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The pleiotropic roles of non-hormonal
receptor basigin and regulatory
microRNAs in breast cancer
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Kelsey Bruce1, Michael Kerin1,2 & Vinitha Richard1

Breast cancer is a heterogeneousdiseasewith global reach.Basigin (BSG) is a transmembraneprotein
with multifunctional roles in the breast tumor microenvironment. Using the hallmarks of cancer, we
explore the pleiotropic roles of BSG in breast cancer. Further, we examine the cellular interactants of
BSG and the molecular regulators of BSG. BSG has the potential to play a prognostic role and is a
candidate target for new therapeutic interventions.

Human mammary tissue is particularly complex, with glands (ducts and
lobules) developing from epithelial tissue interspersed with adipose and
fibrous connective tissue1. These glands are highly dynamic, undergoing
dramatic morphological changes that occur at the onset of puberty, during
embryogenesis/pregnancy, and in involution following the cessation of
lactation2. Numerous and diverse molecular regulators tightly control this
dynamic environment3, dysregulation of which can lead to cellular dys-
function and cancer. Breast cancer (BC) is themost common type of cancer
in women worldwide, with over 2.3 million new diagnoses in 2022 and
670,000 concurrent deaths4,5. BC is an umbrella term for a heterogeneous
group of malignancies that has been categorized into several discrete sub-
groups through genomic and transcriptomic analysis6. Much like the highly
heterogeneous breast tissue, malignancies of the breast are composed of
varying cell types7. This heterogeneity is responsible, in part, for resistance to
therapies, disease progression, and recurrence8,9.

While mortality due to the malignancy has declined due to screening
programs andmore advanced therapies10, early detection still remains key to
treatment and survival11. Mammography is the most widely employed tool
in the detection of lesions, and is able to differentiate between breast epi-
thelium/stroma and fat12. This approach, however, suffers from a high rate
of false positives, low sensitivity, misdiagnosis of calcifications as tumors,
and significant discomfort to patients13–15. Liquid biopsies screened for
aberrant expression of cancer-specific biomarkers (proteins and molecular
markers) have gained interest as a more specific, less invasive technique for
the diagnosis and management of this malignancy16–19.

Cancer cells are previously healthy cells that have undergone dysre-
gulation with transformations both at the cellular and molecular levels,
making the cells undetectable by the immune system, which fails to dif-
ferentiate “healthy self-cells” from themutated cancer cells6. The altered cell
surfacemarkers also hold prognostic potential as indicators of susceptibility
and response to various treatment approaches20. Identifying, characterizing,
and exploiting suchmarkers holds a key role in the future of oncology. One

such marker is the transmembrane protein basigin (BSG), also known as
extracellular matrix metalloproteinase inducer (EMMPRIN) or cluster of
differentiation protein 147 (CD147). BSG is well recognized for its role as a
“chaperone protein,” ensuring proper localization of other proteins to the
plasma membrane and enabling their function21–29. In cancer, it has been
shown to support proliferation, migration, metastasis, and chemoresistance
of tumor cells while promoting an oncogenic niche30,31. Due to the many-
sided functions of BSG and its primary role as a cell surface protein, this
protein has become an attractive target for therapeutic interventions in
numerous cancers32.

In addition to cell surface markers, small non-coding RNAs called
microRNAs (miRNAs or miRs) considered as accessible molecular bio-
markers have been reported as crucial regulators of BC progression18,33–36.
MiRNAs are short nucleotide sequences that regulate gene expression post-
transcriptionally and also play an important role in regulating cell states,
providing insight into disease states and progression37–39. They have been
flagged as optimal biomarkers due to their detection and high stability in a
myriad of body fluids, including blood, urine, and saliva40. As regulators of
gene expression, miRNAs have diverse functions in the breast tissue during
normal and malignant development41 and numerous miRs have been
identified as aberrantly expressed in BC42. It is known thatmiRNAs regulate
oncogenesis through their tumor-suppressive or oncogenic activities, with
ample evidence of anomalous miRNA expression in a variety of
malignancies17,43,44. The roles ofmiRNAs inmediating the various hallmarks
of cancer progression in BC are areas of ongoing investigation, with con-
siderable research specifically on miRs as inhibitors of growth suppression,
enhancers of proliferation, promoters of angiogenesis and eventual activa-
tion of invasion and metastasis in particular18. A few miRNAs have been
reported to directly bind to the 3’-UTR of the BSG mRNA transcript,
thereby suppressing disease progression and metastasis45–47.

This review is a collective exploration of the role of BSG, interacting
proteins, andmiRNAmediators in the initiation, promotion, andmetastatic
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transformation of BC cells. The prospective implications of targeting BSG,
associated molecular interactants, and miRNAs for therapeutic and prog-
nostic purposes in BC is also explored.

Cellular and molecular marker profiles of BC subtypes
BC can be classified in a number of different ways: location (ductal carci-
noma in situ (DCIS)/lobular carcinoma in situ (LCIS) and stages), immu-
nohistochemical (IHC) markers, and recently with molecular markers that
includemiRNAs andmutations of key oncogenic genes (BC antigen gene 1
and 2, BRCA1, BRCA2, tumor suppressor protein 53, TP53)48. The most
common method of classification relies on IHC screening of the hormone
receptors (HRs) for estrogen (ER) and progesterone (PR) as well as the
expression levels of the human epidermal growth factor receptor-2 (HER2,
also known as ERBB2 or HER2/neu)48,49. Introduction of gene expression
profiling organized BC into different molecular subtypes: normal-like,
luminal-like, HER2-enriched, and basal-like were identified by Perou and
colleagues in 200049; the triple negative (TNBC) subtype was later included
to denote those that lacked expression of any of these surface antigens and
thus were only able to avail of the non-specific chemotherapeutic
interventions50. The various classification systems of BC are summarized
below [Table 1].

Studies have shown that the presence of multiple cell types in normal
mammary epithelia that acquire distinct features when transitioning to a
disease state can become markers of disease and are key in identifying and
delivering targeted therapy to themalignant cells44,51,52.With the evolutionof
genomic studies and open access to published large “-omics”data sets,more
specific molecular markers of disease have been identified53–57. The avail-
ability of polymerase chain reaction (PCR) tests has also made categoriza-
tion easier, as absolute quantification of gene expression can be measured
more precisely than the conventional classification based on the expression
analysis of histological markers58,59. As our understanding of the complex
tumor microenvironment (TME) evolves further and the technology

advances to detect more minuscule markers (in both quantity and size),
miRNAs emerge as one of the preeminent signals in BC subclassification60.
For instance, miRNA-4728 has been identified as a surrogate marker for
HER2expression60,miR-21 and themiR-200 family are involved inBCstem
cells (CSCs)61, and the accumulation of miR-21 and miR-181a in bone
marrow of BC patients has significant prognostic implications34. The
inclusion of these biomolecules in testing strata clarifies the heterogeneous
nature of the TME and the tumor itself, while providing further insight into
the prognosis and potential therapeutic response of patients as well as in
real-time monitoring of the disease37,62. Multiple gene expression profile
panels have been designed and released to market for determining ther-
apeutic strategies and to predict patient responses to therapies [Table 2].

With advanced technologies providing us with a better understanding
of the numerous diseases affecting individuals, we have also come to
understand the great inter-individual variability that stems from environ-
mental, physiological, molecular, and socioeconomic factors unique to each
person63,64. This led to the transformation of clinical investigations into
“personalizedmedicine,” or “precisionmedicine,”which takes into account
the individual clinicopathological features to improve efficacy of treatments
and limit the side-effects65. In order for these efforts to be effective, bio-
markers that reflect the state of disease must be clearly identified for diag-
nosis, prognosis predictions, monitoring of disease progression, and
monitoring patient responses to therapies66. Classical markers in breast
cancer include histological biomarkers (hormone receptors Estrogen (ER)
and progesterone (PR), HER2 and Ki-67 expression) and genetic bio-
markers (TP53), GATA-binding protein 3 (GATA3), mitogen-activated
proteinkinase kinase kinase 1 (MAP3K1), BRCA1)67. Biomarkers in the form
of microRNAs68 and circulating tumor cells (CTCs)69 are also gaining
traction in cancer research and hold the potential to inform the therapeutic
courses of action. However, they both tell an incomplete story. Most miR-
NAs can bind tomultiplemessengerRNAs (mRNAs)70 and are expressed in
multiple tissues concurrently71, making it difficult to elucidate the role each

Table 1 | Classifications of BC Subtypes

Title Subtypes Markers Tests References

Classical Histopathology (3 subtypes) DCIS, IBC, LCIS Hormone receptor proteins IHC 260

Intrinsic
Subtypes
(4 subtypes)

Normal-like,
Basal-like, ERBB2+ ,
ER+ /Luminal-like

Estrogen receptor,
Basal Keratins, ERBB2

mRNA 49

Intrinsic Subtypes
[PAM50]
(5 subtypes)

Normal-like,
Basal-like, ERBB2+ ,
Lum A, Lum B,
Lum C

ER, Keratins,
Laminin, ERBB2,
Adipose markers

mRNA 245

PAM50/ Topological data analysis (TDA)
(7 subtypes)

Normal, ERBB2+
Normal/HER2+
Basal-like, Lum A,
Lum B, Lum B/HER2+

Myoepithelial Genes Mathematical models/ mRNA 53

PAM50-ROR
(prognostic prediction)

Normal, Basal
ERBB2+ , Lum A,
Lum B

HR, HER2, Clinical Data mRNA 54

Intrinsic
Subtypes + Claudin Low
(6 subtypes)

Normal-like,
Basal-like, ERBB2+
Lum A, Lum B,
Claudin-low

HER2+ ; Luminal Genes; Cell-Cell
Adhesion
Proteins; Immune
System Response,
Proliferation,
Mesenchymal/ECM Genes; Claudins

mRNA 55,261

miRNA-based intrinsic
subtypes
(10 subtypes)

ERBB2+ , Lum A,
Basal, Lum B,
Basal/ERBB2+ ,
Basal/Lum B,
Basal/Lum A,
ERBB2+ /Lum B,
ERBB2+ /Lum A,
Lum A/ Lum B,

HER2, HRs, Ki67,
CAIX, Cytokeratins,
microRNAs

Small RNA
sequencing

37,60

ECM extra cellular matrix,miRNAmicroRNA,HER2Human epidermal growth factor receptor, Lum Luminal,DCIS ductal carcinoma in situ, IBC inflammatory breast cancer, LCIS lobular carcinoma in situ,
IHC immunohistochemistry, mRNAmessenger RNA, ERBB2+ - positive, TDA topological data analysis, HR hormone receptors, CAIX Carbonic Anhydrase IX.
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miRNA plays in physiology. In addition, the heterogeneous expression of
neoantigens within the TME makes neoantigen-directed therapies an
imperfect targeting mechanism72.

Expression significance of BSG in BC
While the methods of BC classification are diverse and evolving with our
understanding of the neoplasm, surface markers will remain key players in
early detection and treatment of this malignancy. Most patients still receive
treatment plans revolving around the classical disease markers (IHC and
pathological classification), leading to under or over-treatment of the
disease73. The delayed recurrence of BC represents a unique challenge in
assuring disease-free survival of patients74, making the identification of cells
that facilitate minimal residual disease that leads to long term relapse
increasingly important73,75. Emerging biomarkers such as trophoblast cell
surface antigen 2 (TOP2)76, sera carbohydrate antigen 15–3 (CA15-3),
HER2 levels77, and circulating trefoil factor (TFF) 1, TFF2, and TFF3 have
shownpromise in identifying BC78.However, dual-purpose biomarkers and
drug targets present a holy grail of sorts for BC diagnosis and treatment.

As a surface marker that has been implicated in tumor-initiating breast
cancer stem cells (BCSCs), the transmembrane glycoprotein BSG has the
potential to play a role in the next generation of cancer biomarkers79,80. Upon
initial discovery over 40 years ago, BSG was named “tumor cell-derived
collagenase stimulatory factor” (TCSF), due to an overexpression of the
protein on tumor cells22,24,81. Later renamed as extracellular matrix metallo-
proteinase inducer (EMMPRIN)23, the protein is today commonly referred to
as “Basigin” (BSG), or cluster of differentiation 147 (CD147)82. BSG is a
glycoproteinwith two immunoglobulin-like domains encoded by theCD147
gene located on chromosome 19p13.383. Reports of abnormal CD147
expression across multiple solid tumors, in addition to breast tumors, are
extensively reviewed by Li. Y. et al.84. BSG is involved in a number of func-
tions: cytoskeletal remodeling, migration and invasion, therapy resistance in
cancer treatment, angiogenesis, and pro-inflammatory signaling85. Regula-
tion of matrix metalloproteinases (MMPs) in adjacent fibroblasts modifies
the extracellular microenvironment in an oncolytic manner86. Proper loca-
lization of BSG is essential for the function of themonocarboxylate transport
proteins (MCTs) MCT1 and MCT4, which are key for lactate transport in
glycolysis87–89. BSG has also been identified as a stemness marker in multiple
carcinomas90,91, where the protein appears to confer chemoresistant proper-
ties to a subpopulation of cells. BSG has been found to promote the epithelial
to mesenchymal transition (EMT) in numerous solid cancers, thereby pro-
motingmetastasis92. As a versatile protein, it is useful to look at the pleiotropic
roles BSG plays in cancer by examining the involvement in key hallmarks of
cancer, asoutlinedbyHanahanandWeinberg, andhighlighted in [Fig. 1]93–95.

Role of BSG in nonmutational epigenetic programming
Epigenetic modifications—including DNA methylation, histone modifica-
tion, noncoding RNA (ncRNA) modulation of gene expression, and epi-
transcriptomic regulation of RNAs to modulate gene expression have been
identified as key drivers of cancer development and progression96,97. These
changes lead to aberrant biochemical pathways and metabolomics, which
form the oncogenic niche98. To date, there are no genetic mutations that
have been identifiedasmetastatic triggers, suggesting that this progression is
driven by epigenetic and epi-transcriptomic changes96. Acquisition of

oncogenic and metastatic phenotypes are the result of post-translational
modifications to mRNAs and transcription pathways99.

BSG is able to induce the synthesis of hyaluronan, the primary ligand
for cell surface receptor CD44, which has been previously implicated in BC
stemcells85.Grass and colleagues have shown that anupregulated expression
of BSG activates EGFR-Ras-ERK signaling pathway via increased hyalur-
onan expression, and also hypothesize that thismay explain the aberrantRas
activity in cancer, despite the absence of oncogenic Ras85. While this was the
result of an adeno-associated virus (AAV)-mediated BSG amplification, it
was noteworthy that the effect was observed at levels commonly detected in
BC. In a manner not yet fully understood, BSG expression stimulated the
production of all three hyaluronan synthases (HS1, HS2, and HS3) and
hyaluronan production100, thereby promoting anchorage-independent
growth, an indicator of malignant transformation101. One proposed
method for this is the stimulation of hyaluronan production via lactate efflux
facilitated byMCTswhich are trafficked byBSG to the cellmembranes102–104.
ERK signaling is a key regulator of cell proliferation, survival, growth,
metabolism, migration and differentiation105.

BSG-mediated activation of invasion and progression to
metastasis
Hyaluronan is ubiquitous throughout the extracellular matrix and a key
element of theTME that influences tumor growth and disease progression106.
Stimulation of hyaluronan is well documented to promote anchorage-
independent growth in cancer100,107 and resistance to cancer therapies108–113.
The effect is mediated by CD44, which co-localizes with BSG in lipid rafts in
the plasma membrane to form a positive feedback loop amplifying
invasion85,104,109,114,115. High levels of BSG resulted in an increased localization
of CD44 and epidermal growth factor receptor (EGFR) proteins to the cell
surface and specifically to protein rafts compared to BSG low cells21. Addi-
tionally, increasedBSGon the surface ofMCF10Acellswas observedwithout
a corresponding increase in mRNA levels/protein synthesis, indicating that
retention or recycling of the protein may be at play85. CD44, when over-
expressed inmurineBCmodels, has been shown to induce apoptosis, thereby
inhibiting growth, local invasion, and metastasis111.

While the precise roles of MMPs in cancer metastasis are debated due
to their involvement in numerous contradictory pathways, the interactions
between BSG and MMPs are worth examining. BSG has been observed to
mediate the activity and expression of MMP-1, MMP-2, MMP-3, MMP-9,
MMP-14, and MT2-MMP116–118. These proteases are responsible for mod-
ifications of the TME, which promote EMT and are attractive targets for
therapeutic interventions119,120. Research on somatic mutations of TNBC
samples in The Cancer Genome Atlas-Breast Invasive Carcinoma (TCGA-
BRCA) data has shown that MMP9 is significantly upregulated in TNBC
compared to other subtypes in a manner that may explain the proclivity of
TNBC to proceed down EMT pathways and metastasize earlier than other
subtypes121. Martin and colleagues observed that MMP-9 ablation in the
lungs reduced metastasis of BC to the lungs, while MMP-7 deletion did not
produce a similar effect122. This was observed in mice in a manner depen-
dent on their lineage, suggesting there is a genetic component to the effect of
MMP-9 ablation. MMP14, identified as membrane-type-1 matrix metal-
loproteinase (MT1-MMP) also present in the lipid-rafts of invadopodia,
promotes invasion in otherwise non-transformed, non-invasive BC cells123.

Table 2 | Commercial tests for clinical analysis of breast cancer

Test Analytes Detection Method Use References

PAM50 gene panel 50 gene panel Microarray, qRT-PCR BC Prognosis 4 subtypes classification 54,245

Prosigna PAM50 panel Nanostring Array Risk of Recurrence 262

Blueprint 80 gene panel Microarray Selecting chemotherapy or endocrine therapy 263

Oncotype DX 16 prognostic +5 reference genes qRT-PCR Risk of Recurrence 264

MammaPrint 70 genes Microarray Administration of chemotherapy 265,266

qRT-PCR Quantitative real-time polymerase chain reaction, BC breast cancer.
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BSG is amember of the cell membrane protein rafts, and has been shown to
be negatively correlated with caveolin-1, thus reducing BSG-dependent
MMP induction124. Tang and Hemler found that clustering of BSG in
protein rafts was important for effective induction ofMMPs, indicating that
expression levels of BSG alonemay be an insufficient indicator for the effect
of BSG on tumor cell behavior. With the ability to enhance MMP activity,
BSGpromotes tumor invasion andmetastasis, facilitating the establishment
of local expansion and distant metastasis in BC.

BSG-regulated cell proliferation and inflammation
It is interesting to note that when released from the cell membrane, soluble
BSG inhibitsmigration of BC cells, but promotes cellular proliferation125. As
a cell-surface-bound protein, BSG functions as a receptor protein for many
secreted molecules, including peptidylprolyl isomerase A (PPIA), also
known as cyclophilin A or rotamase A (CypA)126. As a pro-inflammatory
cytokine, PPIA stimulates phosphorylation of extracellular kinases, thereby
promoting migration, proliferation, and differentiation of cells127. The
upregulation of PPIA byNAD(P)H quinone dehydrogenase 1 (NQO1) has
been identified as a promoter of BCmetastasis to the lungs via activation of
BSG128. PPIA and BSG are both upregulated in multiple cancers, including
BC, where higher expression levels are correlated with an advanced disease
stage129. Acting via the phosphorylated signal transducer and activator of
transcription 3 (pSTAT3) pathway with PPIA, BSG can induce transfor-
mation of non-stem cells into a cancer stem cell phenotype, promoting
metastasis and therapeutic resistance130. Overexpression of PPIA has been
correlated with poor outcomes for patients, including disease progression
and relapse127.

MCT-4 overexpression has been observed in themetastatic BC cell line
MDA-MB-231131, where silencing of either BSGorMCT4decreased surface
localization of the other and reduced in vivo metastasis. In the BC cell line
MDA-MB-436, inducedBSGexpression increased tumorigenic abilities and
invasion in vivo, while human xenografts of BC in murine models were
observed to generate minimal stromal and inflammatory cell reactions132.
There is emerging evidence that many of the growth factors which promote
tumor growth and metastasis are manufactured by peritumoral fibroblasts,
rather than cancer cells themselves133. These cells, which are part of the
TME, play a significant role in the growth and metastasis of neoplasms. As
such, BSG is a candidate for promoting the proliferation of tumors via the
induction ofMMP synthesis132. Modification of the ECMplays a key role in
facilitating or inhibiting access of immune cells to the TME, likewise inhi-
biting or enablingmigration, differentiation, and cytokine production in an
oncogenic manner134.

BSG-mediated inducing or accessing of vasculature
Vasculature within the TME is essential for the survival and metastasis of
cancer, enabling the delivery of nutrients to cancer cells andmetastasis from
the primary site throughout the body. Experimentally, BSGhas beenproven
to promote angiogenesis via inducing the expression of vascular endothelial
growth factor (VEGF) in bothMMP-dependent and independentmanner135.
BSG expression has been shown to increase angiogenesis in the TME by
stimulating the expression of VEGF and MMPs in tumor cells and the
neighboring stroma136. Additionally, identified as a coreceptor of VEGF
receptor 2 (VEGFR2) in tumor and endothelial cells, BSG enhances VEGF
functions and supports angiogenesis137–139. Soluble BSG expressed by

Fig. 1 | Role of BSG in surpassing the hallmarks of cancer. The Hallmarks of
cancer, first introduced by Hanahan and Weinberg in 200095 and updated in 201194

and 202293 provide a useful way of framing the various roles BSG plays in the
oncogenic environment. Notably, BSG influences non-mutational epigenetic

reprogramming, invasion and metastasis, angiogenesis, cellular energetics, and
phenotypic plasticity. These hallmarks, highlighted amongst the current hallmarks,
form the basis of this review. Created in BioRender. Richard, V. (2025) https://
BioRender.com/8ttjnxe.
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fibroblasts following induction via tumor cell-BSGexpression140 also activates
the PI3K-Akt pathway to produce VEGF in neighboring fibroblasts136.

BSG in the deregulation of cellular energetics
BSGhas beenshown toplay a role in glycolysis innumerous cancers141, a key
pathway for tumor cell energy and proliferation. Supporting the localization
of the monocarboxylate transporter proteins MCT1, MCT3, and MCT4,
BSG facilitates lactate transport across the plasma membrane89,111,142.
Interaction between BSG andMCTs is necessary forMCT trafficking to the
plasma membrane111 and, in some instances, for the proper functioning of
MCTs143. MCT activity is, in turn, essential for the maintenance of a gly-
colytic phenotype, termed the “Warburg effect,” found in most malignant
cancers, emerging as a measure of resistance to therapy31,111. As cancer cells
shift to this glycolytic phenotype, they generate cytotoxic levels of intra-
cellular lactate that are exported by MCTs144,145. The exported lactate can
then be taken up by nearby normal cells and used for oxidative phos-
phorylation (OXPHOS), freeing up glucose for cancer cells to utilize144.
Upregulation of MCTs and BSG in cancers facilitates this “metabolomic
symbiosis” between normal and tumor cells and contribute to an oncogenic
microenvironment, allowing cancer to continue to proliferate144,146–148.

At the leading edge of a tumor, lactate efflux acidifies the TME, which
in turn enhances invasion, metastasis, and drug resistance111. MCT4 and
BSG show strong co-localization and compounding effect on ECM degra-
dation, invasion and metastasis in MDA-MB-231 cells149. Work in the
MDA-MB-231 andMCF-7 cell lines as well as Xenopus oocytes has shown
that the smallmolecule Beta-Galactose 2 C (BGal2C) blocks the interactions
between MCT-1 or MCT-4 and carbonic anhydrase IX (CAIX) by binding
to BSG, thereby inhibiting lactate efflux from the cells150,151. This effect was
onlyobserved inBCcells, andnot inhealthy tissue152.DisruptionofMCT1/4
blocks lactate transport and reduces glycolysis, thereby reducing tumor cell
proliferation [Fig. 2].

BSG unlocks the stemness and phenotypic plasticity of
cancer cells
CSCs are a small subpopulation of tumor cells with the ability to proliferate
extensively and establish malignant lesions153,154. As few as 200 cells with the
CSC phenotype are able to form tumors, whilst 10,000 non-CSC tumor cells

fail to generate tumorswhen injected in immune-suppressedmicemodels154.
CSCs are as heterogeneous as cancer cells themselves, with differentmarkers
used to identify CSCs across different cancer types. The CD44+ /CD24-
population of cells has come under increasing scrutiny for their ability to
resist therapeutic interventions and establish a resurgent, more aggressive
population155,156. In BC, this fraction highlights the cells more likely to go
down the pathway of EMT and metastasis92,157.

In BC, CD44+ expression is consistently cited as a marker of BCSCs,
with some authors going so far as to suggest that it alone is sufficient for
classification of BCSCs158.Ongoingwork to study this subpopulation of cells
currently uses multiple markers, including expression of CD133, CD90,
CD44 with low or no expression of CD24153,159. BSG has been identified in
oral carcinoma as a marker of CSCs90, and the multitude of roles it plays in
the BC TME suggests it may be a valuable marker of BCSCs as well38.
Research into the CD44+ subpopulation of BC cells has revealed that
exposure to chemotherapy can induce non-BCSCs to revert to the BCSC
phenotype, including an overexpression of BSG protein, which promotes
CSC detachment from the ECM in advance of metastasis130. As “master
regulators of gene expression,” numerous microRNAs have also been
identified as BSG regulators, andmay be considered regulators of CSC state
by extension38,160.

MicroRNAs as molecular interactants of BSG
First discovered in C. elegans in 1994 by Lee and colleagues161, microRNAs
have now been identified as “master regulators of gene expression”162. These
small (22–26 nt) transcripts regulate gene expression post-transcription to
control fundamental cellular processes163. The microRNA lin-4 discovered
byLee andcolleagues in 1994 and lethal-7 (let-7)discoveredbyReinhart and
colleagues in 2000 were identified based on their role in embryonic devel-
opment as “heterochronic genes” which temporally regulated gene
expression161,164. The first implication of microRNAs involved in cancer
came from study of chronic lymphocytic leukemia in 2002, where Crocer
and colleagues identified downregulated or deleted miR15a and miR16-1
associated with the disease165. A number ofmiRs termed “oncomiRs”which
promote tumor growth andmetastasis have also been identified in BC166,167.
As studies ofmiRNAs inBChave advanced, it has becomeclear thatmiRNA
profiles are linked to disease state, with studies showing that the removal of

Fig. 2 | Pleiotropic role of BSG in Stages of Breast
Cancer Progression. The multifunctional roles of
BSG in the TME enable tumor growth and pro-
gression to distant metastases by (i) enabling lactate
efflux to promote an acidic environment that inhi-
bits the growth of normal cells and promotes tumor
expansion, (ii) by stimulating VEGF production
BSG promotes the delivery of nutrients to the TME
and the development of vasculature through which
CSCs can metastasize, and (iii) by disrupting tumor
ECM through CD44/MMP production, BSG pro-
motes anchorage-independent growth and EMT
transformation. BSG enriched cells form a popula-
tion of CSCs, which intravasate blood vessels, cir-
culate, and extravasate to a distance site. Created in
BioRender. Richard, V. (2025) https://BioRender.
com/5gpaf4a.
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malignant lesions reverts expression profiles of miRs in circulation and in
the TME to a precancerous profile168. Developing clear miRNA expression
profiles that relate to disease state and elucidating the relationship between
dysregulated miRs and their interactants holds significant promise for
diagnosing and treating cancers in general and BC specifically.

MicroRNA let-7b has been identified as a prognostic marker in
ovarian169 and BC170, and has been proposed as a regulator of BSG170,171. The
let-7 family has been identified as a tumor-suppressor that inhibits BC
migration and metastasis172. In BC, miR-22 has been shown to play a reg-
ulatory role in BSG expression46. Xu and colleagues identified miR-22 as a
senescence inducer in fibroblasts and observed a decrease in miR-22
expression in epithelial and BC cell lines47. Restoration of miR-22 in these
cells facilitated a change to a senescent state in breast and cervical cancer
cells47. Others reported that miR-22 was able to bind to Sp1, which is a
transcriptional enhancer of BSG46. Kong and colleagues also observed the
binding of miR-22 and Sp1 directly to BSGmRNA, thus inhibiting protein
expression both in a direct and indirect manner46, shown in [Fig. 3]. Both

groups report that miR-22 inhibited invasion, metastasis, and proliferation
via targeting BSG46,47. Kong and colleagues found that downregulatedmiR-
22 levels also correlated with increased tumor size, nodal involvement, and
metastasis (TNM) in patients as well46. Zhang, Chen, and Ding found a
similar association in cervical cancer, where low miR-22 expression was
correlated with increased TNM while being negatively correlated with five
year and overall survival173. Conversely, Pandley and colleagues have shown
that the silencing of Tat-interactive protein 60 kDa (TIP-60), a lysine acetyl-
transferase, upregulated the expression of miR-22 to suppress EMT and
disease progression in BC174. The authors suggest that miR-22 and TIP-60,
when taken together, may serve as effective prognostic for BC [Fig. 3].

An enrichment of miR-22 in MCF-7 BC cells repressed glucose
metabolism and suggested that restoration of miR-22 in BC may be an
effective treatment modality175. While the authors do not specify the role
BSG plays in this circumstance, their focus was on genes specifically
involved in glucose metabolism175. Given the role BSG plays in MCT
localization and the glycolytic phenotype, future research is likely to further

Fig. 3 | microRNAs Inhibit BSG-mediated Breast Cancer Metastasis. When
uninhibited (a), the transcription and translation of BSG facilitates remodeling of the
ECM via enhanced lactate efflux caused by MCTs, CD44-mediated hyaluronan
synthesis, and MMP-modulated TME, enabling EMT and metastasis. Interruption
of BSG transcription (b) by miR-22 (green color) – via competitive binding to

transcriptional promoter Sp1 or translational inhibition (c) when miR-22 or miR-
890 (red color) – bind to BSGmRNA interrupt BSG-mediated BC progression. Both
miRs have been identified as onco-suppressors and are downregulated in breast
cancer. Created in BioRender. Richard, V. (2025) https://BioRender.com/3pvuezw
and https://BioRender.com/n95jnw5.
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establish their interactionas akeypro-tumorpathway.Wangandcolleagues
have reported that miR-890 also binds to the 3’-UTR of BSG, inhibiting
disease progression in TNBC45 (Fig. 3c).

While used to treat RheumatoidArthritis (RA), Tocilizumab – an anti-
IL6 monoclonal antibody – has been effective at decreasing angiogenesis
and the level of circulating soluble form of BSG while increasing hsa-miR-
146a-5p and hsa-miR-150-5p in RA patients176. Further work treating
endothelial cells with a miR-146a mimic reduced the secretions of BSG,
VEGF, and MMP9176. Authors identified a potential mechanistic relation-
ship in epithelial cells where BSG secretion was increased and miR-146a
levels decreased when NF-Κβ or JAK/STAT pathways were inhibited176.
Zisman and colleagues further support the regulatory role of miR-146a on
BSG,finding that JAK/STAT inhibitiondecreasedBSG secretedprotein, but
didnot affectBSGmRNA; rather,miR-146a levels increased to inhibitBSG177.
In their most recent work in RA models and patient sera, Zisman and col-
leagues determined that BSG is able to perform dual functions of increasing
the angiogenic factors and decreasing anti-angiogenic factors, specifically
endostatin and proteasome 20S, viaMMP9178.While these experiments were
not performed in BC cells or patients, the interaction is worth further
research. There are a handful of miRs acting as promising candidate bio-
markers for detection and targeted therapeutics in breast cancer, meriting
further investigation. A pan-BC study of BSG and regulating miRNA
expression levels needs to be conducted and presents an interesting aspect for
future investigation.

The clinical potential of BSG
Prognostic implications in BC
There is evidence to support a prognostic role for BSG in multiple cancers,
suchasBC84, pancreatic cancer179, primary cutaneousmalignantmelanoma180,
and liver cancer181, where studies have even identified specific isoforms of
the protein with increasing prognostic value182. Meta analyses support the
findings that BSGoverexpression has poor prognostic implications141,183–185

and predicts patient response to therapies186. Given a cyclical interaction
between BSG, CD44, and hyaluronan, the overexpression of BSG may be
indicative of malignancy in cancer and resistance to therapies111. Shi and
colleagues found an increased expression of BSG in tumor tissue compared
to normal tissue. Xin, Zeng et al. highlighted that resistance to both
radiation and chemotherapy can be predicted based on high BSG levels186.
Resistance and disease progression may be influenced by the aforemen-
tioned ability of BSG to induce stemness innon-stemcells in BC130. Lui, Xu,
and colleagues noted that enhancedmRNAexpression levels of BSG in BC
are specifically related to tumor recurrence, metastasis, and patient
survival84. In TNBC, high BSG expression correlated with advanced TNM,
elevated Ki-67 levels, and positive p53 expression141, which in turn, indi-
cated poor prognosis in TNBC patients187. In TNBC, high expression of
hypoxia-inducible factor-1alpha (HIF-1α) and BSG also allied with high
Ki67 levels, histological grade, and lymph node involvement188 proving
valuable for both prognostic and diagnostic use.

Given that BSG is able to promote anchorage-independent growth, a
key characteristic of malignant cancer cells100 the expression levels of BSG
may be able to predict the aggressive level of tumors when enrichedwith the
protein. BSG protein is expressed on the cell surface and in extracellular
vesicles (EVs) secreted throughout the human body21,189–192. BSG has been
identified as amarker of (1) EVs secreted specifically by cancer cells, and (2)
cancer cell EVs rich in miRNAs193. EVs protect the cargo – miRNAs – in
circulation194 and cancer cell EVs are likely to be more reflective of the
oncogenic phenotype than other cell-free sources of nucleic acids80,195,196.
Isolating a sub-population of circulating EVs originating fromcancer cells is
a key area of interest in cancer research because these vesicles offer targeted
snapshots of the TME, enhancing the specificity and sensitivity of liquid
biopsy100. Yoshioka and colleagues developed a protocol to isolate extra-
cellular vesicles (EVs) expressing BSG/CD9 from the serum of colorectal
cancer patients without prior purification197. This technique combined with
the findings of Ko and colleagues193, who identified BSG-positive EVs as
enriched with tumor miRs, may present a highly specific avenue for

biomarker investigation. BSG has time and again been shown to correlate
with breast cancer progression198. While numerous studies have been con-
ducted to identify miRs as biomarkers in cancers199, translation to the clinic
has been challenging, due in part to variation in sample preprocessing200.
The ability to isolate breast cancer cell-derived EVs, which protect breast
cancer-specific miR contents from degradation while in circulation, may
enable future clinical translation of sensitive diagnostic and prognostic tests.

Therapeutic interventions in breast cancer- antibody-drug
conjugates (ADC)
Neither surgery, radiotherapy, nor chemotherapy can be described as a
precise intervention; each removes or kills off collateral healthy cells in the
vicinity and can cause severe, off-target affects which debilitate cancer
patients201. Hormone therapy likewise falls short of targeted intervention in
many cases: from 2015 to 2019, approximately 15% of new breast cancer
diagnoses in US womenwere negative for one of the two hormonemarkers
used to target therapy202. Thus, new andmore personalizedmethods of drug
interventions are necessary. Inhibition of BSG production in vitro and
in vivo has seen promise for the treatment of hepatocellular carcinoma and
may be applicable in the treatment of breast cancer203. Further, Li, Xu, and
colleagues have noted that BSG expression is significantly upregulated in
breast cancer compared to sarcomas and matched breast tissue samples
enrichedwithnormal epithelium84. BSGcomes in formswithdiffering levels
of glycosylation, which correlate with the ability to induce MMP produc-
tion. The oncogenic membrane protein caveolin-1 has been shown to
selectively associate with the highly-glycosylated form of BSG, which is
responsible for MMP induction, and inhibit this activity124,204,205. The asso-
ciation between BSG, MCTs, MMPs, and CD276, for example, presents an
avenue for highly specific targeting to the TME181,206. Given the numerous
studies that find a role for BSG in EMT and metastasis92, BSG may be even
better suited for an ADC target than other candidates, as it can be a marker
of aggressive carcinomas. Enrichment of BSG within the TME has already
led to the development of BSG-mediated therapies.

Combining the precision of monoclonal-antibody-directed targeting
and the therapeutic efficacy of a range of treatments, antibody-drug con-
jugates (ADCs) are the next big thing in cancer therapies. These “magic
bullets” as some have described them are guided to target sites by tumor-
specific antigens201,207. Target antigen selection is one of the key parameters
when designing a new ADC: the antigen target can inform the method of
drug delivery (endocytosis) and should ensure that tumor cells and those in
the nearby pro-oncogenic microenvironment receive the cytotoxic
payload201. The target antigen should also be a surface protein to enable
recognition of the site by the ADC. Additionally, ADCs can be developed
with specific drug to antigen ratios (DARs) which allow for precise dosing
and improve therapeutic safety201. While targeting of the cancer cells
themselves is ideal, ADCs that disrupt the pro-oncogenic TME also hold
clinical potential207. Given that the cells in the TME have a more stable
genome, the chance of themdeveloping therapy resistance is lower than that
of tumor cells208. Proteins such as HER2 in breast cancer, CD20 in B cell
lymphoma, andNectin-4 in urothelial cancer have proven viable targets for
the delivery of a cytotoxic payload207. In the initial development of ADCs,
antibodies were synthesized using murine hybridomas; however, these
monoclonal antibodies (mAbs) were highly immunogenic209. As recombi-
nant DNA technology advanced, mAbs were then synthesized in chimeric
forms and then in fully human forms, building the base of most ADCs
available on the market today207,209. Improved ADCs integrate traditional
small-molecule drugs, multiple pharmacological agents, statin and kinase
inhibitor-based enhancers have opened new avenues in targeted
therapeutics207,210.

In hepatocellular carcinoma (HCC)—where the majority of transla-
tional research on the protein to date has occurred—BSG has proven a
valuable target for therapeutic applications211,212. The approval of Metux-
imab (Licartinbrandname), a 131-I/anti-CD147conjugate213, has beenused
as an effective treatment in HCC since the early 2000s214. The mAb target,
HAb18G, has been mapped to specific residues of BSG—
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39LTCSLNDSATEV50—which are part of domain B of the extracellular
portion of BSG215,216. While soluble BSG has been observed in multiple
cancers, it appears that the highly glycosylated form of BSG is present in
circulation204, and Hab18G binds to a portion of BSG, which becomes
glycosylated216. This explains the selectivity ofMetuximab for the tumor site,
rather than interactingwith circulatingBSG.Despite the dramatic success of
BSG-targeted therapy in HCC217, investigation into potential therapeutic
approaches in breast cancer is sparse.Ma and colleagues described the use of
Iodide 124 labeled anti-CD147 antibody for tumor detection in colon,
pharyngeal squamous, prostate, and pancreatic cancer models in vivo218.
Bispecific antibodies that target two moieties have seen early success in
improving lysosomal localization of a HER2-targetting ADC via CD63
targeting219, which may prove to be the first in a new line of multi-target
ADCstudies. Likewise, dual drugADCshave beenmore effective in treating
heterogenous breast cancer tumors than dual administration of two indi-
vidual drugswhen studies in amurinemodel220. As a surface antigen, BSG is
a prime target for future development of Antibody-Drug Con-
jugates (ADCs).

The future of BSG in personalized cancer research
Leveraging the interplay between BSG and hyaluronan-promoting therapy
resistance111, inhibition of BSG may improve patient response to current
interventions. Interrupting the cycle of BSG/CD44/hyaluronan feedback
mayprovide an avenue to reinvigorate the therapeutic response, providing a
potential method for recovery of cells that have initiated progression down
the CD44-hylauronan escape pathway of receptor-oriented therapeutic
evasion221. Targeting of CD44 via BSG in breast cancer cells may be an
effectiveway to attenuate the efflux of lactate frombreast cancer cells, which
promotes TME acidosis and therapy resistance104. Treatment with anti-
hyaluronan oligomers is an effectivemethod for the internalization ofCD44
and dissociation of MCT1 and MCT4 from the surface of breast cancer
cells104. This may also be a method for re-sensitization of therapy resistant
breast cancer110. Targeting of CD44 has already seen some promise in
clinical trials in skin, colon, and solid cancers109, though emergence of
unacceptable toxicity caused at least one trial to be discontinued. CD44 has
been identified as a possibleCSCmarker, with evidence in breast cancer that
as fewas 100CD44+patient cells are able to form tumors inmice,while tens
of thousands of cells lacking this phenotype failed to produce similar
results154,222,223. Inhibition of CD44 has already increased trastuzumab effi-
cacy in vitro and in vivo by improving binding of trastuzumab to HER2224.
CD44 has been regarded as a marker of stem-cell phenotypes in cancer,
correlating with reduced survival rates in TNBC patients121,187,225. Improved
targeting of tumor cells directed by BSG expressionmay re-enable research
into the failed anti-CD44 mAb drug scenario.

The case of targeting BSG-mediated interactions
Aspreviously reported, BSG/MCTcomplexes canbe found in breast cancer,
specifically in tumor cells in distinct patters compared to normal cells150,152.
The pivotal role they play in lactate transport and cell proliferation makes
them interesting targets for therapeutic interventions226. BSG targeted
therapies have been proposed for leukemia227, andmay have applications in
breast cancer as well. Expression of MCTs is significantly upregulated in
breast cancer147, disruption of which leads to cytotoxic levels of lactate and
H+ . Combined with impeding the regeneration of NAD+ to inhibit ATP
regeneration, interruption of MCT activity may present an avenue for
cancer intervention145,228,229. Targeting MCT disruptors to the TME by
conjugating them to BSG would improve the specificity of these drugs.
Research into MCT interactants such as β1-integrin has shown that
MCT4 specifically is involved in cell migration and disruption of MCT4
trafficking to the cell membrane may halt the metastases of cancer cells as
well230. Recent research has revealed that miR-342-3p is able to modulate
MCT1 expression and is downregulated in TNBC231. Delivery of miRNA-
mimics or exogenousmiR-342-3p toTNBC tumorsmay be able to abrogate
elevated MCT levels. RNA interference (RNAi) of BSG has been found to
inhibit invasion andmetastasis in breast cancer in vitro232. NumerousmiRs,

as outlined previously, regulate BSG expression and may be candidates for
miRNA-mediated therapies233. Some have argued that any approaches for
targeting BSG to inhibit functionality should disrupt protein-protein
interfaces with peptides or monoclonal antibodies instead of small mole-
cules, due to the large binding surface area of the protein137.

Barriers to BSG-mediated therapies
While ADCs improve on the tumor targeting potentials of earlier ther-
apeutics, off-site effects still occur and necessitate monitoring for severe
adverse events. In the case of HER2-targeted therapies for breast cancer,
interstitial lung disease (ILD, pneumonitis) has been reported in some
patients234,235.While high-grade events were rare (0.7% for grade 3+ among
9886 patients), widespread use of the therapy may lead to more common
occurrences. Hackshaw and colleagues did identify that patterns of inci-
dencewherein combination therapies–patients treatedwith trastuzumab in
combination with everolimus and paclitaxel – saw the highest incidence of
ILD234.

Though ADCs show great promise, the administration routes are
hamperedbecause they rely on surface antigens for endocytosis andpayload
delivery. To be effective, ADCsmust circulate from the site of their injection
(usually intravenous) to the tumor vasculature, permeate through the
vesicular membrane, and bind with the surface antigen target236. ADCs are
notably hampered by limited penetration into the tumor mass, restricting
the efficacy of these potential “TrojanHorses”237,238. Often hampered by size,
some studies have found that less than 1% of ADCs reach the target site in
the tumor239. Increasing the permeability of tumor vasculature and ADC
persistence may overcome this barrier240 and some research has suggested
that ADCs can be viable therapies even without internalization by dis-
rupting the TME241. Like traditional therapies, ADC interventions can fail
due to evolved drug resistance in tumors – either by mutations of the drug
target, or mutations to the antigen targeted by the ADC207,242,243.

Concluding remarks
Initial categorization of breast cancer relied on clinical-pathological data244;
the start of the millennium saw widespread adoption of the use of bio-
markers in the form of antigens on the surface of tumor cells to detect the
disease via histological analysis49,245. Traditional markers for breast cancer
diagnosis include the estrogen and progesterone hormone receptors and the
HER2 protein. These markers were attractive because they were easy to
detect using establishedmethodologies of IHC and FISH, and are relatively
easy to perform246. While these techniques are less precise than quantifi-
cation of nucleic acids, such as PCRandnext-generation sequencing (NGS),
they do exemplify features to seek out when identifying new biomarkers.

BSG, as a transmembrane protein, has the potential to play a role in the
next generation of breast cancer markers. BSG has been shown to have
prognostic implications32,141,182,247,248 and its role in cancer stemcellsmakes it a
particularly attractive target61,130,153,155,158,177,206,222,249. The complex interactions
between BSG and MMPs, MCTs, and the TME suggest there are numerous
ways BSG-targeted interventions may be effective84,86,129189,212–214,218,250: in the
form of ADCs, BSG-targetedmiR delivery, or disruptions to the BSG/CD44/
hyaluronan axis113. Despite this promise, BSG-BC therapies have not yet been
introduced to the clinical research scene.

MicroRNAs have seen increasing interest as potential vectors for
therapeutic application. While there has been significant work to identify
miRs aberrantly expressed in each subtype of breast cancer160,168,251, a con-
sensus has not yet been reached on clear expression profiles. There a fre-
quent conflicting reports of expression levels of specific miRNAs in cancer,
which is compounded by numerous miRNAs playing roles in both healthy
and disease states, oftenwithminuscule differences in expression levels252. It
is unlikely that a singlemiRNAwill be sufficiently informative todefinitively
diagnose any disease253. Additional challenges come in the form of detecting
sufficient quantities of microRNAs in circulation, compounded by irregu-
larities in collection, storage, and isolation techniques254–259. CTCs are a sign
of metastatic cancer, but are often difficult or impossible to detect at early
stages69. While research in these areas is promising, further work is still
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needed to improve on the current status quo in breast cancer diagnosis and
monitoring. While the molecular profile of each breast cancer subtype will
vary from individual to individual (inter-tumoral heterogeneity) and even
varies between tumor cells within lesions (intra-tumoral heterogeneity),
breast cancer by its very nature is a disease of excessive cell growth. As such,
cell-surface proteins, growth factors, and microRNAs which promote cell
growthormodificationof thenaïve environment arekey in theperpetuation
of these malignant lesions.
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