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Abstract

The gene inhibin subunit beta B (INHBB) encodes the inhibin BB subunit, which is involved in forming protein members
of the transforming growth factor- (TGF-B) superfamily. The TGF-p superfamily is extensively involved in cell prolifera-
tion, differentiation, adhesion, movement, metabolism, communication, and death. Activins and inhibins, which belong
to the TGF-B superfamily, were first discovered in ovarian follicular fluid. They were initially described as regulators
of pituitary follicle-stimulating hormone (FSH) secretion both in vivo and in vitro. Later studies found that INHBB is
expressed not only in reproductive organs such as the ovary, uterus, and testis but also in numerous other organs, includ-
ing the brain, spinal cord, liver, kidneys, and adrenal glands. This wide distribution implies its involvement in the normal
physiological functions of various organs; however, the mechanisms underlying these functions have not yet been fully
elucidated. Recent studies suggest that INHBB plays a significant, yet complex role in tumorigenesis. It appears to have
dual effects, promoting tumor progression in some contexts while inhibiting it in others, although these roles are not yet
fully understood. In this paper, we review the different expression patterns, functions, and mechanisms of INHBB in
normal and tumor tissues to illustrate the research prospects of INHBB in tumor progression.

Key points
« INHBB is a gene that encodes the inhibin BB subunit, which forms part of the TGF-p superfamily of proteins that
regulate various cellular processes.

« INHBB was initially discovered as a regulator of FSH secretion in reproductive organs, but it was later found to be
expressed in many other organs and involved in their normal physiological functions.

+ INHBB has an emerging role in tumorigenesis, but the direction of this role is unclear and may vary depending on
the tissue type and context.

* This paper reviews the different expression patterns, functions, and mechanisms of INHBB in normal and tumor tis-
sues, and suggests future research directions for INHBB in tumor progression.
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Introduction

Activins and inhibins are members of the transforming
growth factor-p (TGF-B) superfamily that have significant
roles in reproduction and development [35, 100]. They
were first discovered in ovarian follicular fluid and have
been found to function as regulators of pituitary follicle-
stimulating hormone (FSH) secretion in vivo and in vitro
[57, 101], essential for follicular development. Activins can
promote the production of FSH, while inhibins can inhibit
it. However, in addition to the regulation of reproductive
biology [115], there has been evidence that activins and
inhibins exist in a variety of tissues, participating in various
biological processes, such as cell proliferation, differentia-
tion, and invasion, to promote the formation and function
of many human tissues and organs [5]. More importantly,
they appear to play an emerging role in tumor progression
[19, 46, 94, 133]. Activins and inhibins are dimeric proteins
formed through the disulfide linkage of two inhibin sub-
units. These inhibin subunits include the inhibin o subunit
and various B subunits, specifically A, BB, BC, and BE sub-
units. Inhibins are heterodimers composed of one o subunit
and one P subunit, including inhibin A (o/BA) and inhibin
B (0/BB). Activins, on the other hand, are homodimers or
heterodimers formed by two P subunits. The activins that
have been isolated to date include activin A (BA/BA), activin
B (BB/BB), activin AB (BA/BB), activin C (BC/BC), and
activin E (BE/BE) [63, 104, 110, 116].
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The gene inhibin subunit beta B (INHBB) is located on
chromosome 2q14.2. It encodes the inhibin BB subunit,
which is involved in the formation of activin B (BB/BB),
activin AB (BA/BB), and inhibin B (o/fB) (Fig. 1). On the
one hand, INHBB can promote growth and invasion in clear
cell renal cell carcinoma [106] and hepatocellular carci-
noma [20]. On the other hand, it can inhibit metastasis and
promote apoptosis in nasopharyngeal carcinoma [140]. This
suggests that it not only has the effect of promoting cancer
but also has the effect of inhibiting cancer, similar to TGF-3
[7, 25].

In the current article, we reviewed the structure, signal
pathways, and regulatory mechanisms of INHBB, and com-
pared the different expression patterns of INHBB in nor-
mal and tumor tissues to clarify the role of INHBB in tumor
progression.

INHBB signaling mechanism

Like all other members of the TGF-B superfamily, the syn-
thesis of activins begins with a larger precursor. The struc-
ture of the activin B-subunit precursor includes a signal
peptide, a pro-region, and a mature domain, which together
determine the synthesis, processing, and function of activ-
ins. The signal peptide, located at the N-terminus of the

protein sequence, directs the newly synthesized activin pre-
cursor to the endoplasmic reticulum and is cleaved at the
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appropriate site to facilitate entry into the cell secretory
pathway. Following the signal peptide is the pro-region, a
longer sequence crucial for the correct folding of the pro-
tein. Its hydrophobic interface promotes a conformation
suitable for dimerization assembly. The mature domain is
located at the C-terminal of the protein and contains impor-
tant functional domains, which are key regions for generat-
ing biological activity. At the same time, cysteine residues in
the mature domain promote protein stability and activity by
forming intramolecular and intermolecular disulfide bonds.
The mature domain is formed after the precursor protein is
cleaved, at which point the dimer is stabilized by disulfide
bonds and then released through the cellular secretion path-
way to the extracellular space, where it binds to its recep-
tors, triggering downstream signaling pathways [109-111].

Members of the TGF-B family signal through pairs of
transmembrane serine/threonine protein kinases called type
I and type II receptors. The mammalian genome encodes
seven type I receptors and five type II receptors, as well as
eight small mother against decapentaplegic (SMAD) pro-
teins. In the same manner as other members of the TGF-f
superfamily, activins function by activating receptor type
I and type II serine/threonine kinases. For activins, type 11
activin receptors (ActRII) are activin A receptor type 2 A
(ACVR2A) and activin A receptor type 2B (ACVR2B).
Type I activin receptor (ActRI), also called activin receptor
like kinase (ALK), phosphorylates SMAD proteins in the
cytoplasm, which form complex and then translocate to the
nucleus, where there, they interact with various other tran-
scription regulators and control the transcription of target
genes. Type I receptors of activins are mainly ALK 4 (also
known as ACVRI1B). Once the activin binds to the type II
receptor, the type I receptor is phosphorylated in a juxta
membrane domain referred to as the GS box and recruited
[9, 13]. In addition, recent studies have also shown that
another type I receptor, ALK 7 (also known as ACVR1C),
can transmit activin B and activin AB signals, and is insen-
sitive to activin A [9, 99]. Generally, type I receptors ALK 4,
ALK 5, and ALK 7 activate the SMAD 2/3 pathway, while
type I receptors ALK 1, ALK 2, ALK 3, and ALK 6 activate
the SMAD 1/5/8 pathway [123]. Recent studies have also
shown that activins can activate the SMAD 1/5/8 pathway
through bone morphogenetic protein (BMP) receptor ALK
2 and ALK 3 signaling [83]. Phosphorylated SMAD 2/3 or
SMAD 1/5/8 form a complex with SMAD 4 and then enter
the nucleus to affect gene expression (Fig. 2). As for inhib-
ins, which are heterodimers composed of an a subunit and
a B subunit, the B subunit of inhibin competitively binds to
the ActRII receptor. This binding prevents the recruitment
of ActRI and the subsequent activation of downstream sig-
naling cascades, thereby participating in the antagonism of
activin activity [55, 94]. Although typical activin signaling

acts through the activation of the SMAD signaling pathway,
more and more studies show that there are many other sig-
naling pathways involved in the role of activins and inhibins
[61, 72, 81], including RhoA [32, 70, 112, 113, 134, 135],
MAPK [6, 50, 118, 121, 138] and JNK [10, 95, 136] signal
pathways.

INHBB in human physiology

In the normal function of INHBB, activins, inhibins, and
follistatin could regulate FSH production from the pituitary
gland. This triad also affected GnRH secretion from hypo-
thalamic neurons and GnRH receptor expression in pituitary
gonadotropes, ultimately regulating LH and FSH secretion.
FSH and LH work together to stimulate ovarian follicular
development, and ovulation, as well as estrogen and pro-
gesterone production [94]. Through the ERK-Elk1 signal-
ing pathway, activin B stimulates hair matrix cell growth,
and through the ERK-Cyclin D1 pathway, it accelerates the
transition of hair matrix cells from the GO/G1 to the S phase
[96]. The RhoA-mDial pathway may enhance mesenchy-
mal stromal cell migration induced by activin B by promot-
ing membrane ruffling, microtubule morphology, and focal
adhesion signaling dynamics. There is evidence that Cdc42
is related to activin B-induced Golgi complex polarization
[113]. Activin B induces RhoA activation by activating the
ROCK-MEKK1-JNK-C-JUN pathway. In addition, activin
B also induces p38 activity in a MEKK1-dependent path-
way through a mechanism independent of RhoA. These
pathways jointly lead to actin cytoskeleton recombination
and control of epithelial cell migration, thus promoting the
physiological and pathological effects of activin on epithe-
lial morphogenesis [134]. Furthermore, activin B can effec-
tively promote the proliferation of keratinocytes and hair
follicle cells on wound surfaces, as well as the healing of
epithelial wounds [135]. Activin B signal transduction also
contributes to the transformation of normal fibroblasts into
scar fibroblasts [24]. Together, they participate in the pro-
cess of activin B-mediated wound healing (Fig. 2).

It is found that INHBB was expressed in both hepatic
endothelial cells and Kupffer cells in LPS-treated liver [47].
Under inflammatory conditions, activin B expression in the
liver is stimulated. Activin B can induce hepcidin synthe-
sis [31]. Activin B signaling activates SMAD 1/5/8 signal
and hepcidin expression through its typical type II receptor,
binding to BMP I receptor and co-receptor HJV [18]. Given
the important role of hepcidin in iron homeostasis [80], the
association of INHBB with hepcidin also suggests its role in
inflammation and immunity (Fig. 2).

Furthermore, activin B and its inhibitor follistatin play
a role in pancreatic ontogeny. Activin B co-expressed with
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Fig. 2 Activin B binds to receptors on the cell membrane and affects multiple physiological processes in the cell through both SMAD-dependent

and SMAD-independent pathways

glucagon in forming islets, serving as a key regulator of
endocrine pancreas formation [64]. Adipocytes express
high levels of INHBB and activin B receptors, suggesting a
local effect on adipose tissue. By down-regulating adipose
triglyceride lipase and hormone-sensitive lipase expression,
recombinant activin B decreased lipolysis and increased
intracellular triglyceride content [62]. The role of INHBB
in glucose metabolism and lipid metabolism underscores its
significant impact on regulating human metabolism.

Regulation of INHBB function

The expression of INHBB is notably widespread, being
detected in the uterus, ovaries, prostate, testes, brain, spinal
cord, liver, kidneys, and adrenal glands [4, 44, 53, 97, 103].
Given the pleiotropy and extensive expression of INHBB,
there are many mechanisms to regulate its bioavailability
and participate in the role of INHBB (Fig. 3).
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Inhibins were found earlier than activins and can nega-
tively regulate pituitary function, contrary to the action of
activins [67]. The inhibin contains a [ subunit, which can
compete with activins and bind ActRII to block the action
of activins, thereby blocking the recruitment of type I recep-
tor [40, 141]. However, the affinity of inhibins for ActRII is
about 10 times lower than that of activins. The low affinity
of inhibins for ActRII does not support the explanation of
its high potency as an activin antagonist [23, 63]. Moreover,
there are a large number of cell types in which inhibins can
not antagonize the action of activins, indicating that the sin-
gle competitive binding ActRII model is incomplete [11].
Later studies have also shown that there may be inhibin
receptors that selectively bind inhibin components. Betagly-
can is a membrane-anchored proteoglycan. It has been dem-
onstrated that it also binds inhibins and can mediate inhibin
action. The affinity of inhibins binding to cell membranes
co-expressing ActRII and betaglycan was about 30 times
higher than that of cell membranes only expressing ActRII
[37]. Inhibins compete to bind ActRII more efficiently and
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Fig. 3 Regulation of INHBB function. Activin binds to ActRII and
recruits ActRI, which phosphorylates SMAD 2/3. SMAD 2/3 and
SMAD 4 assemble into a complex in the nucleus to regulate gene tran-
scription. Cripto binds to activin B and blocks the recruitment of type
I receptors. BAMBI competes with type I receptors to bind activin B
and block downstream signals. Inhibin B competes to bind ActRII with
the help of receptor betaglycan. Follistatin and FSTL3 form a complex

inhibit the action of activins through its binding to ActRII
and the co-receptor betaglycan.

Bone morphogenetic protein and activin membrane-
bound inhibitor (BAMBI) is a transmembrane glycoprotein.
Since BAMBI is highly homologous to the TGF-B super-
family type I receptor, it is considered to be a pseudo-recep-
tor and negative regulator of the TGF- signaling pathway
[21]. BAMBI negatively regulates TGF-$ family signaling
through a regulatory mechanism of signaling receptor-pseu-
doreceptor interactions [84].

Cripto is a co-receptor that belongs to the epidermal
growth factor/Cripto-1/FRL-1/Cryptic (EGF-CFC) family
[36, 49]. It forms a complex with the activin and ActRII that
is mutually exclusive with the activin—ActRII-ALK com-
plex, and it inhibits activin signaling [38]. In addition, the
antagonistic effect of Cripto on activin B can be reversed by
the anti-CFC domain Cripto antibody that blocks Cripto-
ALK 4 binding [2].

At the same time, there is also an inhibitor SMAD 7 in
the SMAD signaling pathway which acts at the post-recep-
tor level [3, 137]. Activins induce SMAD 7 mRNA expres-
sion and SMAD 7 is a potential negative regulator of activin
response in the pituitary [12]. This is also considered to be
a negative feedback regulation of the activin itself. By pre-
venting SMAD 2 and SMAD 3 from being phosphorylated,
it blocks the entire downstream pathway.

Another regulator of activin signaling is follistatin. Fol-
listatin was originally isolated as a component of follicu-
lar fluids with the ability to suppress FSH secretion from
pituitary cells. It is a monomeric glycosylated polypeptide

Follistatin ~ FSTL3
Activin B Inhibin B */

with activin B, which prevents activin B from binding to the receptor.
TGF-B inhibits activin B expression. Cortisol, estradiol, riluzole, and
hypoxia promote activin B expression. The deletion of menin caused
the recruitment of EZH2, increased the methylation of the INHBB pro-
moter, and inhibited the expression of INHBB. SOX 9 promotes the
transcription of INHBB by directly binding to the enhancer of INHBB

that binds and neutralizes activins with high affinity, and the
binding is nearly irreversible due to its slow dissociation
rate [41]. Meanwhile, the follistatin-related gene (FLRG),
also referred to as follistatin-related protein (FLRP) or fol-
listatin-like 3 (FSTL3), is similar in structure and function
to follistatin. It is considered to be an important circulating
activator-binding protein [98].

Various external stimuli, such as hormonal changes and
environmental stressors, have been shown to regulate the
activity of INHBB. For example, hypoxia has been reported
to upregulate the expression of activin B [107]. The level
of extracellular uric acid can affect the sensitivity of pros-
tate cancer cells to activins [93]. For instance, expression
of INHBB was up-regulated by cortisol and estradiol in
RL-95-2 cells, a type of human endometrial carcinoma cell
[105]. There are also reports that expression of INHBB was
up-regulated in melanoma cells treated with riluzole, which
may be involved in the regulation of SMAD protooncogene
function in advanced melanoma [1].

One thing worth noting is that some proteins can affect
the expression of INHBB from the level of transcription
or epigenetics. H3K27me3, or trimethylation of lysine 27
on histone H3, is an epigenetic mark typically associated
with gene repression. This modification is crucial for regu-
lating gene expression by modifying chromatin structure,
thereby controlling the accessibility of transcription factors
to the DNA [28]. EZH2 (Enhancer of Zeste 2 Polycomb
Repressive Complex 2 (PRC2) Subunit) targets INHBB
and other genes during the epithelial-mesenchymal transi-
tion (EMT) in lung cancer A549 cell lines. Through its role
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in methylating histone H3 on lysine 27 (H3K27me3) at the
promoter of the INHBB gene, EZH2 facilitates the suppres-
sion of INHBB expression [54]. What is more, in endocrine
pancreatic and testicular tumors, the loss of Menin is directly
related to activin B-induced expression, it is related to the
Menin protein encoded by tumor suppressor gene MENI.
H3K27me3 marks on the INHBB locus directly regulate
activin B expression in Menin-KO cell lines. Menin binding
to the promoter of INHBB may promote the recruitment of
EZH?2 through the indirect mechanism of AKT phosphory-
lation [33]. In liver cancer, Sox9 can promote the transcrip-
tion of INHBB by directly combining with the enhancer of
INHBB [20].

In this section, we explore various regulatory mecha-
nisms that influence the expression and functionality of
INHBB. These include transcriptional and epigenetic alter-
ations, interactions with other proteins and receptors, and
the effects of external factors such as hypoxia and hormonal
fluctuations. Such regulatory processes not only modify the
expression of INHBB but also adapt its functional effects
within specific cellular contexts, thereby highlighting its
roles in a range of physiological and pathological conditions.

INHBB in cancer

In cancer, the role of TGF- is complex, changing with the
evolution of the tumor over time and space. It can promote
apoptosis and inhibit proliferation, acting as an anti-tumor
role. As tumors progress, deletions or mutations in TGF-3
can transform its function, promoting tumor cells to acquire
an invasive phenotype [45, 82, 86]. Undoubtedly, it regu-
lates proliferation, differentiation, adhesion, and migration
via complex pathways [25]. INHBB seems to play a simi-
lar role in cancer. On the GEPIA (Gene Expression Profil-
ing Interactive Analysis) website (http://gepia.cancer-pku.
cn/index.html), we analyzed the expression of INHBB
across various tumors using data from the TCGA database
(Fig. 4A). According to the data collected, mRNA expres-
sion of INHBB was downregulated in five kinds of tumors
(Fig. 4B) and upregulated in seven (Fig. 4C), which also
preliminarily confirmed the opposing roles of INHBB in
different tumors. In the following content, we will discuss
the existing research progress of INHBB in different tumors.
It is important to note that some of the studies mentioned
below have measured the expression of either the INHBB
subunit protein or RNA without distinguishing between
inhibin and activin.

@ Springer

Endometrial cancer

INHBB was labeled in normal, hyperplastic, and malignant
endometrium [78, 79]. In normal endometrium, INHBB
mainly locates in the stroma and changes with the menstrual
cycle thereby playing an important role in the maturation of
the endometrium [76]. The expression of INHBB exhibits
a distinct cyclical pattern throughout the menstrual cycle.
Samples from the endometrium were categorized based
on clinical and histological assessments into the prolifera-
tive phase (days 1-14), early secretory phase (days 15-22),
and late secretory phase (days 23-28). Initially, during the
early proliferative phase, INHBB levels are low, gradu-
ally increasing as the cycle advances towards ovulation.
Notably, INHBB expression peaks in the late secretory
phase. This expression trend underscores the critical role
of INHBB in regulating the endometrial environment and
facilitating conception [76, 91].

Compared to endometrial cancer, hyperplastic tissue
showed a higher level of tagging for the presence of INHBB,
suggesting a significant role in endometrial carcinogenesis
and a significant function in endometrial pathophysiology
[78]. INHBB was highly expressed in endometrial cancer
G3 compared with G2 and G1, where G1 represents well-
differentiated, G2 moderately differentiated, and G3 poorly
differentiated carcinomas as per the World Health Organ-
isation (WHO) histological classification, indicating its
effects on the progression of endometrial cancer [79, 117].
Clinically, endometrial carcinoma can be divided into two
types according to its pathogenesis and biological behavior.
Type I endometrial carcinoma is also called endometrioid
adenocarcinoma. It is related to long-term estrogen stimula-
tion. The patients are younger in age, lower in malignancy,
and better in prognosis. Type II endometrial carcinoma,
also known as non-endometrioid adenocarcinoma (estro-
gen-independent), is highly malignant. INHBB was more
likely to be expressed in uterine non-endometrioid cancer
compared with endometrial cancer [79]. Also, in patients
with uterine non-endometrioid cancer, there is a signifi-
cant correlation between low expression of INHBB and a
significantly better cause-specific survival probability, and
INHBB appeared to be an independent prognostic indicator
[73]. The prognostic significance and clinical implications
of the INHBB in uterine endometrioid adenocarcinomas
remain unclear; however, the immunolabelling intensity of
the INHBB was associated with a slightly worse survival
expectation, but not significantly [74]. In summary, INHBB
has the potential as a tumor biomarker related to the progno-
sis of endometrial cancer, but histological subtypes must be
considered. Clinically, Type II endometrial cancer accounts
for 30% of cases, but 75% of deaths, partly because it tends
to metastasize. So it is very useful to study the mechanism of
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Fig. 4 Data analyses of INHBB expression in tumor samples and
paired normal tissues using GEPIA (http://gepia.cancer-pku.cn/index.
html). (A) The gene expression dot plot across all tumor samples and
paired normal tissues; Each dots represent the expression of samples.
The red dots represent tumor tissues and the green dots represent
paired normal tissues. (B) and (C) Box plot made on GEPIA. |[Log2FC]|
Cutoff =1, p-value Cutoff=0.01. The expression of INHBB was sig-
nificantly different between normal and tumor tissues. The red box rep-
resents tumor tissue, and the gray box represents paired normal tissue.
ACC: Adrenocortical carcinoma; BLCA: Bladder Urothelial Carci-
noma; BRCA: Breast invasive carcinoma; CESC: Cervical squamous
cell carcinoma and endocervical adenocarcinoma; CHOL: Cholangio-
carcinoma; COAD: Colon adenocarcinoma; DLBC: Lymphoid neo-
plasm diffuse large B-cell lymphoma; ESCA: Esophageal carcinoma;

GBM: Glioblastoma multiforme; HNSC: Head and Neck squamous
cell carcinoma; KICH: Kidney Chromophobe; KIRC: Kidney renal
clear cell carcinoma; KIRP: Kidney renal papillary cell carcinoma;
LAML: Acute Myeloid Leukemia; LGG: Brain Lower Grade Glioma;
LIHC: Liver hepatocellular carcinoma; LUAD: Lung adenocarci-
noma; LUSC: Lung squamous cell carcinoma; MESO: Mesothelioma;
OV: Ovarian serous cystadenocarcinoma; PAAD: Pancreatic adeno-
carcinoma; PCPG: Pheochromocytoma and Paraganglioma; PRAD:
Prostate adenocarcinoma; READ: Rectum adenocarcinoma; SARC:
Sarcoma; SKCM: Skin Cutaneous Melanoma; STAD: Stomach ade-
nocarcinoma; TGCT: Testicular Germ Cell Tumors; THCA: Thyroid
carcinoma; THYM: Thymoma; UCEC: Uterine Corpus Endometrial
Carcinoma; UCS: Uterine Carcinosarcoma; UVM: Uveal Melanoma
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invasion and metastasis. In HEC-1B and KLE, uterine non-
endometrioid cancer cell lines, activin B treatment upregu-
lated integrin B3 expression through the SMAD 2/3-SMAD
4 pathway, leading to an increase of cell migration, inva-
sion, and adhesion to vitreous [120]. This also explains why
patients with high expression of INHBB demonstrated poor
prognosis. Additionally, activin B treatment significantly
decreased E-cadherin expression in KLE and HEC-50 cells.
However, knockouts of SMAD 2, SMAD 3, or SMAD 4
did not inhibit this phenomenon. The suppressive effects of
activin B on E-cadherin were instead mediated by Snail pro-
duction induced by MEK-ERK1/2. This signal mechanism
independent of the SMAD pathway further confirmed the
role of INHBB in endometrial cancer.

Ovarian cancer

Among ovarian tumors, epithelial tumors are the most
common, including serous tumors and mucinous tumors.
Specific immunostaining of tumor cells from mucinous ade-
nomas and malignant cystic tumors showed expression of
inhibin subunits o, BA, and BB. It was also noted that muci-
nous adenocarcinoma tumor cells were negative for the a
subunits but positive for the BA and BB subunits. Similarly,
in the serous tumors such as benign adenomas, borderline
malignant cystic tumors, and adenocarcinomas, the o sub-
unit did not stain, while the BA and BB subunits were seen
to stain positively in the serous tumor cells. These results
not only indicate differences in activin and inhibin expres-
sion across different tissues, but also suggest that the dis-
appearance of a subunits in mucinous carcinoma indicates
an anti-tumor role for inhibin, whereas activin may play a
pro-tumor role [125]. Specific immunostaining revealed the
presence of the BB subunit in both Leydig and Sertoli tumor
cells of ovarian sex cord-stromal tumors, whereas the o sub-
unit was exclusively found in Leydig cells. mRNA expres-
sion of INHBB was confirmed in both granulosa cell and
Sertoli-Leydig cell tumors. Serum dimeric inhibin B con-
centrations were measured in ovarian cancer patients using
an enzyme-linked immunosorbent assay (ELISA), which
demonstrated elevated levels prior to surgery with a grad-
ual decrease postoperatively. These findings highlight the
potential of serum dimeric inhibin B as a tumor marker in
this specific patient population [124]. What is more, expres-
sion of inhibin a and BB subunits is positive in malignant
germ cell tumors of the ovary and testis [22]. These stud-
ies demonstrate that INHBB is widely expressed in ovarian
cancer, but the role of activin and inhibin is still not clear
due to insufficient research on related dimers. In ovarian
cancer patients, Kaplan-Meier analyses demonstrated a
gradual decline in the 5-year survival rate with increasing
levels of inhibin B [108]. Previous studies have recognized
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INHBB as a diagnostic marker for malignant tumors and
have identified it as a potential tumor-specific therapeutic
target [30].

Cervical cancer

INHBB is expressed mainly in the basal lamina of normal
squamous epithelial cells of the cervix. INHBB subunits
were detected in both normal and malignant cervical tis-
sues and cell lines. The expression of INHBB increased
significantly in cervical intraepithelial neoplasia (CIN) and
cervical cancer compared to normal cervical tissue. Inter-
estingly, the expression of INHBB in CIN2 and CIN3 was
significantly higher than in cancer tissues of histological
grade 1, suggesting a pivotal role for INHBB in the differ-
entiation of cervical cancer [44]. However, it is worth noting
that, unlike in cervical squamous cell carcinoma, the stain-
ing intensity of INHBB in adenocarcinoma is significantly
lower than that seen in glandular epithelial cells [17]. The
role of INHBB in cervical cancer is still unclear, but the syn-
thesis of this subunit in cervical cancer cell lines provides
the opportunity to better understand its role in cervical can-
cer pathogenesis. The levels of INHBB in different stages
of cervical cancer do not simply increase or decrease; this
suggests that its regulatory functions may vary at different
stages through diverse mechanisms.

Renal clear cell carcinoma

Renal parenchymal carcinoma is an adenocarcinoma that
originates from renal tubular epithelial cells, with about
85% being clear cell carcinomas. A mutation in the von
Hippel-Lindau tumor suppressor gene (VHL) activates
hypoxia-inducible factor (HIF)-mediated gene transcrip-
tion in clear cell renal cell carcinomas (RCCs). Several
VHL/HIF targets, such as glycolysis, angiogenesis, cell
growth, and tumor cell chemotaxis, have been implicated
in the translational phenotype of RCC. VHL can inhibit
key features of cell transformation by downregulating HIF-
dependent activin B expression. In VHL-deficient RCC
cells, activin B expression is suppressed by restoration of
VHL and upregulated by hypoxia. Activin B expression
was increased in RCC tumor samples compared to normal
kidneys. VHL increased cell adhesion to the extracellular
matrix, promoted cell flattening, and decreased invasive-
ness. Conversely, inhibition of activin B action through
RNA interference reversed effects of VHL. Thus, activin
B plays an indispensable role in VHL/ HIF-induced renal
cell carcinoma transformation [107]. Activin B can medi-
ate the onset of actin stress fiber breakdown, mesenchymal
cell morphology changes, and invasion, while activation
of RhoA can counteract these effects and vice versa. This
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indicates that the two pathways are inversely related. Fur-
thermore, the action of activin B requires the synergistic
action of Racl. Activation of Racl triggers the loss of actin
stress fibers and promotes the invasion of activin B knock-
out cells. These studies underscore the importance of activin
B signaling in promoting an aggressive phenotype in clear
cell renal cell carcinoma [106].

Breast cancer

A study of involving 16,175 women of European ancestry
revealed that the locus INHBB strongly correlated with
breast cancer, estrogen regulation, and breast development
[29], indicating that INHBB is an important genetic factor
in normal breast development. In later studies, INHBB was
reported to be an established ER-negative breast cancer locus
associated with breast cancer risk [14] and single nucleotide
polymorphisms in INHBB may contribute to the associa-
tion [58]. Moreover, the results of immunohistochemistry
showed that In normal breast tissue, fibrocystic disease, and
benign neoplasms, INHBB was weakly positive whereas its
expression was negative in carcinoma cells [27]. Further-
more, metastatic lymph nodes exhibited lower INHBB than
primary tumors [77], confirming that INHBB may have anti-
tumor effects in breast cancer. The growth of breast cancer
cells was inhibited by activin B when expressed in the cell
culture [2]. The inhibitory effect is mediated by ligands
ALK 4 [2] and ALK 7 [71, 132]. At the same time, some
molecules regulating the INHBB mechanism have also been
found. Activin B induces growth inhibition in breast can-
cer cells. Cripto, which is a glycosylphosphatidylinositol-
linked (GPI-linked) membrane protein, antagonizes the
effects of activin B by directly interacting with it [2]. In
addition, estrogen has been reported to inhibit the produc-
tion of activin B by MCF7 breast cancer cells. These studies
suggest the importance of activin-estrogen interactions in
breast cell growth and carcinogenesis [15]. In conclusion,
studies to date have demonstrated that the role of INHBB
in tumor suppressor in breast cancer, and the restoration and
promotion of its effect may be a new direction of breast can-
cer treatment.

Nasopharyngeal carcinoma

INHBB expression is generally low in nasopharyngeal car-
cinoma (NPC) tissues. Studies have shown that INHBB
expression is associated with a better prognosis. Its expres-
sion was negatively correlated with lymph node metastasis,
clinical progression, tumor size, and invasion. In patients
with NPC, the overall survival rate was significantly lower
in the INHBB-negative group than in the INHBB-positive
group [140]. To investigate the molecular mechanism of

INHBB in NPC, Zou et al. mimicked the high metastatic
characteristics of NPC and induced high metastatic cells.
Anoikis is a specific form of programmed cell death origi-
nating from the extracellular matrix (ECM), and resistance
to anoikis is a primary condition for tumor invasion and
metastasis. Anoikis resistance enables tumor cells to re-
adhere within heterogeneous tissues and organs. The ability
of nasopharyngeal carcinoma (NPC) cells to resist anoikis
also signifies their highly metastatic characteristics. Zou et
al. induced anoikis-resistant cells under non-adherent con-
ditions in NPC cell lines, thereby establishing a model of
NPC cell anoikis resistance. In these anoikis-resistant cells,
INHBB was either overexpressed or knocked down. In the
INHBB-overexpressing cells, there was an increase in apop-
totic cells, a decrease in S phase cells, and a downregulation
of vimentin, matrix metalloproteinase-9, and vascular endo-
thelial growth factor A, accompanied by an upregulation of
E-cadherin expression. Conversely, knocking down INHBB
in these cells produced opposite effects. Furthermore,
INHBB inhibited anoikis resistance and migration of NPC
cells through the TGF-f signaling pathway and reduced p53
expression. These phenomena also suggest the possibility
of INHBB as a biomarker of nasopharyngeal carcinoma
metastasis and prognosis [140].

Prostatic cancer

In vitro experiments have demonstrated that prostate can-
cer cell lines were inhibited by activin B [68]. As prostate
tumor grade increases, activin B expression increases and
activin C expression decreases [88]. Increased activin B and
decreased activin C expression is associated with increasing
prostate tumor grade. Notably, there is an increase in activin
B expression following androgen deprivation therapy
(ADT), the first-line treatment for recurrent and metastatic
prostate cancer. In a mouse model of ADT-induced sarcope-
nia, Pan et al. detected an increase in activin B expression,
suggesting a potential association between activin B levels
and the therapeutic effects of ADT [85]. It has been shown
that activin B expression is reduced in high-grade prostate
cancer [93]. In prostate cancer, through a comprehensive
aCGH approach, after excluding germline copy number
polymorphisms, Lee et al. identified 35 regions of recurrent
alterations, including INHBB [114]. Epigenetic dysregula-
tion on chromosome 2q14.2 distinguishes normal tissues
from prostate cancer and provides a new regional panel of
DNA methylation cancer biomarkers, including localized
DNA hypermethylation INHBB [26]. The association of
INHBB with ADT therapy and its genetic profile in prostate
cancer suggests that INHBB could be a potential marker and
therapeutic target for prostate cancer.
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Colorectal cancer

In colorectal cancer, miR-34a and miR-34b/c are frequently
silenced. INHBB, one of the targets of miR-34, was upregu-
lated in primary colon cancer and had an association with
lymph node metastasis [43, 122]. Furthermore, overexpres-
sion of INHBB was confirmed to be related to poor overall
survival (OS) and recurrence-free survival (RFS) [43, 87].
A 9-gene signature, including INHBB, is helpful in predict-
ing postoperative recurrence of stage II/III colorectal cancer
[119]. Additionally, INHBB expression significantly pro-
moted macrophage infiltration while inhibiting the infiltra-
tion of memory T cells, mast cells, and dendritic cells [131].
Thus INHBB may play a cancer-promoting role in colorec-
tal cancer and may become a potential prognostic biomarker
and a new therapeutic target for colorectal cancer.

The TGF-p pathway, a well-recognized signaling path-
way, is associated with cancer progression, impacting cell
cycle regulation, proliferation, differentiation, and metas-
tasis formation in colorectal cancer [39]. This underscores
the vast potential of INHBB, which signals through the
TGF-B pathway, in colorectal cancer research. Further-
more, INHBB has been identified as a novel biomarker for
colorectal cancer metastasis, which is highly deregulated by
methylation and closely linked to metastasis. As an emerg-
ing DNA methylation biomarker for the prognosis of early-
stage colorectal cancer, INHBB requires further clinical
trials to refine detection methods and guide the treatment
and diagnosis of cancer patients [39].

Hepatocellular carcinoma

In normal rat liver, INHBB staining was weak and localized
to parenchymal cells (PC). However, in fibrotic rat liver,
staining of INHBB was observed in stellate cells (SC). It
is now known that activation of hepatic stellate cells and
the hepatic fibrosis of surrounding tissues contribute to the
progression of hepatocellular carcinoma (HCC). This sug-
gests that differential expression of INHBB in SC is likely
associated with fibrosis of the liver as well as HCC progres-
sion. It has also been reported that the Sox9/INHBB axis
is a positive regulator of liver fibrosis, and Sox9 induces
the expression of INHBB and promotes the production of
activin B by directly binding to the enhancer of INHBB.
Further, it could promote the activation of hepatic stellate
cells through activin B/SMAD signaling [20]. This revealed
that in HCC, INHBB is closely associated with liver fibrosis
as well as the progression of HCC.
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Thyroid cancer

In thyroid cancer research, the expression and function of
the INHBB gene have gradually revealed its potential role
in disease progression. The most common type of thyroid
cancer is papillary thyroid carcinoma (PTC), which is often
accompanied by mutations in the BRAF gene. In mouse
models of PTC with BRAF mutations, INHBB expression
is elevated more than 15-fold compared to normal thy-
roid cells, highlighting its significant role. This substantial
increase not only highlights its role in the proliferation of
thyroid cancer cells but also suggests that INHBB could
promote the phosphorylation of SMAD2/3 by activating its
receptor ALK4, thereby influencing the cellular behavior in
thyroid cancer [60]. Furthermore, the co-inhibition of the
SMAD and MAPK signaling pathways has been found to
enhance the uptake of radioactive iodine (1241) in BRAF-
mutated thyroid cancers [60], further emphasizing the
potential of INHBB as a target in thyroid cancer treatment.

Analysis of human PTC samples has shown that INHBB
expression is inversely correlated with the thyroid differen-
tiation score (TDS) [60], implying that INHBB may play a
crucial role in the dedifferentiation process of thyroid can-
cer. Additionally, INHBB expression is significantly higher
in follicular adenomas as well as papillary and follicular
carcinomas compared to multinodular goiter and normal
thyroid tissue [65], supporting its potential impact on thy-
roid cancer proliferation and tumor processes.

Oral squamous cell carcinoma

In oral squamous cell carcinoma, activin B is significantly
associated with regional lymph node metastasis. Activin B
regulates EMT-related proteins, including decreased levels
of E-cadherin and Zo-1 and increased levels of Snail, to
enable oral squamous cell carcinoma cells to acquire char-
acteristics that are easy to invade and metastasize [52]. This
indicates a direct mechanism by which INHBB contributes
to cancer dissemination.

Diverse roles of INHBB in cancer: mechanisms and
implications

We summarize the roles of INHBB in different tumors in
Table 1, but INHBB plays a role not only in these tumors.
For example, the INHBB stained positive in normal adrenal
medullary cells and benign adrenal pheochromocytomas,
while malignant tumors were almost negative. This sug-
gests that the deletion of INHBB expression in pheochro-
mocytomas may serve as a marker of malignant potential
[92]. In islet beta cells, activin B promotes dedifferentiation,
revealing unexpected effects of activin B in the loss of beta
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Table 1 Roles of INHBB in different cancers

Tumors/tumor cells INHBB expression status Role in cancer Mechanism Effectson  References
(promoting cancer
or inhibiting
cancer)

Endometrial cancer Highly expressed in endometrial Promoting Activin B-SMAD2/3- Increase of  [79, 117,
cancer G3 compared with G2 and SMAD4-increase of cell migra-  120]
G1; highly expressed in uterine non- integrin B3; tion, inva-
endometrioid cancer compared with Activin B-MEK- sion, and
endometrial cancer. ERK1/2-Snail- inhibition adhesion to

of E-cadherin vitreous.

Ovarian cancer Positive in the mucinous adenoma Unclear [125]
and the cystic tumor with borderline
malignancy.

Cervical Cervical squamous Positive at the basal lamina of normal ~ Unclear [17, 44]

cancer  cell carcinoma squamous epithelial cells; significantly
higher expression in cervical intraepi-
thelial neoplasia (CIN) and cervical
cancer than that in normal cervical
tissue.

Cervical Lower expression of INHBB in
adenocarcinoma  adenocarcinoma than that of glandular
epithelial cells.

Renal clear cell carcinoma Increased expression of activin B com- Promoting Mutated VHL-activin Aggressive  [106,
pared to that in the normal kidney. B- reduced rhoa signal-  phenotype 107]

ing and promote Racl and tumor
activity growth

Breast cancer In normal breast tissue, fibrocystic Inhibiting Cripto- directly inter- Growth [2, 15,
disease, and benign neoplasms, BB acting with Activin suppression  27]
subunits were weakly positive while B- induced growth
the expression of BB was negative in suppression;
carcinoma cells. Estrogen- reduce the

amount of activin B

Nasopharyngeal carcinoma Downregulated; INHBB expression Inhibiting INHBB decrease-activate Suppress [140]
was negatively correlated with lymph TGF-B- SMAD2/3- tumor
node metastasis, clinical progression, SMAD4-tumor growth;  growth,
tumor size, and invasion INHBB decrease-activate anoikis

TGF-B-SNAIL 1/2-EMT  resis-
tance, and
migration

Prostatic cancer Activin B expression was reduced in  Inhibiting Elevated extracellular Suppress [88, 93]
high-grade prostate cancer. urate-growth promoting  tumor

in vitro and antagonized  growth
the growth inhibitory
effects of activins.

Colorectal cancer Upregulated in primary colon cancer ~ Unclear [43, 87,
and associated with lymph node metas- 122]
tasis; overexpression of INHBB was
confirmed to be associated with poor
overall survival (OS) and recurrence-
free survival (RFS).

Hepatocellular carcinoma Upregulated Promoting SOX9-INHBB-activin Hepatic [20]

B- SMAD2/3-SMAD4-  fibrosis and
the activation of hepatic ~ progression
stellate cells and hepatic  of hepa-
fibrosis in surrounding tocellular
tissues carcinoma
Thyroid cancer Upregulated Unclear [60, 65]
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Table 1 (continued)

Tumors/tumor cells INHBB expression status Role in cancer Mechanism Effectson  References
(promoting cancer
or inhibiting
cancer)

Oral squamous cell Activin B-positive oral squamous cell ~Promoting Activin B- decreased Enable oral  [52]

carcinoma carcinoma is significantly associated

with regional lymph node metastasis.

levels of E-cadherin and ~ squamous

Zo-1 and increased levels cell carci-

of Snail-EMT noma cells
to acquire
character-
istics that
are easy to
invade and
metastasize.

cell maturation, islet plasticity, and the progression of insu-
linoma through its involvement in B-cell dedifferentiation
[90]. Yang et al. reported that INHBB was upregulated in
GBM (glioblastoma) and predicted poor survival. INHBB
was a potential upstream molecule of the EGFR/ERK/AKT
signaling pathway in GBM, and it promoted the growth,
migration and stemness of GBM cells [126].

Considering that INHBB is associated with tumor stage
and prognosis in a variety of tumors, INHBB has the poten-
tial to become a tumor biomarker. In addition, it is not dif-
ficult to find that the research on INHBB in tumors mainly
focuses on proliferation, apoptosis, invasion, and metastasis,
but some studies also suggest the possible role of INHBB in
immunity [130], cell stem [126], and cachexia [139].

Due to extensive involvement of INHBB in the devel-
opment, maturation, and normal physiological functions
of the reproductive system, and its association with vari-
ous hormonal pathways that play critical roles in regulating
endocrine balance, the influence of INHBB on reproduc-
tive system tumors is governed by a complex regulatory
network. While B-subunits are expressed, the expression of
a-subunits directly means the opposite effect, and endocrine
factors are also involved, which led to the possibility that
circulating activin and inhibin were once considered to be
tumor markers of the reproductive system [16, 42, 69, 75,
108]. In addition, estrogen can cause a decrease in activin
B in breast cancer cells [15]. Androgen deprivation therapy
in prostate cancer leads to an increase of activin B [85]. So
it may be a promising research direction to link the role of
INHBB in the reproductive system with the hormone disor-
ders often seen in reproductive system diseases. This indi-
cates that in organs significantly influenced by hormonal
fluctuations, such as the reproductive system, variations in
hormonal levels can critically modulate functions of INHBB.
Specifically, hormonal changes may alter the expression or
activation of INHBB, thereby affecting its role in processes
like tumor progression or normal reproductive activities.
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Understanding these interactions is crucial for elucidating
diverse functions of INHBB in hormone-responsive tissues.
In breast cancer cells, activin B suppressed the growth
of breast cancer cells. The inhibitory effect is related to the
normal expression and function of the receptors ALK 4 and
ALK 7 [2]. Cripto is involved, which indicates that differ-
ent expression patterns of receptors and co-receptors will
also affect the role of INHBB. Currently, there are limited
studies on INHBB and its receptors in tumors. We con-
ducted a search in The Human Protein Atlas (HPA) (https://
www.proteinatlas.org/) for the type II receptors ACVR2A
and ACVR2B, as well as the type I receptor ALK4 (also
known as ACVRIB) of INHBB. The HPA is a comprehen-
sive human protein database that provides information on
the expression of these receptors in various cancers. For
ACVR2A, most cancer tissues showed moderate to strong
cytoplasmic and membranous immunoreactivity, while sev-
eral cases of gliomas were weakly stained or negative. For
ACVR2B, the majority of cancer tissues showed weak to
moderate cytoplasmic staining, with additional membranous
staining in a few cases. Lymphomas, gliomas, and skin can-
cers were negative. For ALK4, hepatocellular carcinoma,
colorectal cancer and stomach cancer showed moderate to
strong positivity. Thyroid cancer, pancreatic cancer, breast
cancer, lung cancer, urothelial cancer and ovarian cancer
showed weak positivity. The remaining cancer tissues were
generally negative. This suggests that the distribution of
INHBB-associated receptors varies among different tumor
types, which may offer new insights into mechanisms by
which INHBB plays different roles in different tumors.
INHBB, as a member of the TGF-B family, has homol-
ogy with family members, shares receptors, and regulates
each other. In nasopharyngeal carcinoma, INHBB reduction
is through the activation of TGF-f to mediate the anoikis
resistance characteristics of nasopharyngeal carcinoma cells
[140]. In non-small cell lung carcinomas, TGF-f can inhibit
the expression of INHBB [54]. That is to say, INHBB has
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different effects, which may also be regulated by homolo-
gous ligands.

The regulation of the INHBB function is summarized
in Fig. 3. In tumors, the expression and role of different
regulators are different. External stimuli such as TGF-f
and LPS affect the expression of INHBB. Internal factors
such as Sox9 and EZH2 regulate the expression of INHBB.
Inhibitors such as follistatin and inhibin hinder the binding
of activin and receptor, and co-receptors hinder the trans-
mission of activin signals. These factors may constitute
the functional differences of INHBB in different types of
tumors.

INHBB and immune modulation in cancer

As a critical member of the TGF-p family, TGF-B plays a
crucial role in maintaining immune homeostasis and tol-
erance, significantly impacting both innate and adaptive
immunity. It directly promotes the proliferation of regula-
tory T cells (Tregs) and inhibits the activity of effector T
cells, dendritic cells, and natural killer (NK) cells, thereby
establishing a complex network of immune suppression
[7]. Within the context of cancer, TGF-f3 helps to create an
immunosuppressive tumor microenvironment, facilitating
tumor immune evasion and affecting the efficacy of cancer
immunotherapies. The dual role of TGF-f as a tumor sup-
pressor in early-stage cancer and as a promoter of tumor
progression and metastasis in advanced stages highlights its
complex nature.

Overall, the signaling transduction of TGF-f fam-
ily members is overlapping. Similar to INHBB signaling,
TGF-p signaling initiates a cascade of SMAD signaling
upon binding to its receptors. TGFBR?2 first phosphorylates
and activates TGFBR1, which then phosphorylates SMAD2
and SMAD?3. These receptor-phosphorylated SMADs sub-
sequently form heterotrimeric complexes with SMAD4 and
enter the nucleus. Within the nucleus, the activated SMAD
complexes interact with other transcription factors to regu-
late the expression of hundreds of genes.

In the immune system, TGF-B-activated SMAD signal-
ing can promote the expression of FOXP3 in immature
CD4+T cells, driving their differentiation towards a reg-
ulatory T cell phenotype, inducing a T helper 17 (TH17)
phenotype, regulating immunoglobulin class switching in B
cells, and suppressing several cytotoxic genes in CD8+T
cells [7]. These actions highlight the key role of TGF- in
modulating the immune system, particularly through regu-
lating the differentiation and function of immune cells with
significant involvement of SMADs, suggesting a similar
regulatory potential for INHBB through these pathways.
Although current studies have not definitively demonstrated
regulatory effects of INHBB on the immune system, some

research still provides insights. For instance, a bioinfor-
matics analysis in gastric cancer indicated that INHBB
regulates immune cell infiltration, particularly macrophage
infiltration, and that patients with high INHBB expression
and high macrophage infiltration have poorer prognoses.
Moreover, a positive correlation between INHBB and TGF-
B1 expression suggests that INHBB may facilitate immune
cell infiltration, thereby promoting the progression of gas-
tric cancer [130]. In colorectal cancer, increased expression
of INHBB is associated with trends of resistance to immu-
notherapy [127], poorer patient survival rates, and increased
lymph node metastasis [43]. Furthermore, INHBB is sig-
nificantly linked to the infiltration of immune cells such
as macrophages, and inhibits the infiltration of memory T
cells, mast cells, and dendritic cells [131]. These findings
imply that INHBB could play a role analogous to TGF- in
mediating cancer-related immunosuppression, a hypothesis
that requires further validation through more comprehen-
sive studies.

Discussion and conclusion

After analyzing the role of INHBB in various types of can-
cer, it has been observed that INHBB acts as a tumor sup-
pressor gene in breast cancer, nasopharyngeal carcinoma,
and prostate cancer. In these cancers, it primarily functions
by inhibiting cell proliferation and promoting apoptosis.
Conversely, in cancers such as endometrial cancer, renal
clear cell carcinoma, hepatocellular carcinoma, and oral
squamous cell carcinoma, INHBB appears to enhance the
malignant potential of tumor cells, mainly by promoting
cell invasion, metastasis, and dedifferentiation [56, 89, 90,
121]. However, whether INHBB promotes or inhibits tumor
growth depends not only on the type of tumor but also on
its subtypes and various stages of progression [22, 34, 125].

Considering that INHBB is the key subunit in the forma-
tion of inhibin B (o/fB) and activin B (BB /BB), the various
dimeric forms of INHBB may play distinct roles within the
organism [128, 129]. Just as INHBB in follicular develop-
ment, the expression of activin and inhibin changes with
time [76], reaching the balance of development. In addi-
tion, the single nucleotide polymorphism and epigenetic
regulation of INHBB make people suspect that the variation
of INHBB in the process of tumor progression leads to a
change in its function [48, 66, 114]. Finally, INHBB acts
as a member of the TGF-B family, which has a high degree
of homology with family members [128, 129], and the cor-
responding receptor and effector proteins also cross react
[25]. This makes the pathway of INHBB not specific, and
the change of receptor may also lead to the opposite effect
in the tumor. Moreover, the activation of INHBB is affected
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by many components, including the same family members,
antagonists, hormones, inflammatory stimulants, and so on.
The changes in these regulatory factors may change the
expression of INHBB, resulting in a different expression of
INHBB and achieving the opposite effect. In normal devel-
opment and cancer, INHBB has a complex mechanism of
action, in addition to the SMAD signaling pathway, there
are many non-SMAD pathways [8, 51, 59, 102], but so
far no research can clarify how different mechanisms are
selected. The aforementioned mechanisms provide a pre-
liminary explanation for why INHBB may exert completely
opposing effects in tumors, yet the details therein necessi-
tate further investigation.

The role of INHBB in tumors remains incompletely
understood, yet its expression during tumor progression
exhibits certain regularity, thus suggesting the potential for
INHBB to serve as a novel tumor biomarker. INHBB pri-
marily functions through the common pathways of type I and
type II receptors, offering avenues for intervening in tumor
progression by targeting INHBB [2]. However, the variabil-
ity in signaling pathways of INHBB complicates efforts to
target INHBB for intervention in tumor progression.

INHBB assumes an emerging role in tumors, potentially
exhibiting both pro- and anti-carcinogenic effects that may
vary temporally and spatially. Despite the increasing rec-
ognition of its significance across various tumors, further
research is warranted to elucidate the underlying mecha-
nisms involved. Investigating the mechanisms underlying
actions of INHBB in tumors can aid in unraveling the intri-
cate network regulating tumor progression.

Acknowledgements We thank all colleagues from the Department of
Laboratory Medicine at the Third Xiangya Hospital of Central South
University for their help in the writing process.

Author contributions Ying Liu: Conceptualization, Writing-original
draft. Qing Zhou: Writing-original draft. Guoying Zou: Writing-re-
view & editing. Wenling Zhang: Project administration, Supervision,
Writing-review & editing. The authors declare that all data were gener-
ated in-house and that no paper mill was used.

Funding This work was supported by the Natural Science Foundation
of Hunan Province, China (grant number 2020JJ4780), and National
Natural Science Foundation of China (grant number 81672688).

Data availability No datasets were generated or analysed during the
current study.

Declarations

Competing Interests The authors declare that they have no competing
interests.

@ Springer

References

1. Abushahba W, Olabisi OO, Jeong BS, Boregowda RK, Wen Y,
Liu F, Goydos JS, Lasfar A, Cohen-Solal KA (2012) Non-canon-
ical smads phosphorylation induced by the glutamate release
inhibitor, riluzole, through GSK3 activation in melanoma. PLoS
ONE 7:e47312. https://doi.org/10.1371/journal.pone.0047312

2. Adkins HB, Bianco C, Schiffer SG, Rayhorn P, Zafari M, Cheung
AE, Orozco O, Olson D, De Luca A, Chen LL, Miatkowski K,
Benjamin C, Normanno N, Williams KP, Jarpe M, LePage D,
Salomon D, Sanicola M (2003) Antibody blockade of the Cripto
CFC domain suppresses tumor cell growth in vivo. J Clin Invest
112:575-587. https://doi.org/10.1172/jci1 7788

3. Afrakhte M, Morén A, Jossan S, Itoh S, Sampath K, Wester-
mark B, Heldin CH, Heldin NE, ten Dijke P (1998) Induction of
inhibitory Smad6 and Smad7 mRNA by TGF-beta family mem-
bers. Biochem Biophys Res Commun 249:505-511. https://doi.
org/10.1006/bbrc.1998.9170

4.  Anderson RA, Cambray N, Hartley PS, McNeilly AS (2002)
Expression and localization of inhibin alpha, inhibin/activin
betaA and betaB and the activin type Il and inhibin beta-glycan
receptors in the developing human testis. Reproduction 123:779—
788. https://doi.org/10.1530/rep.0.1230779

5. Appiah Adu-Gyamfi E, Tanam Djankpa F, Nelson W, Czika A,
Kumar Sah S, Lamptey J, Ding YB, Wang YX (2020) Activin and
inhibin signaling: from regulation of physiology to involvement
in the pathology of the female reproductive system. Cytokine
133:155105. https://doi.org/10.1016/j.cyt0.2020.155105

6. Bao H, Sin TK, Zhang G (2020) Activin A induces tumorigenesis
of leiomyoma via regulation of p38p MAPK-mediated signal cas-
cade. Biochem Biophys Res Commun 529:379-385. https://doi.
org/10.1016/j.bbrc.2020.05.079

7. Batlle E, Massagué J (2019) Transforming growth Factor-f sig-
naling in immunity and Cancer. Immunity 50:924-940. https://
doi.org/10.1016/j.immuni.2019.03.024

8. Bernard DJ (2004) Both SMAD2 and SMAD3 mediate activin-
stimulated expression of the follicle-stimulating hormone beta
subunit in mouse gonadotrope cells. Mol Endocrinol 18:606—623.
https://doi.org/10.1210/me.2003-0264

9. Bernard DJ, Lee KB, Santos MM (2006) Activin B can signal
through both ALK4 and ALK?7 in gonadotrope cells. Reprod Biol
Endocrinol 4:52. https://doi.org/10.1186/1477-7827-4-52

10. Bildik G, Akin N, Esmaeilian Y, Hela F, Yildiz CS, Iltumur E,
Incir S, Karahuseyinoglu S, Yakin K, Oktem O (2020) Termi-
nal differentiation of human granulosa cells as luteinization is
reversed by activin-A through silencing of Jnk pathway. Cell
Death Discov 6:93. https://doi.org/10.1038/s41420-020-00324-9

11. Bilezikjian LM, Blount AL, Campen CA, Gonzalez-Manchon C,
Vale W (1991) Activin-A inhibits proopiomelanocortin messenger
RNA accumulation and adrenocorticotropin secretion of AtT20
cells. Mol Endocrinol 5:1389-1395. https://doi.org/10.1210/
mend-5-10-1389

12. Bilezikjian LM, Corrigan AZ, Blount AL, Chen Y, Vale WW
(2001) Regulation and actions of Smad7 in the modulation of
activin, inhibin, and transforming growth factor-beta signaling
in anterior pituitary cells. Endocrinology 142:1065-1072. https://
doi.org/10.1210/endo.142.3.8028

13. Bloise E, Ciarmela P, Dela Cruz C, Luisi S, Petraglia F, Reis FM
(2019) Activin A in mammalian physiology. Physiol Rev 99:739—
780. https://doi.org/10.1152/physrev.00002.2018

14. BrandJS, Humphreys K, Li J, Karlsson R, Hall P, Czene K (2018)
Common genetic variation and novel loci associated with volu-
metric mammographic density. Breast Cancer Res 20:30. https://
doi.org/10.1186/s13058-018-0954-6


https://doi.org/10.1371/journal.pone.0047312
https://doi.org/10.1172/jci17788
https://doi.org/10.1006/bbrc.1998.9170
https://doi.org/10.1006/bbrc.1998.9170
https://doi.org/10.1530/rep.0.1230779
https://doi.org/10.1016/j.cyto.2020.155105
https://doi.org/10.1016/j.bbrc.2020.05.079
https://doi.org/10.1016/j.bbrc.2020.05.079
https://doi.org/10.1016/j.immuni.2019.03.024
https://doi.org/10.1016/j.immuni.2019.03.024
https://doi.org/10.1210/me.2003-0264
https://doi.org/10.1186/1477-7827-4-52
https://doi.org/10.1038/s41420-020-00324-9
https://doi.org/10.1210/mend-5-10-1389
https://doi.org/10.1210/mend-5-10-1389
https://doi.org/10.1210/endo.142.3.8028
https://doi.org/10.1210/endo.142.3.8028
https://doi.org/10.1152/physrev.00002.2018
https://doi.org/10.1186/s13058-018-0954-6
https://doi.org/10.1186/s13058-018-0954-6

Inhibin subunit beta B (INHBB): an emerging role in tumor progression

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Burdette JE, Woodruff TK (2007) Activin and estrogen crosstalk
regulates transcription in human breast cancer cells. Endocr Relat
Cancer 14:679—689. https://doi.org/10.1677/erc-07-0054

Burger HG, Baillie A, Drummond AE, Healy DL, Jobling T,
Mamers P, Robertson DM, Susil B, Cahir N, Shen Y, Verity K,
Fuller PJ, Groome NP, Findlay JK (1998) Inhibin and ovarian
cancer. J Reprod Immunol 39:77-87. https://doi.org/10.1016/
s0165-0378(98)00014-x

Burges A, Shabani N, Briining A, Mylonas I (2011) Inhibin-Betaa
and -betab subunits in normal and malignant glandular epithelium
of uterine cervix and HeLa cervical cancer cell line. Arch Gynecol
Obstet 284:981-988. https://doi.org/10.1007/s00404-010-1734-4
Canali S, Core AB, Zumbrennen-Bullough KB, Merkulova M,
Wang CY, Schneyer AL, Pietrangelo A, Babitt JL (2016) Activin
B induces noncanonical SMAD1/5/8 signaling via BMP type |
receptors in hepatocytes: evidence for a role in Hepcidin Induc-
tion by inflammation in male mice. Endocrinology 157:1146—
1162. https://doi.org/10.1210/en.2015-1747

Cangkrama M, Wietecha M, Werner S (2020) Wound repair, scar
formation, and Cancer: converging on activin. Trends Mol Med
26:1107-1117. https://doi.org/10.1016/j.molmed.2020.07.009
Chen Y, Qian B, Sun X, Kang Z, Huang Z, Ding Z, Dong L, Chen
J, Zhang J, Zang Y (2021) Sox9/INHBB axis-mediated crosstalk
between the hepatoma and hepatic stellate cells promotes the
metastasis of hepatocellular carcinoma. Cancer Lett 499:243—
254. https://doi.org/10.1016/j.canlet.2020.11.025

Chen X, Zhao C, Xu'Y, Huang K, Wang Y, Wang X, Zhou X, Pang
W, Yang G, Yu T (2021) Adipose-specific BMP and activin mem-
brane-bound inhibitor (BAMBI) deletion promotes adipogen-
esis by accelerating ROS production. J Biol Chem 296:100037.
https://doi.org/10.1074/jbc.RA120.014793

Cobellis L, Cataldi P, Reis FM, De Palo G, Raspagliesi F, Pilotti
S, Arcuri F, Petraglia F (2001) Gonadal malignant germ cell
tumors express immunoreactive inhibin/activin subunits. Eur J
Endocrinol 145:779-784. https://doi.org/10.1530/eje.0.1450779
De Jong FH (1988) Inhibin. Physiol Rev 68:555-607. https://doi.
org/10.1152/physrev.1988.68.2.555

Deng SK, Tang JZ, Jin Y, Hu PH, Wang JF, Zhang XW (2020)
Activin B signaling may promote the conversion of normal fibro-
blasts to scar fibroblasts. Med (Baltim) 99:20253. https://doi.
org/10.1097/md.0000000000020253

Derynck R, Turley SJ, Akhurst RJ (2021) TGF biology in cancer
progression and immunotherapy. Nat Rev Clin Oncol 18:9-34.
https://doi.org/10.1038/s41571-020-0403-1

Devaney J, Stirzaker C, Qu W, Song JZ, Statham AL, Patter-
son KI, Horvath LG, Tabor B, Coolen MW, Hulf T, Kench JG,
Henshall SM, Pe Benito R, Haynes AM, Mayor R, Peinado MA,
Sutherland RL, Clark SJ (2011) Epigenetic deregulation across
chromosome 2q14.2 differentiates normal from prostate cancer
and provides a regional panel of novel DNA methylation can-
cer biomarkers. Cancer Epidemiol Biomarkers Prev 20:148-159.
https://doi.org/10.1158/1055-9965 Epi-10-0719

Di Loreto C, Reis FM, Cataldi P, Zuiani C, Luisi S, Beltrami CA,
Petraglia F (1999) Human mammary gland and breast carcinoma
contain immunoreactive inhibin/activin subunits: evidence for a
secretion into cystic fluid. Eur J Endocrinol 141:190-194. https://
doi.org/10.1530/eje.0.1410190

Duan R, Du W, Guo W (2020) EZH2: a novel target for cancer
treatment. J Hematol Oncol 13:104. https://doi.org/10.1186/
s13045-020-00937-8

Eriksson N, Benton GM, Do CB, Kiefer AK, Mountain JL, Hinds
DA, Francke U, Tung JY (2012) Genetic variants associated with
breast size also influence breast cancer risk. BMC Med Genet
13:53. https://doi.org/10.1186/1471-2350-13-53

Evans ET, Horst B, Arend RC, Mythreye K (2023) Evolving roles
of activins and inhibins in ovarian cancer pathophysiology. Am

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

J Physiol Cell Physiol 324:C428-c437. https://doi.org/10.1152/
ajpcell.00178.2022

Ganz T (2013) Systemic iron homeostasis. Physiol Rev 93:1721—
1741. https://doi.org/10.1152/physrev.00008.2013

Geh E, Meng Q, Mongan M, Wang J, Takatori A, Zheng Y, Puga
A, Lang RA, Xia Y (2011) Mitogen-activated protein kinase
kinase kinase 1 (MAP3KI1) integrates developmental signals
for eyelid closure. Proc Natl Acad Sci U S A 108:17349-17354.
https://doi.org/10.1073/pnas. 1102297108

Gherardi S, Ripoche D, Mikaelian I, Chanal M, Teinturier R,
Goehrig D, Cordier-Bussat M, Zhang CX, Hennino A, Berto-
lino P (2017) Menin regulates Inhbb expression through an Akt/
Ezh2-mediated H3K27 histone modification. Biochim Biophys
Acta Gene Regul Mech 1860:427-437. https://doi.org/10.1016/j.
bbagrm.2017.02.003

Gingelmaier A, Gutsche S, Mylonas I, Shabani N, Kuhn C,
Kunze S, Jeschke U, Friese K (2007) Expression of HPV, steroid
receptors (ERalpha, ERbeta, PR-A and PR-B) and inhibin/activin
subunits (alpha, betaA and betaB) in adenosquamous endometrial
carcinoma. Anticancer Res 27:2011-2017

Grafe I, Alexander S, Peterson JR, Snider TN, Levi B, Lee B,
Mishina Y (2018) TGF-B Family Signaling in Mesenchymal
differentiation. Cold Spring Harb Perspect Biol 10. https://doi.
org/10.1101/cshperspect.a022202

Gray PC, Vale W (2012) Cripto/GRP78 modulation of the TGF-
pathway in development and oncogenesis. FEBS Lett 586:1836—
1845. https://doi.org/10.1016/j.febslet.2012.01.051

Gray PC, Bilezikjian LM, Vale W (2001) Antagonism of activin
by inhibin and inhibin receptors: a functional role for betaglycan-
glycan. Mol Cell Endocrinol 180:47-53. https://doi.org/10.1016/
$0303-7207(01)00515-9

Gray PC, Harrison CA, Vale W (2003) Cripto forms a complex
with activin and type II activin receptors and can block activin
signaling. Proc Natl Acad Sci U S A 100:5193-5198. https://doi.
org/10.1073/pnas.0531290100

Gutierrez A, Demond H, Brebi P, Ili CG (2021) Novel meth-
ylation biomarkers for Colorectal Cancer Prognosis. https://doi.
org/10.3390/biom11111722. Biomolecules 11

Hata A, Chen YG (2016) TGF-B signaling from receptors to
Smads. Cold Spring Harb Perspect Biol 8. https://doi.org/10.1101/
cshperspect.a022061

Hedger MP, Winnall WR, Phillips DJ, de Kretser DM (2011) The
regulation and functions of activin and follistatin in inflammation
and immunity. Vitam Horm 85:255-297. https://doi.org/10.1016/
b978-0-12-385961-7.00013-5

Irvin SR, Weiderpass E, Stanczyk FZ, Brinton LA, Trabert B,
Langseth H, Wentzensen N (2020) Association of anti-mullerian
hormone, follicle-stimulating hormone, and Inhibin B with Risk
of Ovarian Cancer in the Janus Serum Bank. Cancer Epidemiol
Biomarkers Prev 29:636—642. https://doi.org/10.1158/1055-
9965.Epi-19-0675

Jiang L, Hermeking H (2017) miR-34a and miR-34b/c suppress
intestinal tumorigenesis. Cancer Res 77:2746-2758. https://doi.
org/10.1158/0008-5472.Can-16-2183

Jickstock J, Briining A, Blankenstein T, Kunze S, Shabani N,
Bergauer F, Mylonas I (2010) Immunolabeling of the inhibin-BA
and -BB subunit in normal and malignant human cervical tissue
and cervical cancer cell lines. Int J Gynecol Cancer 20:1117-
1124. https://doi.org/10.1111/IGC.0b013e3181ef10aa

Jung B, Staudacher JJ, Beauchamp D (2017) Transforming growth
factor B Superfamily Signaling in Development of Colorectal
Cancer. Gastroenterology 152:36-52. https://doi.org/10.1053/].
gastro.2016.10.015

Kalli M, Mpekris F, Wong CK, Panagi M, Ozturk S, Thiag-
alingam S, Stylianopoulos T, Papageorgis P (2019) Activin
A Signaling regulates IL13Ra2 expression to promote breast

@ Springer


https://doi.org/10.1152/ajpcell.00178.2022
https://doi.org/10.1152/ajpcell.00178.2022
https://doi.org/10.1152/physrev.00008.2013
https://doi.org/10.1073/pnas.1102297108
https://doi.org/10.1016/j.bbagrm.2017.02.003
https://doi.org/10.1016/j.bbagrm.2017.02.003
https://doi.org/10.1101/cshperspect.a022202
https://doi.org/10.1101/cshperspect.a022202
https://doi.org/10.1016/j.febslet.2012.01.051
https://doi.org/10.1016/s0303-7207(01)00515-9
https://doi.org/10.1016/s0303-7207(01)00515-9
https://doi.org/10.1073/pnas.0531290100
https://doi.org/10.1073/pnas.0531290100
https://doi.org/10.3390/biom11111722
https://doi.org/10.3390/biom11111722
https://doi.org/10.1101/cshperspect.a022061
https://doi.org/10.1101/cshperspect.a022061
https://doi.org/10.1016/b978-0-12-385961-7.00013-5
https://doi.org/10.1016/b978-0-12-385961-7.00013-5
https://doi.org/10.1158/1055-9965.Epi-19-0675
https://doi.org/10.1158/1055-9965.Epi-19-0675
https://doi.org/10.1158/0008-5472.Can-16-2183
https://doi.org/10.1158/0008-5472.Can-16-2183
https://doi.org/10.1111/IGC.0b013e3181ef10aa
https://doi.org/10.1053/j.gastro.2016.10.015
https://doi.org/10.1053/j.gastro.2016.10.015
https://doi.org/10.1677/erc-07-0054
https://doi.org/10.1016/s0165-0378(98)00014-x
https://doi.org/10.1016/s0165-0378(98)00014-x
https://doi.org/10.1007/s00404-010-1734-4
https://doi.org/10.1210/en.2015-1747
https://doi.org/10.1016/j.molmed.2020.07.009
https://doi.org/10.1016/j.canlet.2020.11.025
https://doi.org/10.1074/jbc.RA120.014793
https://doi.org/10.1530/eje.0.1450779
https://doi.org/10.1152/physrev.1988.68.2.555
https://doi.org/10.1152/physrev.1988.68.2.555
https://doi.org/10.1097/md.0000000000020253
https://doi.org/10.1097/md.0000000000020253
https://doi.org/10.1038/s41571-020-0403-1
https://doi.org/10.1158/1055-9965.Epi-10-0719
https://doi.org/10.1530/eje.0.1410190
https://doi.org/10.1530/eje.0.1410190
https://doi.org/10.1186/s13045-020-00937-8
https://doi.org/10.1186/s13045-020-00937-8
https://doi.org/10.1186/1471-2350-13-53

Y. Liu et al.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

8.

59.

60.

Cancer metastasis. Front Oncol 9:32. https://doi.org/10.3389/
fonc.2019.00032

Kanamori Y, Sugiyama M, Hashimoto O, Murakami M, Mat-
sui T, Funaba M (2016) Regulation of hepcidin expression by
inflammation-induced activin B. Sci Rep 6:38702. https://doi.
org/10.1038/srep38702

Karpinski P, Ramsey D, Grzebieniak Z, Sasiadek MM, Blin N
(2008) The CpG island methylator phenotype correlates with
long-range epigenetic silencing in colorectal cancer. Mol Cancer
Res 6:585-591. https://doi.org/10.1158/1541-7786.Mcr-07-2158
Kelber JA, Shani G, Booker EC, Vale WW, Gray PC (2008)
Cripto is a noncompetitive activin antagonist that forms analo-
gous signaling complexes with activin and nodal. J Biol Chem
283:4490-4500. https://doi.org/10.1074/jbc.M704960200
Kelber JA, Panopoulos AD, Shani G, Booker EC, Belmonte JC,
Vale WW, Gray PC (2009) Blockade of Cripto binding to cell
surface GRP78 inhibits oncogenic Cripto signaling via MAPK/
PI3K and Smad2/3 pathways. Oncogene 28:2324-2336. https://
doi.org/10.1038/0nc.2009.97

Khalil AM, Dotimas H, Kahn J, Lamerdin JE, Hayes DB, Gupta
P, Franti M (2016) Differential binding activity of TGF-p fam-
ily proteins to select TGF-B receptors. J] Pharmacol Exp Ther
358:423-430. https://doi.org/10.1124/jpet.116.232322

Kita A, Kasamatsu A, Nakashima D, Endo-Sakamoto Y, Ishida
S, Shimizu T, Kimura Y, Miyamoto I, Yoshimura S, Shiiba M,
Tanzawa H, Uzawa K (2017) Activin B regulates adhesion,
invasiveness, and migratory activities in oral Cancer: a poten-
tial biomarker for Metastasis. J Cancer 8:2033-2041. https://doi.
org/10.7150/jca.18714

Knight PG, Glister C (2001) Potential local regulatory functions
of inhibins, activins and follistatin in the ovary. Reproduction
121:503-512. https://doi.org/10.1530/rep.0.1210503

Lachat C, Bruyére D, Etcheverry A, Aubry M, Mosser J, Warda
W, Herfs M, Hendrick E, Ferrand C, Borg C, Delage-Mourroux
R, Feugeas JP, Guittaut M, Hervouet E, Peixoto P (2020) EZH2
and KDM6B expressions are Associated with specific epigenetic
signatures during EMT in non small cell lung carcinomas. Can-
cers (Basel) 12. https://doi.org/10.3390/cancers12123649
Lebrun JJ, Vale WW (1997) Activin and inhibin have antagonistic
effects on ligand-dependent heteromerization of the type I and
type Il activin receptors and human erythroid differentiation. Mol
Cell Biol 17:1682—-1691. https://doi.org/10.1128/mcb.17.3.1682
Lidbury BA, Kita B, Lewis DP, Hayward S, Ludlow H, Hedger
MP, de Kretser DM (2017) Activin B is a novel biomarker for
chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME)
diagnosis: a cross sectional study. J Trans] Med 15:60. https://doi.
org/10.1186/s12967-017-1161-4

Ling N, Ying SY, Ueno N, Shimasaki S, Esch F, Hotta M, Guil-
lemin R (1986) Pituitary FSH is released by a heterodimer of the
beta-subunits from the two forms of inhibin. Nature 321:779—
782. https://doi.org/10.1038/321779a0

Long J, Zhang B, Signorello LB, Cai Q, Deming-Halverson S,
Shrubsole MJ, Sanderson M, Dennis J, Michailidou K, Easton
DF, Shu XO, Blot WJ, Zheng W (2013) Evaluating genome-wide
association study-identified breast cancer risk variants in African-
American women. PLoS ONE 8:e58350. https://doi.org/10.1371/
journal.pone.0058350

Loomans HA, Andl CD (2016) Activin receptor-like kinases: a
diverse family playing an important role in cancer. Am J Cancer
Res 6:2431-2447

Luckett KA, Cracchiolo JR, Krishnamoorthy GP, Leandro-Gar-
cia LJ, Nagarajah J, Saqcena M, Lester R, Im SY, Zhao Z, Lowe
SW, de Stanchina E, Sherman EJ, Ho AL, Leach SD, Knauf JA,
Fagin JA (2021) Co-inhibition of SMAD and MAPK signaling
enhances 1241 uptake in BRAF-mutant thyroid cancers. Endocr
Relat Cancer 28:391-402. https://doi.org/10.1530/erc-21-0017

Springer

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

Machida H, Ogawa K, Funaba M, Mizutani T, Tsujimoto M (2000)
mRNA expression of type I and type Il receptors for activin,
transforming growth factor-beta, and bone morphogenetic protein
in the murine erythroleukemic cell line, F5-5.F1. Eur J Endocrinol
143:705-710. https://doi.org/10.1530/eje.0.1430705

Magnusson B, Svensson PA, Carlsson LM, Sjéholm K (2010)
Activin B inhibits lipolysis in 3T3-L1 adipocytes. Biochem
Biophys Res Commun 395:373-376. https://doi.org/10.1016/j.
bbrc.2010.04.022

Makanji Y, Zhu J, Mishra R, Holmquist C, Wong WP, Schwartz
NB, Mayo KE, Woodruff TK (2014) Inhibin at 90: from dis-
covery to clinical application, a historical review. Endocr Rev
35:747-794. https://doi.org/10.1210/er.2014-1003

Maldonado TS, Kadison AS, Crisera CA, Grau JB, Alkasab SL,
Longaker MT, Gittes GK (2000) Ontogeny of activin B and fol-
listatin in developing embryonic mouse pancreas: implications
for lineage selection. J Gastrointest Surg 4:269-275. https://doi.
org/10.1016/51091-255x(00)80075-x

Matsuo SE, Ebina KN, Kulcsar MA, Friguglietti CU, Kimura
ET (2003) Activin betaB expression in rat experimental goiter
and human thyroid tumors. Thyroid 13:239-247. https://doi.
org/10.1089/105072503321582033

Mayor R, Casadomé L, Azuara D, Moreno V, Clark SJ, Capella
G, Peinado MA (2009) Long-range epigenetic silencing at 2q14.2
affects most human colorectal cancers and may have application
as a non-invasive biomarker of disease. Br J Cancer 100:1534—
1539. https://doi.org/10.1038/sj.bjc.6605045

McCullagh DR (1932) DUAL ENDOCRINE ACTIVITY OF
THE TESTES. Science 76:19-20. https://doi.org/10.1126/
science.76.1957.19

McPherson SJ, Thomas TZ, Wang H, Gurusinghe CJ, Risbridger
GP (1997) Growth inhibitory response to activin A and B by
human prostate tumour cell lines, LNCaP and DU145. J Endocri-
nol 154:535-545. https://doi.org/10.1677/joe.0.1540535

Mellor SL, Richards MG, Pedersen JS, Robertson DM, Risbridger
GP (1998) Loss of the expression and localization of inhibin
alpha-subunit in high grade prostate cancer. J Clin Endocrinol
Metab 83:969-975. https://doi.org/10.1210/jcem.83.3.4640
Meng Q, Xia Y (2011) c-Jun, at the crossroad of the signal-
ing network. Protein Cell 2:889-898. https://doi.org/10.1007/
s13238-011-1113-3

Michael IP, Saghafinia S, Tichet M, Zangger N, Marinoni I, Per-
ren A, Hanahan D (2019) ALK7 Signaling manifests a homeo-
static tissue barrier that is abrogated during Tumorigenesis and
metastasis. Dev Cell 49:409-424¢406. https://doi.org/10.1016/j.
devcel.2019.04.015

Miyazono K (2000) Positive and negative regulation of TGF-beta
signaling. J Cell Sci 113(Pt 7):1101-1109

Mylonas I (2010) Inhibin-alpha, -betaA and -betab subunits in
uterine non-endometrioid carcinomas: prognostic significance
and clinical implications. Eur J Cancer 46:2485-2493. https://
doi.org/10.1016/j.ejca.2010.06.001

Mylonas I (2011) Inhibin beta B: a useful tumor marker in uter-
ine endometrioid adenocarcinomas? Histol Histopathol 26:1415—
1422. https://doi.org/10.14670/hh-26.1415

Mylonas I, Dian D (2011) Inhibin-a subunit in normal and malig-
nant human cervical tissue and cervical cancer cell lines. Oncol
Rep 26:887—-891. https://doi.org/10.3892/0r.2011.1379

Mylonas I, Jeschke U, Wiest I, Hoeing A, Vogl J, Shabani N,
Kuhn C, Schulze S, Kupka MS, Friese K (2004) Inhibin/activin
subunits alpha, beta-A and beta-B are differentially expressed
in normal human endometrium throughout the menstrual cycle.
Histochem Cell Biol 122:461-471. https://doi.org/10.1007/
s00418-004-0709-6

Mylonas I, Jeschke U, Shabani N, Kuhn C, Friese K, Gerber B
(2005) Inhibin/activin subunits (inhibin-alpha, -betaA and -betab)


https://doi.org/10.1530/eje.0.1430705
https://doi.org/10.1016/j.bbrc.2010.04.022
https://doi.org/10.1016/j.bbrc.2010.04.022
https://doi.org/10.1210/er.2014-1003
https://doi.org/10.1016/s1091-255x(00)80075-x
https://doi.org/10.1016/s1091-255x(00)80075-x
https://doi.org/10.1089/105072503321582033
https://doi.org/10.1089/105072503321582033
https://doi.org/10.1038/sj.bjc.6605045
https://doi.org/10.1126/science.76.1957.19
https://doi.org/10.1126/science.76.1957.19
https://doi.org/10.1677/joe.0.1540535
https://doi.org/10.1210/jcem.83.3.4640
https://doi.org/10.1007/s13238-011-1113-3
https://doi.org/10.1007/s13238-011-1113-3
https://doi.org/10.1016/j.devcel.2019.04.015
https://doi.org/10.1016/j.devcel.2019.04.015
https://doi.org/10.1016/j.ejca.2010.06.001
https://doi.org/10.1016/j.ejca.2010.06.001
https://doi.org/10.14670/hh-26.1415
https://doi.org/10.3892/or.2011.1379
https://doi.org/10.1007/s00418-004-0709-6
https://doi.org/10.1007/s00418-004-0709-6
https://doi.org/10.3389/fonc.2019.00032
https://doi.org/10.3389/fonc.2019.00032
https://doi.org/10.1038/srep38702
https://doi.org/10.1038/srep38702
https://doi.org/10.1158/1541-7786.Mcr-07-2158
https://doi.org/10.1074/jbc.M704960200
https://doi.org/10.1038/onc.2009.97
https://doi.org/10.1038/onc.2009.97
https://doi.org/10.1124/jpet.116.232322
https://doi.org/10.7150/jca.18714
https://doi.org/10.7150/jca.18714
https://doi.org/10.1530/rep.0.1210503
https://doi.org/10.3390/cancers12123649
https://doi.org/10.1128/mcb.17.3.1682
https://doi.org/10.1186/s12967-017-1161-4
https://doi.org/10.1186/s12967-017-1161-4
https://doi.org/10.1038/321779a0
https://doi.org/10.1371/journal.pone.0058350
https://doi.org/10.1371/journal.pone.0058350
https://doi.org/10.1530/erc-21-0017

Inhibin subunit beta B (INHBB): an emerging role in tumor progression

78.

79.

80.

81.

82.

3.

84.

85.

86.

87.

88.

89.

90.

91.

are differentially expressed in human breast cancer and their
metastasis. Oncol Rep 13:81-88

Mylonas I, Makovitzky J, Hoeing A, Richter DU, Vogl J, Schulze
S, Jeschke U, Briese V, Friese K (2006) Inhibin/activin subunits
beta-A (-betaA) and beta-B (-betaB) are differentially local-
ised in normal, hyperplastic and malignant human endometrial
tissue. Acta Histochem 108:1-11. https://doi.org/10.1016/j.
acthis.2005.11.002

Mylonas I, Worbs S, Shabani N, Kuhn C, Kunze S, Schulze S,
Dian D, Gingelmaier A, Schindlbeck C, Briining A, Sommer H,
Jeschke U, Friese K (2009) Inhibin-alpha subunit is an indepen-
dent prognostic parameter in human endometrial carcinomas:
analysis of inhibin/activin-alpha, -betaA and -betab subunits in
302 cases. Eur J Cancer 45:1304—-1314. https://doi.org/10.1016/].
€jca.2009.01.008

Nairz M, Weiss G (2020) Iron in infection and immunity.
Mol Aspects Med 75:100864. https://doi.org/10.1016/j.
mam.2020.100864

Nakao A, Imamura T, Souchelnytskyi S, Kawabata M, Ishisaki
A, Oeda E, Tamaki K, Hanai J, Heldin CH, Miyazono K, ten
Dijke P (1997) TGF-beta receptor-mediated signalling through
Smad2, Smad3 and Smad4. Embo j 16:5353-5362. https://doi.
org/10.1093/emboj/16.17.5353

Nickel J, Ten Dijke P, Mueller TD (2018) TGF-f family co-recep-
tor function and signaling. Acta Biochim Biophys Sin (Shanghai)
50:12-36. https://doi.org/10.1093/abbs/gmx 126

Olsen OE, Hella H, Elsaadi S, Jacobi C, Martinez-Hackert E,
Holien T (2020) Activins as dual specificity TGF-f3 family mole-
cules: SMAD-Activation via activin- and BMP-Type 1 receptors.
https://doi.org/10.3390/biom10040519. Biomolecules 10
Onichtchouk D, Chen YG, Dosch R, Gawantka V, Delius H,
Massagué J, Niehrs C (1999) Silencing of TGF-beta signalling
by the pseudoreceptor BAMBI. Nature 401:480—485. https://doi.
org/10.1038/46794

Pan C, Singh S, Sahasrabudhe DM, Chakkalakal JV, Krolewski
JJ, Nastiuk KL (2016) TGFp superfamily members mediate
Androgen Deprivation Therapy-Induced obese frailty in male
mice. Endocrinology 157:4461-4472. https://doi.org/10.1210/
en.2016-1580

Pickup MW, Owens P, Moses HL (2017) TGF-p, bone morphoge-
netic protein, and activin signaling and the Tumor Microenviron-
ment. Cold Spring Harb Perspect Biol 9. https://doi.org/10.1101/
cshperspect.a022285

Qian Z, Zhang G, Song G, Shi J, Gong L, Mou Y, Han Y (2017)
Integrated analysis of genes associated with poor prognosis of
patients with colorectal cancer liver metastasis. Oncotarget
8:25500-25512. https://doi.org/10.18632/oncotarget. 16064
Reader KL, John-McHaffie S, Zellhuber-McMillan S, Jowett T,
Mottershead DG, Cunliffe HE, Gold EJ (2022) Activin B and
activin C have Opposing effects on prostate Cancer progression
and cell growth. Cancers (Basel) 15. https://doi.org/10.3390/
cancers15010147

Refaat B, EI-Shemi AG, Mohamed AM, Kensara OA, Ahmad J,
Idris S (2016) Activins and their related proteins in colon car-
cinogenesis: insights from early and advanced azoxymethane
rat models of colon cancer. BMC Cancer 16:879. https://doi.
org/10.1186/s12885-016-2914-9

Ripoche D, Charbord J, Hennino A, Teinturier R, Bonnavion R,
Jaafar R, Goehrig D, Cordier-Bussat M, Ritvos O, Zhang CX,
Andersson O, Bertolino P (2015) ActivinB is Induced in Insulin-
oma to promote Tumor plasticity through a f-Cell-Induced dedif-
ferentiation. Mol Cell Biol 36:756—764. https://doi.org/10.1128/
mcb.00930-15

Roberts VJ, Barth S, el-Roeiy A, Yen SS (1993) Expression of
inhibin/activin subunits and follistatin messenger ribonucleic
acids and proteins in ovarian follicles and the corpus luteum

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

during the human menstrual cycle. J Clin Endocrinol Metab
77:1402-1410. https://doi.org/10.1210/jcem.77.5.8077341
Salmenkivi K, Arola J, Voutilainen R, Ilvesméki V, Haglund C,
Kahri Al, Heikkild P, Liu J (2001) Inhibin/activin betab-subunit
expression in pheochromocytomas favors benign diagnosis. J
Clin Endocrinol Metab 86:2231-2235. https://doi.org/10.1210/
jeem.86.5.7446

Sangkop F, Singh G, Rodrigues E, Gold E, Bahn A (2016)
Uric acid: a modulator of prostate cells and activin sensitiv-
ity. Mol Cell Biochem 414:187-199. https://doi.org/10.1007/
s11010-016-2671-8

Seachrist DD, Keri RA (2019) The activin Social Network:
activin, Inhibin, and follistatin in breast development and Can-
cer. Endocrinology 160:1097-1110. https://doi.org/10.1210/
en.2019-00015

Takatori A, Geh E, Chen L, Zhang L, Meller J, Xia Y (2008) Dif-
ferential transmission of MEKK 1 morphogenetic signals by INK 1
and JNK2. Development 135:23-32. https://doi.org/10.1242/
dev.007120

Tang P, Wang X, Zhang M, Huang S, Lin C, Yan F, Deng Y, Zhang
L, Zhang L (2019) Activin B stimulates mouse Vibrissae Growth
and regulates cell proliferation and cell cycle progression of Hair
Matrix cells through ERK Signaling. Int J Mol Sci 20. https://doi.
org/10.3390/ijms20040853

Thompson TB, Cook RW, Chapman SC, Jardetzky TS, Woodruff
TK (2004) Beta A versus beta B: is it merely a matter of expres-
sion? Mol Cell Endocrinol 225:9-17. https://doi.org/10.1016/j.
mce.2004.02.007

Tsuchida K, Arai KY, Kuramoto Y, Yamakawa N, Hasegawa Y,
Sugino H (2000) Identification and characterization of a novel
follistatin-like protein as a binding protein for the TGF-beta fam-
ily. J Biol Chem 275:40788-40796. https://doi.org/10.1074/jbc.
M006114200

Tsuchida K, Nakatani M, Yamakawa N, Hashimoto O, Hasegawa
Y, Sugino H (2004) Activin isoforms signal through type I recep-
tor serine/threonine kinase ALK7. Mol Cell Endocrinol 220:59—
65. https://doi.org/10.1016/j.mce.2004.03.009

Tzavlaki K, Moustakas A (2020) TGF-B signaling. https://doi.
org/10.3390/biom10030487. Biomolecules 10

Vale W, Rivier J, Vaughan J, McClintock R, Corrigan A, Woo
W, Karr D, Spiess J (1986) Purification and characterization of
an FSH releasing protein from porcine ovarian follicular fluid.
Nature 321:776-779. https://doi.org/10.1038/321776a0

Valer JA, Sanchez-de-Diego C, Pimenta-Lopes C, Rosa JL, Ven-
tura F (2019) ACVRI1 function in Health and Disease. Cells 8.
https://doi.org/10.3390/cells8111366

van Schaik RH, Wierikx CD, Timmerman MA, Oomen MH, van
Weerden WM, van der Kwast TH, van Steenbrugge GJ, de Jong
FH (2000) Variations in activin receptor, inhibin/activin subunit
and follistatin mRNAs in human prostate tumour tissues. Br J
Cancer 82:112—117. https://doi.org/10.1054/bjoc.1999.0886
Vannuccini S, Clemenza S, Rossi M, Petraglia F (2022) Hor-
monal treatments for endometriosis: the endocrine background.
Rev Endocr Metab Disord 23:333-355. https://doi.org/10.1007/
s11154-021-09666-w

Vogl J, Hoing A, Schulze S, Kuhn C, Wiest I, Shabani N, Jeschke
U, Mylonas I, Friese K (2007) Expression of inhibins in the endo-
metrial carcinoma cell line RL-95-2 after stimulation with corti-
sol and estradiol. Anticancer Res 27:1989-1993

Wacker I, Behrens J (2014) Activin B antagonizes RhoA signal-
ing to stimulate mesenchymal morphology and invasiveness of
clear cell renal cell carcinomas. PLoS ONE 9:e111276. https://
doi.org/10.1371/journal.pone.0111276

Wacker I, Sachs M, Knaup K, Wiesener M, Weiske J, Huber
O, Akgetin Z, Behrens J (2009) Key role for activin B in cel-
lular transformation after loss of the Von Hippel-Lindau tumor

@ Springer


https://doi.org/10.1210/jcem.77.5.8077341
https://doi.org/10.1210/jcem.86.5.7446
https://doi.org/10.1210/jcem.86.5.7446
https://doi.org/10.1007/s11010-016-2671-8
https://doi.org/10.1007/s11010-016-2671-8
https://doi.org/10.1210/en.2019-00015
https://doi.org/10.1210/en.2019-00015
https://doi.org/10.1242/dev.007120
https://doi.org/10.1242/dev.007120
https://doi.org/10.3390/ijms20040853
https://doi.org/10.3390/ijms20040853
https://doi.org/10.1016/j.mce.2004.02.007
https://doi.org/10.1016/j.mce.2004.02.007
https://doi.org/10.1074/jbc.M006114200
https://doi.org/10.1074/jbc.M006114200
https://doi.org/10.1016/j.mce.2004.03.009
https://doi.org/10.3390/biom10030487
https://doi.org/10.3390/biom10030487
https://doi.org/10.1038/321776a0
https://doi.org/10.3390/cells8111366
https://doi.org/10.1054/bjoc.1999.0886
https://doi.org/10.1007/s11154-021-09666-w
https://doi.org/10.1007/s11154-021-09666-w
https://doi.org/10.1371/journal.pone.0111276
https://doi.org/10.1371/journal.pone.0111276
https://doi.org/10.1016/j.acthis.2005.11.002
https://doi.org/10.1016/j.acthis.2005.11.002
https://doi.org/10.1016/j.ejca.2009.01.008
https://doi.org/10.1016/j.ejca.2009.01.008
https://doi.org/10.1016/j.mam.2020.100864
https://doi.org/10.1016/j.mam.2020.100864
https://doi.org/10.1093/emboj/16.17.5353
https://doi.org/10.1093/emboj/16.17.5353
https://doi.org/10.1093/abbs/gmx126
https://doi.org/10.3390/biom10040519
https://doi.org/10.1038/46794
https://doi.org/10.1038/46794
https://doi.org/10.1210/en.2016-1580
https://doi.org/10.1210/en.2016-1580
https://doi.org/10.1101/cshperspect.a022285
https://doi.org/10.1101/cshperspect.a022285
https://doi.org/10.18632/oncotarget.16064
https://doi.org/10.3390/cancers15010147
https://doi.org/10.3390/cancers15010147
https://doi.org/10.1186/s12885-016-2914-9
https://doi.org/10.1186/s12885-016-2914-9
https://doi.org/10.1128/mcb.00930-15
https://doi.org/10.1128/mcb.00930-15

Y. Liu et al.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

suppressor. Mol Cell Biol 29:1707-1718. https://doi.org/10.1128/
mcb.01184-07

Walentowicz P, Krintus M, Sadlecki P, Grabiec M, Mankowska-
Cyl A, Sokup A, Walentowicz-Sadlecka M (2014) Serum inhibin
A and inhibin B levels in epithelial ovarian cancer patients. PLoS
ONE 9:€90575. https://doi.org/10.1371/journal.pone.0090575
Walton KL, Makanji Y, Wilce MC, Chan KL, Robertson DM,
Harrison CA (2009) A common biosynthetic pathway governs the
dimerization and secretion of inhibin and related transforming
growth factor beta (TGFbeta) ligands. J Biol Chem 284:9311—
9320. https://doi.org/10.1074/jbc.M808763200

Walton KL, Makanji Y, Harrison CA (2012) New insights into the
mechanisms of activin action and inhibition. Mol Cell Endocrinol
359:2—-12. https://doi.org/10.1016/j.mce.2011.06.030

Wang X, Fischer G, Hyvonen M (2016) Structure and activation
of pro-activin A. Nat Commun 7:12052. https://doi.org/10.1038/
ncomms 12052

Wang X, Tang P, Guo F, Zhang M, Chen Y, Yan Y, Tian Z, Xu
P, Zhang L, Zhang L, Zhang L (2017) RhoA regulates activin
B-induced stress fiber formation and migration of bone marrow-
derived mesenchymal stromal cell through distinct signaling.
Biochim Biophys Acta Gen Subj 1861:3011-3018. https://doi.
org/10.1016/j.bbagen.2016.09.027

Wang X, Tang P, Guo F, Zhang M, Yan Y, Huang M, Chen Y,
Zhang L, Zhang L (2019) mDial and Cdc42 regulate activin
B-Induced Migration of Bone Marrow-derived mesenchymal
stromal cells. Stem Cells 37:150-162. https://doi.org/10.1002/
stem.2924

Watson SK, Woolcock BW, Fee JN, Bainbridge TC, Webber
D, Kinahan TJ, Lam WL, Vielkind JR (2009) Minimum altered
regions in early prostate cancer progression identified by high
resolution whole genome tiling path BAC array comparative
hybridization. Prostate 69:961-975. https://doi.org/10.1002/
pros.20949

Wijayarathna R, de Kretser DM (2016) Activins in reproductive
biology and beyond. Hum Reprod Update 22:342-357. https://
doi.org/10.1093/humupd/dmv058

Wijayarathna R, Hedger MP (2019) Activins, follistatin and
immunoregulation in the epididymis. Andrology 7:703-711.
https://doi.org/10.1111/andr.12682

Worbs S, Shabani N, Mayr D, Gingelmaier A, Makrigiannakis
A, Kuhn C, Jeschke U, Kupka MS, Friese K, Mylonas I (2007)
Expression of the inhibin/activin subunits (-alpha, -betaA and
-betab) in normal and carcinogenic endometrial tissue: pos-
sible immunohistochemical differentiation markers. Oncol Rep
17:97-104

Wu B, Zhang S, Guo Z, Bi Y, Zhou M, Li P, Seyedsadr M, Xu X,
LiJL, Markovic-Plese S, Wan YY (2021) The TGF-f superfamily
cytokine Activin-A is induced during autoimmune neuroinflam-
mation and drives pathogenic Th17 cell differentiation. Immunity
54:308-323e306. https://doi.org/10.1016/j.immuni.2020.12.010
XinC, LaiY, JiL, WangY, Li S, Hao L, Zhang W, Meng R, Xu J,
Hong Y, Lou Z (2022) A novel 9-gene signature for the prediction
of postoperative recurrence in stage II/I1I colorectal cancer. Front
Genet 13:1097234. https://doi.org/10.3389/fgene.2022.1097234
Xiong S, Klausen C, Cheng JC, Zhu H, Leung PC (2015) Activin
B induces human endometrial cancer cell adhesion, migration
and invasion by up-regulating integrin f3 via SMAD2/3 sig-
naling. Oncotarget 6:31659-31673. https://doi.org/10.18632/
oncotarget.5229

Xiong S, Klausen C, Cheng JC, Leung PC (2016) Activin B
promotes endometrial cancer cell migration by down-regulating
E-cadherin via SMAD-independent MEK-ERK1/2-SNAIL sig-
naling. Oncotarget 7:40060—40072. https://doi.org/10.18632/
oncotarget.9483

@ Springer

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

XuZ,LiY, CuiY, Guo Y (2020) Identifications of candidate genes
significantly Associated with rectal Cancer by Integrated Bioinfor-
matics Analysis. Technol CancerRes Treat 19:1533033820973270.
https://doi.org/10.1177/1533033820973270

Yadin D, Knaus P, Mueller TD (2016) Structural insights into
BMP receptors: specificity, activation and inhibition. Cyto-
kine Growth Factor Rev 27:13-34. https://doi.org/10.1016/j.
cytogfr.2015.11.005

Yamashita K, Yamoto M, Shikone T, Minami S, Imai M, Nishi-
mori K, Nakano R (1997) Production of inhibin A and inhibin B
in human ovarian sex cord stromal tumors. Am J Obstet Gynecol
177:1450-1457. https://doi.org/10.1016/s0002-9378(97)70090-5
Yamashita K, Yamoto M, Shikone T, Minami S, Nakano R (1999)
Immunohistochemical localization of inhibin and activin sub-
units in human epithelial ovarian tumors. Am J Obstet Gynecol
180:316-322. https://doi.org/10.1016/s0002-9378(99)70206-1
Yang X, Jia Q, Zou Z, Liu X, Li X, Chen H, Ma H, Chen L
(2023) INHBB promotes tumor aggressiveness and stemness of
glioblastoma via activating EGFR signaling. Pathol Res Pract
245:154460. https://doi.org/10.1016/j.prp.2023.154460

Yin Y, Yang S, Huang Z, Yang Z, Zhang C, He Y (2024) RNA
methylation-related genes INHBB and SOWAHA are associ-
ated with MSI status in colorectal cancer patients and may serve
as prognostic markers for predicting immunotherapy efficacy.
https://doi.org/10.1093/carcin/bgac004. Carcinogenesis

Ying SY (1987) Inhibins and activins: chemical properties and
biological activity. Proc Soc Exp Biol Med 186:253-264. https://
doi.org/10.3181/00379727-186-42611a

Ying SY (1988) Inhibins, activins, and follistatins: gonadal pro-
teins modulating the secretion of follicle-stimulating hormone.
Endocr Rev 9:267-293. https://doi.org/10.1210/edrv-9-2-267

Yu W, He G, Zhang W, Ye Z, Zhong Z, Huang S (2022) INHBB
is a novel prognostic biomarker and correlated with immune
infiltrates in gastric cancer. Front Genet 13:933862. https://doi.
org/10.3389/fgene.2022.933862

Yuan J, Xie A, Cao Q, Li X, Chen J (2020) INHBB is a Novel
Prognostic Biomarker Associated with Cancer-promoting path-
ways in Colorectal Cancer. Biomed Res Int 2020:6909672.
https://doi.org/10.1155/2020/6909672

Zeng F, Xu G, Zhou T, Yang C, Wang X, Peng C, Zhou H
(2012) Reduced expression of activin receptor-like kinase 7 in
breast cancer is associated with tumor progression. Med Oncol
29:2519-2526. https://doi.org/10.1007/s12032-011-0114-7
Zessner-Spitzenberg J, Thomas AL, Krett NL, Jung B (2019) TGF
and activin A in the tumor microenvironment in colorectal cancer.
Gene Rep 17. https://doi.org/10.1016/j.genrep.2019.100501
Zhang L, Deng M, Parthasarathy R, Wang L, Mongan M,
Molkentin JD, Zheng Y, Xia Y (2005) MEKK1 transduces activin
signals in keratinocytes to induce actin stress fiber formation
and migration. Mol Cell Biol 25:60-65. https://doi.org/10.1128/
mceb.25.1.60-65.2005

Zhang M, Liu NY, Wang XE, Chen YH, Li QL, Lu KR, Sun L, Jia
Q, Zhang L, Zhang L (2011) Activin B promotes epithelial wound
healing in vivo through RhoA-JNK signaling pathway. PLoS
ONE 6:€25143. https://doi.org/10.1371/journal.pone.0025143
Zhang M, Sun L, Wang X, Chen S, Kong Y, Liu N, Chen Y, Jia
Q, Zhang L, Zhang L (2014) Activin B promotes BMSC-Medi-
ated cutaneous Wound Healing by regulating Cell Migration via
the INK-ERK Signaling Pathway. Cell Transpl 23:1061-1073.
https://doi.org/10.3727/096368913x666999

Zhang Y, Wang S, Liu S, Li C, Wang J (2015) Role of Smad sig-
naling in kidney disease. Int Urol Nephrol 47:1965-1975. https://
doi.org/10.1007/s11255-015-1115-9

Zhang L, Xu P, Wang X, Zhang M, Yan Y, Chen Y, Zhang L,
Zhang L (2017) Activin B regulates adipose-derived mesenchy-
mal stem cells to promote skin wound healing via activation of


https://doi.org/10.1177/1533033820973270
https://doi.org/10.1016/j.cytogfr.2015.11.005
https://doi.org/10.1016/j.cytogfr.2015.11.005
https://doi.org/10.1016/s0002-9378(97)70090-5
https://doi.org/10.1016/s0002-9378(99)70206-1
https://doi.org/10.1016/j.prp.2023.154460
https://doi.org/10.1093/carcin/bgae004
https://doi.org/10.3181/00379727-186-42611a
https://doi.org/10.3181/00379727-186-42611a
https://doi.org/10.1210/edrv-9-2-267
https://doi.org/10.3389/fgene.2022.933862
https://doi.org/10.3389/fgene.2022.933862
https://doi.org/10.1155/2020/6909672
https://doi.org/10.1007/s12032-011-0114-7
https://doi.org/10.1016/j.genrep.2019.100501
https://doi.org/10.1128/mcb.25.1.60-65.2005
https://doi.org/10.1128/mcb.25.1.60-65.2005
https://doi.org/10.1371/journal.pone.0025143
https://doi.org/10.3727/096368913x666999
https://doi.org/10.1007/s11255-015-1115-9
https://doi.org/10.1007/s11255-015-1115-9
https://doi.org/10.1128/mcb.01184-07
https://doi.org/10.1128/mcb.01184-07
https://doi.org/10.1371/journal.pone.0090575
https://doi.org/10.1074/jbc.M808763200
https://doi.org/10.1016/j.mce.2011.06.030
https://doi.org/10.1038/ncomms12052
https://doi.org/10.1038/ncomms12052
https://doi.org/10.1016/j.bbagen.2016.09.027
https://doi.org/10.1016/j.bbagen.2016.09.027
https://doi.org/10.1002/stem.2924
https://doi.org/10.1002/stem.2924
https://doi.org/10.1002/pros.20949
https://doi.org/10.1002/pros.20949
https://doi.org/10.1093/humupd/dmv058
https://doi.org/10.1093/humupd/dmv058
https://doi.org/10.1111/andr.12682
https://doi.org/10.1016/j.immuni.2020.12.010
https://doi.org/10.3389/fgene.2022.1097234
https://doi.org/10.18632/oncotarget.5229
https://doi.org/10.18632/oncotarget.5229
https://doi.org/10.18632/oncotarget.9483
https://doi.org/10.18632/oncotarget.9483

Inhibin subunit beta B (INHBB): an emerging role in tumor progression

139.

140.

141.

the MAPK signaling pathway. Int J Biochem Cell Biol 87:69-76.
https://doi.org/10.1016/j.biocel.2017.04.004

Zhong X, Pons M, Poirier C, Jiang Y, Liu J, Sandusky GE, Shahda
S, Nakeeb A, Schmidt CM, House MG, Ceppa EP, Zyromski NJ,
LiuY, Jiang G, Couch ME, Koniaris LG, Zimmers TA (2019) The
systemic activin response to pancreatic cancer: implications for
effective cancer cachexia therapy. J Cachexia Sarcopenia Muscle
10:1083-1101. https://doi.org/10.1002/jcsm.12461

Zou G, Ren B, Liu Y, Fu Y, Chen P, Li X, Luo S, He J, Gao G,
Zeng Z, Xiong W, Li G, Huang Y, Xu K, Zhang W (2018) Inhibin
B suppresses anoikis resistance and migration through the trans-
forming growth factor-p signaling pathway in nasopharyngeal
carcinoma. Cancer Sci 109:3416-3427. https://doi.org/10.1111/
cas.13780

Zou ML, Chen ZH, Teng YY, Liu SY, Jia Y, Zhang KW, Sun ZL,
Wu JJ, Yuan ZD, Feng Y, Li X, Xu RS, Yuan FL (2021) The smad

dependent TGF-$ and BMP signaling pathway in bone remod-
eling and therapies. Front Mol Biosci 8:593310. https://doi.
org/10.3389/fmolb.2021.593310

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.3389/fmolb.2021.593310
https://doi.org/10.3389/fmolb.2021.593310
https://doi.org/10.1016/j.biocel.2017.04.004
https://doi.org/10.1002/jcsm.12461
https://doi.org/10.1111/cas.13780
https://doi.org/10.1111/cas.13780

	﻿Inhibin subunit beta B (INHBB): an emerging role in tumor progression
	﻿Abstract
	﻿Key points
	﻿Introduction
	﻿INHBB signaling mechanism
	﻿INHBB in human physiology
	﻿Regulation of INHBB function
	﻿INHBB in cancer
	﻿Endometrial cancer
	﻿Ovarian cancer
	﻿Cervical cancer
	﻿Renal clear cell carcinoma
	﻿Breast cancer
	﻿Nasopharyngeal carcinoma
	﻿Prostatic cancer
	﻿Colorectal cancer
	﻿Hepatocellular carcinoma
	﻿Thyroid cancer
	﻿Oral squamous cell carcinoma
	﻿Diverse roles of INHBB in cancer: mechanisms and implications
	﻿INHBB and immune modulation in cancer

	﻿Discussion and conclusion
	﻿References


