2006;25:1391-9.

Liu Y, Lee W, Wang C, Chao T, Chen Y, Chen J. Regulatory mechanisms con-
trolling human E-cadherin gene expression. Oncogene. 2005;24:8277-90.

de Graauw M, van Miltenburg M, Schmidt M, Pont C, Lalai R, Kartopawiro J, et al.
Annexin A1 regulates TGF-beta signaling and promotes metastasis formation of
basal-like breast cancer cells. Proc Natl Acad Sci USA. 2010;107:6340-5.

Xia K, Huang W, Zhao X, Huang X, Chen Y, Yu L, et al. Increased FOXA1 levels
induce apoptosis and inhibit proliferation in FOXA1-low expressing basal breast
cancer cells. Am J Cancer Res. 2022;12:2641-58.

Zhang Z, Yang C, Gao W, Chen T, Qian T, Hu J, et al. FOXA2 attenuates the
epithelial to mesenchymal transition by regulating the transcription of
E-cadherin and ZEB2 in human breast cancer. Cancer Lett. 2015;361:240-50.
Cao J, Wang X, Wang D, Ma R, Li X, Feng H, et al. PGC-1B cooperating with FOXA2
inhibits proliferation and migration of breast cancer cells. Cancer Cell Int. 2019;19:93.
Liu Y, Chen T, Guo M, Li Y, Zhang Q, Tan G, et al. FOXA2-interacting FOXP2
prevents epithelial-mesenchymal transition of breast cancer cells by stimulating
E-Cadherin and PHF2 transcription. Front Oncol. 2021;11:605025.

Sirkisoon S, Wong G, Aguayo N, Doheny D, Zhu D, Regua A, et al. Breast cancer
extracellular vesicles-derived miR-1290 activates astrocytes in the brain meta-
static microenvironment via the FOXA2—CNTF axis to promote progression of
brain metastases. Cancer Lett. 2022;540:215726.

Perez-Balaguer A, Ortiz-Martinez F, Garcia-Martinez A, Pomares-Navarro C,
Lerma E, Peiré G. FOXA2 mRNA expression is associated with relapse in patients
with Triple-Negative/Basal-like breast carcinoma. Breast Cancer Res Treat.
2015;153:465-74.

Tan D, Setiawan V, Ng C, Lim W, Muthiah M, Tan E, et al. Global burden of liver
cancer in males and females: changing etiological basis and the growing con-
tribution of NASH. Hepatology. 2023;77:1150-63.

Marengo A, Rosso C, Bugianesi E. Liver cancer: connections with obesity, fatty
liver, and cirrhosis. Annu Rev Med. 2016;67:103-17.

Li X, Ramadori P, Pfister D, Seehawer M, Zender L, Heikenwalder M. The
immunological and metabolic landscape in primary and metastatic liver cancer.
Nat Rev Cancer. 2021;21:541-57.

Bigsby R, Caperell-Grant A. The role for estrogen receptor-alpha and prolactin
receptor in sex-dependent DEN-induced liver tumorigenesis. Carcinogenesis.
2011;32:1162-6.

Chen J, Zhang S. Liver cancer epidemic in China: past, present and future. Semin
Cancer Biol. 2011;21:59-69.

Prieto J. Inflammation, HCC and sex: IL-6 in the centre of the triangle. J Hepatol.
2008;48:380-1.

Wands J. Hepatocellular carcinoma and sex. N Engl J Med. 2007;357:1974-6.
Naugler W, Sakurai T, Kim S, Maeda S, Kim K, Elsharkawy A, et al. Gender
disparity in liver cancer due to sex differences in MyD88-dependent IL-6 pro-
duction. Science. 2007;317:121-4.

He S, Zhang J, Zhang W, Chen F, Luo R. FOXA1 inhibits hepatocellular carcinoma
progression by suppressing PIK3R1 expression in male patients. J Exp Clin
Cancer Res. 2017;36:175.

Wang Y, Yang L, Chen T, Liu X, Guo Y, Zhu Q, et al. A novel IncRNA MCM3AP-AS1
promotes the growth of hepatocellular carcinoma by targeting miR-194-5p/
FOXA1 axis. Mol Cancer. 2019;18:28.

Dou C, Wang Y, Li C, Liu Z, Jia Y, Li Q, et al. MicroRNA-212 suppresses tumor
growth of human hepatocellular carcinoma by targeting FOXAT1. Oncotarget.
2015;6:13216-28.

Zhang P, Ha M, Li L, Huang X, Liu C. MicroRNA-3064-5p sponged by
MALAT1 suppresses angiogenesis in human hepatocellular carcinoma by tar-
geting the FOXA1/CD24/Src pathway. FASEB J 2020;34:66-81.

Wang Z, Shen J, Chen C, Wen T, Li C. FOXA2 plays a critical role in hepatocellular
carcinoma progression and lenvatinib-associated drug resistance. Biosci Trends.
2023;17:136-47.

Shen J, Zhou Y, Zhang X, Peng W, Peng C, Zhou Q, et al. Loss of FoxA2 accel-
erates neoplastic changes in the intrahepatic bile duct partly via the MAPK
signaling pathway. Aging. 2019;11:9280-94.

Chen Z, Xiang L, Hu Z, Ou H, Liu X, Yu L, et al. Epigenetically silenced linc00261
contributes to the metastasis of hepatocellular carcinoma via inducing the
deficiency of FOXA2 transcription. Am J Cancer Res. 2021;11:277-96.

SPRINGER NATURE

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.
159.

160.

161.

162.

163.

Chen S, Ma D, Chen Q, Zhang J, Tian Y, Wang Z, et al. MicroRNA-200a inhibits
cell growth and metastasis by targeting Foxa2 in hepatocellular carcinoma. J
Cancer. 2017;8:617-25.

Wang J, Zhu C, Hu P, Qian H, Ning B, Zhang Q, et al. FOXA2 suppresses the
metastasis of  hepatocellular ~ carcinoma  partially  through  matrix
metalloproteinase-9 inhibition. Carcinogenesis. 2014;35:2576-83.

Liang W, Ren J, Wong C, Chan S, Waye M, Fu W, et al. LncRNA-NEF antagonized
epithelial to mesenchymal transition and cancer metastasis via cis-regulating
FOXA2 and inactivating Wnt/B-catenin signaling. Oncogene. 2018;37:1445-56.
Chen X, Li M, Zhou H, Zhang L. miR-132 targets FOXA1 and exerts tumor-
suppressing functions in thyroid cancer. Oncol Res. 2019;27:431-7.

Lin M, Pan J, Chen Q, Xu Z, Lin X, Shi C. Overexpression of FOXA1 inhibits cell
proliferation and EMT of human gastric cancer AGS cells. Gene.
2018;642:145-51.

Song Y, Washington M, Crawford H. Loss of FOXA1/2 is essential for the
epithelial-to-mesenchymal transition in pancreatic cancer. Cancer Res.
2010;70:2115-25.

Ma W, Jiang J, Li M, Wang H, Zhang H, He X, et al. The clinical significance of
forkhead box protein A1 and its role in colorectal cancer. Mol Med Rep.
2016;14:2625-31.

Wang Z, Sun B, Chen Z, Zhao K, Wang Y, Meng F, et al. FOXA1 leads to aberrant
expression of SIX4 affecting cervical cancer cell growth and chemoresistance.
Anal Cell Pathol. 2022;2022:9675466.

Li C, Gocheva V, Oudin M, Bhutkar A, Wang S, Date S, et al. Foxa2 and Cdx2
cooperate with Nkx2-1 to inhibit lung adenocarcinoma metastasis. Genes Dev.
2015;29:1850-62.

Qiu M, Bao W, Wang J, Yang T, He X, Liao Y, et al. FOXA1 promotes tumor cell
proliferation through AR involving the Notch pathway in endometrial cancer.
BMC Cancer. 2014;14:78.

Yang Y, Yu J. Current perspectives on FOXA1 regulation of androgen receptor
signaling and prostate cancer. Genes Dis. 2015;2:144-51.

Lv S, Wu Z, Luo M, Zhang Y, Zhang J, Pascal L, et al. Integrated analysis reveals
FOXA1 and Ku70/Ku80 as targets of ivermectin in prostate cancer. Cell Death
Dis. 2022;13:754.

Gui B, Gui F, Takai T, Feng C, Bai X, Fazli L, et al. Selective targeting of PARP-2
inhibits androgen receptor signaling and prostate cancer growth through dis-
ruption of FOXA1 function. Proc Natl Acad Sci USA. 2019;116:14573-82.
Walker L, Millena A, Strong N, Khan S. Expression of TGF@3 and its effects on
migratory and invasive behavior of prostate cancer cells: involvement of PI3-
kinase/AKT signaling pathway. Clin Exp Metastasis. 2013;30:13-23.

Jin X, Yan Y, Wang D, Ding D, Ma T, Ye Z, et al. DUB3 promotes BET inhibitor
resistance and cancer progression by deubiquitinating BRD4. Mol Cell.
2018;71:592-605.e4.

Schwalm M, Knapp S. BET bromodomain inhibitors. Curr Opin Chem Biol.
2022;68:102148.

Wang L, Xu M, Kao C, Tsai S, Tsai M. Small molecule JQ1 promotes prostate
cancer invasion via BET-independent inactivation of FOXA1. J Clin Investig.
2020;130:1782-92.

Ping H, Yang F, Wang M, Niu Y, Xing N. IKK inhibitor suppresses epithelial-
mesenchymal transition and induces cell death in prostate cancer. Oncol Rep.
2016;36:1658-64.

Park S, Fong K, Kim J, Wang F, Lu X, Lee Y, et al. Posttranslational regulation of
FOXA1 by polycomb and BUB3/USP7 deubiquitin complex in prostate cancer.
Sci Adv. 2021;7:eabe2261.

Czuba L, Hillgren K, Swaan P. Post-translational modifications of transporters.
Pharmacol Ther. 2018;192:88-99.

Zelnak A, O’'Regan R. Optimizing endocrine therapy for breast cancer. J Natl
Compr Cancer Netw. 2015;13:e56-64.

Harbeck N, Gnant M. Breast cancer. Lancet. 2017;389:1134-50.

Fu X, Jeselsohn R, Pereira R, Hollingsworth E, Creighton C, Li F, et al. FOXA1
overexpression mediates endocrine resistance by altering the ER transcriptome
and IL-8 expression in ER-positive breast cancer. Proc Natl Acad Sci USA.
2016;113:E6600-E6609.

Yamaguchi N, Nakayama Y, Yamaguchi N. Down-regulation of Forkhead box
protein A1 (FOXA1) leads to cancer stem cell-like properties in tamoxifen-
resistant breast cancer cells through induction of interleukin-6. J Biol Chem.
2017;292:8136-48.

Fu X, Pereira R, De Angelis C, Veeraraghavan J, Nanda S, Qin L, et al. FOXA1
upregulation promotes enhancer and transcriptional reprogramming in
endocrine-resistant breast cancer. Proc Natl Acad Sci USA. 2019;116:26823-34.
Miller T, Balko J, Arteaga C. Phosphatidylinositol 3-kinase and antiestrogen
resistance in breast cancer. J Clin Oncol. 2011;29:4452-61.

Osborne C, Shou J, Massarweh S, Schiff R. Crosstalk between estrogen receptor
and growth factor receptor pathways as a cause for endocrine therapy resis-
tance in breast cancer. Clin Cancer Res. 2005;11:865s-70s.

Cell Death Discovery (2024)10:172



164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Tokunaga E, Kataoka A, Kimura Y, Oki E, Mashino K, Nishida K, et al. The asso-
ciation between Akt activation and resistance to hormone therapy in metastatic
breast cancer. Eur J Cancer. 2006;42:629-35.

Tokunaga E, Hisamatsu Y, Tanaka K, Yamashita N, Saeki H, Oki E, et al. Molecular
mechanisms regulating the hormone sensitivity of breast cancer. Cancer Sci.
2014;105:1377-83.

Liu Y, Wang X, Zhu T, Zhang N, Wang L, Huang T, et al. Resistance to bortezomib
in breast cancer cells that downregulate Bim through FOXA1 O-GlcNAcylation. J
Cell Physiol. 2019;234:17527-37.

Nardone A, Qiu X, Spisak S, Nagy Z, Feiglin A, Feit A, et al. A distinct chromatin
state drives therapeutic resistance in invasive lobular breast cancer. Cancer Res.
2022;82:3673-86.

Kumar U, Ardasheva A, Mahmud Z, Coombes R, Yagiie E. FOXAT is a determi-
nant of drug resistance in breast cancer cells. Breast Cancer Res Treat.
2021;186:317-26.

Békés M, Langley D, Crews C. PROTAC targeted protein degraders: the past is
prologue. Nat Rev Drug Discov. 2022;21:181-200.

Li X, Song Y. Proteolysis-targeting chimera (PROTAC) for targeted protein
degradation and cancer therapy. J Hematol Oncol. 2020;13:50.

Liu B, Qin J, Shen W, Liu C, Yang X, Zhang X, et al. FOXA1 promotes proliferation,
migration and invasion by transcriptional activating KRT7 in human gastric
cancer cells. J Biol Regul Homeost Agents. 2019;33:1041-50.

Lin M, Shi C, Lin X, Pan J, Shen S, Xu Z, et al. sMicroRNA-1290 inhibits cells
proliferation and migration by targeting FOXA1 in gastric cancer cells. Gene.
2016;582:137-42.

Yang Z, Jiang X, Zhang Z, Zhao Z, Xing W, Liu Y, et al. HDAC3-dependent
transcriptional repression of FOXA2 regulates FTO/m6A/MYC signaling to con-
tribute to the development of gastric cancer. Cancer Gene Ther.
2021;28:141-55.

Li C, Lu S, Shi Y. MicroRNA-187 promotes growth and metastasis of gastric
cancer by inhibiting FOXA2. Oncol Rep. 2017;37:1747-55.

Zhu C, Wang J, Shi B, Hu P, Ning B, Zhang Q, et al. The transcription factor
FOXA2 suppresses gastric tumorigenesis in vitro and in vivo. Dig Dis Sci.
2015;60:109-17.

Vorvis C, Hatziapostolou M, Mahurkar-Joshi S, Koutsioumpa M, Williams J,
Donahue T, et al. Transcriptomic and CRISPR/Cas9 technologies reveal FOXA2 as
a tumor suppressor gene in pancreatic cancer. Am J Physiol Gastrointest Liver
Physiol. 2016;310:G1124-37.

Park Y, Kim S, Park S, Jung M, Ha S, Choi J, et al. Forkhead-box A1 regulates
tumor cell growth and predicts prognosis in colorectal cancer. Int J Oncol.
2019;54:2169-78.

Chen X, Liu J, Zhang Q, Liu B, Cheng Y, Zhang Y, et al. Exosome-mediated
transfer of miR-93-5p from cancer-associated fibroblasts confer radioresistance
in colorectal cancer cells by downregulating FOXA1 and upregulating TGFB3. J
Exp Clin Cancer Res. 2020;39:65.

Tang Y, Shu G, Yuan X, Jing N, Song J. FOXA2 functions as a suppressor of tumor
metastasis by inhibition of epithelial-to-mesenchymal transition in human lung
cancers. Cell Res. 2011;21:316-26.

Camolotto S, Pattabiraman S, Mosbruger T, Jones A, Belova V, Orstad G, et al.
FoxA1 and FoxA2 drive gastric differentiation and suppress squamous identity
in NKX2-1-negative lung cancer. eLife. 2018;7:€38579.

Jin'S, He J, Zhou Y, Wu D, Li J, Gao W. LncRNA FTX activates FOXA2 expression to
inhibit non-small-cell lung cancer proliferation and metastasis. J Cell Mol Med.
2020;24:4839-49.

Osei-Amponsa V, Buckwalter J, Shuman L, Zheng Z, Yamashita H, Walter V, et al.
Hypermethylation of FOXA1 and allelic loss of PTEN drive squamous differ-
entiation and promote heterogeneity in bladder Oncogene.
2020;39:1302-17.

Yu Y, Yu F, Sun P. MicroRNA-1246 promotes melanoma progression through
targeting FOXA2. Onco Targets Ther. 2020;13:1245-53.

Ding B, Liang H, Gao M, Li Z, Xu C, Fan S, et al. Forkhead box A2 (FOXA2) inhibits
invasion and tumorigenesis in glioma cells. Oncol Res. 2017;25:701-8.

cancer.

Cell Death Discovery (2024)10:172

N. Liu et al.

185. Wang J, Bao W, Qiu M, Liao Y, Che Q, Yang T, et al. Forkhead-box A1 suppresses
the progression of endometrial cancer via crosstalk with estrogen receptor a.
Oncol Rep. 2014;31:1225-34.

186. Sahoo S, Ramanand S, Gao Y, Abbas A, Kumar A, Cuevas |, et al
FOXA2 suppresses endometrial carcinogenesis and epithelial-mesenchymal
transition by regulating enhancer activity. J Clin Investig. 2022;132:e157574.

187. Li J, Zhang Z, Du M, Guan Y, Yao J, Yu H, et al. microRNA-141-3p fosters the
growth, invasion, and tumorigenesis of cervical cancer cells by targeting FOXA2.
Arch Biochem Biophys. 2018;657:23-30.

188. Zhan F, Zhong Y, Qin Y, Li L, Wu W, Yao M. SND1 facilitates the invasion and
migration of cervical cancer cells by Smurf1-mediated degradation of FOXA2.
Exp Cell Res. 2020;388:111809.

189. Salem M, O’Brien J, Bernaudo S, Shawer H, Ye G, Brki¢ J, et al. miR-590-3p
promotes ovarian cancer growth and metastasis via a novel FOXA2-versican
pathway. Cancer Res. 2018;78:4175-90.

AUTHOR CONTRIBUTIONS
NL and MC conceived and designed the review. NL, AW, MX, YL, and XZ wrote, edited,
and revised the manuscript. All authors have read and approved the final manuscript.

FUNDING

This work was supported by the National Natural Science Foundation (grant no.
82072712); Health Commission Medical Research Program of Jiangsu Province
(22023096); Suzhou Clinical Key Disease Diagnosis and Treatment Technology
Program (LCZX202339); Suzhou Science and Technology Development Pro-
gram(SLT2023020, SKY2023093); Key Healthcare Talent in Gusu District (054).

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Na Liu or
Minbin Chen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

SPRINGER NATURE

15


http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	FOXA1 and FOXA2: the regulatory mechanisms and therapeutic implications in�cancer
	Facts
	Open questions
	Introduction
	Role of FOXA1 and FOXA2 in organogenesis and differentiation
	FOXA1- and FOXA2-mediated cellular metabolism
	Glucose metabolism
	Lipid metabolism

	Role of FOXA1 and FOXA2 in cancers
	Prostate�cancer
	Breast�cancer
	Liver�cancer
	Other cancers

	Targeting FOXA molecules for cancer therapeutics and future research
	FOXA1-targeted combination therapy for PCa treatment
	FOXA1-targeted combination therapy for breast cancer treatment
	FOXA2-targeted combination therapy for liver cancer treatment

	Discussion and perspective
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




