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Abstract

Breast cancer (BC) bone metastasis is primarily osteolytic and has limited therapeutic options. Metastasized BC cells prime
the secondary environment in bone by forming a tumor niche, which favors their homing and colonization. The tumor micro-
environment (TME) is primarily generated by the cancer cells. Bone TME is an intricate network of multiple cells, including
altered bone, tumor, stromal, and immune cells. Recent findings highlight the significance of small non-coding microRNAs
(miRNAs) in influencing TME during tumor metastasis. MiRNAs from TME-resident cells facilitate the interaction between
the tumor and its microenvironment, thereby regulating the biological processes of tumors. These miRNAs can serve as
oncogenes or tumor suppressors. Hence, both miRNA inhibitors and mimics are extensively utilized in pre-clinical trials for
modulating the phenotypes of tumor cells and associated stromal cells. This review briefly summarizes the recent develop-
ments on the functional role of miRNAs secreted directly or indirectly from the TME-resident cells in facilitating tumor
growth, progression, and metastasis. This information would be beneficial in developing novel targeted therapies for BC.
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Abbreviations cascade involving several cell types, and its prevention
BC Breast cancer remains strenuous. The distant metastatic spread of BC,
BME Bone microenvironment which renders it incurable, to the bones, followed by the
TME Tumor microenvironment lung, liver, and brain, is chiefly responsible for the disease’s
TAM Tumor-associated macrophages associated mortality [2]. Nearly, 70% of BC cells metasta-
TNF-a Tumor necrosis factor-alpha size to bones, and reports suggested that the estrogen recep-
ECM Extracellular matrix tor positive (ER*) BC cells show a specific preference for
EMT Epithelial mesenchymal transition bones. Estrogen was observed to modulate the bone micro-
CTC Circulating tumor cell environment (BME), which favors the homing and coloni-

IL Interleukin
CAF Cancer-associated fibroblast
MARCKS Mpyristoylated alanine-rich C-kinase substrate

zation of the metastasized BC cells [3]. Bone metastasis is
increasingly reported in metastatic BC patients, adversely
affecting their survival and quality of life. BC bone metas-
tasis occurs as a result of increased osteoclastic resorption,
leading to degradation of bone. In metastatic disease, the

Introduction

Breast cancer (BC) remains the predominantly diagnosed
cancer and the second most cause of mortality among
women worldwide [1]. Breast carcinogenesis is a multi-step

P< N. Selvamurugan
selvamun @srmist.edu.in

Department of Biotechnology, School of Bioengineering,

SRM Institute of Science and Technology,
Kattankulathur 603 103, Tamil Nadu, India

@ Springer

clinical management of bone metastases is still crucial [4].

The tumor microenvironment (TME) of a developing
tumor is an integrated system composed of proliferating can-
cer cells, tumor stroma, infiltrating immune cells, blood ves-
sels, and several host tissue-associated cells. The emerging
TME is a distinct and developing entity that arises during
tumor development [5]. The interactions of the cancer cells
with the cellular and non-cellular constituents of the TME
are essential to promote tumor heterogeneity, drug resist-
ance, clonal evolution, etc., and result in cancer progression
and subsequent metastasis. Tumor cells in the TME facilitate
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the cellular interactions and hijack the non-malignant cells,
thereby pressuring the stromal cells to lose their character-
istic function and acquire tumor-promoting phenotypes [6].
For instance, tumor-associated macrophages (TAMs) are
generally derived from the precursor cells recruited by the
cancer cells via releasing chemokines such as CCL-2 and
CCL-5 and cytokines like CSF-1 [7, 8]. These TAMs secrete
factors, including transforming growth factor-beta (TGF-f),
tumor necrosis factor-alpha (TNF-«), and vascular endothe-
lial growth factor (VEGF), which aid in the recruitment of
macrophages and tumor cells into the target site and pro-
mote the formation of a metastatic niche. Thus, in addition
to influencing the TME, TAMs also affect the macrophages
of the whole body and facilitate tumor progression [9].

Upon reaching the bone, disseminated BC cells undergo
dormancy initially but eventually grow and confiscate the
BME. Evidence suggested that BC cells, once they enter
BME escape immune surveillance using chemokine recep-
tors like CXCR4 and lodge to specific niches in the bone
marrow rich in respective ligands (CXCL12) [10]. These
tumor cells then secrete multiple factors and severely modify
the BME resulting in the formation of metastatic lesions,
which perturbs the delicate balance and dynamics of the
BME. Various cells in the BME, including osteoclasts, oste-
oblasts, osteocytes, adipocytes, and nerve cells, are reported
to critically regulate the bone metastasis of BC cells via
facilitating the crosstalk between metastatic BC cells and
BME [11]. While the role of osteoclasts in establishing
osteolytic lesions is well established, the involvement of
osteoblasts in bone metastasis has been increasingly inves-
tigated in recent times. Reports suggested the presence of a
subpopulation of osteoblasts in the BME that was immensely
altered by metastatic BC cells and exhibited altered func-
tional characteristics. The tumor "educated" osteoblasts do
not differentiate but they secrete cytokines that aid in tumor
cell maintenance, thus demonstrating a diverted role from
their regular function of new matrix deposition [12]. There-
fore, understanding the crucial role of the cellular and non-
cellular constituents of the BME in driving bone metastasis
remains critical in developing better therapeutics to treat
tumor-induced bone diseases [13].

Non-coding RNAs (ncRNAs) constitute a significant seg-
ment of the human genome (~97%) and have been exten-
sively reported to regulate both physiology and pathology
[14]. Increasing evidence emphasizes the biological impor-
tance of ncRNAs in regulating multiple steps involved in
cancer pathogenesis. Studies postulated an association
between the activity of ncRNAs and the dysregulation of
several genes involved in BC pathogenesis. Further, many
ncRNAs were also abnormally expressed in BC cells and
tissues, which were identified to promote proliferation,
extracellular matrix (ECM) degradation, and increased epi-
thelial to mesenchymal transition (EMT) [15]. In general,

the ncRNAs are classified into short (19-24 nucleotides) and
long ncRNAs (> 200 nucleotides). Among these, miRNAs
and IncRNAs are extensively reported in BC [16, 17]. Mul-
tiple findings suggested that miRNAs serve as critical regu-
lators of intra- and intercellular signaling in BC and could
modulate cells’ proliferation, apoptosis, invasion, migration,
etc. [18]. Specifically, in TME, miRNAs were identified to
mediate the crosstalk between the cancer cells and the TME
components, thereby influencing tumor growth and progres-
sion. These ncRNAs were packed in exosomes and released
in the TME, via which they were identified to mediate the
communication between the cancer cells and other cells in
the TME [19]. In this review, we have emphasized the vital
role of TME and its cellular components in mediating bone
metastasis of BC. Further, the functional significance of
secreted miRNAs in regulating the tumor and its TME dur-
ing BC bone metastasis is discussed, which might reveal the
therapeutic potential of these miRNAs.

Role of tumor microenvironment (TME)
in regulating bone metastatic breast cancer

The process of bone metastasis is a systematic multi-step
cascade involving bone marrow colonization, dormancy/sur-
vival of circulating tumor cells (CTCs) in niches, and reac-
tivation and development of the dormant cells into prolifer-
ating aggressive metastases. Owing to the challenges these
cells encounter, tumor growth efficiency at the secondary
site is less efficient compared to the primary site [20]. The
CTCs initially undergo dormancy and house in the vascular
and endosteal niches in the bone marrow, which offers a sup-
portive environment for their survival. These dormant cells
then get activated years later, and proliferate and modify
the functions of the bone cells, thereby promoting skeletal
destruction [21]. Bone provides a suitable soil for the CTCs
(seeds) as it serves as a reservoir of soluble factors, includ-
ing interleukins (ILs), calcium (Ca*"), and TGF-p owing to
its potential to undergo continuous remodeling throughout
life. Further, low pH, increased extracellular calcium con-
centration, and hypoxia aid in the engraftment of the tumor
and its subsequent growth in the bones [22].

The tumor stroma in bone is a complex network com-
prised of cellular elements such as endothelial cells, bone
cells (osteoblasts, osteocytes, osteoclasts, etc.), other stromal
cells (fibroblasts, adipocytes), blood and lymphatic vessels,
immune cells, and cancer-associated fibroblasts (CAFs), and
non-cellular elements such as extracellular matrix (ECM),
etc. [23, 24]. Increasing evidence suggested that the tumors
comprise tumor parenchyma and supporting stroma, and the
crosstalk between these distinct but reciprocal components
was found to support tumor growth. Findings from multi-
ple investigations demonstrated that the stromal cells in the
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TME play critical roles in the initiation, progression, and
metastasis of tumors. Especially in BC, CAFs are the most
abundant cell type in tumor stroma [25, 26]. These CAFs
are reported to produce several soluble factors, including
growth factors and cytokines, and alter the associated tumor
stroma, promoting tumor growth and invasion. For instance,
a study using xenograft models revealed that the CAFs
from the primary human BCs could significantly encour-
age tumor growth and angiogenesis [27]. Interestingly, the
composition and expression of the ECM components were
identified to differ among different molecular subtypes of
BC [28]. For example, triple negative BC (TNBC) and,
to some extent, Her2 tumors exhibited increased collagen
deposition and promoted CAF invasion [29]. Tumor-asso-
ciated macrophages (TAMs) represent a subset of tumor-
induced differentiated myeloid cells that reside within the
TME [30]. The tumor cells in the TME secrete cytokines
and drive an altered function of these TAMs, exhibiting
anti-inflammatory and tumorigenic properties, and hence
TAMs predominantly function in TME remodeling [31,
32]. Tumor-associated endothelial cells (TAEs) present in
the TME exhibited a pro-angiogenic nature that is greatly
influenced by the hedgehog signaling [33]. The TAEs were
reported to regulate neutrophil infiltration, stem cell renewal,
drug resistance, invasion, and metastasis, thereby mediating
tumor progression and metastasis [34].

Tumor-associated osteoblasts and osteoclasts are the pri-
mary regulatory agents of TME in the metastasized bone.
Generally, bone metastatic BC patients develop lesions in
the bone that are osteoblastic, osteolytic, or a mix of both.
Most of the lesions reported are osteolytic, where bone

Fig.1 Composition of breast
TME in metastasized bone.
Breast TME is a complex
system comprising BC cells,
immune cells, stromal cells,
tumor altered bone-resident
cells and secreted factors. CAF:
Cancer-associated fibroblasts;
TAM: Tumor-associated
macrophage; TAE: Tumor-asso-
ciated endothelial cell; TAOB:
Tumor-associated osteoblast;
TAOC: Tumor-associated osteo-
clast; TADC: Tumor-associated
dendritic cell; Treg: Regulatory
T cell; PMN: Polymorpho-
nuclear neutrophil; MDSC:
Myeloid-derived suppressor cell .

Breast cancer
microenvironment
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resorption is higher than bone formation [35]. Though the
precise mechanism behind the osteoblastic lesion remains
obscure, Runx2 was reported to pose a critical factor in
regulating this event [36]. Studies demonstrate that meta-
static BC cells educate a subset of osteoblasts in the BME
and modify their characteristics in the advanced stages of
the disease. Further, these tumors “educated” osteoblasts
(EOs) were observed to secrete a definitive set of cytokines,
including VEGF, MCP-1, GRO-q, IL-8, and IL-6, which aid
in the colonization of metastatic BC cells at late stages of
the malignancy [12, 37, 38]. Further, recent research sug-
gested that these EOs affect the development of osteoclasts
in the metastatic niche, resulting in reduced pre-osteoclast
fusion and bone resorption during bone metastasis of BC
[12]. In contrast to osteoblasts, the role of osteoclasts in
regulating TME during BC bone metastasis is well investi-
gated. The osteoclasts mediate the formation of osteolytic
lesions in response to multiple osteoclastogenic factors (IL-
1, IL-6, IL-11, PDGF, MIP1a, RANKL, TNF, PTHrP, and
M-CSF) secreted by the tumor cells. These factors induce
the growth of metastatic BC in the bone and establish the
heinous cycle of tumor adhesion and proliferation followed
by skeletal destruction [39]. Figure 1 illustrates the immune
cells present in the breast microenvironment.

Apart from the above discussed, myeloid-derived sup-
pressor cells (MDSCs), tumor-associated dendritic cells
(TADCs), tumor-associated neutrophils (TANs), and regu-
latory T cells (Tregs) are also reported to regulate the BC
pathogenesis and bone metastasis [40]. Table 1 details the
list of stromal cells in the breast TME and their respective
functions in regulating TME.
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Table 1 Stromal cells and their functions in regulating TME

No Stromal cells Functions References

1 Cancer-associated fibroblasts (CAFs) Aided in ECM remodeling, thereby facilitated the growth and invasion of BC [41-43]
cells

2 Tumor-associated macrophages (TAMs) Exhibited the antitumor and anti-inflammatory activities in response to the [30-33, 44]
secreted cytokines; Cross-talked with tumor cells and immune cells; and
induced EMT via JAK2/STAT3/miR-506-3p/FoxQ1 axis

3 Tumor-associated endothelial cells (TAEs) Formed tumor vasculature and stimulated invasion, metastasis, and drug resist- [33, 34]
ance

Tumor-associated osteoblasts and osteoclasts Secreted growth factors and cytokines and promoted metastatic nature of BC [12, 37-39]

5  Myeloid-derived suppressor cells (MDSCs)  Suppressed antitumor activity, facilitated infiltration and IL-6 secretion, and [45-47]
promoted metastasis; via aiding in quick differentiation of TAMs

6  Tumor-associated dendritic cells (TADCs)  Interfered with activation of NK cells via blocking relevant signaling pathways  [48]
or receptors and reduced antitumor response

7  Tumor-associated neutrophils (TANs) Promoted tumor growth, invasion, and metastasis by favoring proteolysis of [49]
ECM

8  Regulatory T cells (Tregs) Decreased T cell immune response to tumor-associated antigens; Supported [50, 51]

tumor progression by expressing increased levels of immune checkpoint

molecules

Role of miRNAs secreted by TME-resident
cells in regulating BC bone metastasis

The bone microenvironment (BME) is a fertile reservoir
of growth and signaling factors, making it an ideal site for
the metastasis of many solid tumors, including BC. Bone
offers a niche to the metastasized BC cells, where they stay
dormant and escape from the administered chemotherapeu-
tic regiments. The BME is not inactive but instead attracts
and responds to the infiltrating tumor cells [52]. The suc-
cessful colonization and progression of BC cells in bone
rely on the interaction between the metastasized cells and
the resident cells in the bone TME, which forms a vicious
cycle. Besides the interaction between these cells via direct
cell—cell contacts, cytokines such as TGF-p, VEGF, ILs, and
PTHrP were also identified to mediate cell-cell communica-
tion, thus playing a crucial role in establishing a more robust
network and regulate pathology [53]. NcRNA comprise a
large class of regulatory molecules that are identified to
regulate the multiple-step pathogenesis cascade in human
cancers, including BC. Regulatory ncRNAs are further
classified into short and long ncRNAs and are expressed in
a cell-specific and tissue-specific manner [54]. Increasing
evidence suggested that these ncRNAs mediate intracellular
and intercellular signaling during pathology [55]. Though
miRNAs (short ncRNAs) constitute only a tiny fraction of
the total ncRNAs, most ncRNA research has focused on
miRNAs [14]. MiRNAs are small ncRNAs well studied
for their post-transcriptional regulation of target mRNAs.
Dysregulation of miRNA expression results in altered tar-
get gene expression, which was observed to contribute to
the evolution of cancer phenotypes. Numerous studies have
reported dysregulated miRNA expression as a hallmark of

human malignancies, including cancers [56]. Many miRNAs
regulate breast carcinogenesis by directing autophagy, apop-
tosis, EMT, therapeutic resistance, etc. [57]. For instance,
miRNAs including let-7, miR-21, miR-155-5p, miR-128,
miR-200 family, miR-326, and miR-451 were identified to
modulate the response of BC cells to chemotherapy [58].
As discussed above, several host cells in the TME of bone
including osteoblasts, osteoclasts, CAFs, and TAMs [24]
influence the process of colonization and progression of
metastasized BC cells in bone. Apart from directly regu-
lating BC cells, miRNAs affect the cells in the TME and
indirectly aid in tumor establishment at the secondary site. In
the following section, we have discussed the regulatory role
of miRNAs in influencing the resident cells in TME during
bone metastasis of BC.

Bone marrow stroma-secreted miRNAs and bone
metastasis of BC

Bone marrow serves as a reservoir for the sustained pro-
duction of almost all blood cell lineages throughout an
individual’s life. Bone marrow stroma primarily comprises
hematopoietic and non-hematopoietic cells, including mes-
enchymal, neural, and endothelial cells. Together, bone mar-
row stroma has two principal functions; first participates
in bone metabolism and remodeling, and second, in varied
stages of blood cell development and generation, thus posing
as the master regulator [59]. Besides the direct regulation,
miRNAs expressed by the host cells in the TME might influ-
ence bone metastasis via the transfer of these miRNAs to
BC cells. These miRNAs were observed to be delivered to
the BC cells via exosomal or gap junction-mediated trans-
fer. Specifically, the gap junction-mediated exchange of
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miRNAs between the bone marrow stroma and BC cells was
observed to be a critical factor that contributes to the tumor
cell dormancy via conferring dormant phenotypes in the
bone marrow [60]. Figure 2 depicts the miRNA-mediated
interaction between the BC stromal cells and their influence
on BC bone metastasis. For instance, a study reported trans-
ferring miR-130a and miR-206 from bone marrow stroma to
BC cells via gap junctions. These miRNAs were observed to
target Tacl mRNA (Tachykinin) and other cytokines in BC

cells. The expression of the TAC1 gene has been linked with
stress and was observed to facilitate the entry of BC cells
into bone marrow and promote BC proliferation. Thus, these
findings suggested the tumor suppressor role of miR-130a
and miR-206 in bone marrow stroma by preventing the entry
of BC cells [61-63].

Similarly, another study identified that CXCL12-targeting
miRNAs, including miR-223, miR-222, miR-197, and miR-
127, were transported to BC cells from bone marrow stroma

VEntry of BC cells
into BM stroma

VBC Proliferation

(A) miR-127, miR-130a, miR-197, miR-
206, miR-222, miR-223
BM stromal cells Metastatic BC
cells
(B) TS Ty miR-23b, miR-127,

-(-& i%“ ‘ miR-222, miR-223

BM stromal cells

miR-34a

h-

Stimulate
dormancy in
metastasized BC
cells

Promote BC
proliferation

‘ | Extracellular vesicles/exosomes

VUU Tight junction-Claudin

W Tight junction-Occludin

—angp@- 1ight junction-JAM

Fig.2 miRNA-mediated crosstalk between the bone marrow stroma
and BC cells. Distinct stromal cells in the bone marrow, such as oste-
oprogenitors, hematopoietic progenitors, mesenchymal stem cells,
etc., communicate with the metastasized BC cells by direct transfer of
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miRNAS via gap junctions or indirect transfer by exosomes or extra-
cellular vesicles (EV), respectively. Transfer of miRNAs exerts an
oncogenic or tumor-suppressive role depending on their target gene
in the BC cell
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via gap junctions, resulting in decreased CXCL12 levels and
reduced proliferation of BC cells [64] (Fig. 2A). Besides gap
junction-mediated transfer, miRNAs can also be transferred
via extracellular vesicles (EVs) from bone marrow to BC
cells. For instance, BC cells that acquired anti-proliferative
miRNAs, miR-127, miR-222, and miR-223 via bone mar-
row stromal cells-derived EVs were observed to enter the
quiescent phase (GO phase) of the cell cycle, thus inducing
dormancy in cancer cells [65, 66]. Similarly, an increased
expression of miR-23b in exosomes derived from bone
marrow mesenchymal stem cells (BMMSCs) was observed
to stimulate dormant phenotypes in BC cells via targeting
MARCKS (myristoylated alanine-rich C-kinase substrate),
which codes for a protein that enhances cell cycle and motil-
ity. Further, there was an increased expression of miR-23b in
metastatic BC cells in the bone marrow of BC patients and
subsequently decreased expression of MARCKS, suggest-
ing that exosomal transfer of this miRNA might facilitate
BC cell dormancy in a metastatic niche [67] (Fig. 2B). A
study by Vallabhaneni et al. reported on the EV-mediated
transfer of miR-21 and miR-34a from human MSCs to BC
cells, which were identified to regulate BC proliferation and
metastasis in vitro and in vivo. While miR-21 was reported
to promote proliferation in BC, miR-34a exhibits an anti-pro-
liferative effect. Though they show contradicting functions,
together they exhibited a proliferative role in BC cells [68]
(Fig. 2B). Another study by Shu et al. suggested a reduced
expression of miR-150-5p in THP-1 monocytes. Their find-
ings suggested that miR-150-5p could target Notch3 and
reduce the expression of CCR2 in monocytes, thereby pro-
moting BC metastasis (70). Taken together, these findings
highlight the importance of bone marrow stroma collectively
in regulating BC progression and further metastasis, which
might provide insights on novel therapeutic strategies for
treating BC.

TME-resident immune cells secreted miRNAs
and bone metastasis of BC

Different types of immune cells, both from innate and
adaptive immunity, exhibit association with the TME. The
immune response to the tumor is determined by the delicate
balance between the immune systems and cancer immu-
noediting [70]. Though the immune cells fight to elimi-
nate cancer, alterations either in these malignant cells or
host immune cells hinder the identification of cancer cells,
thus allowing them to evade the immune response [71].
The crosstalk between the host immune cells and tumor
cells remains crucial in this setting. Reports suggested the
involvement of miRNAs in functioning as a link between
cancer and immune response via influencing the immune
cells recruitment and activation in the TME and modulat-
ing cancer-related signaling cascades in the immune cells,

resulting in cancer pathogenesis [72]. Several miRNAs were
reported to regulate the interaction between the TME-res-
ident immune cells and BC cells. Herein, we spotlight the
functional interaction of TME-resident immune cells during
BC development and bone metastasis.

Tumor-associated macrophages

TAMSs represent one of the significant populations of
immune cells in the TME that exhibits distinguished func-
tional and phenotypic heterogeneity [73]. They exhibit dis-
tinguished phenotypic and functional heterogeneity. TAMs
were reported to acquire an M2-like phenotype and exert
a pro-tumoral and immune suppressive function via co-
inhabiting with the tumor cells [74, 75]. Extensive clinical
and experimental evidence suggested the tumor-promoting
role of TAMs in multiple cancers, including BC [76]. For
example, a study reported a downregulated expression of
miR-19a-5p in M2 phenotype RAW?264.7 macrophages
cultured in a conditioned medium of 4T1 mouse mam-
mary tumor cells. They identified that miR-19a-5p reduced
the induction of M2 macrophage polarization, a hallmark
of cancer [77], via targeting Fra-1, a proto-oncogene and
regulated the expression of its downstream signaling mol-
ecules, including STAT3, pSTAT3, and VEGF both in vitro
and in vivo. Their results suggested a decrease in invasion
and migration potential of 4T1 cells in vivo upon intratu-
mor injection of miR-19a-5p, highlighting the potential role
of this miRNA in facilitating the crosstalk between tumor
cells and macrophage polarization during BC [78]. Another
study by Hong et al. identified that miR-204-5p regulates
the expression of critical cytokines and genes associated
with the immune pathway, thus facilitating TME remod-
eling and reprogramming via shifting myeloid and lymphoid
cell populations during BC. Overexpression of this miRNA
had a significant correlation with a reduction in the number
of macrophages, MDSCs, and NK cells and an increased
number of Tregs, CD4+, and CD8+ T cells in the TME, sug-
gesting its essential role in regulating the crosstalk, between
tumor and immune cells in the TME [79].

In contrast, the miR-23a/27a/24-2 cluster was identified
to modulate macrophage polarization and thus contribute to
BC progression. They identified a decreased expression of
miR-23a/27a/24-2 cluster in TAMs of BC patients. Further,
their findings suggested the existence of a double feedback
loop, including the miR-23a-27a-24-2 cluster and critical
regulators of pro- (M1) and anti-inflammatory (M2) phe-
notypes of TAMs, and eventually promoted tumor progres-
sion [80]. Another study found that miR-155 modulates the
antitumor response in varied immune subpopulations in BC.
Knockdown of miR-155 in myeloid cells in a spontaneous
BC mice model substantially promoted the tumor growth
via impairing TAM activation by reducing the expression
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of activation markers and increasing the generation of pro-
tumor cytokines, thus inducing M2-polarization of TAMs
and resulting in an immune suppressive microenvironment
[81]. A study identified overexpression of miR-223 in IL-
4-activated macrophages, and miR-223 was observed to be
transferred to BC cells via exosomes. The silencing of this
miRNA in IL-4+ macrophages was observed to decrease
BC invasion in vitro. Their findings suggested that miR-
223 enhances the invasiveness of BC cells via the Mef2c-f3-
catenin pathway, thus serving as an oncogene [82] (Fig. 3A).
Together, these studies suggested the importance of TAM-
secreted miRNAsS in colonization and progression of BC in
bone. A better understanding of the interaction between the
TAMs and BC cells via miRNAs will assist in developing
novel therapeutics to combat BC.

Cancer-associated fibroblasts (CAFs)

CAFs are the predominant components of the TME. Besides
offering physical support for tumor cells, they exhibit a con-
text-dependent role via stimulating and hindering tumori-
genesis. Numerous studies have suggested CAFs as critical
regulators of antitumor response, thus highlighting their can-
didature in cancer immunotherapy [83, 84]. A study reported
on the role of tumor-inducing role of hyperactive MAPK
signaling (hMAPK)-stimulated miRNAs in regulating BC
pathogenesis. Their findings suggested that miR-221/miR-
222 was overexpressed in conditional medium (CM) from
CAFs, which in turn was identified to repress ER expression
in BCs. Interestingly, this miRNA-facilitated ER repression
was observed to be specific to CM from basal BC-obtained
CAFs [85]. Supporting this, another study reported on the
upregulated expression of miR-222 in CAFs, compared to
normal fibroblasts (NFs) in breast tissues. This miR-222 was
observed to directly target Lamin B Receptor (LBR), and
its overexpression or LBR silencing was observed to induce
CAF characteristics in NFs. Further, CM from these CAFs
was identified to promote BC cell migration and invasion,
thus suggesting the oncogenic role of miR-222 [86]. Like-
wise, Donnarumma et al. reported the exosome-mediated
transfer of miRNAs from CAFs to BC cells and suggested
their oncogenic role in regulating the aggressive phenotype
of BC. They observed an increased expression of miR-21,
— 143, and — 378e in CAF-derived exosomes, which in
turn was identified to increase the aggressive potential of
BC cells via promoting stemness characteristics, EMT, and
anchorage-independent growth [87].

In contrast, Ansari et al. identified a reduced expression
of miR-146b-5p in CAFs from BC patients compared to their
counterparts in normal tissues from the ipsilateral breast.
Their findings suggested that increasing the endogenous
level of this miRNA in active stromal fibroblasts might
suppress the pro-EMT and metastatic effects in BC cells

@ Springer

[88]. Similarly, another study reported the downregulated
expression of the miR-200s family (miR-200a, miR-200b,
miR-200c, and miR-141) in activated CAFs compared to
NFs. They found that NFs with reduced expression of the
miR-200s family exhibited traits of activated CAFs, such as
promoted migration and invasion. Their results suggested a
reduced invasion and migration of BC cells upon co-culture
with miR-200s overexpressing CAFs compared to control
CAFs. Together, their findings indicated the usefulness of
miR-200s in hindering the transformation of NFs to CAFs in
BC therapeutics [89] (Fig. 3B). Recently, anti-CAF immu-
notherapies are gaining considerable interest in developing
therapeutics for cancer. However, more studies on decipher-
ing the exact role of CAF-secreted miRNAs in regulating
bone metastasis are required to develop novel and effective
anti-CAF immunotherapies to treat solid tumors, including
BC. Figure 3 illustrates the functional significance of TME-
resident cell-secreted miRNAs in regulating BC progression
and bone metastasis.

Myeloid-derived suppressor cells (MDSCs)

MDSCs are a heterogeneous group of immature myeloid
cells that could modulate immune responses. Specifically
in cancers, MDSCs are aberrantly generated and recruited
to TME to assist in the formation of an immune suppressive
TME that promotes tumor immune evasion [90]. Recently,
studies have focused on the role of MDSCs and miRNAs in
regulating TME. For instance, Deng et al. reported on the
role of MDSC-derived miR-126 in regulating breast tumori-
genesis in response to doxorubicin (DOX) treatment. Their
results suggested that DOX treatment activated MDSCs and
IL-13+4+Th2 cells. DOX-induced MDSCs were observed to
stimulate BC metastasis via miR-126-facilitated stimulation
of IL-13+Th2 cells. Further, IL.-13 secreted from the acti-
vated IL-134Th2 cells stimulates the generation of DOX-
MDSC and MDSC-derived exosomal release of miR-126a,
thus forming a positive feedback loop, indicating the role
of this miRNA in conferring chemoresistance in BC cells
(Fig. 3C) [91]. Thus, the exosomal release of miRNAs via
exosomes would facilitate the interaction between MDSCs
and tumor cells. However, minimal studies reported the role
of MDSC-derived miRNA in modulating TME. More exper-
imental and clinical findings are necessary to understand
the underlying mechanism for developing MDSC-based
therapeutics.

Tumor-associated dendritic cells (TADCs)

Dendritic cells (DCs) are antigen-presenting cells (APCs)
that exclusively function in the activation of naive T cells
via presenting antigens to them. While the DCs function
by mediating antitumor response, cancer cells secrete
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factors that hinder the differentiation of DCs and their
potential to activate immune response [92, 93]. Studies
have reported that DCs interact with and alter the TME
via releasing miRNAs [94, 95]. In a study, overexpres-
sion of miR-22 was observed to inhibit the antitumor
effect exhibited by DCs. MiR-22 serves as an endog-
enous tumor-promoting factor of DCs that could target
p38, further downregulate the expression of IL-6, and
subsequently impede the development of Th17 in TME.
These results collectively suggested the positive influence
of miR-22 inhibitors to enhance the function of DCs in
cancer immunotherapy [96].

In contrast, a recent study identified a downregulated
expression of miR-5119 in splenic DCs from BC-bearing
mice in vivo. DCs engineered to overexpress miR-5119
were observed to target and reduce the expression of
PD-L1 and inhibited the exhaustion of T cells in mice
bearing BC homografts and restored the function of
exhausted CD8+ T cells in vitro and in vivo. Their find-
ings suggested the possibility of utilizing miR-5119 over-
expressing DCs as an immunotherapy for the treatment of
BC [97] (Fig. 3D). These studies demonstrated the regu-
latory function of DC-secreted miRNAs in influencing
bone metastasis of BC, highlighting the candidature of
miRNA/DC-based immunotherapy as a novel therapeutic
for BC treatment. Nevertheless, more experimental and
clinical findings are required for clinical applications.

Tumor-associated endothelial cells (TAEs)

TAEs are one of the essential components of TME
that exhibits multifaceted functions directly impacting
immune response to tumors. TAEs were observed to build
a barrier against immune-stimulatory cells, thus impeding
anti-cancer immunity via endothelial energy [98]. These
cells depict a broad range of intra-and inter-tumoral het-
erogeneity associated with tumor progression and metas-
tasis [99]. Studies have reported on the role of miRNAs
in regulating tumor angiogenesis via the regulation of
tumor cells, TAEs, and other components of TME [100].
For example, a study identified the expression of miR-126
and its host gene EGFL7 specifically in human umbili-
cal vascular endothelial cells (HUVECSs) via northern
blot and RT-qPCR analyses. In contrast, the expression
of miR-126 was downregulated in human breast tumors.
Further, this miRNA was observed to target VEGFA and
PIK3R2, and its overexpression reduced the VEGF/PI3K/
AKT signaling cascade activity in BC cells [101]. This
research finding suggested the role of miRNA in facili-
tating the interaction between TAEs and BC cells during
breast tumorigenesis.

@ Springer

Regulatory T cells (Tregs)

Tregs constitute an important subclass of T lymphocytes that
play a critical role in regulating immune responses and have
the potential to suppress inflammatory responses [102]. In
BC patients, an increased number of Tregs was associated
with poor prognosis [103]. Studies have identified the role of
miRNAs in regulating the T cell polarization towards Tregs,
highlighting the importance of miRNAs in influencing the
function of Tregs during BC [104, 105]. A study reported
on the role of miR-448 in hindering the immune escape
of BC via targeting Indoleamine 2, 3-dioxygenase (IDO),
which impeded the T cell immunity via facilitating the dif-
ferentiation and maturation of Treg. They identified a nega-
tive correlation between the expression of a long ncRNA
(IncRNA) SNHG1 and miR-448 in CD4+ tumor-infiltrating
lymphocytes (TILs). LncRNA SNHG1 was observed to
sponge miR-448, preventing it from binding to its target
IDO. Further, silencing of SNHG1 was observed to inhibit
the differentiation of Treg cells via increasing the expression
of miR-448 and reducing IDO level, thereby hindering the
immune escape of BC cells [106]. Another study by Li et al.
suggested a downregulated expression of miR-568 during
Treg activation. Overexpression of miR-568 was observed
to target NFATS and inhibited the generation of IL-10 and
TGF-p, thus reducing the proliferation of Treg cells. Their
findings suggested the possibility of utilizing miR-568 as a
candidate to prevent immune evasion of cancers [107].

In an analogous study, miR-126 was overexpressed in
mouse and human Tregs. The silencing of miR-126 was
identified to increase the expression of its target, p85p. It
subsequently modified the activation of the PI3K/Akt cas-
cade, which remains critical for the decreased induction
and immune suppressive functions of Tregs [108]. Simi-
larly, upregulated expression of miR-21 was reported in the
Tregs of BC patient tissues. miR-21 was observed to directly
target PTEN (phosphatase and tensin homolog deleted on
chromosome ten) and subsequently modify the activating the
Akt pathway, thus favoring the proliferation of Tregs [109].
These findings suggested the role of miR-126 and miR-21 in
regulating the induction and suppressive functions of Tregs
via modulating PI3K/Akt cascade, thus highlighting the can-
didature of this miRNA in cancer therapeutics. A deeper
understanding of miRNAs secreted by Tregs in influencing
TME during BC might aid in developing novel Treg-based
immunotherapies against BC in the future.

Mesenchymal stem cells (MSCs)

MSCs are multipotent cells that migrate to tumor niches,
facilitating tumor development and progression [110].
MSCs get recruited to the TME in response to tumor stim-
uli, where they differentiate into CAFs, thereby supporting
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tumor progression [111]. In a study, MSC-derived exosomes
enriched with miR-16, which could target VEGF, partially
induced an anti-angiogenic effect in BC [112]. A study found
an upregulated expression of miR-100 in MSC-secreted
exosomes, and its transfer to BC cells resulted in a decreased
expression of vascular endothelial growth factor (VEGF)
via the mTOR/HIF-1a signaling axis. Further, their results
suggested that MSC-exosome-mediated downregulation of
VEGEF could negatively influence the vascular behavior of
endothelial cells in vitro [113]. However, more experimental
and clinical findings are needed to decipher the complete
regulatory mechanism.

Bone cells secreted miRNAs and bone metastasis
of BC

Tumor-associated osteoblasts (TAOBs)

MSC-derived osteoblasts, which generate hydroxyapatite
crystals, help to mineralize the matrix by acting as bone-
forming cells. The homeostatic systems are hijacked by
tumor cells that have spread throughout BME, homing to
OBs and upsetting bone homeostasis [114]. Specifically,
osteolytic BCs with increased expression of pERK1/2 were
observed to mediate osteoblastic ERK1/2 activation at the
BC-bone interface and impede bone homeostasis [115].
Multiple studies have demonstrated the importance of miR-
NAs in regulating the function of OBs in the TME [116]. In
a study, miR-218 was identified to promote osteoblast dif-
ferentiation via targeting Wnt signaling inhibitors, including
DKK?2, SFRP2, and SOST. Further, their results suggested
the oncogenic role of miR-218 in BC cells via attenuating
Whnt signaling inhibition. Their data together indicated that
miR-218 regulates a Wnt signaling loop positively, which
promotes osteoblast differentiation and simultaneously
stimulates the expression of osteogenic genes in BC genes,
thus favoring the homing of BC cells in bone [117]. Another
study identified an increased expression of miR-320a and
miR-193b in TAOB-derived exosomes compared to normal
OBs. In vivo, mice co-administered with TAOBs and human
BC cells showed slower tumor growth and reduced tumor
size compared to mice administered with normal OBs and
human BC cells or BC cells alone (Fig. 3E). Thus, their find-
ings suggested that TAOBs serve as a reservoir of essential
factors including miRNAs, in BC bone metastasis [118].
Together, these studies suggested the critical role of TAOB-
secreted miRNAs in influencing BC bone metastasis.

Tumor-associated osteoclasts (TAOCs)
Bone metastasis of BC is osteolytic in nature, and hence

the role of tumor altered osteoclasts (OCs) in mediat-
ing bone metastatic BC is increasingly investigated till

date. Metastatic BC cells typically trigger increased OC-
mediated bone resorption, causing osteolytic lesions and
increased bone damage [119]. A study reported on the role
of OC-secreted miR-214-3p in regulating bone metastasis
of BC. They identified an increased expression of miR-
214-3p in OCs and observed that a gradual increase in the
expression of this miRNA is associated with a reduction
in the levels of TRAF3 protein in RAW 264.7 cells dur-
ing RANKL-stimulated osteoclastogenesis. Their findings
suggested that miR-214-3p directly targets TRAF3 and ulti-
mately promotes osteolytic bone metastasis of BC. Further,
they identified an upregulated expression of miR-214-3p in
bone fracture specimens from osteolytic bone metastatic
BC patients when compared to BC patients without osteo-
lytic bone metastasis and yet more increased expression of
this miRNA when compared to cancer-free bone fracture
specimens [120] (Fig. 3F). In addition, their earlier findings
highlighted the exosome-mediated secretion of miR-214-3p
to the TME in the bone [121], via which miR-214-3p might
facilitate osteolytic bone metastasis via increasing BC cell
dissemination in vivo [122]. Table 2 provides the detail on
the role of the TME-resident immune cells secreted miRNAs
on tumorigenesis.

Concluding remarks and future perspectives

BC is one of the leading causes of mortality among females
globally. Skeletal metastasis is the most serious condition in
BC patients with no curative remedies available. Till date,
increasing studies have reported on the role of tumor in
regulating TME during bone metastasis. However, studies
focusing on the function of TME-resident cells in regulating
tumor remain limited. Multiple findings from past decade
report on the role of miRNAs in modulating various intri-
cate cancerous networks, highlighting their importance in
regulating malignancy. Besides their direct influence on BC,
these miRNAs were also observed to be dysregulated in mul-
tiple cells of the TME, where they might exhibit opposing
functions. More studies on understanding the complex cross-
talk between the TME-resident cells and tumor cells might
help us in advancing the candidature of miRNAs toward
therapeutics. Hence, it is essential to comprehensively delin-
eate the complex function of a potential miRNA to evaluate
its regulatory role in TME and acquire insights regarding the
cell and context-dependent role of miRNAs. Understanding
the molecular function of TME-secreted miRNAs in influ-
encing tumor progression remains indispensable for devel-
oping effective therapies against BC. Though many miR-
NAs were reported to regulate BC, their efficacy in clinical
settings remains to be determined. Several factors limit the
utility of miRNAs in clinical settings. Significant challenges
associated with translating miRNAs to therapeutics include
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Table 2 (continued)

Impact on BC References

Function in immune cells

Expression in immune cells

No miRNAs

[118]

Reduced tumor growth and tumor size

Served as a reservoir for miR-320a and miR-

18 miR-320a and miR-193b Overexpression in TAOB-derived exosomes

193b
Reduced the expression of TRAF3 protein in

[122]

Increased osteolytic bone metastasis

Upregulated

19 miR-214-3p

RAW 264.7 cells during RANKL-

Stimulated osteoclastogenesis

high heterogeneity of methodologies, lack of controls, poor
experimental design, reduced sample size, and lack of repro-
ducibility. Developing approaches for specific targeting of
dysregulated miRNAs in TME-resident cells might prove
helpful in reviving their antitumor function and augment
therapeutic response. Combinatorial strategies with miRNA
therapeutics have been demonstrated to improve treatment
efficacy and reduce therapeutic resistance in pre-clinical tri-
als, thus opening newer avenues for therapies against BC.
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