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Abstract

Background: Breast cancer metastatic programming involves an intricate process by which the tumor cell coevolves with
the surrounding extracellular niche. The supporting cells from the local host stroma get transformed into cancer-associated
stromal cells. This complex crosstalk leads to extracellular matrix remodeling, invasion, and eventually distant metastasis.
Methods: In this review, we examine the protein-miRNA secretome that is crucial for this crosstalk. We also provide evidence
from the literature for the pivotal role played by the various stromal cells like fibroblasts, adipocytes, and immune cells in
promoting the process of EMT in breast cancer. Through in-silico analysis, we have also attempted to establish that stromal
presence is integral to the process of EMT.

Results and Conclusion: The in-silico analysis delineates the persuasive role of the stroma in mediating epithelial-to-mesen-
chymal transition. This review elucidates the importance of examining the role of the stromal niche that can yield promising
diagnostic markers and pave avenues for formulating tailored anti-cancer therapy.

Graphical abstract

Process of EMT as driven by ‘stroma-hot’ tumors: The process of EMT is driven by the stromal cells. The stromal cells in
the form of fibroblasts, adipocytes, endothelial cells, mesenchymal stromal cells and tissue associated macrophages secrete
the miRNA-protein secretome that modulates the stromal niche and the tumor cells to be become ‘tumor associated’. This
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drives tumor progression and invasion. The ‘stromal-hot’ tumors eventually get the benefit of the surplus nurturing from the
stroma that facilitates EMT leading to distant organ seeding and metastasis

Epithelial to mesenchymal transition

Keywords Breast cancer - Epithelial-mesenchymal
transition - Tumor—stromal crosstalk - MicroRNAs -
Metastasis

Introduction

Death due to distant metastasis is a huge concern and bar-
rier to effective treatment of breast cancer. The process
of distant metastasis is a tightly regulated programmed
process that gets initiated in the tumor—stromal niche
when appropriate cues are exchanged. The cues help in
the transformation of the polarized epithelial cells to attain
plasticity to change into the hybrid epithelial-mesenchy-
mal cells and then eventually the mesenchymal cells. This
transition encompasses cellular and complex phenotypic
changes that facilitate breach, migration, invasion, and
colonization of tumor cells in distant favourable niches.
This evolution is induced by an efficient dynamic and
reciprocal crosstalk between the tumor and the surround-
ing stroma. The stroma in association with the tumor cells
gets re-classified and refurbished as the tumor associated
stroma. This extra tumoral matrix nurtures and supports
tumor cells aiding and accelerating tumor progression. The
cues that induce this transformation consist of secretome
from the tumoral-stromal niche that is enriched for growth
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factors and chemokines. In addition to the proteins and
chemokines, small regulatory RNA molecules like miR-
NAs also form a part of this blend of cues that effectively
amend the tumoral cells and help them propel through
the process of epithelial to mesenchymal plasticity. This
review describes the process of epithelial to mesenchymal
transition (EMT) that may be modulated by the tumoral
extracellular matrix (ECM). The process by which the sig-
nalling from the stromal cells re-program the transcrip-
tomic code of the tumoral cells is demonstrated using an
in-silico analysis performed using breast tumor derived
gene expression data of the The Cancer Genome Atlas
(TCGA). The protein-miRNA secretome that is vital for
the breast tumor—stromal crosstalk and the involvement of
the various stromal cells in aiding clinical tumor progres-
sion of breast cancer is further reviewed.

The dynamic role of the stroma
in modulating epithelial to mesenchymal
transition

EMT is a controlled cellular program through which
epithelial cells lose its features of apical-basal cellular
polarity and attachment to basement membrane to trans-
form into mesenchymal spindle like cells with features of
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invasive ability and stemness. This process was first iden-
tified by Greenburg and Hay in 1982 when they observed
adult embryonic epithelial cells suspended in native col-
lagen gels, get transformed into elongated mesenchymal
like cells and eventually get detached and migrate [1].
Since its discovery, various studies have recognized its
role in normal physiological processes like embryogenesis
and wound healing and further exploited its potential in
regenerative medicine for skin and heart muscle injuries.
In normal cells, EMT is a well-known and vital devel-
opmental phenomenon that aids cells to differentiate into
specific tissues. The disruption in homeostasis within a
cancerous epithelial cell leads to EMT through genetic
and epigenetic changes influenced by various factors. This
transition is instrumental in aiding epithelial cells to get
transformed into aggressive mesenchymal cells and thus
is a key step for cancer cells to migrate and metastasize.
The cells that undergo this transition are subjected to loss
of epithelial cell characteristics such as cell-cell adhesion,
apical polarity, and reduced expression of E-cadherin.
Subsequent changes include gaining motility, stemness,
increased N-cadherin & vimentin expression, loss of tight
junction, cytoskeletal remodelling, and possible resistance
to chemotherapy. These cellular changes complemented
by the degradation of adherent junction leads the cells
towards invasion. Metastasis then proceeds with migra-
tion of tumor cells from the site of initial formation to
a secondary region involving a dynamic change in cel-
lular phenotype and plasticity. Cells in the mesenchymal
state then regain epithelial features and this process has
been termed mesenchymal to epithelial transition (MET).
This reversal of EMT is deemed imperative to establish a
tumor in secondary sites during metastasis, a phenomenon
termed as ‘reseeding’. This identifies that during EMT
and MET, cells are in a transition state with flexibility
to adapt and switch between either of the states based on
the cues transmitted from the stromal environment to the
tumors. This transition is a multifaceted process with dis-
tinct ‘hybrid’ or ‘intermediate’ phenotypes having both
epithelial and mesenchymal features. This plasticity along
the epithelial-mesenchymal axis featuring a hybrid E/M
phase is termed epithelial-mesenchymal plasticity (EMP).
Studies have shown these cells tend to be highly invasive
with low proliferative abilities along with being chemo-
resistant and possessing stemness attributes [2, 3].

It is now a well-accepted fact that the processes of
tumor progression and distant metastasis are not tumor-cell
autonomous. The ECM that surrounds the tumoral cells
is tuned by the cues arising from the tumoral component.
The structure of normal breasts comprises of an external
layer of epithelial cells within which are present a collection
of branched ducts with terminal ducts bulging into lobes.
Within them are present several small ductules ending with

structure called acinus, comprising of a lumen/cavity, lined
by luminal epithelial cells, followed by myoepithelial cells
attached to the basement membrane. Basement membrane
clasps these structures to the ECM which is secreted by the
cells of breast stroma. In addition, the stroma also modulates
and controls epithelial cell polarity through signals from
the basement membrane [4]. Breast tumors, however, fail
to confine themselves within the defined structural organi-
zation of the breast tissue and are highly disorderly. This
complex niche is now a heterogenous mixture of distinc-
tive types of tumor cells in terms of plasticity, clonal evo-
lution and genetic variations [5] along with stromal cells
like fibroblasts, infiltrating endothelial cells, adipocytes and
lymphocytes [6]. The tumor cells interact with the stromal
cells, with a bi-directional signalling system to support each
other and promote tumorigenesis. For instance, the stroma
is signalled to produce abnormal levels of growth factors,
cytokines like interleukin (IL-6) and other soluble factors
along with increased angiogenesis to support tumor growth
and its survival [4, 7]. The transformed stroma in turn forms
an intricate nest harbouring and nurturing the tumor cells
and fine-tuning the process of tumor progression [4]. Bulk
of the breast matrix is composed of adipose tissue which is
implicated in inducing EMT in various other cancer types
too. These adipocytes in the tumor stroma induce expression
of mesenchymal marker proteins triggering EMT alongside
promoting proliferation, migration and invasion [8]. The
cancer associated fibroblasts secrete several growth factors
and chemokines and is driven by hypoxia; a phenomenon
that occurs when oxygen supply becomes inadequate further
increasing the formation of reactive oxygen species (ROS)
[9]. Hypoxia in tumors is known to promote increased angio-
genesis, desmoplasia, and inflammation. Hypoxia and the
hypoxia driven genes are known to increase collagen produc-
tion, deposition and matrix stiffness that leads to increased
EMT. Mesenchymal stem cells in the stroma secrete fac-
tors which increase expression of EMT markers along with
altering cell morphology and growth pattern [10]. Further
cues influence the differentiation of M1 to M2 macrophages
which are highly immunosuppressive and pro tumorigenic
[7]. Breast stroma, along with the cellular components, also
secretes non-cellular components [6]. This dynamic niche
consisting of cellular and non-cellular entities transform into
the cancer-associated specialised niche that propels tumor
progression.
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The protein-microRNA secretome as key
facilitators of tumor cell transformation
and plasticity: the stromal link

During tumor progression, the tumor tempers the stro-
mal cells to construct a favourable niche in the presence
of secreted proteins, growth factors and pro-migratory
cytokines such as epidermal growth factor (EGF), hepat-
ocyte growth factor (HGF), transforming growth factor
(TGF-B), fibroblast growth factor (FGF), insulin-like growth
factor (IGF) and signalling molecules like Hedgehog and
Whnt. These proteins enhance the expression of transcrip-
tion factors such as Snail, ZEB1, SIP1 etc., through associ-
ated pathways [9, 11]. Stimulation of Wnt, TGF-f and notch
signalling pathways also lead to repression of E-cadherin,
and activation of Snail, Slug, ZEB1 and ZEB2 which fur-
ther induce EMT. The triggered EMT would lead to further
changes in the niche including that of activation of MMPs
that help in degradation of the stroma to aid the migration
of the invading tumor cell. In addition to secreted proteins,
miRNAs also play an important and essential role in regu-
lating gene expression and eventually the protein map for
tuning different biological pathways. They are small, endog-
enous, non-coding RNA molecules, comprising of about
20-22 nucleotides and mediate gene silencing and cleavage
of mRNA transcripts at post-transcriptional level. miRNAs
are transcribed by RNA polymerase II and on transcription,
are released as un-processed pri-miRNA, longer than its
usual length, with 5’ cap and 3'-poly A tails, along with
several introns. This is sliced by a complex of Drosha and
DGCRS into pre-miRNA which is then transported out of
the nucleus, into the cytoplasm, and gets further cleaved
by Dicer and associates with guide miRNA to be loaded
onto the RNA Inducing Silencing Complex (RISC). miRNA
associated with the RISC complex, can base pair with com-
plementary region in the target mRNA and bring about
silencing of the target gene or degradation of the mRNA
[12]. Thus, miRNAs play a central role in controlling vari-
ous cellular functions and are key epigenetic regulators. In
the tumor micro-environment, several miRNAs are released
in exosomes or vesicles from both the tumor cells as well as
the stromal elements. They regulate each other by modulat-
ing protein expression and this creates a tumor promoting
environment.

To further analyse the integral role of the stroma in
shaping the tumor and aiding in tumor progression, we
performed an in-silico analysis by using the breast tumors
of the TCGA cohort. The TCGA data was accessed from
the TCGA Research Network: https://www.cancer.gov/tcga
(accessed on 15 November 2020). The TCGA gene expres-
sion data was used to infer the stromal scores to predict level
of infiltrating stromal cells in the tumors along with the
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cumulative ESTIMATE score using the ESTIMATE algo-
rithm. The ESTIMATE (Estimation of Stromal and Immune
cells in Malignant Tumour tissues using Expression data) is
a tool that uses gene expression data for predicting tumor
purity, and the presence of infiltrating stromal/immune cells
in tumor tissues [13]. Tumors were stratified based on high
and low stromal content derived from the ESTIMATE score.
A list of genes (n = 40) and miRNAs (n = 67) implicated
in EMT were identified from literature and their expression
profile was analysed in these tumor groups within each sub-
type of breast cancer- the ER+, HER2+ and the triple nega-
tive (TNBC). Significant differentially expressed miRNAs
and genes (p <0.05) in three subtypes were then further ana-
lysed for their expression pattern (Figs. 1 and 2; Table 1).
From the results it is very clear that majority of the genes
implicated in driving EMT are highly expressed in the stro-
mal high tumors across all the subtypes of breast cancer.
The same trend can be seen with the miRNAs as well. There
are 2 clusters of miRNAs; one cluster up regulated and the
other down regulated in the high and low stromal tumors
respectively. This may be attributed to the functionality of
the miRNAs as they are known to be tumor-suppressing or
promoting. The result indicates that the presence of stroma
is crucial to activate genes and pathways that are important
for the process for EMT, and this seems to be tuned down in
‘stroma-cold’ tumors. This intrigued us to delineate the spe-
cific role of the stromal cells in the process of EMT and the
protein-miRNA secretome that aids in the dynamic tumor
stroma crosstalk, which is discussed in detail below.

The part played by cancer associated
fibroblasts (CAFs)

Fibroblast cells present in ECM are functionally responsible
for maintaining the ECM configuration and have an impor-
tant role to play in the process of wound healing. CAFs are
the most abundant type of stromal component associated
with a growing tumor, partakes in nurturing its growth, pro-
liferation and promoting migration [6]. Originally, CAFs
are activated from quiescent fibroblasts, acquire spindle
shaped morphology with high expression of the smooth
muscle actin fibers rendering it contractile property along
with altered gene expression profiles [7, 41]. The activa-
tion signals are produced from the tumor mass in the form
of growth factors like TGF-f, FGF, inflammatory factors
like PDGF, ROS, tumor induced hypoxia etc. These growth
factors could promote “mesenchymal-mesenchymal” transi-
tions of the resident fibroblasts to convert them into CAFs
or sometimes they could also be sourced from bone mar-
row derived mesenchymal-stem cells and recruited at the
tumor site [6, 7]. The other precursors of CAFs include bone
marrow fibrocytes, mesenchymal stem cells, adipocytes,
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Fig. 1 Heatmap depicting differential expression of representative genes implicated in EMT across the three sub-types of breast cancer
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Fig.2 Heatmap depicting differential expression of representative miRNAs implicated in EMT across the three sub-types of breast cancer

pericytes, and smooth muscle cells [42, 43]. Intracellular
and soluble normal fibroblasts are lost during initial stages
mostly but are transformed and stabilized into CAFs during
the course of EMT [44]. These CAFs then mediate cell—cell
interactions, secretion of paracrine factors, cytokines, and
chemokines to alter the integrity of the surrounding epithe-
lial cell mass. They facilitate ECM structure remodelling
allowing immunosuppression, metastasis and stemness [42,

43]. Interestingly, it is also observed that CAFs, like cancer
cells, undergo Warburg effect producing lactate and ATP
energy to fuel tumor cells [45]. Besides, CAFs have also
been observed to synthesize ECM components and secrete
them in the stroma, thereby re-defining the stromal organiza-
tion [6]. It was also reported that upon co-culturing MCF-7
cells with fibroblast cells, CAFs diminish apoptosis and
promotes hyperplasia induced by Estrogen receptor (ER)
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Table 1 List of key genes and miRNAs along with their functions, that are differentially expressed between the stroma high and low tumors in

breast tumors of the TCGA cohort, as depicted in Figs. 1 and 2

Gene/miRNA  Function References

HOXD10 Inhibitor of the process of metastasis. Expression is significantly down regulated in breast, glioma, gastric, and liver [14]
cancer

ACTA2 Increases motility and invasiveness, involving dynamic actin microfilament network and increased resistance to [15]
apoptosis

PDGFA Confers proliferation, survival and tissue metastasis advantages to cancer cells and promotes angiogenesis from [16]
surrounding vasculatures. In several types of epithelial cancers such as breast cancer, autocrine PDGF signalling
contributes to epithelial-mesenchymal transition and tumor metastasis

LAMAL Participates in cell adhesion, migration, invasion, and metastasis, IL.18 signalling pathway, senescence and [17]
autophagy in cancer, T cell proliferation and regulation of cell morphogenesis

MMP2 Enzyme that degrades components of the ECM and thus plays a pivotal role in cell migration during physiological ~ [18]
and pathological processes

MMP3 Enzyme that induces EMT, promotes hyperplastic growth, and expands mammary gland stem cell population [19]

MMP9 Gelatinase enzyme that plays a role in basement membrane degradation [20]

WNT5A Regulates breast cancer cell proliferation, migration, metastasis, and cancer stem cell like properties [21]

BMP4 Promotes the migration and invasion of breast cancer cells by up regulating the expressions of MMP1 and CXCR4  [22]

PTEN Negative regulator of PI3K/Akt pathway, cell growth and survival, cellular migration, and genomic stability [23]

FYN Contributes to the development and progression of several cancer types through its involvement in the control of [24]
cell growth, death, morphogenic transformation and cellular motility

CSF1 Induces the differentiation commitment of myeloid progenitor cells to non-classic M2 macrophages [25]

SHOX2 Directly activates Wiskott—Aldridge syndrome protein family member 3, a metastasis-promoting gene, at the tran- [26]
scriptional level, leading to a significant increase in metastatic potential

miR-30a Regulates target genes involved in cancer invasion and metastasis such as Wnt signalling and PI3K/Akt pathways. [27]
Target genes of miR-30a mediate EMT to control cell invasion and metastasis

LIN-28 A Regulates stem-like properties of ovarian cancer cells by enriching RAN and HSBP1 mRNA and up regulating its [28]
protein expression

Let-7¢ Inhibits colony formation, proliferation and migration [29]

miR-99a Directly regulates the invasion and migration in lung adenocarcinoma by targeting NOX4, inhibits tumor aggressive [30]
phenotypes through regulating HOXA1 in breast cancer cells

miR-10b Serves as a tumor suppressor via targeting critical oncogenes or anti-oncogenes [31]

miR-15a Regulates the apoptosis of breast cancer cells [32]

miR-200a Suppresses metastatic characteristics by targeting ELK3 in breast cancer [33]

miR-200b Restrains EMT through direct targeting of E-cadherin transcriptional repressors ZEB1 and ZEB?2 in breast cancer [34]

miR-200c Regulates heterogeneity via inhibiting EMT in human breast cancer [35]

miR-455 Inhibits the proliferation and metastatic potential of breast cancer cells [36]

miR-145 Locks mitogen-activated protein kinase pathway by targeting TUSC3, enhances EMT and cancer progression [37]
through regulating MAPK, PI3K/Akt and Wnt/B-catenin pathways in colorectal cancer

miR-199a Inhibits the aggressiveness of cancer cells through the Akt/mTOR signalling pathway in human liver cancer and [38]
regulates the migration and invasion of breast cancer

miR-16-1 Involved in regulation of PGK1-mediated Warburg effect and breast cancer cell proliferation, migration, invasion [39]
and metastasis

miR-16-2 Tumor suppressor in glioblastoma multiforme stem cells [40]

by modulating the levels of ER and its transactivation [46].
During single/collective cell migration, CAFs produce ECM
degrading proteases like MMP2, MMP3 and MMP?9 creating
micro tracks through the dense stroma facilitating migration
[47, 48]. Moreover, CAFs modulate immune response by
secreting pro-inflammatory cytokines like IL-1,6,8, SDF-1,
NFkf and TNF-a as well as chemotactic protein 1 (MCP1/
CCL2) enriching the stroma with lymphocytes and eventu-
ally transforming them into tumor promoting lymphocytes
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[7, 49]. CAFs inhibit the T-cell infiltration and recruit other
immunosuppressive components to the tumor microenviron-
ment (TME) rendering it immunologically cold. It was also
reported that CSF1 produced by CAF neutralize the anti-
tumor immunity, recruiting TAMs [43].

Further, activated CAFs secrete high levels of growth fac-
tors that includes TGF-f, HGF, IGF, nerve growth factor
(NGF), EGF, and FGF2 [7, 50]. By co-culturing the breast
tumor stroma derived fibroblasts with cancer cell lines,
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it was showed that CAFs in co-culture, secreted TGF-f,
which induced the TGF-B/SMAD signalling pathway and
promoted EMT of the breast cancer cell lines [51]. Multiple
other mechanisms of EMT induction by CAFs have also
been reported namely induction through oxidative stress
and senescent fibroblasts via senescence activated secretory
pathway (SASP) [52]. Another mechanism reported is the
reciprocal regulation of EMT by TGF-p and FGF secreted
from stromal cells that drives transitioning of endothelial
cells to myofibroblasts. TGF-f induces the formation of
myofibroblast in the tissue microenvironment whereas FGF2
suppresses TGF-p by regulation of ELK1 transcription fac-
tor [53].

Various studies have also demonstrated the regulatory
roles of miRNAs secreted by CAFs on tumor progression.
Induced expression of miR-21 in CAFs contributed to inva-
sive potential of pancreatic cancer, through up regulation of
MMP-3.,9, PDGF and CCL-7 [54]. High miR-143 expression
in CAFs induced collagen type III expression via TGF-p/
SMAD signalling [55]. In-vitro studies have also showed
that CAFs derived exosomes with miR-181d-5p, targets
CDX2 and thereby induced proliferation and repressed apop-
tosis in breast cancer cell lines [56]. High miR-7 expres-
sion in CAFs decreased RAS-association domain family
2 and enhanced migration in in-vitro studies [57]. High
miR-9 levels in CAFs associated with TNBC was reported
to induce EMT through E-cadherin loss [58]. Exosomal
SNHG3 secreted by CAFs acts as sponge for miR-330-5p
inhibiting oxidative phosphorylation, increasing glycolysis,
carboxylation and hence promoting tumor proliferation in
breast cancer [59]. The increase in the levels of fibronec-
tin by miR-200 in the CAFs promoted ECM remodelling,
activating the invasion and metastasis of breast cancer cells
in vitro and in vivo [60].

Role of adipocytes and cancer associated
adipocytes

Breast tissue is predominantly composed of adipose tissue,
which mainly helps in storage of lipid molecules and pro-
vides support, along with other components. Tumor cells
are commonly found to metastasize to adipose rich regions
to derive maximum energy. The fact that adipose tissue in
humans increase with obesity directly correlates with the
high incidence of cancer associated with this condition [61].
This indicates that there is a very close association of tumor
cells with adipocytes which affect tumor—stromal interaction
to achieve EMT. Epidemiological studies in breast cancer
show the involvement of obesity with increased number of
adipocytes as a risk factor promoting disease progression
[62]. Adipocytes are the lipid storing cells and comprises of
lipid derived hormones, leptin, adiponectin (APN), collagen

VI which are collectively termed as adipokines. These
employ endocrine signalling to regulate obesity, metabolism
along with inflammation and tumor progression in tumor
stroma environment [6, 63]. Adipocytes get activated by the
stimuli through tumor cells and secreted proteins to form
cancer associated adipocytes (CAAs) which are intermediate
cells with the expression of FSP1 (Ferroptosis Suppressor
Protein 1) [64]. The characteristic feature of CAAs are their
differential shrunken phenotype brought about by Wnt/f-
catenin pathway stimulated by paracrine signalling from
cancer cells with subsequent loss of lipid content, decreased
expression of adipocyte markers aP2 and FABP4 with high
expression of proteases and MMP11 as shown by co-culture
studies of normal adipocytes with cancer cells [63]. These
CAAs also express fibroblasts markers like S100A4/FSP-1
to gain migratory capacity and move towards the tumor core
to interact with them and these are termed adipocyte derived
fibroblasts (ADF) [65].

The lipolysis of CAAs is known to directly fuel the tumor
growth. CAAs also secret pro-inflammatory cytokines like
IL-6 and IL-1p [8, 63] which render the associated tumors
invasive and aggressive abilities. Besides, they also secrete
CCLS5 which aids in invasion and motility. CCLS5 secreted
from peritumoral adipocytes have also been shown to pro-
mote metastasis [5, 66]. Another member of IL6 family
cytokines, Oncostatin-M (OSM) is also secreted by CAAs
and is known to induce stemness [67]. Further, IL-6 secre-
tion by CAAs has been shown to induce EMT in breast
cancer, through STAT3 signalling [6]. The increased level
of IL-6 is also associated with invasion, angiogenesis, and
metastasis by activation and over expression of JAK/STAT,
TNF-a, and induction of EMT signalling pathways [61].
Moreover, in-vitro co-culture studies of adipocytes with
breast cancer cell lines like MCF-7 and MDA-MB-468
showed increased expression of MMPY associated with
migration and invasion [63]. Recent in-vitro co-culture
studies also presented the EMT inducing potential of adi-
pocytes through increased expression of EMT associated
transcription factors like Twist 1 and Snail, vimentin,
MMP9, decrease in cell adhesion protein E-cadherin and
metastasis suppressor gene Kissl [68]. Another interesting
study reported that adipocyte high tumors were enriched for
metastasis and inflammation related gene signature while
the adipocytes low tumors were associated with advanced
grades and high proliferation [61]. In-vitro co-culture studies
have also demonstrated that increased expression of mmu-
miR-5112 by adipocytes targeted CPEB1 gene which is a
negative regulator of IL-6, thereby promoting IL-6 secretion
[69]. Pre-adipocytes secreted exosomes with miR-140 have
been shown to modulate stemness and migration of breast
cancer cells by targeting SOX9 signalling in breast cancer
[70].
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Endothelial cells and their contribution
towards EMT

Endothelial cells are the inner-most, single layer of cells that
line the vasculature [71, 72]. They are also an integral part of
tumor-associated vasculature and are termed tumor-derived
endothelial cells (TECs). The tumor associated endothelial
cells are of various forms like Circulatory Endothelial Cells
(CEC), Endothelial Progenitor Cells (EPC), Circulating
Endothelial Progenitor Cells (CEPC), Aneuploid TECs and
the more recently identified exocytic procoagulant Endothe-
lial Micro Particles [71, 72]. CECs, as the name suggests are
found in circulation. EPCs originate from the bone marrow
and express surface markers like CD133, CD34, VEGFR2
[72]. CEPCs are like EPCs but are present in circulation and
have lost CD133. Aneuploid TECs are endothelial cells with
aneuploidy of chromosomes. Such genetic abnormality is
generated from “cancerization of stromal endothelial cells”
and “endothelialization of carcinoma cells” in the hypoxic
tumor microenvironment. In either of the cases, trans-differ-
entiation and heterotypic cell fusion constitute the primary
pathways leading these processes [71]. Endothelial Micro
Particles are a distinct class of TECs that are formed as
vesicles, post activation, and comprise of endothelial cell
specific surface markers and cytoplasmic status [72]. Stud-
ies have also shown that endothelial cells in bone marrow
receive signals in the form of TGF-f from tumor stroma.
Consequently, these endothelial cells undergo a transition
into fibroblasts like mesenchymal cells via endothelial to
mesenchymal transition with downregulation of CD31
and increased CAF markers FSP1 and a-SMA [73, 74].
CAFs secret chemokines like CXCL12 and this also helps
in recruiting EPCs to tumor site [75]. The tumor and stro-
mal cells are induced by the hypoxia derived factor HIF-1a
and signalled to secrete angiogenesis growth factor VEGF.
VEGEF recruits the activated TECs, at the tumor site, to bring
about “angiogenic sprouting” to improve and extend blood
vessels throughout the tumor mass [76]. This supplies the
tumor core with oxygen, nutrients availability [77], promotes
growth and survival of the tumor mass and aids in trans-
mission of the various paracrine signalling factors. EPCs
and vascular endothelial cells via the expression of various
integrins like alp1, a2p1, and a5p1 have been shown to be
involved in angiogenesis and are supported by pericytes via
TGF-p and PDGFB-PDGFR-f} signalling [76]. Pericytes are
among diverse cell types found in breast tissue, which are
responsible for lining the outer surface of blood vessels by
providing structural support [78, 79]. VEGF-C along with
other pro-angiogenic factors like PDGF, FGF-2, and EGF
then promote the growth of lymphatic endothelial cells. In
response, these cells secret high levels of pro-chemotactic
chemokine ligand CCL21 which promotes migration of the
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tumor cells towards the newly formed lymph vessels leading
to metastasis [76]. It is also reported that NF-kappa signal-
ling stimulates these cancer associated endothelial cells to
produce TNF-a and CXCL1/2 which further signals myeloid
cells to produce S100 A8/9, resulting in increased survival
and chemo-resistance of breast cancer cells [80]. Using in-
vitro experimentation, it was shown that supernatant from
cultured endothelial cells consists of paracrine signalling
factors like basal membrane and ECM proteins nidogen-1,
biglycan, cyr61, hspg2 that activates the pro-migratory
STAT3 signalling pathway and induces invasion and cell
migration in breast cancer cells [§1]. Endothelial cells have
also been featured as EMT inducers via PAI-1 and CCLS5
signalling [5]. It has also been shown that prolonged TGF-f
signalling from the tumor stroma promotes proliferation
of endothelial cells preventing trans-endothelial migration
(TEM) of cells into vessels while a brief exposure promotes
TEM through down regulation of Twist, CSF1 and LHX?2/
PDGFp signalling [82, 83]. Additionally, miRNAs are also
known to play a role in endothelial cell-tumor crosstalk. It is
reported that miR-7 affects the interaction between endothe-
lial cells and tumor cells and was found to negatively corre-
late with survival in breast cancer patients. miR-7 expressed
in the breast cancer cells also inhibited proliferation, migra-
tion, and invasion of endothelial cells [84]. ALK gene is
also known to be critical for the process of angiogenesis and
is expressed in endothelial cells. ALK gene is targeted by
miR-199b-5p which is generally repressed in breast cancer
cells. The process of vasculature genesis is tightly controlled
by endothelial cell-tumor crosstalk where miR-199b-5p tar-
gets ALK1 gene [85].

The part played by mesenchymal stromal
cells (MSCs)

Mesenchymal stromal cells (MSCs) also known as mesen-
chymal stem cells are multi-potent, heterogenous mixture of
spindle shaped adherent cells with self-renewal and stem like
properties [86]. They originate primarily from bone marrow
and commonly reside in peri-vascular niches of most of the
human tissues [77, 87]. These cells differentiate majorly into
tri-lineages-osteoblasts, chondrocytes and adipocytes [88].
The heterogeneity of these cells arises from clonal conver-
gence and sub-clones generated based on the environment
they reside in [87]. Studies have showed that MSCs are
able to migrate and incorporate into tumor, differentiate, or
remain primitive, thereby contributing to the stroma and sup-
port or inhibit tumor progression. Tumors undergoing necro-
sis and the surrounding injured tissues release cytokines
and chemokines like CXCL1,2,4 which binds to CXCR4
receptors present on MSCs either in local tissue regions or
in circulation and recruit it to the tumor site [89, 90]. The
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MSCs extravasate and engraft into tumor mass and if they
get activated into tumor promoting MSCs, they secret IL-6,
Wnt5a, BMP and Gremlin-1 and create a niche similar to
that of cancer stem cells (CSCs), with Gremlin-1; promoting
CSC self-renewal and producing a stem cell pool. Tumors
will then secrete more chemo-attractants like TGF-f and
SDF-1a, recruiting more MSCs into this niche [91, 92].The
MSCs from the tumor mass is essentially different from the
naive MSCs present in normal tissues. This is due to repro-
gramming/activation of MSCs by the tumor microenviron-
ment. Waterman and colleagues also identified polarization
and fate determination of MSCs by Toll receptor signalling.
MSCs express Toll receptors 1-5 and gets polarized into
anti-tumor MSC1 or pro-tumor MSC2, based on the type of
inducing signals that activate the receptors [93, 94]. Owing
to its self-renewal capacities, MSCs are also able to support
tissue repair and regenerative activities. Besides, they secret
chemokines and other factors signalling the neighbouring
cells and regulating their survival, maturation, and apoptosis
[77]. Further, MSCs secrets chemokines like IL-8, growth
factors like VEGF, TGF-p and other metabolites into the
TME to support tumor vascularity [87, 95]. TGF-f pro-
motes endothelial differentiation and angiogenesis and other
growth factors like EGF activates PIK3/Akt survival path-
way [91]. They also recruit mast cells to increase vascular
permeability [89]. MSCs also directly interact with cancer
cells via gap junction protein connexions or formation of
F-actin tunnelling tubes and promote tumor growth [87].
MSCs then favour tumor metastasis by promoting motility
via chemokine CCL5, which interacts with CCRS recep-
tor on tumors and helps in metastasis. CCL5 secretion is in
turn promoted by tumor released osteopontin (OPN). They
also create metastatic niche at secondary sites and promote
tumor initiation via IL-6 secretion and JAK-STAT pathway
activation [93, 96]. The immune-modulation via secretion of
macrophage inflammatory protein-2, TGF-f1, and the pro-
inflammatory cytokines, along with reducing the cytotoxic-
ity of NK cells and T cells, protects the tumors from immune
responses [91, 97]. It is also reported that MSCs can undergo
differentiation into CAFs, through expression of CAFs spe-
cific markers a-SMA, FSP etc. on stimulation by TGF-p
and TGF-p/SMAD signalling. This has been experimentally
demonstrated in an in-vitro setting using breast cancer cell
lines [93, 98]. MSCs also secrete exosomes comprising of
miRNAs, growth factors, bioactive lipids and growth fac-
tors essential to support tumor progression [89]. In-vitro co-
culture studies on breast cancer cell lines with MSCs have
shown EMT induction on breast cancer cell lines through
increased expression of N-cadherin, Vimentin, Twist and
Snail and down regulation of E-cadherin, via TNFa and
IFNy stimulation and TGF- signalling [93]. There exist
very few reports on the miRNA regulation of these cells.
MSCs secrete miR-16 and miR-92a and is associated with

anti-angiogenic response. miR-16 down regulates VEGF
while miR-92a down regulates HGF secretion, both of which
supresses angiogenesis [99, 100]. In-vitro studies have also
shown that exosomal secreted miR-23b from bone marrow
MSCs induce cycle arrest and suppress migration and inva-
sion in breast cancer stem cells [101].

Immune cells and their vital role in EMT
progression

Macrophages are phagocytic cells of the immune system
derived from myeloid progenitor cells and recruited at the
site of injury and foreign invasions. These cells secret pro-
inflammatory cytokines IL-1 and TNFa and prime the host
immune response [6, 7]. The myeloid progenitor cells differ-
entiate into immature monocytes in the bone marrow and are
released into circulation. On receiving chemokine signals
like CCL2, CCL5, CCL7, CXCLS8 and CXCL12 secreted
from the stromal cells, these monocytes are recruited at the
TME [102]. Here, based on the different environmental cues,
they are polarized to either M1 or M2 macrophages based on
differential surface marker expression. The M1 are “classi-
cally” activated macrophages signalled by LPS or IFN-c and
are tumor inhibiting in nature. The TME however signals the
monocytes towards an “alternatively” activated M2 polari-
zation state. These M2 macrophages are pro-tumorigenic,
produce anti-inflammatory cytokines, promote angiogenesis,
and wound healing [6, 7]. The close interaction of immune
cells with tumor cells impacts each other either to promote
or suppress tumor progression. TME also constitutes of
other immune suppressive cells like NK cells, Tregs, and
MDSC in high levels [103]. The process of EMT generally
makes the TME invasive, and immunosuppressive. During
EMT or MET the genes in tumor cells undergo alterations
to develop neoantigens which increases immunogenicity.
The cytotoxic CD8+T cell that normally engages in lys-
ing the tumor cell refrains from the same during EMT due
to change in antigen susceptibility which leads to immune
escape [104]. The mesenchymal like cells express Twist 1,
RUNX which regulate FOXP3 expression and activate Treg
cells. The activation of MMPs in TME increases immune
infiltration and these immune cells interact with tumor cells
to create a pro-tumorigenic environment. The increased
secretion of pro-inflammatory cytokines are also found to
suppress EMT by increasing the immune cell recruitment
as shown in previous studies [105].

Tumor associated macrophages (TAMs) secret CCL18
which binds to breast cancer specific receptor PITPNM3 and
this induces a downstream signalling that leads to increased
expression of integrin clusters on tumor cell surface which
can interact with the stromal ECM and promote adhesion
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[106]. At a later stage, these TAMs, like CAFs also secrets
ECM remodelling serine proteases, MMP 2, 3, 7, 9, cath-
epsins and lysosomal enzymes which disrupt these integrin
cancer cell surface-ECM interactions and favor tumor migra-
tion and invasion [7]. Further, TAMs have been shown to
induce EMT in various types of cancers through different
mechanisms dependent on the environmental cues. While
TLR4 signalling in pancreatic cancer drives EMT, in breast
cancer it is instigated by increased CCL18 secretion [6,
107]. Eventually, the signalling converges into events of
reduced expression of epithelial markers like E-cadherin
and acquisition of mesenchymal characters alongside acti-
vation of ZEB1 [87]. Moreover, NF-kf} mediated signalling
and stabilization of other transcription factors like Snail
is also brought about by TAMs [7]. Recently, in vitro co-
culture studies on breast cancer cell lines with monocyte
cell line demonstrated that the M1 polarized macrophages
inhibited the outgrowth of the aggressive mesenchymal cell
line MDA-MB-231 with re-expression of E-cadherin and
acquisition of quiescent morphology, while the M2 polar-
ized macrophages led the dormant, epithelial MCF-7 more
proliferative with loss of E-cadherin and acquisition of spin-
dle morphology [108]. These findings suggest that in order
to maintain the plasticity along the epithelial-mesenchymal
axis, the TME signalling could possibly polarize monocytes
to both M1 and M2 phenotypes to bring about the required
balance between the two phenotypes, in the process also
promoting distant metastasis and drug resistance brought
about by EMP.

Myeloid-derived suppressor cells are immature, dereg-
ulated, and dysfunctional myeloid cell precursors seen in
spleens, peripheral blood and in and around the tumor. They
are activated by tumor cells and then produce prostaglandins
to promote their own proliferation. These cells primarily
deplete the concentration of essential amino acids such as
arginine and lysine which are needed by other immune cells
to develop and function and further produce ROS under
hypoxic conditions. They also promote the M2 macrophage
phenotype by secreting TGF-f, suppress the functioning of
NK cells, T lymphocytes and Dendritic cells [105, 109].
MDSC:s are also found to upregulate the expression of PD1,
PDL1, LAG3, CTLA4, and TIM3 [109].

TAMs also release exosomes containing several miR-
NAs and among them high miR-21 expression in mono-
cytes caused M2 polarization and EMT induction through
Snail expression [110]. Further, cytokine IL-1Ra induced
high expression of miR-100 in TAMs and promoted can-
cer stemness via Hedgehog signalling pathway in in-vitro
models [111]. miR-146a and miR-222 were associated
with induction and recruitment of M2 macrophages, via
CXCR4 targeting in a breast cancer mouse model [112].
High expression of miR-519a-3p showed resistance to apop-
tosis in breast cancer cells and was shown to be associated
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with poor survival. It suppresses the target genes coding
for different caspases making them insensitive to apoptotic
signalling cascade. It also down regulates the expression
of NKG2D and prevents killing of tumor cells by NK cells
[113]. miR-200c, is a master regulator in controlling immune
suppression, and when overexpressed in tumor cells was
demonstrated to make them more sensitive to immune ther-
apy [104]. This points towards the fact that tumor—stromal
interactions may be amenable to targeted treatment strategies
like immune therapy that may be used in combination with
conventional therapies.

Discussion and future perspectives

It is now a well-accepted fact that tumor progression that
leads to metastasis is a process that is multistep and multidi-
mensional and is not a tumor cell self-directed process. The
stroma plays a critical role by providing a sheltered nest that
harbours and nurtures the tumor cells. They not only provide
the required nutrients but also provide signalling cues that
bestow invasive properties and immune evasive ability. To
enable transition of tumor and stromal cells through this
process of EMT and to render the plasticity required for this,
proteins and epigenetic machinery in the form of miRNAs
form the tools. They help in dispatching the cues between
tumor and stroma and in sculpting the trail toward distant
metastasis. The expression of proteins and miRNAs crucial
for the process of EMT is exceedingly distinctive in the pres-
ence and absence of stroma. This is a clear illustration of the
fact that stroma is instrumental in driving tumor progression.
In the review we have presented evidence from literature
about the integral role of stroma for the above-mentioned
dynamic crosstalk. This is exceptionally valuable compre-
hension and useful in designing therapeutic strategies for
anticancer treatment.

The focus should shift towards designing more molecules
that target both the stroma and the tumor cells concurrently.
Some of them are already in various phases of clinical tri-
als and have shown promising results [114]. Though our
understanding of the stromal role in tumor progression has
deepened over the last decade, several questions remain
unexplored and challenges to overcome. Bulk of the data
obtained for the stromal contribution towards EMT arises
from pre-clinical model systems and results obtained from
pre-clinical research may be highly inconsistent due to the
variety of pre-clinical models used like xenografts, sphe-
roids etc. The implication of these biomarkers derived in
cancer therapeutics should be evaluated further through the
scope of larger research and cohort-based studies. The dual
role of some of the stromal cells in being anti-tumorigenic
and pro-tumorigenic add a layer of complexity and makes it
challenging to discern the stromal role in tumor progression
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further. More research is necessary to understand this dual
role of stromal cells and the stromal secretome in metastatic
progression and therapeutic resistance. Anticancer research
and thought-provoking leads on the might of the stromal
niche are indeed promising and pave way to a new era of
personalised medicine.
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