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ABSTRACT

Endometrial cancer stands out as the most common gynecological tumor in
industrialized nations. It's crucial to thoroughly understand its molecular processes,
particularly in hormone-dependent cases that often exhibit treatment resistance.
Research attention has focused on SMAD2/SMAD3, crucial proteins in the
transforming growth factor beta signaling pathway. These proteins are fundamental
for cellular development and proper functioning, encompassing proliferation
and differentiation. However, their role in cancer is ambivalent: they act as tumor
inhibitors in the early stages and promote invasion and metastasis in later stages.
Various studies reveal that SMAD2/SMAD3 are essential for endometrial stability, and
their alteration directly contributes to tumor progression. Furthermore, they interact
with estrogen and progesterone, altering the response to hormonal therapies. This
interaction is vital for creating new therapeutic targets and predictive biomarkers that
improve the approach to endometrial cancer. The objective of this review is to analyze
the role of SMAD2/SMAD3 as a regulatory axis in the pathogenesis and progression
of endometrial cancer, and their influence on responses to hormonal therapy, with
the aim of identifying new therapeutic targets and predictive biomarkers.
Keywords: Endometrial cancer; SMAD2; SMAD3; Hormonal therapy; Transforming
growth factor beta.

RESUMEN

El cancer de endometrio se destaca como el tumor ginecolégico mas comun en las
naciones industrializadas. Es crucial entender a fondo sus procesos moleculares,
particularmente en aquellos que son hormono dependientes y suelen ser resistente
altratamiento. La atencion investigadora se ha centrado en SMAD2/SMAD3, proteinas
cruciales en la ruta de sefializacion del factor de crecimiento transformante beta.
Estas proteinas son fundamentales para el desarrollo y el correcto funcionamiento
celular, abarcando la proliferacion y la diferenciacion. No obstante, su funcién en
el cancer es ambivalente: funcionan como inhibidores tumorales en las primeras
fases y fomentan la invasion y la metastasis en las Ultimas etapas. Diferentes
investigaciones revelan que SMAD2/SMAD3 son esenciales para la estabilidad del
endometrio, y su alteracion contribuye directamente al avance del tumor. Ademas,
interactlan con estrégeno y progesterona, alterando la respuesta a las terapias
hormonales. Esta interaccién es vital para crear nuevos objetivos terapéuticos y
biomarcadores predictivos que mejoren el abordaje del cancer de endometrio. El
objetivo de esta revisién es analizar el papel de SMAD2/SMAD3 como eje regulador
en la patogénesis y progresion del cancer de endometrio, y su influencia en las
respuestas a la terapia hormonal, con el fin de identificar nuevas dianas terapéuticas
y biomarcadores predictivos.

Palabras clave: Cancer de endometrio; SMAD2; SMAD3; Terapia hormonal; Factor de
crecimiento transformante beta.

INTRODUCTION

Endometrial cancer (EC) is the most common gynecological malignancy
in industrialized nations®™. It is classified as Type | (endometrioid, linked
to and dependent on excess estrogen) and Type Il (hon-endometrioid,
with less hormonal connection)?. Hormonal treatment, which influenc-
es estrogen and progesterone pathways, is essential in Type | EC; how-
ever, resistance and recurrences emphasize the importance of under-
standing its molecular processes®.
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The transforming growth factor beta (TGF-B) su-
perfamily, together with its signaling system where
SMAD proteins (SMAD2, SMAD3, and the common
mediator SMAD4) act, control vital cellular pro-
cesses such as cell division and specialization®,
This signaling pathway is important in several dis-
eases, including fibrosis affecting the kidneys?”.
In cancer, TGF-B/SMAD has an intricate and dual
function: initially, it acts by slowing tumor growth,
but later it facilitates invasion of other tissues and
metastasis in more advanced stages®.

The objective of this review is to analyze the role
of SMAD2/SMAD3 as a regulatory axis in the
pathogenesis and progression of endometrial
cancer, and its influence on responses to hor-
mone therapy, in order to identify new thera-
peutic targets and predictive biomarkers.

TGF-8/SMAD: KEY SIGNALING WITH DIVER-
GENT ROLES AND VITAL INTERACTIONS

Canonical TGF-B/SMAD signaling begins with
the binding of TGF-B ligands to their receptors,
which activates the phosphorylation of SMAD2
and SMAD3. These, together with SMAD4, form
complexes that translocate to the nucleus to
regulate the gene expression of crucial cellular
processes such as development, proliferation,
and differentiation®®.

Despite their high sequence identity, SMAD2
and SMAD3 have distinct but overlapping func-
tions in TGF-B signaling®. For example, SMAD2
is indispensable for embryonic development,
unlike SMAD3%“. A unique region in SMAD2 has
been shown to allow its direct binding to DNA®),
Their divergent roles are also observed in cell
invasion (SMAD?2 inhibits, SMAD3 promotes in
trophoblasts) and in the induction of cell cycle
arrest or apoptosis (mainly by SMAD3)©10),

SMAD2/SMAD3 signaling interacts complexly
with other crucial and frequently dysregulat-
ed pathways in cancer, such as PI3K/AKT and
MAPK®. Links with Ras and insulin have been
identified. For example, Rac1 in pancreatic can-
cer modulates SMAD2/SMAD3 activation to en-
hance migration™, and in breast cancer, SMAD2/
SMAD3 can mediate suppressive or pro-meta-
static signals depending on the context®.

In EC, phosphatase and tensin homolog (PTEN)
deficiency causes constitutive nuclear translo-
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cation of SMAD2/SMAD3, which paradoxically
restricts PTEN-induced tumorigenesis®?. In type
[l EC, TGF-B1 stimulates cell migration by nega-
tively regulating PTEN via SMAD and ERK1/2. In
addition, estrogen signaling (via ERa) suppress-
es EMT by inhibiting the TGF-B/SMAD pathway,
indicating a reciprocal relationship between
these pathways".

SMAD2/SMAD3: cRrRucCIAL FOR ENDOME-
TRIAL HOMEOSTASIS AND PREVENTION OF HOR-
MONE-DEPENDENT CANCER

Studies in normal endometrium (human and
animal models) reveal that SMAD2/SMAD3 are
integral components, participating in cyclical
changes and hormonal response®™). Their dis-
ruption in animal models induces hyperplasia
and lethal uterine cancer, underscoring their
crucial role in endometrial homeostasis and tu-
mor suppression(416,

In animal models and organoids, the loss of
SMAD2/SMAD3 in the uterus induces hyperpla-
sia and cancer™, demonstrating their key role
in growth control and malignant prevention.
Inhibition of SMAD2/SMAD3 in organoids alters
their morphology and the expression of markers
such as FOXA2 and MUCT1, controlling networks
essential for endometrial regeneration and dif-
ferentiation, including pathways such as BMP
and retinoic acid"®.

Tumor development in SMAD2/SMAD3 knock-
out mice is estrogen-dependent and can be
prevented by early removal of the ovariest*1”,
This suggests that SMAD2/SMAD3 counteracts
the proliferative effects of estrogen in the en-
dometrium, and its absence allows uncontrolled
growth, highlighting the intimate connection be-
tween TGF-B/SMAD and the hormonal environ-
ment for normal endometrial function.

SMAD2/SMAD3 IN ENDOMETRIAL CANCER:
DYSFUNCTION AND DUAL ROLE IN TUMOR PRO-
GRESSION

SMAD2/SMAD3 expression and activity are al-
tered in EC"®, Weak or undetectable signaling
of phosphorylated SMAD2 has been observed
in EC"). However, PTEN deficiency, common in
EC, induces nuclear translocation of SMAD2/
SMAD3, paradoxically restricting tumorigene-
sis‘'?. Progesterone can reduce SMAD2/SMAD3
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expression in EC cells®”, although other stud-
ies report elevated SMAD3 expression in EC®?",
suggesting a dual and complex role. Genomic
analyses in EC have found mutations in SMAD2,
SMAD3, and other genes in the TGF-{3 pathway in
20% of uterine tumors"®. These mutations could
alter signaling and contribute to hormonal dys-
regulation in the tumor microenvironment.

SMAD2/SMAD3 dysregulation in ECimpacts tumor
progression, affecting proliferation, apoptosis, in-
vasion, and metastasis®. Loss of SMAD2/SMAD3
in mice causes hyperplasia and lethal uterine can-
cer™, In PTEN deficiency, co-ablation of PTEN and
SMAD2/SMAD3 increases proliferation, suggest-
ing that PTEN-mediated nuclear translocation of
SMAD2/SMAD3 may restrict tumorigenesis‘?.

SMAD2/SMAD3 AND ESTROGEN: CRUCIAL
INTERACTION IN ENDOMETRIAL CANCER

Recent evidence suggests that SMAD2/SMAD3
modulates estrogen signaling pathways in EC
cells®. Tumor development in SMAD2/SMAD3
knockout mice is estrogen-dependent, indi-
cating that SMAD2/SMAD3 counteracts estro-
gen-driven proliferation; its absence increas-
es susceptibility to hyperplasia and malignant
transformation.

Furthermore, SMAD3 participates in estrogen
signaling in EC and breast cancer®?, suggesting
its role in hormonal signaling networks. Estrogen
signaling (ERa) maintains the epithelial pheno-
type and suppresses EMT, a process promoted
by TGF-B, by inhibiting SMAD pathways‘. This
indicates a reciprocal regulatory loop between
estrogen and TGF-B/SMAD. The influence of
SMAD2/SMAD3 on estrogen receptor (ER) expres-
sion and activity is an active area of research®,
with emerging evidence of interaction between
these pathways. Loss of the progesterone recep-
tor (PR) in endometrial tumors is associated with
resistance to hormonal treatment®. Since loss
of SMAD2/SMAD3 can decrease PR expression,
it is possible that SMAD2/SMAD3 influences ER
through the progesterone signaling axis.

SMAD2/SMAD3 target genes are involved in estro-
gen-mediated responses in EC™®. In SMAD2/SMAD3
knockout mice, lower expression of steroid biosyn-
thesis genes is observed?, suggesting a role for
SMAD2/SMAD3 in local hormone production.

SMAD2/SMAD3: A KEY PLAYER IN PROGES-
TERONE-ENDOMETRIAL CANCER INTERACTION

The interaction between SMAD2/SMAD3 and
progesterone pathways in EC cells is an import-
ant area™. Progesterone antagonizes estro-
gen-dependent growth, and its deficiency in-
creases the risk of EC?". Given the endometrial
hyperproliferation in mice with SMAD2/SMAD3
loss™, it is plausible that SMAD2/SMAD3 medi-
ates the inhibitory effects of progesterone.

Progesterone and progestins are key treatments
for EC™. In vitro studies show that progesterone
inhibits proliferation and reduces the expression
of TGF- and SMAD2/SMAD3@9, Furthermore, in
SMAD2/SMAD3 knockout mice, hormone-de-
pendent tumor development is associated with
lower PR expression, suggesting that SMAD2/
SMAD3 is essential for PR expression or signal-
ing in tumorigenesis‘.

The influence of SMAD2/SMAD3 on PR expres-
sion and activity is of growing interest. PR status
is an established prognostic marker in EC, with
higher levels associated with better outcomes®.
Stromal PR signaling is crucial for the antitumor
effects of progesterone®. The loss of SMAD2/
SMAD3 in mice reduces PR expression in the
uterine tumor epithelium, suggesting its role in
PR regulation during tumorigenesis". Proges-
tin therapy, a mainstay of EC treatment, acts by
binding to PR?®. Progesterone induces stromal
COUP-TFII, reducing epithelial ER expression®?,
which highlights the complex hormonal interac-
tion in the endometrium and warrants investi-
gation of the possible involvement of SMAD2/
SMAD3. Although it has not been elucidated
whether SMAD2/SMAD3 directly modulates
PR interaction or subsequent events, its link to
PR expression suggests a regulatory axis that
would affect the tumor response to progester-
one therapies.

In EC, the uterine tumor epithelium of SMAD2/
SMAD3 knockout mice shows lower expression
of steroid biosynthesis genes®?, which could
affect local progesterone production. In vitro
studies show that progesterone decreases the
expression of SMAD2/SMAD3 and SMAD4 in
EC cell lines®, indicating a negative feedback
loop. Further research on specific target genes
is needed.
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SMAD2/SMAD3 IN ENDOMETRIAL CANCER:
A COMPLEX AND PROMISING THERAPEUTIC TARGET

The multifaceted functions of SMAD2/SMAD3
in EC, ranging from tumor suppressor to tumor
promoter®, justify their exploration as thera-
peutic targets. Enhancing their suppressor func-
tions, whose loss promotes EC in animal models,
could be beneficial™®. On the other hand, Activin
B-SMAD2/SMAD3 signaling promotes aggressive
behavior in type Il EC (invasion and metastasis),
suggesting that its inhibition would be advanta-
geous in these tumors®0,

Several therapeutic strategies are being con-
sidered to attack the TGF-B/SMAD pathway, in-
cluding ligand-receptor interaction inhibitors
and SMAD2/SMAD3 activity modulators®". Type
| TGF-B receptor inhibitors, such as SB431542,
have shown promise in preclinical studies, elim-
inating the pro-metastatic effects of activin B in
EC cells®®9. The natural compound isoliquiritigen-
in has demonstrated anti-metastatic effects in
EC by modulating the TGF-B/SMAD pathway?.
Other approaches include strengthening the
ALK5-SMAD2/SMAD3 suppressor arm or coun-
teracting tumor-promoting mechanisms®3.

Therapeutic targeting of TGF-B/SMAD faces chal-
lenges. Its broad role in normal tissues raises con-
cerns about side effects®. Clinical trials have shown
inconsistent results, possibly due to the complex
and context-dependent functions of TGF-3 and tox-
icities®". This underscores the need for a nuanced
understanding of SMAD2/SMAD3 in EC to optimize
therapy and minimize adverse effects.

SMAD2/SMADS3: POTENTIAL BIOMARKER
AND THERAPEUTIC TARGET FOR ENDOMETRIAL
CANCER

Clinical trials in EC explore approaches to im-
prove outcomes, including hormone therapy
and targeting pathways such as phosphoinos-
itide 3-kinase (PI3K) and mammalian target of
rapamycin (mTOR)®. Hormone therapy is key
in hormone receptor-positive EC?®. Given the
modulation of hormonal responses by SMAD2/
SMAD3, its influence on patient response to hor-
mone therapy is clinically relevant.
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Clinical trials are exploring combination ther-
apies, such as progestins and mTOR inhibitors
in advanced/recurrent EC®?®. A phase Il trial of
triple therapy (metformin, letrozole, abemac-
iclib) showed promising activity in recurrent
EC-ER+. These findings highlight the potential
of targeting multiple pathways; investigating
their interaction with SMAD2/SMAD3 could
optimize strategies®®. Agents against HER2,
RAS, and AKT are also being evaluated, jus-
tifying investigation of communication with
SMAD2/SMAD3.

The potential of SMAD2/SMAD3 as predictive
biomarkers for response to hormone therapy
is promising. Given the correlation between
hormonal response and ER/PR expression,
and the relationship of SMAD2/SMAD3 with
these receptors (especially PR), their expres-
sion or activity could serve as predictive mark-
ers@'¥, Loss of PR is associated with a poorer
response to progestin®@®. If SMAD2/SMAD3
regulate PR expression or signaling, their sta-
tus in tumor samples could identify patients
who would benefit most from hormone ther-
apies.

CONCLUSION

SMAD2 and SMAD3 have multifaceted roles in
modulating hormonal responses in the EC. Evi-
dence highlights their intricate interaction with
the estrogen and progesterone axes, crucial for
disease pathogenesis and progression. They are
confirmed to be essential for normal endome-
trial function (regeneration, differentiation), but
their expression and activity are dysregulated in
EC, contributing to tumor progression (prolifera-
tion, survival, invasion, and metastasis).

The dependence of tumor development on
estrogen in SMAD2/SMAD3-deficient mouse
models underscores their suppressive role,
counteracting estrogen-mediated growth. The
reciprocal influence between SMAD2/SMAD3
and progesterone receptors, and the modula-
tion of SMAD2/SMAD3 by progesterone, illus-
trate a sophisticated regulatory network of hor-
monal responses in the healthy and neoplastic
endometrium.
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