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SEMAPHORINS: NOVEL INSIGHTS ON THEIR EMERGING
MULTIFACETED ROLES IN THE EVOLVING LANDSCAPE
OF BREAST CANCER
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Abstract. Semaphorins, initially identified as phylogenetically conserved axon guidance
molecules, comprise an extracellular signaling protein family involved in various biological
events that regulate the development, tissue homeostasis and cancer progression of many
organ systems. In recent years, the focus of research has expanded to investigate the roles
of semaphorins in cancer. Semaphorins have emerged as crucial regulators in the patho-
genesis of breast cancer (BCa). This review article aims to provide an overview of the con-
temporary knowledge regarding semaphorins, their diverse tumor-modulating properties,
and their clinical application in BCa. Specifically, six semaphorins (SEMA3C, SEMAS3E,
SEMA4A, SEMA4C, SEMA4D, and SEMA7A) have been demonstrated to promote tu-
mor progression in terms of BCa. Six additional members (SEMA3A, SEMA3B, SEMA3F,
SEMA4B, SEMAG6B, and SEMAGD) have been associated with tumor suppression. Several
semaphorins (SEMA4C and SEMA7A) are considered putative diagnostic and prognostic
biomarkers in BCa. Exploring and elucidating the intricate functions of semaphorins and
their viability as therapeutic targets is an intriguing avenue of research that can improve
BCa outcomes.
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INTRODUCTION

diagnosed malignancy and a leading cause

of cancer-related mortality worldwide [1]. Be-
tween 3500 and 4000 new cases are diagnosed in
Bulgaria annually [2]. Significant advances in molec-
ular biology have contributed to elucidating the biol-
ogy of breast cancer (BCa) and developing tailored
treatment strategies. A study conducted by Perou and
Sorlie et al. [3] in 2000 led to a substantial change in

F emale breast carcinoma is the most frequently

the taxonomy of BCa based on immunohistochemical
analysis and comprehensive molecular gene expres-
sion profiling. Currently, 4 major subtypes (luminal A,
luminal B, human epidermal growth factor receptor
2 (HER2) enriched and triple-negative) are accepted
in clinical practice, each reflecting the biological het-
erogeneity of breast tumors, associated with various
treatment options and prognoses [4]. Early diagnosis
and a personalized multimodal approach are the cor-
nerstones for maximizing BCa survival [5]. However,
some patients experience progression to metastatic
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disease and develop therapy resistance, linked to a
dismal prognosis. Recent research findings reveal
intricate oncogenic signaling pathways, regulated
by the expression of numerous growth factors and
receptors, secreted cytokines and proteins that pro-
mote BCa progression [6]. Semaphorins comprise an
extracellular signaling protein family involved in a mul-
titude of biological events that regulate the develop-
ment, homeostasis and cancer progression of many
organ systems [7]. Accumulating evidence suggests
that semaphorin expression is altered in numerous
pathophysiological processes, including malignan-
cies, immunopathologies, and neurodegenerative
and bone diseases [8]. This review aims to present
the contemporary research progress on semaphorin
signaling mechanisms, their tumor-modulating prop-
erties and potential applicability in clinical medicine.

Main medical databases, including PubMed, Google
Scholar and Scopus were searched to conduct a sys-
tematic review of the literature.

Semaphorins are a large and diverse protein fam-
ily of secreted, transmembrane and cell surface-at-
tached molecules with a divergent structure, initially
identified in the early 1990s as axon guidance factors
during neuronal development [7]. Intensive research
has demonstrated their crucial fundamental roles in
various cellular and metabolic processes from em-
bryogenesis to adult organ homeostasis, and the
pathogenesis of associated organ-specific diseases
of the nervous, immune, cardiovascular, respiratory,
endocrine, reproductive, hepatic, renal, gastrointes-
tinal and musculoskeletal systems [7-11]. The struc-
tural hallmark of all semaphorins is the presence of
a single, cysteine-rich, ~500-amino-acid extracellular
“sema” domain, adopting a seven-blade B-propeller
shape, which serves for receptor binding. Based on
structural and sequence similarity, they are subdi-
vided into eight classes (classes 1-7, and class V),
ubiquitously expressed in vertebrates, invertebrates
and viruses. Classes 3-7 are expressed in humans.
[6, 11, 12]. Semaphorin signaling is mediated mainly
by the plexin receptor family, consisting of nine sin-
gle-pass transmembrane receptors segregated into
four subfamilies (types A-D). All plexins contain an
extracellular “sema” domain and function as direct
binding receptors for most semaphorins. Moreover,
the extracellular domains of plexins and semaphorins
contain plexin-semaphorin-integrin (PSl) domains,
which consist of eight cysteine residues and bridge
the sema and immunoglobulin-plexin-transcription
(IPT) domains. This ensures the correct formation
and orientation of the ligand-receptor binding sites
[13]. Intracellular domains of plexins are character-
ized by the presence of a GTPase-activating (GAP)

domain, which activates downstream signaling when
semaphorins bind to plexins [11, 13]. Several mem-
bers of the semaphorin family (class 3) also bind to
the neuropilin (NRP) receptor family, represented by
NRP1 and NRP2 transmembrane glycoproteins [14].
NRPs are described as “scaffold receptors” since
they are unable to transduce signals independently
due to their short intracellular domains [13,15]. No-
tably, they are found to cooperate with plentiful sig-
nal-transducing receptors (plexins, receptor tyrosine
kinases (RTKSs)), integrins, and others) as co-recep-
tors, thus being of critical importance for promoting
pathological tumor angiogenesis, invasiveness and
metastasis [14,16]. Remarkably, transmembrane
semaphorins (classes 4-6) are able to signal in a
bi-directional fashion [12]. The “classical” forward
signaling is carried out through plexins, affecting
cytoskeletal remodeling and integrin-dependent ad-
hesion, consequently influencing cell migration [17].
Transmembrane semaphorins can also serve as re-
ceptors besides ligands, initiating a reverse signaling
cascade through their cytoplasmic domains when a
ligand binds to the “sema” domain [6, 17]. Semapho-
rins can signal in an autocrine, paracrine and jux-
tacrine manner, thus influencing multiple signaling
pathways in the tumor microenvironment (TME) [6,
12]. This review will focus on semaphorins with tumor
proliferative and suppressive properties in BCa, their
impact on pathogenesis, and their utilization in clini-
cal practice as diagnostic, prognostic and therapeutic
tools (Figure 1).

Semaphorins and the tumor microenvironment
in breast cancer. Breast tumors consist of neoplas-
tic cells and surrounding stroma, referred to as tumor
microenvironment (TME). Numerous studies have
revealed epigenetic alterations leading to abnormal
gene expression in the cells of the tumor milieu. TME
in the context of BCa is represented by three levels:
local (intratumor), regional (in the breast) and distant
(metastatic). Each one consists of various cell types
(cancer-associated fibroblasts (CAFs), leukocytes,
adipocytes, myoepithelial and endothelial cells), com-
ponents (extracellular matrix), soluble factors (e.g., cy-
tokines, hormones, growth factors and enzymes) and
physical properties (e.g., pH and oxygen content) [20].
As a complex network of diverse constituents, tumors
secrete many factors (e.g., semaphorins) to regulate
their own microenvironment [21]. Compelling evidence
reveals that semaphorin signaling is involved in at least
seven hallmarks of cancer: (1) sustained proliferation,
(2) evasion of apoptosis, (3) activation of angiogenesis,
(4) activation of invasion and metastasis, (5) tumor-as-
sociated inflammation, (6) evasion of immune surveil-
lance and (7) oxidative stress regulation [19, 22-24].
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Fig. 1. Semaphorins associated with BCa

Membrane-bound semaphorins and their receptors
are widely distributed on the surface of tumor-infil-
trating immune cells and tumor cells, thus being ca-
pable of modulating the immune response between
them in the TME. They can regulate the recruitment
of macrophages, natural killer cells (NK), dendritic
cells (DCs), and cytotoxic T lymphocytes (CTL) to
the tumor milieu [19]. Inflammatory cells in the TME
are found to act as inhibitors, rather than promoters
of effective immune response. The adverse impact
of cancer cells on tumor-associated macrophages
(TAMs, M@) and myeloid-derived suppressor cells
(MDSCs) results in sustained tumorigenesis, im-
munosuppression, angiogenesis, and metastatic
dissemination. Moreover, soluble cytokines prevent
T-cell infiltration, and cell surface signals are modi-
fied to inhibit leukocyte-mediated killing activity, thus
impairing the antigen-specific adaptive immunity
in the TME [22]. TAMs, originating in blood mono-
cytes, are recruited at the tumor site through factors
secreted by neoplastic and stromal cells, such as
chemokine (C-C motif) ligand 2 (CCL2) [20]. TAMs

have two opposing phenotypes: classically activated
anti-tumorogenic M1-M@ and alternatively activated
pro-tumorogenic M2-M¢ [19,25]. M1-M@s secrete
pro-inflammatory cytokines (interferon (IFN)-a/Bly
and interleukin (IL)-12) and chemokines (CXCL9 and
CXCL10), which attract CTL and NKs to restrict tu-
mor growth. Most TAMs, however, belong to the M2-
Mo phenotype and produce many tumor-accelerating
and proangiogenic factors with immune suppressive
properties, including cytokines (transforming growth
factor beta (TGF-f) and IL-10), chemokines (CCL2,
CCL17, CCL22, and CCL24), vascular endothelial
growth factor (VEGF) and placental growth factor.
Semaphorins are reported to play important roles in
the migration and polarization of TAMs [19, 22, 26].
High TAM infiltration is correlated with disease pro-
gression and overall dismal prognosis [27].

Initially identified through their roles in neuronal de-
velopment, semaphorins and their receptors were
later found to have a widespread expression in mul-
tiple non-neuronal tissues, also being overexpressed
by neoplastic cells [15, 24]. Dysregulation of sema-
phorin signals has a significant impact on different
aspects of cancer cell biology, although it is believed
that they cannot induce tumorigenesis alone, but
rather act as major modifiers of tumor growth, angio-
genesis and metastatic dissemination [24].

Tumor proliferative semaphorins in breast can-
cer. Semaphorins exhibiting tumor-promoting char-
acteristics interact with specific receptors and regu-
late cancer cell behavior, for instance by sustaining
cell survival and supporting angiogenesis, invasion
and metastasis, thus fostering a pro-tumorigenic mi-
croenvironment [15, 18, 24]. Currently, consistent
evidence highlights six semaphorin family members
that display tumor proliferative activity within the con-
text of BCa, which will be discussed below.

Semaphorin 3C (SEMA3C), a member of class 3
semaphorins, is a secreted glycoprotein that trans-
duces signals through NRP1, NRP2, plexin-A1,
plexin-A2 and plexin-D1 receptors. [15, 18, 28]. Re-
cent studies have shed light on the significance of
SEMAZ3C in cancer, including its role in tumor pro-
gression, neoangiogenesis, multidrug resistance,
and its association with poor prognosis in several
malignancies, such as breast, gastric, prostate,
colorectal, pancreatic, glioblastoma, and ovarian
cancers [18, 24, 28-35]. A study by Cole-Healy et al.
[36] reports 90% expression of SEMA3C in 343 inva-
sive ductal breast carcinoma samples and a positive
correlation with tumor grade (p < 0.001). SEMA3C
expression was highest in triple-negative breast can-
cer (TNBC), HER2-enriched, and estrogen (ER) and
progesterone (PgR) negative subtypes (p = 0.004),
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further supporting the link between SEMA3C and
aggressive BCa biology, also reported by other au-
thors [6, 36, 37]. Conversely, a study encompassing
1764 BCa patients indicates that ER+/HER2- BCa
subtypes express higher levels of SEMA3C mRNA
than other subtypes (p < 0.0001). Furthermore, it
demonstrates that silencing SEMAS3C inhibits the
mitogen-activated protein kinase (MAPK) and AKT
signaling pathways, leading to increased apoptosis
and suppression of both tamoxifen-sensitive and re-
sistant ER+ BCa cells. These findings may pave the
way for the development of effective target therapy
for patients who are resistant to current treatments
[29]. The disparity between these studies may be
attributed to different measurement levels used to
determine SEMA3C expression, such as mRNA or
protein levels [9]. This underscores the importance of
conducting additional research to validate and under-
stand the intricate roles of SEMA3C in BCa.

Semaphorin 3E (SEMA3E) is the only class-3 sema-
phorin that does not bind to neuropilins but directly
to plexin-D1 to transduce signals [13]. Along with
SEMA3A, SEMA3C and SEMA3D, SEMA3E was
recognized to regulate heart and vessel development
through the enzymatic GAP activity of the cytodo-
main of plexin-D1 [38]. Overexpression of SEMA3E
has been reported in breast, melanoma, pancreatic,
colorectal, ovarian and gastric cancers linked to cell
proliferation and increased metastatic disease [6, 18,
24]. SEMA3E produced by immature DCs plays a
role in regulating cell-cell interactions by inhibiting the
migration of NK cells [39]. Two distinct mechanisms
of action have been identified regarding BCa. The
first one is mediated through the plexin-D1 receptor,
which is capable of activating epidermal growth fac-
tor receptor (EGFR) and HER2 signaling pathways,
leading to increased proliferation, migration and inva-
sion of cancer cells. Secondly, SEMA3E promotes the
nuclear translocation of the Snail2 transcription factor
to induce epithelial-mesenchymal transition (EMT) in
neoplastic cells [6]. Based on experimental evidence,
SEMASE overexpression in mouse mammary carci-
noma cell lines correlates with increased metastatic
ability to the lungs [40, 41]. Generally, SEMAS3E over-
expression in BCa is associated with higher pro-in-
vasive and pro-metastatic activity in tumor models.
Knock-down of SEMA3E in BCa cell lines resulted in
increased apoptosis. In addition, a modified uncleav-
able variant of SEMA3E (Uncl-SEMA3E) has shown
anti-angiogenic and tumor-suppressive properties,
concomitantly hampering metastatic dissemination
by impeding the association of plexin-D1 with ErbB2
(HERZ2) [43]. SEMASE signals in an autocrine man-
ner and potentiates metastatic behavior in multiple

malignancies, which encourages further exploration
into developing target therapies against tumor me-
tastasis [12, 41-43].

BCa patients with bone metastases frequently pres-
ent with osteolytic lesions and osteoclasts are con-
sidered as the cellular drivers. Recently, osteoblasts
have been proposed to be involved as early-stage
mediators of bone metastasis progression. A study
by Haider et al. has investigated the interaction be-
tween osteoblasts, SEMA3E and BCa cells. The TG-
interacting factor-1 (Tgif1) is an essential regulator
of osteoblast function as its expression is strongly
increased upon stimulation by metastatic breast can-
cer (MBCa) cells. In addition, elevated levels of Tgif1
have been linked to decreased patient survival in
various malignancies besides BCa, such as colorec-
tal cancer and upper urinary tract urothelial carci-
noma [39]. Long-term exposure to the carcinogen
cadmium was reported to promote BCa cell migra-
tion and invasion by elevating Tgif1 expression, sup-
porting its pro-metastatic activity [44]. Based on an
experimental model of mice with a germ line deletion
of Tgif1 (Tgif1—/=) and control littermates (Tgif1+/+),
SEMA3E was found to be abundantly secreted by
Tqif1—/— osteoblasts, attenuating cancer cell migra-
tion and reducing micro-metastases, whereas Tgif1-
mediated silencing of SEMA3E expression in osteo-
blasts facilitated the migration of BCa cells [39]. The
role of SEMASE is fragmentarily understood, and
more experiments are required to unearth its com-
plex functions in the bone microenvironment.

Semaphorin 4A (SEMA4A) is a membrane-an-
chored neuroimmune class-4 semaphorin. It is lo-
cated in the lymphoid tissues, where its expression
is preferentially limited to the antigen-presenting
cells (APC), such as DCs, B cells, and Th cells [45,
46]. SEMA4A is as a well-characterized regulator
of immune responses to various antigens (e.g. al-
lergens, infectious agents, tissue-derived factors in
autoimmunity). Current knowledge suggests that
SEMAA4A utilizes seven receptors for signaling: (1)
NRP1, (2) plexin-B1, (3) plexin-B2, (4) plexin-B3,
(5) plexin-D1, (6) T-cell, Ig domain, mucin-domain
2 (Tim-2) and (7) immunoglobulin-like transcript 4
(ILT-4) [15, 45]. SEMA4A-receptor signaling path-
ways are found to modulate different physiological
(angiogenesis, adaptive immune response, proper
retina formation) and pathological (neoplastic, auto-
immune) tissue processes. The role of SEMA4A in
abnormal angiogenesis and tumor progression is not
completely understood. However, dysregulation of
SEMA4A has been reported in several malignancies,
such as hepatocellular carcinoma, colorectal cancer
and BCa [45]. Liu et al. investigated the expression
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and pathological role of SEMA4A in BCa. Results
based on analysis of collected tissue and serum from
both BCa patients showed increased expression of
SEMA4A at both RNA and protein levels in BCa tis-
sues compared to normal adjacent tissues. Further-
more, SEMA4A was also detected in the serum of
BCa patients using enzyme-linked immunosorbent
assay (ELISA) method [47]. Hypoxia (< 1-2% O,) is
reported to occur in approximately 25-40% of BCa
cases and is linked to aggressive cancer biology and
therapy resistance [6]. SEMA4A was found to be in-
duced in response to hypoxia through the hypoxia
inducible factor-1a (HIF-1a). Silencing of HIF-1a was
able to decrease the expression of SEMA4A. Anoth-
er important feature of BCa cells is the aberrant pro-
duction of hypoxia-regulated genes like VEGF and
dysregulated activation of Akt, MAPK, and STAT3
signaling. Based on experimental evidence, the in-
hibition of SEMA4A attenuated the above-mentioned
signaling cascade [47]. Another study by Chen et al.
[48] highlighted the protective function of SEMA4A on
BCa cells, associating the expression of SEMA4A in
hypoxic TNBC cells with increased cell proliferation
and resistance to apoptosis.

Finding effective targets remains crucial for the de-
velopment of effective immunotherapeutic antican-
cer agents. In 2023, Paranthaman and Veerappapil-
lai presented a design of a subunit vaccine that is
hypothesized to induce a strong cellular immune
response and specifically target SEMA4A in TNBC
[49]. Current literature data underscores the tumor-
progressive properties of SEMA4A in BCa and its
potential as a candidate target for immunotherapy,
although further experimental validation is required.

Semaphorin 4C (SEMA4C) is a pivotal transmem-
brane protein of the fourth class of semaphorins [50].
Plexin-B2 receptor has been identified as a specific
receptor of SEMA4C [51]. SEMA4C/Plexin-B2 sig-
naling is reported to contribute to the polarization of B
cells, ureteric branching, and cerebellar granule cell
precursor migration [50]. SEMA4C is expressed in
234 tissues (peak expression observed in the trigem-
inal ganglion) as well as in numerous malignant tu-
mors, including breast, esophageal, gastric, colorec-
tal, pancreatic, melanoma, osteosarcoma, cervical
and ovarian cancers [18, 19, 50-56]. Compelling
research evidence reveals significant insights on the
impact of SEMA4C forward signaling via its receptor
plexin-B2 on neoplastic breast cells, their lymphatic
dissemination and the TME alteration. A combination
of laser capture microdissection and gene microar-
ray analysis identified SEMA4C as the most upregu-
lated gene in tumor-associated lymphatic endothe-
lial cells (LECs) compared to normal LECs in BCa,

accelerating lymphatic metastasis via the activation
of PlexinB2-ERBB2 signaling pathways [50, 57]. In
addition, the proliferation and migration of neoplastic
cells are increased through Plexin-B2/Mesenchymal
Epithelial Transition (MET) signaling in a Ras homo-
log family member A (RhoA)-dependent fashion [50,
51]. In addition, SEMA4C exerts biological functions
on tumor cells. It reshapes the TME architecture by
recruiting Mos in the TME, thus facilitating tumor pro-
gression and angiogenesis by activating the nuclear
factor kappa-light-chain-enhancer of activated B cells
(NF-kB) pathway and elevating the production of col-
ony stimulating factor 1 CSF-1 [50, 58]. Gurrapu et
al. provide consistent evidence that increased levels
of SEMA4C are linked to disease progression and
increased metastatic activity in human BCa. Further-
more, they highlight that as a transmembrane pro-
tein, SEMA4C is capable of bidirectional signaling.
SEMA4C-mediated reverse signaling was found to
adjust the TGF-B pathway in mesenchymal-like tu-
mor cells, leading to gene expression reprogramming
and phenotypic changes in invasive BCa cells, pair-
ing the loss of mesenchymal features with metastatic
colonization [59]. Moreover, increased SEMA4C ex-
pression in luminal-type (ER+) BCa was shown to
lead to resistance to endocrine therapy (tamoxifen),
ER-independent growth and metastatic properties
[51]. Based on experimental evidence, blockade of
SEMA4C/Plexin-B2 signaling resulted in cell cycle
arrest in the G2/M phase, upregulation of tumor-sup-
pressor genes (p53 and p21) and cell senescence
[51]. Another study explored the effects of miR-138
on EMT and invasion in malignant breast cells and
found that it can precisely target and inhibit SEMA4C
and reverse the EMT on BCa cells, thereby reduc-
ing the malignant properties of BCa cells [60]. Drug-
resistant cancer cells are reported to be linked to
EMT in human malignancies. Chemotherapeutic
drugs (e.g., paclitaxel) are supposed to induce EMT,
leading to therapeutical resistance. MicroRNAs (miR-
NAs) are involved in the regulation of drug resistance
(DR) and DR-induced EMT. Yang et al. [61] provide
evidence that SEMA4C overexpression is associ-
ated with paclitaxel-based chemotherapy. Their re-
search reveals that overexpression of miR-125b or
depletion of SEMA4C sensitized paclitaxel-resistant
cancer cells to paclitaxel. These studies may serve
as a base for the development of molecular targeted
therapy for BCa.

The increasing insights of SEMA4C in BCa provide
promising opportunities for more effective diagnostic
strategies. BCa-associated LECs appear to not only
express SEMA4C but also release soluble SEMA4C
when cleaved by matrix metalloproteinases (MMPs)
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[51, 57]. A multicenter retrospective cohort study by
Wang et al. [62,63] consisting of 6213 participants
is the only one published to date, demonstrating the
diagnostic value of serum levels of SEMA4C in BC
patients. Results suggested that the SEMA4C dis-
criminated patients with BCa from non-BCa controls
and two validation cohorts. Furthermore, no correla-
tion between pre-treatment serum levels of SEMA4C
and clinicopathological characteristics of BCa (e.g.,
tumor size and grade, lymph node status, molecular
subtypes) was not found, which is unlikely for current
biomarkers. Remarkably, serum SEMA4C displayed
a high area under the curve (AUC) and accuracy in
segregating early-stage BCa/ductal carcinoma in
situ (DCIS) from non-cancer controls. Moreover, se-
rum levels of SEMA4C were higher than in 14 other
types of solid malignant tumors and normal controls
(p < 0.001). In addition, SEMA4C levels were signifi-
cantly lower after BCa surgery compared to the pre-
treatment level (p<0.001). A comparison between
SEMAA4C and the most frequently utilized markers in
the diagnosis of BCa is presented in Table 1 [62].

Table 1. Diagnostic value of CA 15-3, CEA and SEMA4C

Biomarker Sensitivity | Specificity | PPV (%) | NPV (%)
(%) (%)

CA15-3 52.8 61.4 56.1 56.8

CEA 69.1 49.3 62.5 51.2

SEMA4C 84.4 89.9 90.9 82.9

Acronyms: PPV = positive predictive value; NPV = negative pre-
dictive value

Semaphorin 4D (SEMA4D), also known as CD100,
is @ membrane-bound class-4 semaphorin capable
of short-range cell-to-cell signaling [12, 15, 19]. Its
physiological roles include regulation of gabaergic
synapse development, promotion of inhibitory syn-
aptic growth and migration of cerebellar granule
cells, and modulation of the complexity and arboriza-
tion of developing neurites in hippocampal neurons
[18]. Considered an immune semaphorin, SEMA4D
is found to be highly expressed in activated B cells
and DCs, TAMs, T cells, and to a lesser extent on
Mes, NK cells and neutrophils [24, 26]. It binds to
plexin-B1, plexin-B2 and CD72 receptors. Plexin-B1
and plexin-B2 are expressed on endothelial cells in
various tissues, and when interacting with SEMA4D
ligand, they trigger MET and ErbB2 tyrosine kinase
signals [15, 19]. Numerous studies have revealed
the dual nature of SEMAA4D in different malignancies.
For instance, SEMA4D inhibits tumor growth and is
downregulated in Burkitt-like B cell and non-Hodgkin
lymphomas. On the other hand, it is observed to be
highly expressed in breast, gastric, pancreatic, ovar-

ian and other cancers, associated with advanced dis-
ease, lymph node and distant metastasis, and short-
er overall survival [15,24,26,64]. In BCa, besides the
transactivation of MET and ErbB2, the second down-
stream mechanism to promote tumor progression
and angiogenesis is the activation of the GTPase
RhoA with consequent phosphorylation of MAPK and
Akt effector cascades [12, 18, 64]. BCa cells show a
predilection to bone dissemination, where they form
osteolytic lesions [12]. SEMA4D/Plexin-B1 signaling
has been identified to stimulate osteoclastogenesis
by increasing IL-8 expression and reducing the motil-
ity and differentiation of osteoblasts, thereby inhibit-
ing new bone formation [6, 65, 66].

Maintaining long-term bone health in patients with
BCa is an important milestone for improved progno-
sis. Some anti-hormonal agents, such as aromatase
inhibitors (Al), can negatively affect it as they lead to
a deprivation of bone-protective estrogen and cancer
treatment-induced bone loss. Tamoxifen, a selective
receptor modulator (SERM), is a partial ER agonist
with bone-protective effects that reduces bone turn-
over and loss in postmenopausal women. Gobel
et al. have underscored the link between SEMA4D
and ER signaling by reporting that patients treated
with tamoxifen have reduced plasmatic levels of SE-
MA4D, compared to those treated with Al (p < 0.001).
This is discussed as an additional mechanism of the
bone-protective properties of tamoxifen [67].

The presence of brain metastases in BCa patients
accounts for significant morbidity and mortality with
devastating prognosis. The brain microenvironment
ensures tight control imposed by the blood-brain
barrier (BBB), which limits the penetration of most
immune and tumor cells, as well as many systemic
chemotherapeutic agents. Circulating tumor cells
(CTCs) shed from primary or metastatic tumors into
the bloodstream fosters hematogenous metastasis.
A preclinical study by Klotz et al. identified SEMA4D
as an important regulator of initial tumor cell trans-
migration through the BBB. Conspicuously, SEMA4D
alone could not drive overt brain metastasis. The
oncogene MYC was confirmed to interact with SE-
MAA4D, thereby regulating the adaptation of metastat-
ic tumor cells to the activated brain microenvironment
and promoting brain dissemination. Furthermore,
disrupting the SEMA4D/Plexin-B1 signaling cascade
substantially impaired experimental BBB transmigra-
tion of neoplastic cells [68].

Recently, further evidence suggests that blocking
SEMA4D may reduce its immunomodulatory func-
tions, promote immune infiltration (recruitment of
activated monocytes and lymphocytes) and activate
tumor-draining lymph node T lymphocytes, leading to
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a shift in the balance of cells and cytokines toward a
proinflammatory and antitumor milieu with the TME.
Moreover, this blockade may enhance the response
to other immunomodulatory therapies [69,70]. Based
on experimental evidence, a developed anti-SE-
MA4D antibody was observed to potentiate function-
al immune infiltration into the TME and inhibit tumor
progression in mouse models [69]. A combination of
a humanized version (VX15/2503, Pepinemab) of the
aforementioned anti-SEMA4D antibody and an im-
mune checkpoint inhibitor is currently under investi-
gation in a phase Ib/ll clinical trial [71]. More recently,
the CLASSICAL-Lung clinical trial reported that the
combination of pepinemab with the checkpoint in-
hibitor avelumab displayed signs of antitumor activity
in patients with advanced immunotherapy-resistant
non-small cell lung cancer (NSCLC) [72]. However,
advanced research on BCa patients is needed to elu-
cidate the potential of SEMA4D blockade.

Semaphorin 7A (SEMAT7A), also known as CD108,
is the only glycosylphosphatidylinositol (GPI)-mem-
brane-anchored protein in the semaphorin family that
also exists in a soluble form. It transduces signals via
two main receptors: plexin-C1 and integrin 3, and is
involved in multiple physiologic processes, such as
regulation of cell migration, immune responses, axon
guidance, and promotion of olfactory synapses. [11,
18, 19]. SEMAT7A is expressed in some immune cells
(T cells and DCs) and exhibits chemoattractant and
chemorepulsive properties; thus, it is considered an
immune semaphorin. More specifically, it acts as a
potent monocyte stimulator and inductor of neutrophil
migration into hypoxic tissue sites. Additionally, naive
T cells also express SEMA7A, which can lead to pro-
inflammatory reprogramming in M@s and monocytes
resulting in the production of inflammatory cytokines
(IL-1B, IL-6, IL-8 and tumor necrosis factor-alpha
(TNF-a)) and proangiogenic molecules (CXCL2 and
MIP-2) [11, 22, 26, 73].

SEMATYA is linked to the pathogenesis of numerous
autoimmune (e.g., multiple sclerosis, rheumatoid
arthritis, systemic lupus erythematosus) and inflam-
mation-related diseases (e.g., colitis, liver/lung fibro-
sis) and malignancies [74]. In the context of BCA,
SEMATYA has been associated with tumor-progres-
sive properties, EMT, lymphatic dissemination and
drug resistance induction [6, 11, 12, 18]. It is over-
expressed in invasive ductal carcinoma compared to
normal breast tissue, and associated with reduced
overall and distant metastasis-free survival [75]. Two
experimental studies by Garcia-Areas et al. demon-
strate that SEMATYA is upregulated in Mgs of mam-
mary tumor-bearing mice and induces the expression
of proangiogenic molecules, resulting in cancer pro-

gression. Furthermore, silencing of SEMA7A in 4T1
mammary tumors by application of anti-SEMA7A
short hairpin RNA (shRNA), resulted in reduced tu-
mor progression [73, 76].

Anoikis, a subtype of apoptosis, represents a spe-
cific form of programmed cell death and an essential
mechanism to inhibit cell colonization and metasta-
sis. Neoplastic cells are capable of developing such
a phenotype that bypasses anoikis [77]. SEMA7A
has been observed to potentiate anoikis resistance
in cultured mammary epithelial cells via integrins and
activation of pro-survival kinase AKT [78]. Moreover,
it has been reported that upregulation of SEMA7A in
BCa can drive resistance to anti-cancer agents, such
as paclitaxel, tamoxifen, and/or Al [6, 78, 79]. In ad-
dition to SEMA4C, SEMATA also shows promising
potential for a prognostic biomarker in patients with
postpartum BCa. Higher expression of SEMA7A has
been linked to late recurrence, resistance to endo-
crine therapy and shorter disease-free survival [80].

TUMOR SUPPRESSIVE SEMAPHORINS IN BREAST
CANCER

Six members of the semaphorin family have been
discussed and reported to act as putative tumor sup-
pressors. They will be reviewed below.

Semaphorin 3A (SEMA3A), a secreted protein, was
among the first identified members of the semaphorin
protein family in the 1990s [7]. It is found to be ex-
pressed in 128 tissues (highest expression in the in-
testine) and plays a crucial role in puberty regulation
through neurons and in the olfactory system growth
[18]. Although SEMAS3A is found to operate as an in-
hibitor of developmental angiogenesis, unlike other
antiangiogenic semaphorins, it also functions as a
vascular permeability factor [15]. Numerous studies
have reported the paradoxical roles of SEMA3Ain the
TME in different types of solid malignant tumors [19,
81-93]. It is the only class-3 semaphorin to transduce
signals exclusively through the neuropilin-1 receptor,
which, in turn, leads to activation of the plexin A fam-
ily (Plexin A1-4) signaling complex, thus potentiating
SEMA3A-mediated downstream signaling [15, 81].
SEMAB3A expression is downregulated and negative-
ly correlated with tumor stage in various malignan-
cies, including breast, gastric, epithelial ovarian, and
non-small cell lung cancer (NSCLC) compared to
respective normal tissue [19, 81, 92, 94]. In the con-
text of BC, SEMA3A is a candidate tumor suppressor
gene and putative therapeutic target associated with
the regulation of the antitumor response of the im-
mune system, cancer cell migration, invasion and an-
giogenesis [6, 19, 81, 85, 95]. Experimental studies
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have demonstrated that tumor-cell-derived SEMA3A
regulates intratumoral M1-M@s and M2-Meos differen-
tiation by binding to NRP1, resulting in repression of
the proliferation of protumoral M2 macrophages and
increase in the proliferation of antitumoral M1 mac-
rophages, through recruiting and activating NK and
cytotoxic CD8+ T cells to tumors [6, 19, 81]. These
events lead to a decline in the immune suppressive
factors potentiated by M2-Mgs, including TGF- and
IL-10. Apoptosis and tumor cell growth suppression
are induced by elevated levels of M1-M@s through
the secretion of pro-inflammatory factors (nitric oxide
(NO), tumor necrosis factor-alpha (TNF-a) and IL-12)
[6]. In addition, SEMA3A is capable of functioning as
a regulator of the phosphorylation and nuclear trans-
location of phosphatase and tensin homolog (PTEN)
and the activation of the transcription factor FOXO-
3a. Overexpression of PTEN, FOX0O-3a and mela-
noma cell adhesion molecule (MelCAM) genes was
reported to enhance SEMA3A expression leading
to reduced breast tumor cell migration, growth and
angiogenesis [6, 13, 23, 86]. Furthermore, SEMA3A
is reported to hamper angiogenesis through the
blockade of signaling cascades activated by pro-
angiogenic factors such as VEGF-A with subsequent
inhibition of the phosphatidylinositol-3-kinase (PI13K)/
AKT pathway [91, 96]. Based on preclinical evidence,
the loss of SEMAS3A is linked to higher-grade duc-
tal carcinomas and poor prognosis, whereas the
overexpression is associated with reduced breast
tumor growth and progression due to higher activity
of PTEN and MelCAM and decreased expression of
VEGF and phosphorylated FOXO-3a [6, 86]. In ad-
dition, SEMAS3A can induce the activity of glycogen
synthase kinase-3 beta, (GSK-3 beta) in BCa cell
lines, linked to overexpression of a2B1 integrin, re-
sulting in increased adhesion, and decreased migra-
tory and invasive potential [96, 97]. Controversially,
SEMA3A shows both promoting and inhibitory effects
on BCa cell migration and angiogenesis by different
concomitant mechanisms [98]. A study reported that
SEMA3A plays a causative role in osteoblastic dif-
ferentiation in vitro, stimulating bone metastasis de-
velopment in BC [85]. Further intensive research is
required to elucidate its intricate regulatory functions
in the TME and its effects on disease pathogenesis.
Besides in BC, SEMA3A is considered a putative
tumor suppressor in other malignancies, such as
pancreatic and head and neck cancer, multiple my-
eloma and acute leukemia [87-89, 91, 99]. However,
in terms of glioblastoma, bladder, ovarian and Lewis
lung cancer, numerous studies report that SEMA3A
exhibits tumor progressive properties [82, 83, 90, 92,
94]. In summary, SEMA3A’s role in cancer is convo-
luted and context-dependent.

Semaphorin 3B (SEMA3B) belongs to the secreted
class 3 semaphorins and acts as a repulsive axon
guidance cue [18]. It transduces signals through
NRP1, NRP2 and plexin-A1-4 [98]. Located on chro-
mosome 3p21.3, a region prone to allele loss in early
breast and lung cancer pathogenesis, SEMA3B is
considered a candidate tumor suppressor gene. [100,
101] It is considered a candidate tumor suppressor
gene, whose function is lost by mechanisms such as
loss of heterozygosity and acquired promoter meth-
ylation [6, 15]. Furthermore, in terms of breast, lung,
endometrial, ovarian, prostate, gastric, esophageal
and oral squamous cell cancers, downregulation of
SEMA3B has been suggested to play a predispos-
ing and developmental role in tumorigenesis [12, 15].
VEGF-A signaling has been reported to activate the
PI3K/Akt pathway, involved in cell proliferation and
sustained survival. Laboratory studies have demon-
strated that SEMA3B is able to competitively bind
NRP and block VEGF-A autocrine activity on tumor
cells. Also, administration of exogenous SEMA3B
demonstrated suppressive activity on PI3K/Akt path-
way through decreased phosphorylation of Akt and
other proapoptotic downstream proteins like p85, gly-
cogen synthase kinase-3 beta (GSK-33), forkhead in
rhabdomyosarcoma (FKHR), mouse double minute
2 homolog (MDM-2) and pyruvate dehydrogenase ki-
nase (PDK) [100]. Accumulating evidence has under-
scored the link between dysregulated long non-cod-
ing RNAs (IncRNAs) and cancer cell transformation,
growth, apoptosis, metastasis, and chemotherapeu-
tic resistance. The SMAD3/IncRNA SEMA3B-AS1/
miR-3940-3p/KLLN axis has been demonstrated to
regulate TNBC progression. RNA immunoprecipita-
tion and luciferase reporter assays have shown that
IncRNA SEMA3B-AS1 acts as a sponge for miR-
3940-3p, preventing the degradation of transcrip-
tion factor KLLN which exhibits tumor suppressive
properties in TNBC [102]. Recent research has elu-
cidated the emerging role of SEMA3B as a potential
prognostic biomarker and therapeutic target in BCa
[102-104].

Semaphorin 3F (SEMA3F), also a secreted class
3 semaphorin, is expressed in 237 tissues and par-
ticipates in cell motility and cell adhesion. It exhibits
a tenfold greater affinity for the NRP2 receptor over
NRP1 and shares its gene locus with SEMA3B on
chromosome region 3p21.3 [18, 105]. SEMAG3F is
consistently associated with tumor suppression, par-
ticularly in breast, lung, prostate, colorectal, and oral
squamous cell cancers, making it the first semapho-
rin to demonstrate antiangiogenic properties in tumor
models [15, 18, 98, 106, 107]. An analysis of gene
expression profiles of polarized and disorganized hu-
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man mammary epithelial cells conducted by Xiong et
al. has identified retinoid orphan nuclear receptor al-
pha (RORa) as a transcription regulator of SEMAS3F.
Furthermore, analyses of BCa tissue microarray con-
sisting of > 400 patient samples have revealed that
reduced levels of RORa and SEMA3F are reduced
in human BCa cell lines and were associated with
poor prognosis. These findings demonstrate that
SEMAGJF is repressed during BCa development and
progression, and the RORa-SEMAS3F axis is crucial
for maintaining a suppressive microenvironment in
normal breast tissue [89, 108]. SEMA3F has also
been shown to exert inhibitory functions in terms and
neoangiogenesis and lymphangiogenesis. SEMA3F
competes with VEGF for binding NRP1 and reduces
the expression of HIF-1a, thereby inhibiting hypoxia-
induced angiogenesis [15]. Also, the most frequently
mutated tumor suppressor protein in human cancers
p53 has been linked with SEMA3F expression. No-
tably, loss of p53 activity results in the downregula-
tion of SEMAS3F, which subsequently leads to tumor
progression [13].

Semaphorin 4B (SEMA4B), a transmembrane ho-
modimer glycoprotein, participates in the inhibition of
axonal growth [18, 109]. Only one published study
demonstrates the link between SEMA4B expression
and BCa. Wang et al. have reported that a circular
RNA, termed circSEMA4B, produced by the SEMA4B
gene, was significantly downregulated in BCa tissues
and cell lines compared to adjacent normal tissues in
110 patients. Further analysis revealed that reduced
expression of circSEMA4B was positively correlated
with TNM stage (p = 0.0002), tumor size (p = 0.0001),
lymph node metastasis (p = 000.1), recurrence and
distant metastasis (p = 0.0321). The PI3K/Akt signal-
ing pathway is an essential regulator of tumor growth,
proliferation, recurrence and metastasis in BCa. It
was found to be mutated and dysregulated in most
BCa cases. CircSEMA4B was demonstrated to ex-
hibit tumor suppressive properties in BCa and inhibit
the PI3K/Akt pathway via two mechanisms, includ-
ing inhibition of the phosphorylation of Akt via miR-
330-3p/PDCD4 axis and encoding a novel protein
“‘SEMA4B-211aa”, which competitively binds to p85,
blocking downstream oncogenic signaling [110].

Semaphorin 6B (SEMAGB) is a transmembrane
class 6 semaphorin that is reported to have vari-
ous roles in different malignancies [111]. A study by
D’Apice et al. revealed a significant down-modulation
of SEMAGB expression in BCa tissues compared to
normal controls [112]. However, the currently avail-
able literature data is insufficient and the role of
SEMAGB in BCa remains highly unexplored.

Semaphorin 6D (SEMAGD), a membrane-associated
protein, is involved in physiologic processes, such as
cardiac and neuronal development, and anti-inflam-
matory Mg polarization. Like other semaphorins, in-
creasing evidence suggests its role in tumorigenesis
[113, 114]. Evidence regarding a link to BCa remains
scarce. Chen et al. were the first to explore SEMAGD
in 1100 BCa samples and reported that high SEMA6D
expression positively correlates with survival, espe-
cially in TNBC patients [115]. This is also supported
by a study that explored and evaluated microRNAs
expression changes before and after chemotherapy
within BCa cells. It has identified SEMAGD as a target
and downstream effector of miR-195 and miR-26b.
Low SEMAGED expression was associated with che-
moresistance [114]. Further examination is manda-
tory to validate the role of SEMAGD as a predictive
biomarker for chemotherapy response and as a che-
mosensitization target in BCa treatment strategies.

CONCLUSIONS

Semaphorins have emerged as crucial signaling
molecules with multifaceted roles within the com-
plex landscape of BCa. They exhibit dualistic roles
in regulating tumor progression, both as promoters
and suppressors, highlighting the intricate nature of
BCa biology. This duality underscores their context-
dependent roles in cancer. The unique expression
profiles of semaphorins in individual BCa cases in-
dicate the potential for personalized treatment ap-
proaches. Targeting semaphorins and their receptors
presents a promising avenue for the development of
more effective BCa therapies. Different semaphorins
and their receptors have shown altered expression
profiles demonstrating both diagnostic and prognos-
tic value. Extended research into the mechanisms
of semaphorins and clinical trials regarding BCa is
crucial. Uncovering the precise signaling pathways,
receptor interactions, and downstream effects will
provide a solid foundation for improving the diagnosis
and treatment outcomes in patients with BCa.
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