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Simple Summary: Today, we know that estrogen hormones are required for the development and
function of many organs, such as the liver, in both males and females. However, in some circum-
stances, estrogen excess may be implicated in the appearance of various chronic diseases, including
cancer. This review will inspect the results of several studies to better understand the mechanisms
responsible for estrogens to change from protective into harmful hormones in human liver.

Abstract: Estrogens are recognized as key players in physiological regulation of various, classical
and non-classical, target organs, and tissues, including liver development, homeostasis, and function.
On the other hand, multiple, though dispersed, experimental evidence is highly suggestive for
the implication of estrogen in development and progression of hepatocellular carcinoma. In this
paper, data from our own studies and the current literature are reviewed to help understanding this
apparent discrepancy.
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1. Introduction

Estrogens play a key role in the physiology of an amazing array of systems, organs,
and tissues, including reproductive, cardiovascular, central nervous systems, as well as
adipose tissue, skeletal muscle, and liver, reviewed in [1]. They have been implicated in the
control of food intake, energy expenditure and balance, glucose homeostasis, and insulin
sensitivity, as well as in the prevention of fat accumulation and tissue inflammation.

There is dated evidence that sex hormones, notably estrogens, are important regulators
of both morphology and function of human liver and that they could also be implicated in
the development of various liver diseases, including cancer [2,3].

This work reviews data from literature and our own studies that may help under-
standing the seeming discrepancy between evidence supporting the protective role of
estrogen against chronic liver diseases, on one hand, and evidence implicating estrogen
in development and/or progression of hepatocellular carcinoma (HCC), on the other. In
particular, studies on estrogen formation, signaling mechanisms, and stem/progenitor cell
regulation in either healthy or diseased liver have been surveyed. A hypothetical model
of estrogen role in both the maintenance of liver homeostasis (friend) and the onset of
hepatic malignancies (foe) is herein proposed and discussed, also in the light of its potential
implications not only for future therapeutic options in the management of HCC patients,
but also for a better understanding of the pathogenetic mechanisms underlying an array
of chronic ailments, including hormone-related cancers, endometriosis, polycystic ovary
syndrome, and neurodegenerative diseases.

2. Estrogen Protection of Liver from Various Diseases, Including Cancer

Nowadays, it is widely recognized that the liver is sexually dimorphic, with pre-
menopausal females having a lower risk of developing hepatic diseases and liver-driven
metabolic disorders than postmenopausal women and male counterparts; furthermore,
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key estrogen effects on sexual-specific and metabolic functions of the liver appear to be
mediated through the activation of specific hepatic estrogen receptors (ER), notably the
ERα, as reviewed in [4,5].

Estrogen regulates liver metabolism and energy balance by acting through estrogen
receptors [6]. In particular, estradiol decreases lipogenesis and fatty acid uptake, while
it enhances lipolysis and cholesterol secretion, thus preventing lipid accumulation and
liver steatosis. Furthermore, estrogens promote glucose storage in the liver by decreasing
glucose production through the reduction of gluconeogenesis and the increase of glyco-
gen synthesis, eventually leading to an improvement of glucose tolerance and insulin
sensitivity [7].

The recognition that estrogens regulate liver lipid metabolism and homeostasis is
also corroborated by the evidence that estrogen deficiency, as it occurs with antiestrogen
treatment, after menopause or in experimental animal models, ultimately results in liver
fat accumulation and steatosis.

An increased risk of developing steatohepatitis is a well-documented side-effect of the
use of tamoxifen, a weak synthetic estrogen having antiestrogenic activity, in the treatment
of hormone-responsive breast cancer [8]. Furthermore, a significant accumulation of lipids
occurs in the liver of aromatase knockout (ArKO) mouse, with a correspondingly increased
expression of lipogenic genes, including FASN and SCD-1 [9]. Interestingly, the fatty
liver observed in the ArKO male mice as a consequence of estrogen deficiency could be
reversed through the administration of exogenous natural estrogens and/or a specific
ERα-agonist [10,11].

Using a mouse model with deletion of hepatic ERα, Palmisano and colleagues [12]
observed that estrogens are no longer able to constrain liver steatosis, suggesting that
they decrease the triglyceride liver content by acting directly through ERα. In addi-
tion, consistent evidence indicates that estrogens suppress de novo hepatic lipogenesis
through ERα-mediated binding to genes involved in both lipid biosynthesis and fatty acid
metabolism and via a sustained phosphorylation of acetyl-CoA carboxylase (ACC) [13,14].

Estrogens also decrease cholesterol biosynthesis and negatively regulate its uptake in
the liver through an ERα-mediated mechanism [15]. In addition, estrogens stimulate the
biosynthesis of both lipoproteins and proteins responsible for blood coagulation (such as
factors II, VII, IX, X, and plasminogen) in the liver [16].

It is worth noting that the important protective effects of estrogens on liver lipid
metabolism could represent an indirect consequence of estrogen-induced restriction of
fatty acid (FA) release from adipose tissue and, hence, the resulting decrease of FA hepatic
delivery [17].

There is convincing evidence that estrogens play a protective role following traumatic
injury and the resulting shock/sepsis in a variety of systems and organs [18]. As far as
the liver is concerned, it has been observed that estrogen downregulates the production of
proinflammatory cytokines by Kupffer cells in response to trauma-hemorrhage [19]. The
protective effect of estradiol on liver injury after trauma-hemorrhagic shock has also been
ascribed to a p38 mitogen activated protein kinase (MAPK)-dependent up-regulation of
hepatic hemeoxygenase-1 (HO-1) expression [20]. In addition, estradiol administration
after trauma-hemorrhage induces expression of heat shock protein (HSP) 32 and 70 in the
injured liver through an ERα-mediated mechanism, suggesting that this beneficial effect of
estrogen on hepatic function could at least partly be mediated by HSP induction [21].

In a recent paper, Charni-Natan and associates [22] have proposed that p53, the
renowned tumor suppressor gene, has an important role in the regulation of steroid
hormones, including estrogens, and in the preservation of liver homeostasis, suggesting
that p53 may function as a key intermediary and a novel regulator in this axis.
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In the last decades, multiple, though sparse, evidence has accumulated suggest-
ing that estrogens are key players in liver protection from various diseases, including
fibrosis, non-alcoholic fatty liver disease (NAFLD), chronic hepatitis, and hepatocellular
carcinoma (HCC).

In a retrospective study of patients with biopsy-proven chronic hepatitis C virus (HCV)
disease, Villa et al. [23] observed that progression of liver fibrosis in post-menopausal
women is directly related to the extent of estrogen deprivation and the reduction of estra-
diol/testosterone ratio. Furthermore, the expression of ERα has been reported to be
inversely related to liver fibrotic stage in patients with HCV genotype 1b infection [24].

A study by Yang and coworkers indicated that men and postmenopausal women with
nonalcoholic steatohepatitis (NASH) are at a higher risk for developing severe fibrosis
as compared to women before menopause [25]. This effect could also be ascribed to the
antioxidant activity of endogenous estradiol that overcomes hepatic fibrosis in animal
models and counteracts the production of reactive oxygen species in primary cultures of
hepatic stellate cells [26,27].

Consistent evidence indicates that prevalence and severity of NAFLD are greater
in men than in women in the reproductive age, while, after menopause, NAFLD occurs
at a higher rate in women, suggesting that estrogens play a protective role in both the
development and progression of the disease, reviewed in [28,29]. Klair and colleagues [30]
have suggested that postmenopausal women with NAFLD and lengthy estrogen defi-
ciency may have a higher risk of developing liver fibrosis than premenopausal women.
Postmenopausal patients with early breast cancer treated with nonsteroidal aromatase
inhibitors have an increased risk of developing NAFLD as a consequence of the inhibi-
tion of estrogen biosynthesis, with a negative impact on clinical outcomes [31]. Recently,
Della Torre [32] has emphasized the concept that estrogens, along the evolutionary path,
have provided the female liver with high metabolic dynamicity and flexibility, eventually
leading to antagonize metabolic and inflammatory alterations underlying NAFLD devel-
opment and, hence, determining its lower prevalence in fertile females and increasingly
high incidence associated with menopause.

Several studies have reported that both chronic hepatitis B virus (HBV) and HCV occur
more frequently and progress more rapidly in males than in females and that liver cirrhosis
is largely prevalent in men and women after menopause [33]. HBV infection appears to be
less aggressive and to progress slower in fertile females than in males, while both NAFLD
and cirrhosis occur less frequently in premenopausal women, suggesting a favorable role
of estrogens against the progression of hepatic fibrosis and chronic liver diseases [33,34].
Recently, Ruggieri and colleagues [35] have suggested that sex hormones, viruses and
immune response are strictly interrelated to determine the sexual dimorphism in the
development and clinical outcome of both B virus and C virus chronic hepatitis diseases.

In general, estrogens promote a variety of protective mechanisms, including preser-
vation of mitochondrial structure and function, the inhibition of cellular senescence, and
the stimulation of innate immunity [36]. The protecting role reported for estradiol (E2) in
chronic liver diseases, including HCC, has also been attributed to the anti-proliferative
and anti-inflammatory activities brought about by E2 through binding to and activation of
estrogen receptor beta (ERβ) [37]. On the other hand, in peri- or post-menopausal women,
ovarian failure and the resulting estrogen deficiency may eventually lead to higher risk
of developing various liver diseases, especially NAFLD and hepatocellular carcinoma, as
well as faster progression of fibrosis in HCV infection [36].

The major evidence reported in this section is summarized in Table 1.
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Table 1. Summary data on the protective role of estrogen in liver diseases.

Liver Disease Risk Mechanism(s) Reference

Steatosis ↓ ↓ lipogenesis and fatty acid uptake
↑ lipolysis and cholesterol secretion Shen & Shi, 2015 [6]

Steatohepatitis ↑ TAM treatment of breast cancer patients Yoo et al., 2020 [8]

Fatty liver ↑ Estrogen deficiency in ArKO mouse Jones et al., 2000 [9]

Steatosis ↑ Deletion of hepatic ERα Palmisano et al., 2016 [12]

Fatty liver ↓ ↓ de novo hepatic lipogenesis Gao et al., 2008 [13]

Steatosis ↓ ↓ cholesterol biosynthesis and uptake Palmisano et al., 2017 [15]

Steatosis ↓ ↓ delivery of adipose FA to liver Otero et al., 2014 [17]

Trauma/Injury ↓
↓ proinflammatory cytokines
↑ hepatic hemeoxygenase-1
↑ HSP 32 and HSP 70

Yokohama et al., 2003 [19]
Hsu et al., 2007 [20]

Szalay et al., 2006 [21]

Fibrosis/NASH ↑ Postmenopausal estrogen deprivation Villa et al., 2012 [23]
Yang et al., 2014 [25]

NAFLD ↑ ↑ duration of estrogen deficiency Klair et al., 2016 [30]

NAFLD ↑ Nonsteroidal aromatase inhibitors treatment of
breast cancer patients Lee at al., 2019 [31]

HBV ↓ Estrogen antioxidant activity Shimizu et al., 2007 [34]

HCV ↓ ↓ production of mature HCV and HCV cell entry Ruggieri et al., 2018 [35]

HCC ↓ Binding and activation of ERβ by estradiol Iavarone et al., 2003 [37]

TAM, tamoxifen; ERα, estrogen receptor α; FA, fatty acids; NASH, nonalcoholic steatohepatitis; NAFLD, nonalcoholic fatty liver disease;
HBV, chronic hepatitis B virus; HCV, chronic hepatitis C virus; HCC, hepatocellular carcinoma.

3. Estrogen Formation and Activity in HCC

Liver cancer represents the fifth commonest cancer in men and the ninth in women
worldwide, with Eastern and South-Eastern Asia, Micronesia, West and Central Africa, and
Egypt having the highest incidence rates [38]. Globally, liver cancer is the second-leading
cause of cancer death in men and the sixth in women. Nearly 80% of primary liver cancers
are represented by HCC. In Italy, 13,000 new HCC cases were expected in 2020, while
mortality rates have been steadily decreasing since the late 1990s, with an annual decrease
rate of 1.6% in males and 1.3% in females [39].

Independent of race and geography, HCC incidence is up to three times greater in male
than in female, suggesting that gonadal steroids could be implicated in its development.
Previous reports have suggested that sex steroids play a role in the development and
progression of HCC as consequence of an unbalanced liver hormonal milieu [40]. However,
studies conducted either in vitro, or in experimental animal models and HCC patients
have often provided conflicting or uncertain results [41].

Early studies have reported the expression of estrogen receptors in primary HCC [40,42],
suggesting a potential role of estrogens in HCC development. However, various clinical
trials have failed to demonstrate any beneficial effect of the treatment with the antiestrogen
tamoxifen on the clinical outcome of HCC patients [43–45]. More recent ER studies have
reported that the ESR1 gene, which encodes for ERα, is frequently hypermethylated and that,
therefore, the expression levels of ERα drop to less than 10% in HCC [46]. On the other hand,
the expression of mutant ERα has been observed in primary HCC, suggesting that although
variant ERs would still be transcriptionally active, they could be refractory to antiestrogen
binding and, consequently, HCC would become unresponsive to tamoxifen treatment [47].

The biotransformation, conjugation, and degradation of sex steroids occur primarily
in the liver through the activity of key steroid enzymes, including aromatase. There is
evidence that aromatization of androgen into estrogen in human liver is associated with a
higher risk of developing non-viral hepatitis-related HCC [48]. More recently, Murakami
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et al. [49] reported that high immunoreactivity scores of aromatase are correlated with
HBV infection, suggesting a potential role for in situ estrogen biosynthesis in liver chronic
B-virus hepatitis.

Our earlier studies have revealed that aromatase expression and activity is higher in
malignant, but markedly lower or undetectable respectively in cirrhotic and nontumoral
tissues and cells (see Figure 1) [50,51]. We have also observed that locally elevated estrogen
production results in the increase of both the expression and activity of a membrane glyco-
protein, amphiregulin (AREG), that may in turn lead to stimulation of epidermal growth
factor receptor (EGFR) signaling and cell proliferation (Figure 2) [52]. It is well known
that AREG is activated through a process, referred to as ectodomain shedding, whereby a
transmembrane metalloprotease, a disintegrin and metalloprotease 17 (ADAM17 or TACE),
is responsible for AREG cleavage into distinct EGF-like fragments [53]. We have reported
that both AREG and ADAM17/TACE are expressed correspondingly with aromatase in
liver tissues and liver cancer cell lines (see Figure 3). Furthermore, ADAM17/TACE is
induced by treatment with estradiol (E2) of liver cancer cells (Figure 4), indicating that
estrogen may increase AREG activity in the malignant liver either directly (through the up-
regulation of the AREG gene, increase of its transcriptional activity or protein biosynthesis)
or indirectly (via the induction of ADAM17/TACE enzyme) or both [52]. In this context,
liver cancer cell growth is stimulated by exposure to AREG (Figure 5), while this effect is
abrogated by the simultaneous addition of a neutralizing anti-AREG antibody, implying
that the estrogen-induced rise of AREG expression and/or activity may ultimately lead to
a significant increase of cell proliferation [54].
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Figure 1. Aromatase-driven estrogen formation in human liver tissues. Aromatase activity was
measured through incubation for 72 h of minced nontumoral, cirrhotic and cancer liver tissues with
physiological amounts of tritiated testosterone used as androgen precursor. Values represent average
percent conversion rates ±SD from triplicate experiments [50,51].
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Figure 2. Estrogen regulation of amphiregulin (AREG) expression in liver cancer cells. Changes
of AREG expression following exposure for 24 h to physiological (1 nM) estradiol were measured
in HepG2, Huh7 and HA22T liver cancer cells through RT-PCR semiquantitative analysis. Re-
sults represent average percent fold increase with respect to control cell cultures receiving vehicle
alone [52].
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Figure 3. Expression of estrogen receptors, aromatase, amphiregulin, and ADAM17/TACE in liver tissues and cancer cells.
Expression of estrogen receptor α (ERα) and β (ERβ), either wild-type (ERα66; Erβ1) or splice variants (ERα46, ERα36;
ERβ2, ERβ5), was measured using exon-specific RT-PCR. Expression of aromatase (ARO), amphiregulin (AREG), and the
disintegrin and metalloprotease 17 (ADAM17) was measured using conventional semiquantitative RT-PCR analysis. For
methodological details see quoted references [54,55].
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Figure 4. Estrogen regulation of the disintegrin and metalloprotease 17 (ADAM17) expression in
liver cancer cells. Changes of ADAM17 expression following exposure for 24 h to physiological
(1 nM) estradiol were measured in HepG2, Huh7 and HA22T liver cancer cells through RT-PCR
semiquantitative analysis. Results represent average percent fold increase with respect to control cell
cultures receiving vehicle alone [52].
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AREG (50 ng/mL) on proliferative activity of HepG2, Huh7 and HA22T liver cancer cells. Values
represent average fold increase ±SD of quadruplicate wells from triplicate experiments with respect
to control cell cultures receiving vehicle alone [54].

4. Estrogen and the Product of Neurofibromatosis Type 2 (NF2) Gene, Merlin

In previous studies, we have reported that, comparing nontumoral, cirrhotic and
malignant liver tissues, an increasingly higher aromatase expression and activity is strictly
associated with a progressive reduction of the wild type ERα (Erα66) and the gradual
emergence of the ERα36 splicing variant, suggesting that this ER shift could be distinctively
implicated in HCC development and progression [54,55]. In this framework, an interesting
piece of evidence comes from studies on the expression and role of Merlin (neurofibromin 2),
the product of the neurofibromatosis type 2 (NF2) tumor suppressor gene, in human
liver. Merlin is a cytoskeletal protein belonging to the Band 4.1 family of linker proteins,
containing the ERM (Ezrin, Radixin, Moesin) domain, that presides over the stabilization of
the membrane-cytoskeleton interface and restricts contact-dependent EGFR mobility and
internalization [56,57]. NF2 gene is a key regulator of the Hippo cellular pathway, which
in turn controls organ size and various cell functions, including proliferation, motility,
survival, and signaling [58]. Merlin/ERM proteins have been implicated in the control of
cell signaling and growth by regulating the distribution of membrane receptors and their
interaction with the underlying cytoskeleton [56].

Evidence has accumulated that although most genes belonging to the Hippo pathway
are not frequently mutated, the Hippo pathway activity has been reported to be deregulated
in different human cancers [59]. In this context, Merlin functions as a tumor suppressor also
by impacting upon Hippo-mediated mechanisms controlling cell proliferation, apoptosis,
survival, motility, adhesion, and invasion [60,61]. In particular, Merlin restricts tumor
growth and reverts malignant phenotype in vitro [62–65].

Using conditional knockout mice carrying liver-specific deletion of NF2, Benhamouche
and colleagues [66] observed a significant, progressive expansion of putative liver stem/
progenitor cells, while differentiated hepatocytes were not affected. Interestingly, surviving
mice invariably developed cholangiocellular (CC) and HCC, suggesting that NF2−/− oval
cells could represent the tumor-initiating cells in liver carcinogenesis. In this experimental
model the authors suggested that Merlin may act through a Hippo-independent stimulation
of EGFR abundance and signaling, with pharmacologic inhibition of EGFR eventually
leading to constrain proliferative activity of NF2−/− stem/progenitor cells both in vitro
and in vivo. In our liver studies, Merlin expression is strictly associated with that of both
aromatase and AREG, resulting prominent in HCC, intermediary in cirrhotic tissues and
markedly lower in nontumoral liver; interestingly, NF2 is also proportionally expressed
with the truncated hERα36 splice variant and inversely related to wild type hERα66 (see
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Figure 6) [54]. This evidence suggests that Merlin could be regulated in association with
estrogen formation and signaling in both normal and diseased liver.
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Figure 6. Corresponding expression of ERα36, aromatase, amphiregulin, and Merlin (NF2) in liver tissues. The expression of
the ERα36 splice variant, aromatase (ARO), amphiregulin (AREG), and the product of neurofibromatosis tumor suppressor
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5. Estrogen Receptors in Human HCC

The presence of estrogen receptors in human liver was firstly reported by Duffy in the
late 1970s [67]. From subsequent studies, multiple, though spare, evidence has indicated
that estrogen receptors are variably expressed in a considerable proportion of human
HCC [42,68]. This evidence has suggested that estrogens may be implicated in human
liver malignancies, though their potential role in the development and/or progression of
HCC has remained undefined. In this framework, the antiestrogen tamoxifen has been
introduced as a potential therapeutic option for unresectable HCC [69–71]. However, results
from several clinical trials and systematic reviews or relevant meta-analyses have shown
that tamoxifen is largely ineffective in increasing overall or disease-free survival [72–75].
In this context, it is worth noting that in most clinical trials the ER status of primary HCC
has been assessed using biochemical ligand binding assay and/or immunocytochemical
analysis, in both cases with no indication on the expression of variant ERs. In our studies,
we have observed that HCC development and progression appear to be associated with
a prominent switch of the expression of ERα66 and ERα36, with the former (wild-type
ER) being predominant in nontumoral liver tissues and the latter (variant ER) largely
prevalent in HCC tissues [54,55]. As stated above, the ER status of primary HCC has been
determined using either biochemical or immunochemical assay, also using mono- and/or
polyclonal antibodies that are often raised against epitopes that are lost in the 36 kDa
splicing variant of ERα. This would imply that immunocytochemically ER-negative HCC
could yet express ERα36, indicating that routine evaluation of ER status based solely on
immunohistochemistry could often be inadequate for a comprehensive assessment of ER
status and estrogen signaling in liver tissues and cells and, therefore, could fail to provide
potentially important information on “ER-negative” HCC patients.

As reported above, we have observed that aromatase is expressed in nontumoral,
cirrhotic, and HCC liver in association with the ERα36 splice variant, while it appears to be
inversely related to the wild type Erα66. The ERα36 lacks both ligand-independent (AF1)
and -dependent (AF2) transactivation regions of ER but retains DNA- (DBD) ligand-binding
(HBD) domains and is featured by a unique 27-amino-acid domain sequence at the COOH
terminus in place of the last 138 residues encoded by exon 7 and 8 of the wild-type hERα66
gene [76]. Interestingly, the ERα36 isoform contains three potential myristoylation sites
located near the N-terminus that are thought to mediate a posttranslational modification re-
sponsible for membrane localization of the receptor [77]. Although the ERα36 variant lacks
intrinsic transcriptional activity, it is able to repress transactivation of wild-type ERα66,
eventually leading to the inhibition of classical genomic estrogen signaling. In addition,
once located on the plasma membrane, the ERα36 isoform may trigger nongenomic sig-
naling, including the activation of MAPK/ERK pathway and the resulting increase of cell
proliferation [77]. The overexpression of ERα36 has been reported in breast cancer patients
having poorer disease-free survival, featuring a subset of patients who are unlikely to
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benefit from tamoxifen treatment [78]. In a wider context, the balance of wild-type ERα66
and the ERα36 isoform may be decisive to drive target tissues towards either growth
control or deranged cell proliferation, eventually leading to the development/progression
of breast cancer and other hormone-related tumors, including HCC.

Armed with this combined evidence, emerging from our own and other studies, it
is plausible to hypothesize that, in human liver, locally high, aromatase-driven estrogen
formation may activate ERα36-mediated nongenomic signaling that could in turn lead to
sustained cell growth and, therefore, to HCC development. In particular, the prevalence of
the ERα36 splice variant could result in the suppression of both hormone-dependent and
-independent, ERα66-mediated, estrogen genomic effects, with the concurrent activation of
rapid estrogen signaling through the MAPK/ERK pathway, as it occurs in human breast
cancer [77]. Interestingly, the expression of the ERα36 isoform has been implicated in the
progression of various human cancers, including renal cell carcinoma, papillary thyroid
carcinoma, laryngeal carcinoma, endometrial carcinoma, and gastric cancer, reviewed
in [79]. Specifically, ERα36 has been reported to up-regulate EGFR expression and down-
regulate of ERα66 expression in human breast cancer cells, suggesting that this could
represent an underlying mechanism for the generation of acquired tamoxifen-resistance in
breast cancer patients [80].

In this context, the failure of the antiestrogen tamoxifen to increase the overall survival
of HCC patients could represent, at least partly, the consequence of the aforementioned
switch of the ERα66 into ERα36 expression that may occur during liver cancer development
and progression. As stated above, this ERα variant has a unique 27-amino acid sequence
at the COOH terminus that may result in an alteration of the ligand binding domain
and, therefore, of binding affinity and specificity of the receptor. Specifically, Wang and
colleagues [77] reported that both tamoxifen and the “pure” antiestrogen ICI-182,780 fail to
block the ERα36-stimulated ERK1/2 activation and/or ERα36 degradation in breast cancer
cells, likely because its unique 27-amino acid domain replaces the last 5 (8–12) out of the
12 helixes in the ligand-binding domain of ERα66. Surprisingly, the authors reported also
that exposure of cells to either the antiestrogen induced an ERα36-mediated activation of
ERK1/2 even to a greater extent than that obtained with estradiol alone.

6. Estrogen Signaling in HCC

Multiple evidence from our own studies and other reports indicate that locally elevated
expression and/or activity of the aromatase enzyme and the resulting high estrogen forma-
tion eventually lead to increasing AREG levels in human liver through an ER-mediated
mechanism. This may in turn promote liver cancer cell growth through activation of
EGFR and the ensuing MAPK/ERK signaling. Interestingly enough, according to what
we have observed, AREG has been found as undetectable in normal liver, while but it
could be promptly expressed in consequence of acute liver injury, behaving as a powerful
regenerative and survival factor [81]. There is consistent evidence that AREG expression is
raised in an array of chronic inflammatory diseases and various human cancers, including
HCC [82]. In this context, Berasain et al. [81] have proposed that AREG plays a unique
nonredundant role in the maintenance of the neoplastic phenotype of liver tumor cells and in
HCC development and progression. Previous studies have reported that AREG expression
is upregulated by estradiol in human breast cancer cells [83] and it is transcriptionally
induced by estrogen in the mammary glands of pubertal mice at a time of exponential
expansion of the ductal system [84]. Notably, La Marca and Rosen [85] have emphasized
the potential role of AREG as a critical estrogen-induced paracrine regulator not only of
mammary duct elongation, but also of mammary stem cell self-renewal and differentiation,
suggesting that a switch from an ER-mediated, AREG paracrine activity to an autocrine
pathway could represent a critical step of mammary carcinogenesis and tumor progression.
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In our studies, we have suggested that locally elevated, aromatase-driven estrogen
formation in human liver cancer tissues and cells may promote tumor cell growth through
an estrogen-induced, ERα-mediated rise of AREG expression and the resulting activation
of the EGFR signaling. In particular, we have observed that both AREG and its major
ectodomain sheddase ADAM17 are correspondingly expressed with aromatase and ERα36
in human liver tissues and liver cancer cells.

There is accumulating evidence that neurofibromin II or Merlin, the product of the
neurofibromatosis type 2 (NF2) gene, act as a “wizard” regulator of liver stem/progenitor
cell proliferation [86], also through EGFR internalization and the activation of EGFR
signaling pathways, which are responsible for the maintenance of tissue homeostasis. In
an elegant study, Benhamouche and colleagues [66] established a conditional NF2/KO
mice carrying liver-specific deletion of the NF2 tumor suppressor gene, demonstrating
that a dramatic expansion of stem/progenitor cells occurs in either developing or adult
mouse liver, with no impact on terminally differentiated hepatocytes. All mice outliving
30 weeks of age eventually develop either cholangiocellular or hepatocellular carcinoma,
suggesting that NF2−/− liver stem/progenitors cells could represent tumor-initiating cells
in both neoplasms. Based on this evidence, the authors speculate that NF2/Merlin may act
as a critical regulator of cell contacts and growth signaling in the liver stem/progenitor
cell niche. We have recently investigated Merlin expression in nontumoral, cirrhotic and
malignant human liver tissues, showing that the product of NF2 tumor suppressor gene is
expressed consistently with aromatase, ERα36, AREG and ADAM17 and that it is induced
by estrogen in liver cancer cells [54].

Based on this combined evidence, we have proposed an estrogen-regulated mecha-
nism of liver tissue injury and repair (see Figure 7) whereby, under physiological conditions,
liver damage, either physical, chemical or biological, results in the establishment of an
inflammatory microenvironment and a concurrent rise of aromatase expression and activity,
leading to locally elevated estrogen formation. This latter produces an estrogen-induced,
ERα66-mediated increase of AREG that could in turn be responsible for clonal expansion
and terminal differentiation of stem/progenitor cells, repair of tissue damage, culminating
with termination of the whole machinery and the outcome of tissue homeostasis preserva-
tion. In this framework, Merlin may represent a gatekeeper protein, sensing both tissue
damage and aromatase-driven estrogen formation and acting in association with AREG
in the regulation of stem/progenitor cell expansion and differentiation. However, the
occurrence of an epigenetic alteration may result in a switch from the wild-type ERα66
to the splice variant ERα36 and a disruption of the terminal differentiation, eventually
leading to the persistence of abnormally high aromatase, elevated estrogen, and an ERα36-
mediated nongenomic signaling. The inability of liver stem/progenitor cells to terminally
differentiate eventually leads to the abnormal expansion of liver stem cell niche, failure
to repair tissue damage and, hence, a continued activation of the whole mechanism. The
aberrant and sustained amplification of stem cell progeny may represent a basis for devel-
oping either benign or malignant liver cell growth as a result of accumulation of further
genetic/epigenetic alteration. In this context, both local estrogen formation and Merlin
expression remain persistently elevated in consequence of the disturbed liver stem cell
niche and unrepaired tissue damage.
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Figure 7. Hypothetical model for implication of aromatase-driven estrogen formation in both liver
tissue injury and repair and cancer development: (A) In physiological condition, the proposed mech-
anism is activated in response to liver tissue injury through aromatase-driven estrogen formation,
ultimately leading to growth/differentiation of stem/progenitor cells, repair of tissue damage, preser-
vation of tissue homeostasis, and the return of the whole machinery to the initial state; (B) However,
whether the occurrence of genetic/epigenetic alteration results in an impairment of stem/progenitor
cell terminal differentiation, tissue damage cannot be repaired, the machinery remains persistently
activated, potentially leading to the onset of either benign or malignant liver lesions in consequence
of additional genetic/epigenetic changes reproduced with permission from [54].
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7. Estrogen and the Forkhead bOX Protein A in HCC

There is indication that sexual dimorphism in human liver is strictly dependent on
the evolutionarily conserved Forkhead bOX protein A (FOXA), FOXA1 and FOXA2 [87,88].
These are also known as pioneer transcription factors in liver specification, with their
DNA binding being described as an early event in the transcriptional regulation of sev-
eral, context-specific, developmental processes of hormone-dependent organs and tissues,
including liver [89]. Li and associates [90] reported that sexual dimorphism of liver can-
cer is completely abrogated in FOXA1- and FOXA2-deficient mice carrying chemically
induced HCC.

Genome-wide studies have revealed that FOXA1 and ERα or androgen receptor (AR)
frequently bind to adjacent cis-regulatory elements of respective target genes in human
breast or prostate cancer cells and that the direct association of ER to chromatin occurs
solely in the presence of Forkhead factor binding in close proximity [91]. In addition, the
authors observed that specifically targeted knockdown of FOXA1 results in the abrogation
of both ER chromatin binding and estrogen-induced gene expression, indicating that
FOXA1 is required for the accomplishment of estrogen action in cancer cells. In this context,
is it intriguing to speculate that the emergence of the ERα36 splicing variant may impair
FOXA/ERα dual regulation of estrogen target genes and, consequently, be implicated in
liver carcinogenesis and/or tumor progression (see Figure 8).
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Figure 8. Speculative model of FOXA interaction with estrogen and androgen receptor in healthy
and diseased liver. This schematic representation illustrates the potential interaction of FOXA
transcription factors with both wild-type estrogen (ERα66) and androgen (AR) receptors, respectively
in the prevention or promotion of liver diseases, including HCC. The hypothetical role of the ERα36
splice variant in the abrogation of ER/FOXA-mediated estrogen protective effects is also highlighted
(modified and adapted from [88]).

Major evidence reported in both this section and in Sections 3–6 are summarized in
Table 2.
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Table 2. Summary data on the potential implication of estrogen in chronic liver disease and hepatocellular carcinoma.

Liver Disease Risk Mechanism(s) Reference

HBV ↑ ↑ in situ estrogen synthesis Murakami et al., 2020 [49]

HCC ↑ Hypermethylation of the ESR1 gene Hishida et al., 2013 [46]

HCC ↑ Variant estrogen receptor(s) Villa et al., 1995 [47]

Cirrhosis/HCC ↑ ERα36 splice variant Miceli et al., 2011 [55]

HCC ↑ Promoter-driven ↑ aromatase expression Koh et al., 2011 [48]

HCC ↑ ↑ aromatase expression and activity Catagnetta et al., 2003 [50]

HCC ↑ Estrogen-induced ↑ AREG expression Carruba et al., 2011 [52]

HCC ↑ AREG-induced ↑ liver cancer cell growth Cocciadiferro et al., 2017 [54]

HCC ↑ Liver-specific deletion of NF2 (NF2/KO) Benhamouche et al., 2010 [66]

HCC ↓ NF2 (Merlin) regulation of liver stem/progenitor cell niche Villanueva, 2010 [86]

HCC ↑ Persistently ↑ estrogen formation and NF2 (Merlin)
upregulation Cocciadiferro et al., 2017 [54]

HCC ↓ FOXA-dependent ERα-mediated estrogen signaling Zhao & Li, 2015 [88]

HCC ↑ FOXA1/2-deficient mice Li et al., 2012 [90]

HBV, chronic hepatitis B virus; HCV, chronic hepatitis C virus; HCC, hepatocellular carcinoma; ESR1, estrogen steroid receptor 1; ERα36,
estrogen receptor α 36; AREG, amphiregulin; NF2, neurofibromatosis type 2; FOXA, Forkhead bOX protein A.

8. Conclusions and Perspectives

Estrogens compose a superfamily of pleiotropic agents that act as key players in devel-
opment, function, and homeostatic control of an amazing array of tissues, organs, and sys-
tems, to a point that estrogens can be regarded, in many respects, as “all season” hormones.

Tissue aromatase represents the rate-limiting enzyme responsible for the irreversible
reaction converting the C19 androgenic steroid (testosterone and androstenedione) to the
corresponding estrogen (respectively, estradiol and estrone). Aromatase is an important
member of the P450 cytochrome superfamily of steroid enzymes that presides over es-
trogen formation in a variety of classical and non-classical target tissues, including liver.
Aromatase-driven local estrogen production regulates a number of physiological processes,
including target gene expression, protein biosynthesis, cell proliferation and differentiation,
intercellular adhesion and communication, and so forth. Since aromatase is intrinsically
implicated in a large collection of signaling pathways governing cell growth and differ-
entiation at various target tissue and organs, it is likely that altered aromatase expression
and/or activity may have a role in various human diseases [92]. In particular, there is
sparse but consistent evidence that estrogens have important protective effects against
the development of an assortment of chronic ailments, including neuro-degenerative and
-inflammatory diseases (trauma, Alzheimer, Parkinson, and multiple sclerosis) [93,94], os-
teoarthritis and rheumatoid arthritis [95,96], polycystic ovarian syndrome [97], hemorrhage
and thrombosis, endometriosis [98], obesity, diabetes, and hormone-related tumors (breast,
prostate, ovary) [99].

In this context, the potential disruption of the aromatase/estrogen-dependent model
of tissue injury and repair we have proposed, combined also with epigenetic/genetic
alteration of cell growth/differentiation, may eventually lead to development and/or
progression of various human diseases. Despite these diseases are of multifactorial origin,
underlying mechanism(s) may, at least partly, recognize a common pathogenetic process
featured by disruption of cell/tissue differentiation, impairment of tissue damage repair
and continued, abnormally high aromatase/estrogen, as illustrated in Figure 9.
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Figure 9. Unifying pathogenetic mechanism initiating various human chronic diseases. This diagram depicts a hypothetical
pathogenetic mechanism featuring an array of chronic human diseases, whereby tissue insults, of any origin, eventually
lead to an increase of aromatase activity, raise estrogen formation and address stem/progenitor cell niche for terminal
differentiation and repair (restitutio in integrum) of tissue damage (A). However, whether the aromatase-estrogen-stem cell
axis is disrupted, also because of genetic/epigenetic alteration, unrepaired, chronically persistent tissue damage may ulti-
mately turn into either benign or malignant chronic disease(s), including hormone-related tumors (breast, prostate, ovary),
polycystic ovary syndrome, hemorrhage and thrombosis, endometriosis, chronic liver diseases and HCC, neurodegenerative
diseases (NDD: Alzheimer, schizophrenia, multiple sclerosis), osteoporosis and fracture (B).

As far as human liver malignancy HCC is concerned, the multiple, though dispersed,
evidence herein reviewed may represent an experimental basis for developing new thera-
peutic approaches and options to overcome either the unfavorable prognosis of advanced,
inoperable HCC or the failure of hormonal systemic treatment (e.g., tamoxifen) or both.
Although mechanism(s) underlying liver carcinogenesis and tumor progression remain
largely unresolved, evidence resulting from studies on sex disparity in the occurrence and
severity of various human liver diseases, including cancer, has provided a fertile ground to
design and validate targeted therapeutic strategies for HCC patients. In this framework, the
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hypothetical model we have proposed for the implication of aromatase-driven elevated es-
trogen formation and persisting signaling in liver cancer development and/or progression
may offer promising areas of translational and clinical research. Some issues potentially
relevant for experimenting and trialing new treatment avenues for the management of
HCC patients are illustrated in Figure 10.
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Figure 10. Hypothetical model for estrogen-regulated growth of HCC and potential sites of interference. We propose
that elevated estrogen, produced by androgen aromatization, may be primarily implicated in human HCC through an
ERα36-mediated induction of amphiregulin (AREG), binding to EGFR, and the activation of alternative signaling pathways,
including Akt/mTOR, PI3K/ERK, or the disturbance of tumor suppressor gene product NF2 (neurofibromin 2/Merlin). (1)
aromatase inhibitor (e.g., letrozole); (2) ER antagonist (e.g., ICI-182); (3) ADAM17 inhibitor (e.g., TAPI-2); (4) EGFR inhibitor
(e.g., gefitinib); (5) Akt/mTOR inhibitor (e.g., MK2206/Everolimus); (6) PI3K/ERK inhibitor (e.g., XL147/SCH772984).

In conclusion, the currently accumulated experimental evidence is highly suggestive
for the protective role of estrogen in most chronic liver diseases, including cancer; on the
other hand, however, disruption of the delicate balance and complex machinery relating
estrogen, signaling mechanisms, stem/progenitor cells, and liver homeostasis may well
be responsible for the formation and maintenance of a persisting inflammatory state,
ultimately leading to the onset of chronic diseases, notably HCC.
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