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Muscle-invasive lethal carcinomas traverse into and through this specialized biophysical and
growth factor enriched microenvironment. We will highlight cancers that originate in organs
surrounded by smooth muscle, which presents a barrier to dissemination, including prostate,
bladder, esophageal, gastric, and colorectal cancers. We propose that the heterogeneity of
cell-cell and cell-ECM adhesion receptors is an important driver of aggressive tumor networks
with functional consequences for progression. Phenotype heterogeneity of the tumor provides
a biophysical advantage for tumor network invasion through the tensile muscle and survival of
the tumor network. We hypothesize that a functional epithelial-mesenchymal cooperation
(EMC)exists within the tumor invasive network to facilitate tumor escape from the primary
organ, invasion and traversing of muscle, and navigation to metastatic sites. Cooperation
between specific epithelial cells within the tumor and stromal (mesenchymal) cells interacting
with the tumor is illustrated using the examples of laminin-binding adhesion
molecules —especially integrins—and their response to growth and inflammatory factors in
the tumor microenvironment. The cooperation between cell-cell (E-cadherin, CDH1) and cell-
ECM (a6 integrin, CD49f) expression and growth factor receptors is highlighted within poorly
differentiated human tumors associated with aggressive disease. Cancer-associated
fioroblasts are examined for their role in the tumor microenvironment in generating and
organizing various growth factors. Cellular structural proteins are potential utility markers for
future spatial profiing studies. We also examine the special characteristics of the smooth
muscle microenvironment and how invasion by a primary tumor can alter this environment and
contribute to tumor escape via cooperation between epithelial and stromal cells. This
cooperative state allows the heterogenous tumor clusters to be shaped by various growth
factors, co-opt or evade immune system response, adapt from hypoxic to normoxic
conditions, adjust to varying energy sources, and survive radiation and chemotherapeutic
interventions. Understanding the epithelial-mesenchymal cooperation in early tumor invasive
networks holds potential for both identifying early biomarkers of the aggressive transition and
identification of novel agents to prevent the epithelial-mesenchymal cooperation phenotype.
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Epithelial-Mesenchymal Cooperation of Tumors

Epithelial-mesenchymal cooperation is likely to unveil new tumor subtypes to aid in selection of
appropriate therapeutic strategies.

Keywords: integrin, growth factor, muscle invasion, cadherin, epithelial mesenchymal cooperation

1 INTRODUCTION

Several smooth muscle invasive cancers, including prostate,
bladder, esophageal, gastric, and colorectal, rank in the top 10
cancers for incidence and deaths (Society AC, 2020). These
cancers share a common feature—when organ confined, they
are not lethal with treatment; they become lethal when they
escape the primary organ and metastasize. A primary escape
route for these tumors from the original site is invasion through
the smooth muscle surrounding the exterior of the organ (Beunk
et al, 2019) to intravasate or extravasate through vessels, which
requires tumor clusters to migrate through a smooth muscle layer
sheathing the vein wall, and move through an even thicker layer
in escaping through arteries (Miller et al., 2009).

The epithelial to mesenchymal transition (EMT), a major
event in tumor metastasis (Birchmeier and Birchmeier, 1995;
Hay and Zuk, 1995; Birchmeier et al., 1996), although not without
some dissent (Tarin et al., 2005), is defined as epithelial plasticity
typified by enduring “morphological and molecular changes” in
epithelial cells—the result is a phenotypic switch by which
epithelial cells acquire a mesenchymal cell type (Van Marck).
The EMT hypothesis also requires that the cells reverse their
phenotypic switch (mesenchymal to epithelial transition, MET)
to enter the metastatic site (Kalluri and Weinberg, 2009). The
evolution of the epithelial to mesenchymal transition phenotype
hypothesis includes the notion that the loss or gain of an epithelial
phenotype in carcinoma progression is a binary switch (EMT or
MET), a spectrum of expression within a tumor, a partial or
hybrid state, or the result of epithelial-mesenchymal plasticity
(EMP) (Williams et al., 2019; Bakir et al., 2020; Sinha et al., 2020).
The transitions are indicative of an unstable cancer phenotype
referred to as phenotypic plasticity. EMT and MET phenotypes
can be modulated by both genetic and epigenetic mechanisms
(reviewed in Pastushenko and Blanpain (2019)) and in response
to an ever-changing tumor microenvironment (reviewed in
Dongre and Weinberg (2019)). The majority of EMT research
investigates the activities of single cells.

Successful metastasis most likely occurs, however, because of
tumor clusters, not individual circulating tumor cells (CTCs), in a
variety of cancers, including prostate, oral squamous cell
carcinoma, colorectal carcinoma, melanoma, and breast cancer
(Friedl and Gilmour, 2009; Aceto et al., 2015; Harryman et al.,
2016). Tumor clusters display a hybrid epithelial/mesenchymal
(E/M) phenotype in which some cells exhibit epithelial traits of
cell-cell adhesion and other cells exhibit mesenchymal
characteristics of migration and invasion (Jolly et al., 2018).
The analysis of cell mixtures within model systems suggests
that leader and follower cells have distinct phenotypes to
move a tumor mass as a collective of cells (Friedl and
Gilmour, 2009). Futhermore, Friedl highlights the role of the

actin cytoskeleton in generating traction and protrusion force for
migration and in maintaining cell-cell junctions in cell clusters, a
process mediated by distinct receptor-ligand pairs that vary based
on context (Friedl and Gilmour, 2009).

One limitation in understanding the regulation of loss or gain
of an epithelial phenotype is that within a single patient tissue
sample, a heterogeneity of phenotype is often observed, reported
as a mixed phenotype or aberrant expression. Examples of tumor
heterogeneity include the presence of E-cadherin (cell-cell
adhesion) and integrin (cell-ECM adhesion) expression within
different populations of tumor in prostate, bladder, esophagus,
ovaries, and the colon. The heterogeneity of tumor cell-type
expression within the same patient is more often the rule
rather than is a loss of the epithelial phenotype during
progression (Ahmed and Gravel, 2018). The heterogeneity of
prostate tumors, in particular, is revealed in multiple epithelial
cell types, mixed with stromal cells, endothelial cells,
macrophages, lymphocytes, and cancer associated fibroblasts
(CAFS, also known as carcinoma associated fibroblasts), with
all of these cells interacting as a complex adaptive system (Schwab
and Pienta, 1996) to determine tumor progression and treatment
outcomes that are unique to each patient (Maitland et al., 2019).

A second limitation is that comparisons are often made
between mRNA expression levels within normal glands as
compared to those in cancer, whereas the abundance of only
approximately 50% of gene products are accurately reflected by
their mRNA expression levels (Labrie et al, 2019). A third
limitation is that if protein levels are assessed, the normal
function of the gene product in the context of a tumor is
assumed, which may or may not be warranted. Examples are
provided indicating different roles in cancer as compared to
normal tissue that accompany the altered expression patterns
of cell-cell and cell-ECM adhesion receptors.

We propose that the heterogeneity of cell-cell and cell-ECM
adhesion receptors is an important driver of aggressive tumor
networks and has functional consequences in cases of muscle
invasive and lethal carcinomas. The heterogeneity is functional in
that it provides a biophysical advantage for invasion of tumor
networks through the tensile muscle and survival of the tumor
network during progression (Harryman et al.,, 2019). Genomic
heterogeneity also arises in human prostate tumors within the
muscle rich organ as multiple spatially intermixed lineages that
persist within distant lesions (Woodcock et al., 2020). Similarly,
genomic imbalances are widespread in muscle invasive bladder
cancers, more frequently than lower grade/stage tumors (Spasova
etal,, 2021). Understanding the genomic heterogeneity of muscle
invasive bladder cancer is now being explored as a potential
therapeutic response tool (Lotan et al., 2021), an approach
amenable to understanding the consequences of adhesion
receptor phenotype heterogeneity.
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2 CELL-CELL (E-CADHERIN, CDH1) AND
CELL-ECM (A6 INTEGRIN, CD49F)
EXPRESSION WITHIN POORLY
DIFFERENTIATED HUMAN TUMORS
ASSOCIATED WITH AGGRESSIVE DISEASE

One protein structural marker for EMT is vimentin, an
intermediate filament protein associated with cellular motility,
cell shape maintenance, and directional migration of cells (Ivaska,
2011; Maehira et al., 2019). Another marker, Epithelial-cadherin
(E-cadherin), a cell-surface adhesion molecule, is essential in
maintaining apical-basal polarity in epithelial cells (cell-cell
adhesion), and is known to decrease during EMT, while also
known to be present in metastases (Petrova et al., 2016),
suggesting metastasis may not be solely dependent on early
EMT, but more likely a result of a hybrid or E-M cooperative
phenotype in migrating tumor clusters (Jolly et al., 2019; Sinha
et al,, 2020). In the following examples, reports of loss, gain and
heterogeneity of E-cadherin protein expression in aggressive
tumor types are shown to point out the current state of our
understanding.

Zhou et al.,, found that patients whose primary tumors express
high vimentin levels with loss of E-cadherin expression were
more likely to experience lymph node metastasis, distant
metastasis, perineural invasion, and advanced staging
(American Joint Committee on Cancer stage) than patients
with high or low vimentin expression and preserved
E-cadherin expression or low vimentin expression and loss of
E-cadherin expression (Zhou et al., 2021). As previously reported
(Maehira et al., 2019), increased vimentin expression and loss of
E-cadherin expression in the cooperative phenotype of tumor
clusters results in metastasis, invasion, radio-resistance, and
generation of cancer cells with stem cell-like characteristics in
pancreatic cancer. Loss of E-cadherin, and the transition to a
more aggressive phenotype, requires the coordinated regulation
of both cell-cell (E-cadherin-mediated) adhesions and cell-ECM
(integrin-mediated) adhesions, both processes being regulated by
a variety of factors within the tumor microenvironment (Canel
et al.,, 2013).

Gao et al,, also found that ultrasound-guided needle biopsies of
pancreatic adenocarcinoma revealed decreasing intensity of
membranous staining of E-cadherin in poorly differentiated
specimens (Gao et al., 2013). However, this was not universal,
as many poorly differentiated samples still exhibited considerable
E-cadherin expression (14 of 27 poorly differentiated samples
showed moderately to strongly positive E-cadherin expression),
suggesting that cell-cell adhesions (cohesive tumor cell clusters)
were likely still present (a mixed E-M cooperative phenotype).

Zhao et al., found that in esophageal cancers, when looking at
early stage (I, II) tumors, decreased or lost E-cadherin expression
resulted in significantly shorter survival (both overall and disease-
free) (Zhao et al,, 2003). Patients with grade III or IV tumors
exhibited shorter survival timeframes regardless of E-cadherin
expression. However, approximately 15% of poorly differentiated
tumors (highly aggressive) contained normal levels of E-cadherin
(Zhao et al., 2003).

Epithelial-Mesenchymal Cooperation of Tumors

In a unique form of gastric cancer—hereditary diffuse gastric
cancer—Figueiredo et al, found that Pl integrin regulates
invasion in E-cadherin dysregulated tumors (Figueiredo et al.,
2022). Identifying three E-cadherin variants associated with
aggressive gastric cancer (A634V, R749W, and V832M), the
authors concluded that dysfunctional E-cadherin variants
activate a specific mechanotransduction program to regulate
matrix adhesion (Figueiredo et al., 2022). Having determined
that Fibronectin + Vitronectin offered an ECM environment
conducive to the adherence of the mutant E-cad cells, they found
significantly higher traction forces on Fibronectin + Vitronectin
gels when compared to the wild-type E-cad cells (Figueiredo et al.,
2022). Further, the authors found cells expressing mutant forms
of E-cadherin display significant increased levels of Bl integrin
when compared to those of the wild-type—additionally, they
found a slight increase in 1 integrin (which formed tighter
networks than when 4 integrin was present) when P4 integrin
was inhibited (Figueiredo et al., 2022). Finally, the authors found
that E-cadherin loss and a corresponding increase in B1 integrin
expression is associated with higher grade tumors and reduced
overall patient survival (Figueiredo et al., 2022).

Similarly, in bladder cancers, heterogenous E-cadherin
staining was found, with E-cadherin expression occurring
both at the plasma membrane of the surface epithelium of the
normal urinary bladder and at the cell-cell boundaries of
some tumors (Fujisawa et al., 1996). In the same study, tumor
grade was associated with decreased expression of
E-cadherin. Using their cutoff of 50% or more abnormal
cells, 25% of grade I, 46% of grade II, and 86% of grade III
specimens showed decreased staining for E-cadherin.
However, a more recent study found that in muscle-
invasive bladder cancer (MIBC), abnormal cadherin
patterns (decreased E-cadherin and increased N-cadherin)
were highest (70.3% of cases) and associated with adverse
prognostic indicators (Shash et al., 2021). More interestingly,
35% of the samples in this study showed a hybrid pattern of
cadherin expression (both E- and N-cadherin positive)
(Shash et al., 2021), suggesting the possibility of the E-M
cooperation we hypothesize.

Both primary colorectal cancer (CRC) and corresponding
metastatic lymph nodes displayed a predominantly
membranous expression (pure or mixed) of E-cadherin
(67.69% and 89.23%, respectively) (Palaghia et al, 2016).
Weiss et al. (2011), found increased levels of soluble
E-cadherin, an 80kDa protein fragment resulting from the
proteolytic cleavage of the extracellular domain of full-length
E-cadherin (Repetto et al., 2014), in patients with advanced CRC
(stages IIT and IV). Okugawa et al., found that elevated levels of
soluble E-cadherin in preoperative CRC were associated with
poor prognosis (Okugawa et al, 2012). Many cancer studies
suggest that decreased E-cadherin is associated with aggressive
disease and/or poor outcomes, while others, such as these, suggest
the opposite. Taken together, the studies indicate that aberrant
E-cadherin levels, distribution, and perhaps function occurs
during tumor progression. Dissemination through the lymph
nodes or through the wvascular system are different
microenvironments where tumors utilize a cohesive adhesion
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phenotype (reviewed in Harryman et al. (2019), Harryman et al.
(2021).

Another example of a normal cell adhesion receptor, a6p4
integrin, required for a strong adhesion structure, known as the
hemidesmosome (Te Molder et al., 2021), is aberrantly used in
cancer progression. Loss of the hemidesmosome structure
dramatically alters the context of the tissue resulting in early
cancers (De Arcangelis et al., 2017; Wang et al., 2017). Along with
the decrease in E-cadherin expression in CRC noted above, an
overexpression of both a6 and P4 integrin subunits occurs in the
primary tumor as well as in established CRC cell lines, with the
relocalization of a6P4 to the actin cytoskeleton, resulting in a
more migratory and anoikis-resistant phenotype (Beaulieu,
2019). The role of a6P4 integrin in tumor progression has
been observed and studied in skin, breast, and colon cancers
[reviewed (Ramovs et al., 2017)]. In prostate cancer, a6f4 integrin
expression is lost in early cancer progression and is replaced by
the a6Pl heterodimer expression, whereas a6B4 expression
persists in colon and breast cancer (Davis et al, 2001).
Haraguchi et al., identified integrin a6 as an important marker
for detecting colorectal cancer stem cells (CSCs), which possess
the ability to self-renew, have high tumorigenic activity, show
resistance to anticancer drugs and radiation, and cause cancer
recurrence (Haraguchi et al., 2013). Taken together, the studies
indicate that the a6 integrin either paired with the f4 or (1
subunit, is aberrantly expressed and used during tumor
progression.

Strauss et al., identified subpopulations of ovarian cancer cells
that are in a transitory E/M hybrid stage, i.e., cells that express
both epithelial and mesenchymal markers (Strauss et al., 2011).
Further, they determined that primary ovarian cancer cultures are
phenotypically heterogenous and that tumor-initiating cells
display attributes of mesenchymal and epithelial (E/M) cells.
However, they also identified phenotypic subsets based, in
part, on subcellular localization of E-cadherin—in vivo
xenograft tumor growth in SCID nude mice was driven by
E/M-MP  cells  (membrane  E-cadherin'®"/cytoplasmic
E-cadherin™8?/CD133"#" CD44M8" Tie2'°"), which produced
epithelial ovarian cancer cells (Strauss et al., 2011). Under in vitro
conditions, these same E/M-MP cells differentiated into
mesenchymal cells, replicating traditional pathways associated
with an epithelial-to-mesenchymal transition (Strauss et al,
2011). This data suggests that EMT models based on in vitro
observations may be inaccurate. In another study involving
ovarian cancer, Wei et al., found that expression of a6 integrin
was associated with multi-drug resistance and poor prognosis in
ovarian cancer (Wei et al, 2019). Similarly, Dhaliwal and
Shepherd review the role of integrin-mediated cell adhesion in
epithelial ovarian cancer progression and report that laminin
interaction with a6p1 integrins participates in mediating ovarian
tumor spheroid formation (Dhaliwal and Shepherd, 2021).

In prostate cancer, epithelial-mesenchymal transition markers
B-catenin, Snail, and E-cadherin do not predict disease free
survival (Ipekci et al,, 2015); high-grade prostate cancer has
reduced E-cadherin expression and some tumors with
histologically similar appearance could be distinguished by the
presence of mixed populations of E-cadherin negative and

Epithelial-Mesenchymal Cooperation of Tumors

E-cadherin positive cells (Umbas et al, 1992). Other
researchers have shown paradoxical expression of E-cadherin
in prostatic bone metastasis—with some containing mixed
patterns of expression (Bryden et al, 1999). Using high-
density tissue microarray, 1,220 prostate cancers were
analyzed, and 82-90% of cancers were expressing high
(normal) E-cadherin. Notably in this study, E-cadherin
expression was considered aberrant if less than 70% of the
cells had strong membranous staining (Rubin et al., 2001). As
discussed, in many epithelial cancers E-cadherin expression
decreases (a hallmark of EMT, or the proposed epithelial-
mesenchymal cooperation), and there is a corresponding
increase of N-cadherin expression (Tran et al, 1999a; Loh
et al, 2019). In several prostate cancer cell lines (PC-3N,
JCA1, and a subpopulation of PC-3) the increased N-cadherin
expression was localized in sites of cell-cell adhesive contacts
(Tran et al., 1999a), possibly acting to replace the lost E-cadherin
in maintaining cohesive tumor clusters.

One explanation for the paradoxical reports of aberrant
E-cadherin expression may be related to the influence of the
tumor microenvironment. For example, in a mouse xenograft
model system, our research group has observed a dramatic
alteration in E-cadherin expression as tumors move into and
through a biophysically challenging smooth muscle. Figure 1
shows the distribution of E-cadherin (green) increases as the
tumor breeches a smooth muscle barrier (white dotted line).
Tumor clusters that are moving between the muscle layers
(Figure 1A) express E-cadherin within the central region of
the cluster, with a6 integrin observed in a distinct cell-ECM
distribution (Figure 1B) with no detectable overlap with
E-cadherin. This observation is consistent with previous work
that aggressive prostate tumors within metastatic bone sites
express E-cadherin (De Marzo et al.,, 1999).

Nearly all epithelial cancers involve lost, reduced, or mixed
expression of E-cadherin, and with that an assumed loss of cell-
cell adhesion; however, it is also true that cohesive clusters of
tumor cells are the greater source of metastases (Friedl and
Gilmour, 2009; Aceto et al., 2015; Cheung and Ewald, 2016;
Fang and Kang, 2021), as individual cells do not survive to seed
distant sites (Harryman et al., 2016). Under conditions of low
E-cadherin expression, N-cadherin and/or integrins assume the
role of cell-cell adhesion indirectly, for example, a5p1 integrin
binds to intercellular deposits of fibronectin or a6p1 integrin
binds to intercellular laminin (Friedl and Gilmour, 2009).
Considering this, the idea of “partial EMT” may be incorrect,
as Lu and Lu point out (Lu and Lu, 2021), as it appears that
migrating collectives are a “mosaic and heterogeneous
population”—referring to this process as “partial EMT”
prevents a more adequate understanding of these mechanisms
(Luand Lu, 2021). We therefore propose epithelial-mesenchymal
cooperation (EMC) as a more accurate description of the process.

If classical EMT was universal, resulting in single circulating
tumor cell (CTC) migration, cohesive clusters of tumor cells
would not increase metastasis, but the research shows that
clusters present significantly worse clinical outcomes than
single CTCs (Aceto et al., 2014; Cheung and Ewald, 2016).
These clusters are clearly able to maintain their epithelial
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FIGURE 1 | Expression of E-cadherin and a6 integrin in muscle invasive tumor networks in mouse xenograft model. DU145 human tumor cells were IP Injected into

a SCID mouse. The resulting human tumor grows on top of and invades through the muscle diaphragm surface (white dotted line). The tumor clusters express
E-cadherin (Green), a6 integrin (Red) in spatially distinct cell-cell and cell-ECM regions, with no detectable overlap (Yellow). Blue = DAPI; Green = E-cadherin; Red =
ITGAB (NT); the auto-fluorescent muscle is a dull red. The individual image channels of the tumor splitting the muscle (in the dotted white box) are separated to show

the distinct distribution of E-cadherin (A), a6 integrin (B), and nuclei (C). Scale bar = 50 um.

characteristics and the corresponding cell-cell adhesion, and in
fact, they often seem to maintain E-cadherin expression while
single CTCs do not (Aiello et al, 2018). Supporting this,
Gloushankova et al, determined that a hybrid epithelial-
mesenchymal phenotype (a cooperative phenotype) requires
the presence of E-cadherin for cancer cell dissemination,
buttressing our hypothesis that E-cadherin and E-cadherin-
based adherens junctions (AJs) are necessary for collective
invasion and tumor migration (Gloushankova et al., 2017).

3 MUSCLE AS A SPECIALIZED TUMOR
MICROENVIRONMENT

3.1 The Tumor Microenvironment, ECM,
Cancer-Associated Fibroblasts, and Integrins
Inter/intracellular communication in the tumor
microenvironment (TME) is driven by a complex and adaptive
network of cytokines, chemokines, growth factors, inflammatory,
and matrix transforming enzymes all existing in tissue that
presents with major disruptions to its physical and chemical
properties (Balkwill et al., 2012). Among the specific factors
identified by Balkwill et al., are T cells, B cells, natural killer
(NK) cells and natural killer T (NKT) cells, tumor-associated
macrophages (TAMs), myeloid-derived suppressor cells
(MDSCs), cancer-associated fibroblasts (CAFs), adipocytes,
and pericytes (perivascular stromal cells) (Balkwill et al,

2012). The ECM provides a foundation for all the cells in the
TME, so it plays a central role in the development and metastasis
of tumors, especially as the adhesion of a cell to the ECM is key to
its movement out of and into the TME (Balkwill et al., 2012). The
ECM also contains proteins contributing to angiogenesis,
chemokines that stimulate cell migration, and other key growth
factors that interact with cell surface receptors and give each tissue
its rigidity and elasticity (Balkwill et al., 2012). Tumors are typically
stiffer than the surrounding normal tissues due to an increased
ECM deposition by cancer-associated fibroblasts that express
alpha-smooth muscle actin (a-SMA) (Bauer et al, 2020),
allowing the tumor to biomechanically interact with and
respond to the stiffness of the ECM (Wullkopf et al., 2018).
Gkretsi and Stylianopoulos offered an excellent review on how
cell adhesion and matrix stiffness regulate tumor invasiveness and
metastasis (Gkretsi et al., 2018), part of which is summarized
here. During tumor progression, the TME is subject to the
upregulation of ECM remodeling molecules, such as TGE-p,
which has been linked to the development of desmoplasia in
tumors (Papageorgis and Stylianopoulos, 2015). Desmoplasia
represents a stiffening of the ECM, an “intense fibrotic
response,” identifiable by the increase in fibrillar collagen,
fibronectin, proteoglycans, and tenascin C collected within the
tumor. Desmoplasia is further identified by the increase in
inflammatory and tumor-promoting growth factors, including
a large population of stromal cells; concurrently, considerable
numbers of tissue fibroblasts transition to CAFs containing
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a-SMA. The increase in CAFs is thought to promote increased
numbers of ECM fibers, triggering a parallel increase in
desmoplasia. Desmoplasia is associated with ECM stiffening,
which leads to negative outcomes in several types of cancer.
Integrins allow cells to sense and respond to ECM stiffening via
cytoskeletal filaments capable of orchestrating changes within the
cell and cell migration. The increased stiffness of the ECM
promotes fibronectin production, which binds extracellular
collagen, fibrin, and heparan sulfate proteoglycans from one
side of the ECM to integrins on the other side. Stiffening of
the ECM promotes cell-ECM adhesions that bind the ECM to the
cytoskeleton via local adhesion proteins. Integrin clustering
stimulates the recruitment of several focal adhesion
proteins—including FAK, ILK (which appears to down-
regulate E-cadherin (Canel et al, 2013) and regulate integrin
expression via kindlin-2 (Kadry et al., 2018)), Src, Rho, and
Ras—that promote tumor progression. Taken as a whole,
increased ECM stiffness is associated with reduced E-cadherin
expression, increased integrin clustering, CAF production, and
reduced long-term survival (Gkretsi et al., 2018).

Cancer-associated fibroblasts (CAFs) are large, spindle-shaped
mesenchymal cells that share characteristics with smooth muscle
cells and fibroblasts, including the expression of both vimentin
and a-SMA (Izumi et al., 2016). CAFs are highly heterogeneous
and originate from several cell types in the tumor stroma,
including fibroblasts, epithelial and endothelial cells (via
epithelial/endothelial-mesenchymal transition, EMT/EndMT),
bone marrow-derived mesenchymal stem cells, adipose tissue-
derived stem cells, pericytes, smooth muscle cells, and vascular
smooth muscle cells (Cirri and Chiarugi, 2011; Ghajar et al., 2015;
Jang et al., 2019). The heterogeneity of CAFs is also dependent on
their site of origin, with differing mechanisms of how CAFs
promote tumor progression are likely to differ based on the origin
organ (Ghajar et al,, 2015). Interestingly, CAFs seem to be
activated not only by tumor-derived growth factors and
integrins (Jang et al, 2019), but also by mechanical forces
within the TME, including hypoxia matrix stiffness (reviewed
in Santi et al. (2018)).

CAFs demonstrate powerful tumor-modulating effects by
increasing drug resistance (Nurmik et al, 2020; Yoshida,
2020), promoting tumor progression (Yoshida, 2020), the
formation of stem cell niches, and immunosuppression (Zeltz
et al,, 2020), although it must be noted that CAFs also may have
anti-tumor effects (Santi et al., 2018; Liu et al., 2019). Immune
factors, including cytokines (such as interleukin-11 (IL-11), and
interleukin-6 (IL-6)) and chemokines (including IL-6, CCL5, and
CXCL10), play a role in converting normal fibroblasts into CAFs,
and some of these immune factors act in a feedback loop between
the CAFs and the tumor (Yoshida, 2020). For example, CXCL12
secreted from CAFs promotes gastric cancer invasiveness by
increasing the clustering of integrin 1 in gastric cancer cells
and may lead to tumor progression via increased focal adhesion
kinase (FAK) signaling (Izumi et al., 2016; Longmate and
DiPersio, 2017). CXCL12 is also known as stromal cell-derived
factor 1 (SDF1), a crucial regulator in cancer initiation,
angiogenesis, and metastasis (Liu et al, 2019). Moreover,
many of these often pro-inflammatory cytokines are secreted

Epithelial-Mesenchymal Cooperation of Tumors

by both the tumor cells and the CAFs, and they facilitate the
epigenetic modification of CAFs (Yoshida, 2020). CAFs also
appear to be involved in altered expression of growth factors
such as platelet-derived growth factor (PDGF), insulin-like
growth factors I and II (IGF-LII) (Long et al, 2019), cellular
communication network 1 (CCN1, Cyr61 gene) (Joshi et al,
2021), transforming growth factor-f1 (TGF-P1), hepatocyte
growth factor/epithelial scatter factor (HGF/SF), and
keratinocyte growth factor (KGF) [reviewed in (Olumi et al,
1999)]. In bladder cancer, kindlin-2 knockdown is associated
with reduced CAF activation and decreased expression of a-SMA
and fibronectin; reduced kindlin-2 also decreased CAF-induced
tumor migration and invasion (Wu et al, 2017). Kindlin-2
promotes CAF production in bladder cancer via regulation of
TGE-B receptor 1 (TFP1) and the corresponding downstream
induction of the epithelial-mesenchymal cooperative phenotype
(Wu et al., 2017; Wang et al., 2020).

CAFs can remodel the ECM to generate pathways for
collective cancer cell migration (Gaggioli et al, 2007
Labernadie et al, 2017), although the mechanisms of how
cancer cells use CAF-generated tracks and migrate along them
are unclear (Labernadie et al., 2017). One theory is that cadherins
can enable cells to retain adhesion while controlling front/rear
polarization of the leading cells, and Labernadie et al., found that
co-cultured CAFs and cancer cells demonstrated co-localization
of E-cadherin and N-cadherin at contacts between the two cell
types (Labernadie et al., 2017). The presence of E-cadherin would
suggest the absence of EMT, however it has been found that
carcinoma cells can invade without undergoing traditional EMT,
and the tumor cells do not increase mesenchymal markers but do
retain cell to cell contact during their invasion—these cells use the
mesenchymal characteristics of the CAFs (stromal fibroblasts) to
remodel the ECM and consequently follow behind the invading
fibroblasts (Gaggioli, 2008).

Stiffness of the ECM, often through mechanotransduction,
elicits a wide range of responses from different types of cells; for
example, ECM stiffness is central to the differentiation of stromal
fibroblasts into CAFs (Emon et al, 2018). Increased ECM
stiffness is associated with upregulated expression of a-SMA, a
proven myofibroblast (another term for CAFs) marker (Emon
et al,, 2018). Myofibroblasts are essential in wound healing, and
they may arise from a variety of different cell types, including
local fibroblasts, pericytes, smooth muscle cells, epithelial cells,
endothelial cells, hepatic perisinusoidal cells, mesenchymal stem
cells, and fibrocytes (Bagalad et al., 2017). A subset of CAFs act as
wound-like myofibroblasts that mediate a disordered chronic
wound healing process in tumors; for example, many CAFs share
similar features with a-SMA-positive (a-SMA+) myofibroblasts
(Liu et al, 2019). CAFs present myofibroblast-like properties,
such as strong contractility and ECM deposition, and this allows
CAFs to produce both chemical and mechanical signals that
support invasive tumor growth (DiPersio and Van De Water,
2019). A classification system (based on immunohistochemical
staining of the filaments) for myofibroblasts identified 5 distinct
types, each expressing various combinations of desmin, a-SMA,
vimentin, and myosin (Powell et al., 1999; Bagalad et al., 2017).
All of these are also markers for smooth muscle differentiation
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(Wong and Tam, 2002), which occurs when tumor invades the
muscle surrounding the origin organ (bladder, prostate,
colon, etc.).

CAF function is regulated by integrins, which are expressed on
all tumor and stromal cell types, regulating cell adhesion and
bidirectional mechanotransduction across the cell membrane
(DiPersio and Van De Water, 2019). Integrins regulate the
capacity of CAFs to produce and respond to extracellular cues
in the tumor microenvironment (DiPersio and Van De Water,
2019). Integrins can control pro-tumorigenic cell-autonomous
functions within both tumor cells and stromal cells (CAFs or
myofibroblasts) that promote cancer, including survival,
proliferation, motility/invasion, and ECM modulation
(Brakebusch et al., 2002; Missan and DiPersio, 2012; DiPersio
and Van De Water, 2019). Integrins (a3p1 in work by DiPersio &
Van De Water) also play a role in the regulation of intercellular
communication within the TME, via regulation of paracrine
signaling, either chemical or mechanical, between tumor cells
and stromal cells (Briicher and Jamall, 2014; Longmate and
DiPersio, 2017; DiPersio and Van De Water, 2019). In
pancreatic cancer, a6Pl integrin expressed by tumor cells
interacts with uPAR expressed on stromal fibroblasts and
promotes  activation in  the  fibroblasts of  the
uPAR-uPA-MMP-2 proteolytic cascade, aiding in tumor
progression (He et al., 2007).

Integrin a11f1, a collagen adhesion receptor, plays a role in
differentiation of fibroblasts into CAFs, and also is expressed by
CAFs (Zeltz et al, 2019). Integrin allpl has been shown to
promote tumor growth and metastatic potential of non-small cell
lung cancer (NSCLC) cells (Navab et al., 2016), breast cancer, in
conjunction with platelet-derived growth factor receptor [
(PDGFRP) (Primac et al, 2019), and in head and neck
squamous cell carcinoma (HNSCC) and pancreatic ductal
adenocarcinoma (PDAC) (Zeltz et al., 2019). Integrin all1f1 is
highly expressed on fibroblasts, and al1pl knockouts produce
considerably reduced smooth muscle cell a-actin (SMC-actin)
expression and lower tensile strength of healed wounds [reviewed
in (DiPersio and Van De Water, 2019)]. Integrin al1f1 appears
to be regulated by ECM stress, acting as a mechanosensor,
involving activin A and Smad3. and regulates myofibroblast
differentiation (Carracedo et al., 2010). It is known that al1f1
integrin binds smooth muscle cells to the ECM, so its down-
regulation in tumor progression may make smooth muscle less
resistant to invading tumors, as is also true in the down-
regulation of a7B1 in smooth muscle when tumor invades
(Tan et al., 2013).

Contrasted with normal fibroblasts, CAFs produce a
fibronectin-rich ECM with anisotropic fiber orientation, which
guides directional migration of cancer cells (Erdogan et al,
2017a). CAF-induced directional migration, in both the
prostate cell line DU145 and the head and neck squamous cell
carcinoma lines JHUO12 (laryngeal squamous cell carcinoma)
and SCC61 (tongue squamous cell carcinoma), suggests a non-
organ-specific mechanism by which CAFs modulate cancer cell
migration (Erdogan et al., 2017a). Matrix configuration by CAFs
is facilitated by enhanced myosin-II-driven contractility and
increased traction forces, transferred to the ECM via a5p1
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integrin (Erdogan et al, 2017a). Integrin a5B1 is also
produced by CAFs (Jang et al, 2019), and one of its roles is
mechanosensing of the stiffness of normal tissue (Elosegui-Artola
etal,, 2014), but not in tumor (Jang et al., 2019). Cancer cells have
been shown to adhere to fibroblasts through integrin a5p1-
mediated binding to fibronectin on the surface of fibroblasts
(Miyazaki et al., 2019).

DiPersio & Van De Water report that a3p1, a laminin-binding
integrin, and a5B1, a fibronectin-binding integrin, are both
required on CAFs for protease- and force-mediated ECM
remodeling that creates matrix tracks to guide collective
invasion of carcinoma cells, likely with separate signaling
pathways (DiPersio and Van De Water, 2019). The authors
also report research by Cavaco et al., that revealed a crucial
role for a3p1 integrin, and its interaction with laminin-332, in
CAF differentiation and maintenance (Cavaco et al., 2018;
DiPersio and Van De Water, 2019), as well as work from their
lab, and others, that revealed a central role for a3p1 integrin in
epithelial cells to regulate paracrine stimulation of stromal cells
(DiPersio and Van De Water, 2019). Cavaco, working in
pancreatic cancer, found that a3 integrin is considerably up-
regulated during tumor differentiation with much greater
expression in inflaimmatory CAFs (iCAFs) than in the
immortalized human pancreatic fibroblasts, concluding that
a3pl integrin is a marker for CAF differentiation when
combined with the expression of its ligand, laminin-332
(Cavaco et al., 2018).

Erdogan et al., in working with the DU145 prostate cancer cell
line, found that immunofluorescence (IF) staining of DU145-
CAF co-cultures for N-cadherin and E-cadherin revealed DU145
cells forming E-cadherin junctions with other DU145 cancer
cells, but the CAFs formed N-cadherin junctions with other
CAFs—they did not observe any N-cadherin/E-cadherin
connections at sites where DU145 cancer cells made contact
with CAFs (Erdogan et al., 2017b). Labernadie et al., found that
CAFs drive in vitro collective tumor invasion via an intercellular
physical force that is transmitted through heterophilic AJs
involving E-cadherin on the cancer cell membrane and
N-cadherin on the CAF membrane (Labernadie et al., 2017).
This heterotypic adhesion between both cell types facilitates force
transmission and mechanotransduction as well as CAF
polarization (Labernadie et al., 2017). Both studies show that
E-Cadherin expression is maintained in collective tumor
migration, but that N-Cadherin plays a crucial role as well,
confirming previous data from our own research group (Tran
et al.,, 1999b). We note with interest that exosomes have been
proposed as a mechanism for altering cellular adhesion
membrane components (Krishn et al., 2019; Li et al., 2022).

CAFs are the predominant type of stromal cells in the TME
(Erdogan et al., 2017a; Goulet et al., 2019; Li et al., 2021), and as
such, their role providing paracrine factors or exosomes in tumor
initiation, growth, and metastasis has become the focus of intense
research over the last 10 years. Among the many cancers being
investigated, muscle-invasive bladder cancer (Goulet et al., 2019;
Zhou et al., 2020), invasive colorectal cancer (Tommelein et al.,
2015; Son et al., 2019), and metastatic prostate cancer (Ippolito
etal.,2019; Bonollo et al., 2020) all show a central role for CAFs in
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the development and progression of the disease. As shown above,
CAFs contribute a variety of growth factors to the TME, mediated
in part by integrins, and facilitated by cadherins. CAFs are the
proposed initiators of EMT in bladder cancer (Goulet et al., 2019)
and colorectal cancer (Asif et al., 2021), and this extends to many
other cancers, as well (Fiori et al.,, 2019; Mezawa and Orimo,
2021). Taken together, this data suggests a fundamental role for
CAFs in the epithelial-mesenchymal cooperation we propose.
This cooperative phenotype better represents the in vivo process
than does traditional EMT conceptualizations. Future research
may provide actionable targets to inhibit CAF formation in a
tumor-suppressive manner, thereby reducing metastatic risk.

3.2 The Biophysical Properties of the
Muscle

Smooth muscle invasion is a key means of tumor escape from the
primary site in cancers of the prostate, bladder, esophagus,
stomach, and colon/rectum (Society AC, 2020). When these
tumors remain organ-confined, they are not lethal with proper
treatment; however, lethality increases substantially once they
escape the primary organ and metastasize. The smooth muscle is
a unique biophysical tumor microenvironment, and together
with connective tissue, forms the anatomical layers of
submucosa, mucosa, and serosa surrounding hollow organs or
organ systems (Beunk et al, 2019). Smooth muscle is
characterized as involuntary, non-striated muscle, functionally
distinct from skeletal and cardiac muscle, and is found in the walls
of the urinary bladder, uterus, stomach, intestines, prostate,
arteries and veins of the circulatory system, and in the
respiratory, urinary, and reproductive systems (Betts et al,
2013; Hafen and Burns, 2020). Fully differentiated smooth
muscle expresses the cytoplasmic molecular markers desmin
(an intermediate filament), calponin (an actin-binding
protein), and laminin-binding adhesion receptors, including
the biosensing a7fl integrin (Burkin and Kaufman, 1999;
Ayala et al., 2003; Boppart et al., 2006; De Vivar et al.,, 2017).
Compared to striated muscle, smooth muscle expresses greater
elasticity and function within a larger length-tension curve, and
the ability to stretch without losing contractility is necessary in
organs such as the bladder, stomach, and intestines (Betts et al.,
2013).

Tumors escaping their site-of-origin generally face a barrier of
single-unit smooth muscle cells rather than the multi-unit type.
Smooth muscle composed of single-unit muscle fibers are joined
by gap junctions, which permits the whole muscle to contract as a
single unit (visceral muscle) and is found in the walls of all
visceral organs other than the heart (which has unique cardiac
muscle in its walls) (Betts et al., 2013). Not being hindered by the
limited elasticity of sarcomeres, single-unit fibers of the visceral
muscle possess a stress-relaxation response that is obvious in the
muscles of hollow organs such as the colon or bladder, that
stretch and expand as they fill, creating a mechanical stress that
generates contraction followed by relaxation in order to prevent
an unfortunate release of the organ’s contents (Harryman et al.,
2021). Visceral smooth muscle generally produces slow, uniform
contractions that allow organ contents, such as urine, to

Epithelial-Mesenchymal Cooperation of Tumors

accumulate and be released—and to be clear, striated muscle
forms the urethral sphincter, allowing for voluntary release of
urine (Jung et al.,, 2012).

Smooth muscle cells (myocytes) are found beneath the
basement membrane and are constrained by loose fibrillar
networks rich in collagen (Beunk et al, 2019). This structure
provides tissue cohesion and plasticity of tissue movement during
contraction, which allows for comparatively low resistance for
migrating cells, and the basement membranes offer a variety of
ligands, including laminin, for cell adhesion (Beunk et al., 2019).
Invading tumor cells face a unique microenvironment when
invading smooth muscle with biophysical properties such as
muscular elasticity, contraction/relaxation forces, and tissue
rigidity that present physical cues shaping the dynamics of
tumor invasion (Beunk et al., 2019). As the tumor penetrates
the muscle barrier, these biophysical forces are apt to fluctuate
due to the elasticity of the muscle, which can be as much as
100 times stiffer than the layer of fat surrounding the prostate
capsule and the bladder (Cox and Erler, 2011a).

Epithelial tumors employ integrins, biophysical and
biochemical sensing receptors, to interact with the smooth
muscle ECM (such as laminin, fibronectin, and collagen).
Integrins are ECM adhesion receptors that orchestrate cell
mechanics and transmission forces in the variable ECM
environments during the normal processes of embryonic
development and morphogenesis and in clinical developments
such as epithelial tumor growth during invasion and metastasis
(Goodwin et al., 2016; Mui et al.,, 2016; Changede and Sheetz,
2017; Harryman et al, 2021). In smooth muscle, the a7p1
integrin, which is specific for laminin binding to the ECM, is
highly expressed; inactivating mutations of this integrin will cause
loss of muscle integrity (Burkin and Kaufman, 1999; Boppart
et al,, 2006; Liu et al., 2009; Okada et al., 2013; Harryman et al,,
2021). The function of a7p1 integrin is to facilitate muscle cell
interactions with laminin in the ECM, while the role of a6p1
integrin (also specific for laminin) is to mediate tumor cell-ECM
interactions and smooth muscle invasion (Rubenstein et al., 2019;
Harryman et al., 2021), suggesting that there may be integrin
cooperation between the invading tumor and the normal muscle
during laminin-based invasion (Harryman et al., 2021). There is
still little known about the various elements that promote tumor
migration from the primary organ into and through the smooth
muscle barrier, and there likely will be a combination of
biomechanical forces, chemoattractants, biochemical signals,
CAFs, and hormonal factors that reduce resistance in the
muscle to the invasive tumor (Harryman et al., 2021).

4 THE GROWTH FACTORS THAT
INFLUENCE TUMOR INTEGRIN FUNCTION
IN THE MUSCLE

A major transition in the progression of prostate and bladder
cancer to lethal disease is the ability of the tumor to invade into
and through organ-confining muscle layers. In prostate cancer,
the structural integrity of the muscle layer of the prostate capsule
becomes progressively disrupted. Microscopically, the muscle
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FIGURE 2 | Muscle invasive patient-derived xenograft (PDX) expresses kindlin-2 and angulated invasive clusters of human tumor (from a surgical specimen)
splitting the muscle. (A) Immunohistochemistry of PDX MDA PCa 173-2-4 shows expression of kindlin-2 (brown, DAB) on tumor cell surface of angulated cluster invading
mouse muscle (Muscle). (B) For comparative purposes, a radical prostatectomy specimen contains angulated invasive human prostate cancer expressing E-cadherin

(green), splitting the muscle (white triangle) (desmin, red). Nuclei detected by DAPI (DNA, blug).

becomes disorganized in the presence of the activated tumor, as
inferred by the muscle response and the observation that tumor
clusters within the muscle become highly angulated (Ayala et al.,
2003). An essential regulator of morphogenesis of the epithelium
and cancer invasion and metastasis is kindlin-2 (Wang et al,
2020; Zhu et al, 2021). Our research group has observed an
increased expression of kindlin-2, an integrin adapter, indicating
integrin activation within a patient-derived xenograft model
(Palanisamy et al., 2020). The cell surfaces of the angulated
tumor cluster express kindlin-2 (Figure 2A). Angulated tumor
within a radical prostatectomy specimen (Figure 2B) shows the
presence of E-cadherin in a cell-cell distribution within the tumor
cell clusters as the muscle is parted. We speculate that kindlin 2
may be an important molecular regulator of the tumor invasive
networks to move through muscle. Recent work has highlighted
emerging evidence for kindlin oligomerization and integrin
clustering as mechanisms to regulate integrin function (Bu
et al., 2021; Soe et al.,, 2021).

Early work recognized the importance of reciprocal
interactions of the tumor and muscle that coordinatively
resulted in organ escape (Ayala et al, 2003). While matrix
metalloproteinases (MMPs) and corresponding ECM changes
occur during prostate cancer progression (Harryman et al., 2019),
it is unknown how the muscle and tumor alterations cooperate.
Recent work has centered on the view that the plasticity of cell
phenotypes in both compartments may be responsive to growth
factors and secreted proteins as agents of change.

Maintenance of the differentiated phenotype of smooth
muscle occurs using the IGF-1 signaling pathway through PI3-
kinase (Hayashi et al., 1998). Insulin-like growth factors (IGF-I
and IGF-II) and insulin markedly prolonged the differentiated
phenotype with IGF-I being the more potent. The secretion of
IGF-I is enhanced by the extracellular matrix protein, laminin. In
contrast, serum epidermal growth factor (EGF) and platelet
derived growth factors (PDGF) can induce de-differentiation
as well as being potent inhibitors of the downstream pathway
of PI3 kinase (wortmannin and LY294002). The inhibitors
induced de-differentiation of the muscle even in the face of
IGF-I stimulation (Hayashi et al., 1998). Further work showed

that the balance of PI3-kinase/AKT and ERK/p38MAPK will
change the differentiation status of muscle (Hayashi et al., 1999).
In another study, using primary cultured vascular smooth muscle
cells, laminin induced a delay in the progression of de-
differentiation, maintaining the contractile phenotype, whereas
fibronectin stimulated it (Hedin et al., 1988). The results
suggested diverse functional roles of fibronectin and laminin
as ECM molecules in control of the differentiated properties of
smooth muscle. Taken together, these data suggest that
contextual signals provided by ECM proteins can remarkably
affect the action of growth factors to either maintain
differentiation or induce a de-differentiation response in adult
smooth muscle.

One mechanism for PDGF to induce de-differentiation of
smooth muscle, via downstream kinase signaling pathways of
ERK and JNK, is mediated through a secreted -cellular
communication network factor 1 protein (CCN1; CYR61
gene) (Zhang et al.,, 2015). CCN1 also is associated in several
epithelial cancers with a pro-metastatic phenotype that can be
blocked to prevent metastasis (Ilhan et al., 2020) and with a drug
resistance phenotype (Vidot et al., 2010). The role of extracellular
CCN1 to alter both the de-differentiation of muscle and
stimulation of tumor aggressive phenotypes may be related to
its ability to directly interact with the laminin-binding integrin
class of cell adhesion receptors. CCNI interacts with both
endothelial and epithelial specific a6l integrin and a7p1
integrin, another laminin-binding integrin found on muscle
cells (Leu et al, 2003). We hypothesize that CCN1 provides
the contextual signal to modulate both the epithelial and muscle
laminin-binding integrins. We further speculate that the reported
paradoxical effects of CCNI1 to alter phenotypes (Lu and Kang,
20165 Park et al., 2019; Oliphant et al., 2020) is both cell-type and
context dependent for autocrine and paracrine effects. While the
current literature supports the idea that CCN1 is a biologically
active paracrine factor for tissue remodeling, we propose that
CCNI1 could act as a key modulator mediating the cross talk
between epithelial tumor migration into and through the muscle,
and the known muscle remodeling that occurs during tumor
progression. We note with interest that current tumor
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transcriptional databases cannot distinguish whether CCN1
expression changes are due to CCN1 expressed by the tumor,
muscle, or endothelium. Understanding the functional relevance
of increased CCN1 associated with increasing grade or worse
patient outcomes is difficult when the source of CCN1 is not
known in these complex samples. This is especially important
since muscle loss in response to a resident tumor is a known
progression event that is manifested as reduced desmin and
smooth muscle alpha-actin as hallmarks of cancer-associated
reactive stroma relative to normal fibromuscular stroma
(Ayala et al., 2003). Future work to spatially profile expression
levels of protein and mRNA in different cellular compartments in
the context of the smooth muscle microenvironment will be
important to increase our understanding.

Muscle, as a microenvironment for cancer, is a contractile and
stiff environment as compared to interstitial stroma,
endothelium, or fat (Cox and Erler, 2011b). Matrix stiffness in
tumor model systems can induce endothelial CCN1 secretion and
was postulated as an autocrine factor in the endothelium and
functioning in a paracrine fashion as a tumor cell adhesion ligand
for gaining access to the circulation (Reid et al., 2017; Reid and
Zanivan, 2017). In a similar manner, the contractile smooth
muscle microenvironment may induce CCNI1 secretion as a
de-differentiation factor in the muscle and function as a
paracrine factor to clear a path for tumor invasion into and
through the smooth muscle environment.

The secretion of cytokines (IL6, TNF-alpha) can be stimulated
to induce de-differentiation of muscle cells. For example, bacterial
lipopolysaccharide (LPS) can change the muscle differentiation
phenotype within 24 h of exposure (Leimgruber et al., 2011). The
resulting secretory phenotype was confirmed by electron
microscopy, immunofluorescence, and direct loss of calponin
with an increase in vimentin levels in muscle cells. Similarly, the
influx of macrophages and inflammatory cytokines are required
for dual beneficial roles of proliferation and differentiation to
accomplish muscle regeneration (Chazaud et al., 2009). While
several triggers and growth factors are required, the resulting
plasticity of the smooth muscle is heritable and can be local in
effect.

Smooth muscle plasticity is regulated epigenetically via
histone modification, DNA methylation, and demethylation
triggered by different growth factors to influence their
phenotypic state (Liu et al., 2015). Smooth muscle cell
(SMC) dedifferentiation occurs by stabilizing DNA
methyltransferase 3A (DNMT3A). Reduced DNMT3A
protein leads to DNA hypomethylation in contractile gene
promoters, which increased SMC contractile protein
expression. DNMT3A degradation via E3 ligase TRAF6
drives differentiation of SMCs (Jeong et al, 2021). A
unifying epigenetic mechanism also has been proposed
that confers reversible SMC differentiation governed by
the DNA-modifying enzyme ten-eleven translocation-2
(TET2). Loss of TET2 and 5-hmC positively correlates
with the degree of injury in murine models of smooth
muscle injury. Importantly, localized TET2 knockdown
exacerbates  injury  response, and local = TET2
overexpression restores the 5-hmC epigenetic landscape
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and contractile gene expression. TET2 is viewed as a novel
and necessary master epigenetic regulator of SMC
differentiation (Liu et al., 2013). Further studies identify
the H3K4me2-TET2-miR145 axis as a central epigenetic
memory mechanism controlling muscle cell identity and
function (Liu et al, 2021). Taken together these data
suggest that the smooth muscle phenotypic plasticity is a
regulated event by growth factors that could explain the
disruption of the muscle during an injury event such as
tumor invasion. The potential reversibility of the de-
differentiation response of the muscle to the tumor will be
an interesting avenue of future study.

5 CONCLUSION

The evolving EMT paradigm includes a recent shift in
understanding that invasive and metastatic tumor cell clusters
contain phenotypic diversity and heterogeneity. Tumor cell
phenotypic heterogeneity is a predominant feature within
clusters of metastatic tumor cells, directly observable by the
multiplex digital spatial profiling of proteins and RNA in fixed
tissue (Merritt et al., 2020). Epithelial-mesenchymal cooperation
(EMC) is dynamic and responsive to changing environmental
conditions, resulting in adaptive resistance, a challenge for
optimal therapeutic intervention (Labrie al, 2019).
Transient commensal clonal interactions of tumor can drive
metastasis (Naffar-Abu Amara et al., 2020), with significant
functional heterogeneity (Kuiken et al., 2021).

The invasion of tumor clusters into smooth muscle
represents an early event in the metastatic cascade. Work is
just beginning to understand the regulation of tumor cluster
invasion into and through the smooth muscle for systemic
spread. Integrins and growth factors, modulated by CAFs,
dramatically influence epithelial-mesenchymal cooperation
within the tumor clusters for invasion into and through the
muscle. In addition, the mechanosensing features of the
integrins and cell-cell strength properties of E-cadherin likely
cooperate for tumor survival within the contractile nature of the
smooth muscle. The use of patient-derived xenograft models
will increase our understanding of the phenotypic functional
heterogeneity in early tumor invasive networks to aid
identification of new tumor subtypes responsible for an
aggressive transition. The combined use of digital spatial
profiling of tumor and the smooth muscle microenvironment
coupled with non-invasive imaging techniques holds great
promise for early detection of the initial stages of metastasis,
especially for prostate and bladder cancer patients, to aid
therapeutic decisions. It is currently unknown how the
alterations of cell adhesion receptors are coordinated during
epithelial mesenchymal cooperation. Future work on digital
spatial profiling of tumors within the complex environment
of muscle invasion is likely to be very informative for
understanding cooperative heterogeneity. We also note the
recent advances in multi-parametric MRI imaging to non-
invasively observe extraprostatic extension in prostate cancer
and the potential to combine this with PET imaging for early
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detection and prevention of the earliest stage of metastasis
(Guglielmo et al., 2021; Skawran et al., 2022).

DATA AVAILABILITY STATEMENT

Original image contributions are presented in the study and
further inquiries can be directed to the corresponding author.

AUTHOR CONTRIBUTIONS

Article conception by AC, writing by WH and AC, data for
Figure 1 by KM, pathology support, tissue, Figures 1, 2 by RN.

REFERENCES

Aceto, N, Bardia, A., Miyamoto, D. T., Donaldson, M. C., Wittner, B. S., Spencer,
J. A, et al. (2014). Circulating Tumor Cell Clusters Are Oligoclonal Precursors
of Breast Cancer Metastasis. Cell. 158 (5), 1110-1122. doi:10.1016/j.cell.2014.
07.013

Aceto, N., Toner, M., Maheswaran, S., and Haber, D. A. (2015). En Route to
Metastasis: Circulating Tumor Cell Clusters and Epithelial-To-Mesenchymal
Transition. Trends Cancer 1 (1), 44-52. doi:10.1016/j.trecan.2015.07.006

Ahmed, Z., and Gravel, S. (2018). Intratumor Heterogeneity and Circulating
Tumor Cell Clusters. Mol. Biol. Evol. 35 (9), 2135-2144. doi:10.1093/
molbev/msyl15

Aiello, N. M., Maddipati, R, Norgard, R. J., Balli, D., Li, J., Yuan, S., et al. (2018).
EMT Subtype Influences Epithelial Plasticity and Mode of Cell Migration.
Developmental Cell 45 (6), 681-695. doi:10.1016/j.devcel.2018.05.027

Asif, P. J., Longobardi, C., Hahne, M., and Medema, J. P. (2021). The Role of
Cancer-Associated Fibroblasts in Cancer Invasion and Metastasis. Cancers
(Basel) 13 (18), 4720. doi:10.3390/cancers13184720

Ayala, G., Tuxhorn, J. A., Wheeler, T. M., Frolov, A., Scardino, P. T., Ohori, M.,
et al. (2003). Reactive Stroma as a Predictor of Biochemical-free Recurrence in
Prostate Cancer. Clin. Cancer Res. 9 (13), 4792-4801.

Bagalad, B., Mohan Kumar, K., and Puneeth, H. (2017). Myofibroblasts: Master of
Disguise. J. Oral Maxillofac. Pathol. 21 (3), 462-463. d0i:10.4103/jomfp.
jomfp_146_15

Bakir, B., Chiarella, A. M., Pitarresi, J. R,, and Rustgi, A. K. (2020). EMT, MET,
Plasticity, and Tumor Metastasis. Trends Cell Biology 30 (10), 764-776. doi:10.
1016/j.tcb.2020.07.003

Balkwill, F. R., Capasso, M. and Hagemann, T. (2012). The Tumor
Microenvironment at a Glance. J. Cell Sci. 125 (Pt 23), 5591-5596. doi:10.
1242/jcs.116392

Bauer, J., Emon, M. A. B,, Staudacher, J. J., Thomas, A. L., Zessner-Spitzenberg, J.,
Mancinelli, G., et al. (2020). Increased Stiffness of the
Microenvironment in colon Cancer Stimulates Cancer Associated
Fibroblast-Mediated Prometastatic Activin A Signaling. Sci. Rep. 10 (1), 50.
doi:10.1038/s41598-019-55687-6

Beaulieu, J.-F. (2019). Integrin a6p4 in Colorectal Cancer: Expression, Regulation,
Functional Alterations and Use as a Biomarker. Cancers 12 (1), 41. d0i:10.3390/
cancers12010041

Betts, J., Young, K. A, Wise, J. A., Johnson, E., Poe, B., Kruse, D. H., et al. (2013).
TX: OpenStax.

Beunk, L., Brown, K., Nagtegaal, I, Friedl, P., and Wolf, K. (2019). Cancer Invasion
into Musculature: Mechanics, Molecules and Implications. Semin. Cell
Developmental Biol. 93, 36-45. doi:10.1016/j.semcdb.2018.07.014

Birchmeier, C., Birchmeier, W., and Brand-Saheri, B. (1996). Epithelial-
mesenchymal Transitions in Cancer Progression. Acta anatomica 156 (3),
217-226. doi:10.1159/000147848

Tumor

Epithelial-Mesenchymal Cooperation of Tumors

FUNDING

Supported in part by NCI-P30 CA23074 and NCI-F30 CA247106.

ACKNOWLEDGMENTS

The authors would like to acknowledge the expert technical
assistance of the UACC Core Support Services, Tissue
Acquisition and Molecular Analysis, and Experimental Mouse
Shared Service. We especially appreciate the expertise of Maga
Sanchez, HTL(ASCP)cm, Research Laboratory Manager I, and
Bethany Skovan, Research Specialist, Sr.

Birchmeier, W., and Birchmeier, C. (1995). Epithelial-mesenchymal Transitions in
Development and Tumor Progression. Exs 74, 1-15. doi:10.1007/978-3-0348-
9070-0_1

Bonollo, F., Thalmann, G. N., Kruithof-de Julio, M., and Karkampouna, S. (2020).
The Role of Cancer-Associated Fibroblasts in Prostate Cancer Tumorigenesis.
Cancers 12 (7), 1887. doi:10.3390/cancers12071887

Boppart, M. D., Burkin, D. J., and Kaufman, S. J. (2006). a7p1-Integrin Regulates
Mechanotransduction and  Prevents Skeletal Muscle Injury. Am.
J. Physiology-Cell Physiol. 290 (6), C1660-C1665. doi:10.1152/ajpcell.00317.
2005

Brakebusch, C., Bouvard, D., Stanchi, F., Sakai, T., and Fissler, R. (2002).
Integrins in Invasive Growth. J. Clin. Invest. 109 (8), 999-1006. doi:10.
1172/jci0215468

Briicher, B. L. D. M., and Jamall, I. S. (2014). Cell-cell Communication in the
Tumor Microenvironment, Carcinogenesis, and Anticancer Treatment. Cell
Physiol Biochem 34 (2), 213-243. doi:10.1159/000362978

Bryden, A. A., Freemont, A. ., Clarke, N. W., and George, N. J. (1999). Paradoxical
Expression of E-Cadherin in Prostatic Bone Metastases. BJU Int. 84 (9),
1032-1034. doi:10.1046/j.1464-410x.1999.00378.x

Bu, W, Levitskaya, Z., Tan, S. M., and Gao, Y. G. (2021). Emerging Evidence for
Kindlin Oligomerization and its Role in Regulating Kindlin Function. J. Cell Sci
134, 134. doi:10.1242/jcs.256115

Burkin, D. J., and Kaufman, S. J. (1999). The a7p1 Integrin in Muscle Development
and Disease. Cell Tissue Res. 296 (1), 183-190. doi:10.1007/s004410051279

Canel, M., Serrels, A., Frame, M. C., and Brunton, V. G. (2013). E-cadherin-
integrin Crosstalk in Cancer Invasion and Metastasis. J. Cell Sci. 126 (Pt 2),
393-401. doi:10.1242/jcs.100115

Carracedo, S., Lu, N., Popova, S. N., Jonsson, R., Eckes, B., and Gullberg, D. (2010).
The Fibroblast Integrin allfl Is Induced in a Mechanosensitive Manner
Involving Activin A and Regulates Myofibroblast Differentiation. J. Biol.
Chem. 285 (14), 10434-10445. doi:10.1074/jbc.m109.078766

Cavaco, A. C. M, Rezaei, M., Caliandro, M. F., Lima, A. M., Stehling, M., Dhayat, S.
A, et al. (2018). The Interaction between Laminin-332 and a3f1 Integrin
Determines Differentiation and Maintenance of CAFs, and Supports Invasion
of Pancreatic Duct Adenocarcinoma Cells. Cancers (Basel) 11 (1), 14. doi:10.
3390/cancers11010014

Changede, R., and Sheetz, M. (2017). Integrin and Cadherin Clusters: A Robust
Way to Organize Adhesions for Cell Mechanics. Bioessays 39 (1), 1-12. doi:10.
1002/bies.201600123

Chazaud, B., Brigitte, M., Yacoub-Youssef, H., Arnold, L., Gherardi, R., Sonnet, C.,
et al. (2009). Dual and Beneficial Roles of Macrophages during Skeletal Muscle
Regeneration. Exerc. Sport Sci. Rev. 37 (1), 18-22. doi:10.1097/jes.
0b013e318190ebdb

Cheung, K. J., and Ewald, A.J. (2016). A Collective Route to Metastasis: Seeding by
Tumor Cell Clusters. Science 352 (6282), 167-169. doi:10.1126/science.aaf6546

Cirri, P., and Chiarugi, P. (2011). Cancer Associated Fibroblasts: the Dark Side of
the coin. Am. J. Cancer Res. 1 (4), 482-497.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2022 | Volume 10 | Article 837585


https://doi.org/10.1016/j.cell.2014.07.013
https://doi.org/10.1016/j.cell.2014.07.013
https://doi.org/10.1016/j.trecan.2015.07.006
https://doi.org/10.1093/molbev/msy115
https://doi.org/10.1093/molbev/msy115
https://doi.org/10.1016/j.devcel.2018.05.027
https://doi.org/10.3390/cancers13184720
https://doi.org/10.4103/jomfp.jomfp_146_15
https://doi.org/10.4103/jomfp.jomfp_146_15
https://doi.org/10.1016/j.tcb.2020.07.003
https://doi.org/10.1016/j.tcb.2020.07.003
https://doi.org/10.1242/jcs.116392
https://doi.org/10.1242/jcs.116392
https://doi.org/10.1038/s41598-019-55687-6
https://doi.org/10.3390/cancers12010041
https://doi.org/10.3390/cancers12010041
https://doi.org/10.1016/j.semcdb.2018.07.014
https://doi.org/10.1159/000147848
https://doi.org/10.1007/978-3-0348-9070-0_1
https://doi.org/10.1007/978-3-0348-9070-0_1
https://doi.org/10.3390/cancers12071887
https://doi.org/10.1152/ajpcell.00317.2005
https://doi.org/10.1152/ajpcell.00317.2005
https://doi.org/10.1172/jci0215468
https://doi.org/10.1172/jci0215468
https://doi.org/10.1159/000362978
https://doi.org/10.1046/j.1464-410x.1999.00378.x
https://doi.org/10.1242/jcs.256115
https://doi.org/10.1007/s004410051279
https://doi.org/10.1242/jcs.100115
https://doi.org/10.1074/jbc.m109.078766
https://doi.org/10.3390/cancers11010014
https://doi.org/10.3390/cancers11010014
https://doi.org/10.1002/bies.201600123
https://doi.org/10.1002/bies.201600123
https://doi.org/10.1097/jes.0b013e318190ebdb
https://doi.org/10.1097/jes.0b013e318190ebdb
https://doi.org/10.1126/science.aaf6546
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Harryman et al.

Cox, T.R., and Erler, J. T. (2011). Remodeling and Homeostasis of the Extracellular
Matrix: Implications for Fibrotic Diseases and Cancer. Dis. Models Mech. 4 (2),
165-178. doi:10.1242/dmm.004077

Cox, T.R., and Erler, J. T. (2011). Remodeling and Homeostasis of the Extracellular
Matrix: Implications for Fibrotic Diseases and Cancer. Dis. Model. Mech. 4 (2),
165-178. doi:10.1242/dmm.004077

Davis, T. L., Cress, A. E., Dalkin, B. L., and Nagle, R. B. (2001). Unique Expression
Pattern of the 2624 Integrin and Laminin-5 in Human Prostate Carcinoma.
Prostate 46 (3), 240-248. doi:10.1002/1097-0045(20010215)46:3<240::aid-
Ppros1029>3.0.co;2-0

De Arcangelis, A., Hamade, H., Alpy, F., Normand, S., Bruyeére, E., Lefebvre, O.,
et al. (2017). Hemidesmosome Integrity Protects the colon against Colitis and
Colorectal Cancer. Gut 66 (10), 1748-1760. doi:10.1136/gutjnl-2015-310847

De Marzo, A. M., Knudsen, B., Chan-Tack, K., and Epstein, J. I. (1999). E-cadherin
Expression as a Marker of Tumor Aggressiveness in Routinely Processed
Radical Prostatectomy Specimens. Urology 53 (4), 707-713. doi:10.1016/
$0090-4295(98)00577-9

De Vivar, A. D., Sayeeduddin, M., Rowley, D., Cubilla, A., Miles, B., Kadmon, D.,
et al. (2017). Histologic Features of Stromogenic Carcinoma of the Prostate
(Carcinomas with Reactive Stroma Grade 3). Hum. Pathol. 63, 202-211. doi:10.
1016/j.humpath.2017.02.019

Dhaliwal, D., and Shepherd, T. G. (2021). Molecular and Cellular Mechanisms
Controlling Integrin-Mediated Cell Adhesion and Tumor Progression in
Ovarian Cancer Metastasis: a Review. Clin. Exp. Metastasis. doi:10.1007/
510585-021-10136-5

DiPersio, C. M., and Van De Water, L. (2019). Integrin Regulation of CAF
Differentiation and Function. Cancers (Basel) 11, 11. doi:10.3390/
cancers11050715

Dongre, A., and Weinberg, R. A. (2019). New Insights into the Mechanisms of
Epithelial-Mesenchymal Transition and Implications for Cancer. Nat. Rev. Mol.
Cell Biol 20 (2), 69-84. doi:10.1038/s41580-018-0080-4

Elosegui-Artola, A., Bazelliéres, E., Allen, M. D., Andreu, I, Oria, R., Sunyer, R,,
et al. (2014). Rigidity Sensing and Adaptation through Regulation of Integrin
Types. Nat. Mater 13 (6), 631-637. doi:10.1038/nmat3960

Emon, B., Bauer, J,, Jain, Y., Jung, B, and Saif, T. (2018). Biophysics of Tumor
Microenvironment and Cancer Metastasis - A Mini Review. Comput. Struct.
Biotechnol. J. 16, 279-287. doi:10.1016/j.csbj.2018.07.003

Erdogan, B., Ao, M., White, L. M., Means, A. L., Brewer, B. M., Yang, L., et al.
(2017). Cancer-associated Fibroblasts Promote Directional Cancer Cell
Migration by Aligning Fibronectin. J. Cell Biol. 216 (11), 3799-3816. doi:10.
1083/jcb.201704053

Erdogan, B., Ao, M., White, L. M., Means, A. L., Brewer, B. M., Yang, L., et al.
(2017). Cancer-associated Fibroblasts Promote Directional Cancer Cell
Migration by Aligning Fibronectin. J. Cell Biol. 216 (11), 3799-3816. doi:10.
1083/jcb.201704053

Fang, C., and Kang, Y. (2021). E-cadherin: Context-dependent Functions of a
Quintessential Epithelial Marker in Metastasis. Cancer Res. 81 (23), 5800-5802.
doi:10.1158/0008-5472.can-21-3302

Figueiredo, J., Ferreira, R. M., Xu, H., Gongalves, M., Barros-Carvalho, A., Cravo, J.,
et al. (2022). Integrin B1 Orchestrates the Abnormal Cell-Matrix Attachment
and Invasive Behaviour of E-Cadherin Dysfunctional Cells. Gastric Cancer 25
(1), 124-137. doi:10.1007/s10120-021-01239-9

Fiori, M. E.,, Di Franco, S., Villanova, L., Bianca, P., Stassi, G., and De Maria, R.
(2019). Cancer-associated Fibroblasts as Abettors of Tumor Progression at the
Crossroads of EMT and Therapy Resistance. Mol. Cancer 18 (1), 70. doi:10.
1186/5s12943-019-0994-2

Friedl, P., and Gilmour, D. (2009). Collective Cell Migration in Morphogenesis,
Regeneration and Cancer. Nat. Rev. Mol. Cell Biol 10 (7), 445-457. doi:10.1038/
nrm2720

Fujisawa, M., Miyazaki, J., Takechi, Y., Arakawa, S., and Kamidono, S. (1996). The
Significance of E-Cadherin in Transitional-Cell Carcinoma of the Human
Urinary Bladder. World J. Urol. 14, S12-S15. doi:10.1007/BF00182058

Gaggioli, C. (2008). Collective Invasion of Carcinoma Cells. Cell Adhes. Migration
2 (1), 45-47. doi:10.4161/cam.2.1.5705

Gaggioli, C., Hooper, S., Hidalgo-Carcedo, C., Grosse, R, Marshall, J. F.,
Harrington, K., et al. (2007). Fibroblast-led Collective Invasion of
Carcinoma Cells with Differing Roles for RhoGTPases in Leading and
Following Cells. Nat. Cell Biol. 9 (12), 1392-1400. doi:10.1038/ncb1658

Epithelial-Mesenchymal Cooperation of Tumors

Gao, L., Antic, T., Hyjek, E., Gong, C., Mueller, J., Waxman, I, et al. (2013).
Immunohistochemical Analysis of E-Cadherin and Zeste Homolog 2
Expression in Endoscopic Ultrasound-Guided fine-needle Aspiration of
Pancreatic Adenocarcinoma. Cancer cytopathology 121 (11), 644-652.
doi:10.1002/cncy.21310

Ghajar, C. M., Correia, A. L, and Bissell, M. J. (2015). “The Role of the
Microenvironment in Tumor Initiation, Progression, and Metastasis,” in
The Molecular Basis of Cancer. Editors J. Mendelsohn, J. W. Gray,
P. M. Howley, M. A. Israel, and C. B. Thompson. Fourth Edition
(Philadelphia: W.B. Saunders), 239-256. doi:10.1016/b978-1-4557-4066-6.
00016-0

Gkretsi, V., StylianopoulosCell Adhesion, T., and Stiffness, Matrix. (2018). Cell
Adhesion and Matrix Stiffness: Coordinating Cancer Cell Invasion and
Metastasis. Front. Oncol. 8, 145. doi:10.3389/fonc.2018.00145

Gloushankova, N. A., Rubtsova, S. N., and Zhitnyak, I. Y. (2017). Cadherin-
mediated Cell-Cell Interactions in normal and Cancer Cells. Tissue Barriers 5
(3), €1356900. doi:10.1080/21688370.2017.1356900

Goodwin, K., Ellis, S. J., Lostchuck, E., Zulueta-Coarasa, T., Fernandez-Gonzalez,
R., and Tanentzapf, G. (2016). Basal Cell-Extracellular Matrix Adhesion
Regulates Force Transmission during Tissue Morphogenesis. Developmental
Cell 39 (5), 611-625. doi:10.1016/j.devcel.2016.11.003

Goulet, C. R., Champagne, A., Bernard, G., Vandal, D., Chabaud, S., Pouliot, F.,
et al. (2019). Cancer-associated Fibroblasts Induce Epithelial-Mesenchymal
Transition of Bladder Cancer Cells through Paracrine IL-6 Signalling. BMC
cancer 19 (1), 137. doi:10.1186/s12885-019-5353-6

Guglielmo, P., Marturano, F., Bettinelli, A., Gregianin, M., Paiusco, M., and
Evangelista, L. (2021). Additional Value of PET Radiomic Features for the
Initial Staging of Prostate Cancer: A Systematic Review from the Literature.
Cancers (Basel) 13 (23), 6026. doi:10.3390/cancers13236026

Hafen, B. B., and Burns, B. (2020). Physiology, Smooth Muscle. StatPearls [Internet].
Treasure Island (FL): StatPearls Publishing LLC.

Haraguchi, N., Ishii, H., Mimori, K., Ohta, K., Uemura, M., Nishimura, J., et al.
(2013). CD49f-positive Cell Population Efficiently Enriches colon Cancer-
Initiating Cells. Int. J. Oncol. 43 (2), 425-430. doi:10.3892/ij0.2013.1955

Harryman, W. L., Hinton, J. P., Rubenstein, C. P., Singh, P., Nagle, R. B., Parker, S.
J., etal. (2016). The Cohesive Metastasis Phenotype in Human Prostate Cancer.
Biochim. Biophys. Acta (Bba) - Rev. Cancer 1866 (2), 221-231. doi:10.1016/j.
bbcan.2016.09.005

Harryman, W. L., Marr, K. D., Hernandez-Cortes, D., Nagle, R. B., Garcia, J. G. N,
and Cress, A. E. (2021). Cohesive Cancer Invasion of the Biophysical Barrier of
Smooth Muscle. Cancer Metastasis Rev. 40 (1), 205-219. d0i:10.1007/s10555-
020-09950-2

Harryman, W. L., Warfel, N. A, Nagle, R. B., and Cress, A. E. (2019). The Tumor
Microenvironments of Lethal Prostate Cancer. Adv. Exp. Med. Biol. 1210,
149-170. doi:10.1007/978-3-030-32656-2_8

Hay, E. D, and Zuk, A. (1995). Transformations between Epithelium and
Mesenchyme: Normal, Pathological, and Experimentally Induced. Am.
J. Kidney Dis. 26 (4), 678-690. doi:10.1016/0272-6386(95)90610-x

Hayashi, K. i., Saga, H., Chimori, Y., Kimura, K., Yamanaka, Y., and Sobue, K.
(1998). Differentiated Phenotype of Smooth Muscle Cells Depends on Signaling
Pathways through Insulin-like Growth Factors and Phosphatidylinositol 3-
kinase. J. Biol. Chem. 273 (44), 28860-28867. doi:10.1074/jbc.273.44.28860

Hayashi, K. i,, Takahashi, M., Kimura, K., Nishida, W., Saga, H., and Sobue, K.
(1999). Changes in the Balance of Phosphoinositide 3-kinase/protein Kinase B
(Akt) and the Mitogen-Activated Protein Kinases (ERK/p38MAPK) Determine
a Phenotype of Visceral and Vascular Smooth Muscle Cells. J. Cell Biol. 145 (4),
727-740. doi:10.1083/jcb.145.4.727

He, Y., Liu, X.-d., Chen, Z.-y., Zhu, ], Xiong, Y., Li, K,, et al. (2007). Interaction
between Cancer Cells and Stromal Fibroblasts Is Required for Activation of the
uPAR-uPA-MMP-2 cascade in Pancreatic Cancer Metastasis. Clin. Cancer Res.
13 (11), 3115-3124. doi:10.1158/1078-0432.ccr-06-2088

Hedin, U., Bottger, B. A, Forsberg, E., Johansson, S., and Thyberg, J. (1988).
Diverse Effects of Fibronectin and Laminin on Phenotypic Properties of
Cultured Arterial Smooth Muscle Cells. J. Cell Biol. 107 (1), 307-319.
doi:10.1083/jcb.107.1.307

Ilhan, M., Kucukkose, C., Efe, E., Gunyuz, Z. E., Firatligil, B., Dogan, H., et al.
(2020). Pro-metastatic Functions of Notch Signaling Is Mediated by CYR61 in
Breast Cells. Eur. J. Cell Biol. 99 (2-3), 151070. doi:10.1016/j.ejcb.2020.151070

Frontiers in Cell and Developmental Biology | www.frontiersin.org

12

March 2022 | Volume 10 | Article 837585


https://doi.org/10.1242/dmm.004077
https://doi.org/10.1242/dmm.004077
https://doi.org/10.1002/1097-0045(20010215)46:3<240::aid-pros1029>3.0.co;2-0
https://doi.org/10.1002/1097-0045(20010215)46:3<240::aid-pros1029>3.0.co;2-0
https://doi.org/10.1136/gutjnl-2015-310847
https://doi.org/10.1016/s0090-4295(98)00577-9
https://doi.org/10.1016/s0090-4295(98)00577-9
https://doi.org/10.1016/j.humpath.2017.02.019
https://doi.org/10.1016/j.humpath.2017.02.019
https://doi.org/10.1007/s10585-021-10136-5
https://doi.org/10.1007/s10585-021-10136-5
https://doi.org/10.3390/cancers11050715
https://doi.org/10.3390/cancers11050715
https://doi.org/10.1038/s41580-018-0080-4
https://doi.org/10.1038/nmat3960
https://doi.org/10.1016/j.csbj.2018.07.003
https://doi.org/10.1083/jcb.201704053
https://doi.org/10.1083/jcb.201704053
https://doi.org/10.1083/jcb.201704053
https://doi.org/10.1083/jcb.201704053
https://doi.org/10.1158/0008-5472.can-21-3302
https://doi.org/10.1007/s10120-021-01239-9
https://doi.org/10.1186/s12943-019-0994-2
https://doi.org/10.1186/s12943-019-0994-2
https://doi.org/10.1038/nrm2720
https://doi.org/10.1038/nrm2720
https://doi.org/10.1007/BF00182058
https://doi.org/10.4161/cam.2.1.5705
https://doi.org/10.1038/ncb1658
https://doi.org/10.1002/cncy.21310
https://doi.org/10.1016/b978-1-4557-4066-6.00016-0
https://doi.org/10.1016/b978-1-4557-4066-6.00016-0
https://doi.org/10.3389/fonc.2018.00145
https://doi.org/10.1080/21688370.2017.1356900
https://doi.org/10.1016/j.devcel.2016.11.003
https://doi.org/10.1186/s12885-019-5353-6
https://doi.org/10.3390/cancers13236026
https://doi.org/10.3892/ijo.2013.1955
https://doi.org/10.1016/j.bbcan.2016.09.005
https://doi.org/10.1016/j.bbcan.2016.09.005
https://doi.org/10.1007/s10555-020-09950-2
https://doi.org/10.1007/s10555-020-09950-2
https://doi.org/10.1007/978-3-030-32656-2_8
https://doi.org/10.1016/0272-6386(95)90610-x
https://doi.org/10.1074/jbc.273.44.28860
https://doi.org/10.1083/jcb.145.4.727
https://doi.org/10.1158/1078-0432.ccr-06-2088
https://doi.org/10.1083/jcb.107.1.307
https://doi.org/10.1016/j.ejcb.2020.151070
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Harryman et al.

Ipekei, T., Ozden, F., Unal, B., Saygin, C., Uzunaslan, D., and Ates, E. (2015).
Epithelial-Mesenchymal Transition Markers -catenin, Snail, and E-Cadherin
Do Not Predict Disease Free Survival in Prostate Adenocarcinoma: a
Prospective Study. Pathol. Oncol. Res. 21 (4), 1209-1216. doi:10.1007/
§12253-015-9958-z

Ippolito, L., Morandi, A., Taddei, M. L., Parri, M., Comito, G., Iscaro, A., et al.
(2019). Cancer-associated Fibroblasts Promote Prostate Cancer Malignancy via
Metabolic Rewiring and Mitochondrial Transfer. Oncogene 38 (27), 5339-5355.
doi:10.1038/s41388-019-0805-7

Ivaska, J. (2011). Vimentin. Small GTPases 2 (1), 51-53. doi:10.4161/sgtp.2.1.15114

Izumi, D., Ishimoto, T., Miyake, K., Sugihara, H., Eto, K., Sawayama, H., et al.
(2016). CXCL12/CXCR4 Activation by Cancer-Associated Fibroblasts
Promotes Integrin 1 Clustering and Invasiveness in Gastric Cancer. Int.
J. Cancer 138 (5), 1207-1219. doi:10.1002/ijc.29864

Jang, I, and Beningo, K. (2019). Integrins, CAFs and Mechanical Forces in the
Progression of Cancer. Cancers 11 (5), 721. doi:10.3390/cancers11050721

Jeong, K., Murphy, J. M., Kim, J. H., Campbell, P. M., Park, H., Rodriguez, Y.,
et al. (2021). FAK Activation Promotes SMC Dedifferentiation via
Increased DNA Methylation in Contractile Genes. Circ. Res.. doi:10.
1161/circresaha.121.319066

Jolly, M. K., Mani, S. A., and Levine, H. (2018). Hybrid Epithelial/mesenchymal
Phenotype(s): The “fittest’ for Metastasis? Biochim. Biophys. Acta (Bba) - Rev.
Cancer 1870 (2), 151-157. doi:10.1016/j.bbcan.2018.07.001

Jolly, M. K., Somarelli, J. A., Sheth, M., Biddle, A., Tripathi, S. C., Armstrong, A. J.,
et al. (2019). Hybrid Epithelial/mesenchymal Phenotypes Promote Metastasis
and Therapy Resistance across Carcinomas. Pharmacol. Ther. 194, 161-184.
doi:10.1016/j.pharmthera.2018.09.007

Joshi, R. S., Kanugula, S. S., Sudhir, S., Pereira, M. P,, Jain, S., and Aghi, M. K.
(2021). The Role of Cancer-Associated Fibroblasts in Tumor Progression.
Cancers 13 (6), 1399. doi:10.3390/cancers13061399

Jung, J., Ahn, H. K., and Huh, Y. (2012). Clinical and Functional Anatomy of the
Urethral Sphincter. Int. Neurourol J. 16 (3), 102-106. doi:10.5213/inj.2012.16.
3.102

Kadry, Y. A., Huet-Calderwood, C., Simon, B., and Calderwood, D. A. (2018).
Kindlin-2 Interacts with a Highly Conserved Surface of ILK to Regulate Focal
Adhesion Localization and Cell Spreading. J. Cell Sci 131, jcs221184. doi:10.
1242/jcs.221184

Kalluri, R,, and Weinberg, R. A. (2009). The Basics of Epithelial-Mesenchymal
Transition. J. Clin. Invest. 119 (6), 1420-1428. doi:10.1172/jci39104

Krishn, S. R, Singh, A., Bowler, N., Duffy, A. N., Friedman, A., Fedele, C,, et al.
(2019). Prostate Cancer Sheds the avp3 Integrin In Vivo through Exosomes.
Matrix Biol. 77, 41-57. doi:10.1016/j.matbio.2018.08.004

Kuiken, H. J., Dhakal, S., Selfors, L. M., Friend, C. M., Zhang, T., Callari, M., et al.
(2021). Clonal Populations of a Human TNBC Model Display Significant
Functional Heterogeneity and Divergent Growth Dynamics in Distinct
Contexts. Oncogene. doi:10.1038/s41388-021-02075-y

Labernadie, A., Kato, T., Brugués, A., Serra-Picamal, X, Derzsi, S., Arwert, E., et al.
(2017). A Mechanically Active Heterotypic E-cadherin/N-Cadherin Adhesion
Enables Fibroblasts to Drive Cancer Cell Invasion. Nat. Cell Biol. 19 (3),
224-237. doi:10.1038/ncb3478

Labrie, M., Fang, Y., Kendsersky, N. D, Li, J., Liang, H., Westin, S. N, et al. (2019).
Using Reverse Phase Protein Array (RPPA) to Identify and Target Adaptive
Resistance. Adv. Exp. Med. Biol. 1188, 251-266. doi:10.1007/978-981-32-
9755-5_14

Leimgruber, C., Quintar, A. A,, Sosa, L. D. V., Garcia, L. N,, Figueredo, M., and
Maldonado, C. A. (2011). Dedifferentiation of Prostate Smooth Muscle Cells
in Response to Bacterial LPS. Prostate 71 (10), 1097-1107. doi:10.1002/pros.
21322

Leu, S.-J, Liu, Y., Chen, N., Chen, C.-C,, Lam, S. C.-T., and Lau, L. F. (2003).
Identification of a Novel Integrin a6p1 Binding Site in the Angiogenic Inducer
CCN1 (CYR61). J. Biol. Chem. 278 (36), 33801-33808. doi:10.1074/jbc.
m305862200

Li, C,, Teixeira, A. F., Zhu, H. ], and Ten Dijke, P. (2021). Cancer Associated-
Fibroblast-Derived Exosomes in Cancer Progression. Mol. Cancer 20 (1), 154.
doi:10.1186/512943-021-01463-y

Li, W, Xu, J., Cheng, L., Zhao, C., Zhang, L., Shao, Q., et al. (2022). RelB Promotes
the Migration and Invasion of Prostate Cancer DU145 Cells via Exosomal
ICAML In Vitro. Cell Signal 91, 110221. doi:10.1016/j.cellsig.2021.110221

Epithelial-Mesenchymal Cooperation of Tumors

Liu, J., Xu, W., Sun, T., Wang, F., Puscheck, E., Brigstock, D., et al. (2009).
Hyperosmolar Stress Induces Global mRNA Responses in Placental
Trophoblast Stem  Cells that Emulate Early post-implantation
Differentiation. Placenta 30 (1), 66-73. doi:10.1016/j.placenta.2008.10.009

Liu, M., Espinosa-Diez, C., Mahan, S., Du, M., Nguyen, A. T., Hahn, S, et al. (2021).
H3K4 Di-methylation Governs Smooth Muscle Lineage Identity and Promotes
Vascular Homeostasis by Restraining Plasticity. Developmental Cell 56 (19),
2765-2782. doi:10.1016/j.devcel.2021.09.001

Liu, R, Jin, Y., Tang, W. H., Qin, L., Zhang, X, Tellides, G., et al. (2013). Ten-eleven
Translocation-2 (TET2) Is a Master Regulator of Smooth Muscle Cell Plasticity.
Circulation 128 (18), 2047-2057. doi:10.1161/circulationaha.113.002887

Liu, R, Leslie, K. L., and Martin, K. A. (2015). Epigenetic Regulation of Smooth
Muscle Cell Plasticity. Biochim. Biophys. Acta (Bba) - Gene Regul. Mech. 1849
(4), 448-453. doi:10.1016/j.bbagrm.2014.06.004

Liu, T,, Zhou, L, Li, D., Andl, T., and Zhang, Y. (2019). Cancer-Associated
Fibroblasts Build and Secure the Tumor Microenvironment. Front Cell Dev
Biol 7, 60. doi:10.3389/fcell.2019.00060

Loh, C. Y., Chai, J. Y., Tang, T. F., Wong, W. F,, Sethi, G., Shanmugam, M. K, et al.
(2019). The E-Cadherin and N-Cadherin Switch in Epithelial-To-Mesenchymal
Transition: Signaling, Therapeutic Implications, and Challenges. Cells 8, 1118.
doi:10.3390/cells8101118

Long, X., Xiong, W., Zeng, X, Qi, L., Cai, Y., Mo, M., et al. (2019). Cancer-
associated Fibroblasts Promote Cisplatin Resistance in Bladder Cancer Cells by
Increasing IGF-1/ERp/Bcl-2 Signalling. Cell Death Dis 10 (5), 375. d0i:10.1038/
$41419-019-1581-6

Longmate, W., and DiPersio, C. M. (2017). Beyond Adhesion: Emerging Roles for
Integrins in Control of the Tumor Microenvironment. FI000Res. 6, 1612.
doi:10.12688/f1000research.11877.1

Lotan, Y., de Jong, J. J., Liu, V. Y. T., Bismar, T. A., Boorjian, S. A., Huang, H. C,,
et al. (2021). Patients with Muscle-Invasive Bladder Cancer with Nonluminal
Subtype Derive Greatest Benefit from Platinum Based Neoadjuvant
Chemotherapy. J.  Urol, 101097ju0000000000002261.  do0i:10.1097/ju.
0000000000002261

Lu, P, and Lu, Y. (2021). Born to Run? Diverse Modes of Epithelial Migration.
Front. Cell Dev. Biol. 9, 704939. doi:10.3389/fcell.2021.704939

Lu, W., and Kang, Y. (2016). Cell Lineage Determinants as Regulators of Breast
Cancer Metastasis. Cancer Metastasis Rev. 35 (4), 631-644. d0i:10.1007/s10555-
016-9644-y

Maehira, H., Miyake, T, lida, H., Tokuda, A., Mori, H., Yasukawa, D, et al. (2019).
Vimentin Expression in Tumor Microenvironment Predicts Survival in
Pancreatic Ductal Adenocarcinoma: Heterogeneity in Fibroblast Population.
Ann. Surg. Oncol. 26 (13), 4791-4804. doi:10.1245/s10434-019-07891-x

Maitland, N. J., Frame, F. M., Rane, J. K., Erb, H. H., Packer, J. R., Archer, L. K., et al.
(2019). Resolution of Cellular Heterogeneity in Human Prostate Cancers:
Implications for Diagnosis and Treatment. Adv. Exp. Med. Biol. 1164,
207-224. doi:10.1007/978-3-030-22254-3_16

Merritt, C. R., Ong, G. T., Church, S. E., Barker, K., Danaher, P., Geiss, G., et al.
(2020). Multiplex Digital Spatial Profiling of Proteins and RNA in Fixed Tissue.
Nat. Biotechnol. 38 (5), 586-599. doi:10.1038/s41587-020-0472-9

Mezawa, Y., and Orimo, A. (2021). Phenotypic Heterogeneity, Stability and
Plasticity in Tumor-Promoting Carcinoma-Associated Fibroblasts. FEBS ]..
doi:10.1111/febs.15851

Miller, V. M. (2009). “Vascular Biology,” in Comprehensive Vascular and
Endovascular Surgery. Editors J. W. Hallett, J. L. Mills, J. J. Earnshaw,
J. A. Reekers, and T. W. Rooke. Second Edition (Philadelphia: Mosby),
12-20. doi:10.1016/b978-0-323-05726-4.00002-0

Missan, D. S., and DiPersio, M. (2012). Integrin Control of Tumor Invasion.
CritRevEukarGeneExpr 22 (4), 309-324. doi:10.1615/critreveukargeneexpr.v22.
14.50

Miyazaki, K., Oyanagi, J., Hoshino, D., Togo, S., Kumagai, H., and Miyagi, Y.
(2019). Cancer Cell Migration on Elongate Protrusions of Fibroblasts in
Collagen Matrix. Sci. Rep. 9 (1), 292. doi:10.1038/541598-018-36646-z

Mui, K. L., Chen, C. S., and Assoian, R. K. (2016). The Mechanical Regulation of
Integrin-Cadherin Crosstalk Organizes Cells, Signaling and Forces. J. Cell Sci.
129 (6), 1093-1100. doi:10.1242/jcs.183699

Naffar-Abu Amara, S., Kuiken, H. J., Selfors, L. M., Butler, T., Leung, M. L., Leung,
C.T., etal. (2020). Transient Commensal Clonal Interactions Can Drive Tumor
Metastasis. Nat. Commun. 11 (1), 5799. doi:10.1038/s41467-020-19584-1

Frontiers in Cell and Developmental Biology | www.frontiersin.org

13

March 2022 | Volume 10 | Article 837585


https://doi.org/10.1007/s12253-015-9958-z
https://doi.org/10.1007/s12253-015-9958-z
https://doi.org/10.1038/s41388-019-0805-7
https://doi.org/10.4161/sgtp.2.1.15114
https://doi.org/10.1002/ijc.29864
https://doi.org/10.3390/cancers11050721
https://doi.org/10.1161/circresaha.121.319066
https://doi.org/10.1161/circresaha.121.319066
https://doi.org/10.1016/j.bbcan.2018.07.001
https://doi.org/10.1016/j.pharmthera.2018.09.007
https://doi.org/10.3390/cancers13061399
https://doi.org/10.5213/inj.2012.16.3.102
https://doi.org/10.5213/inj.2012.16.3.102
https://doi.org/10.1242/jcs.221184
https://doi.org/10.1242/jcs.221184
https://doi.org/10.1172/jci39104
https://doi.org/10.1016/j.matbio.2018.08.004
https://doi.org/10.1038/s41388-021-02075-y
https://doi.org/10.1038/ncb3478
https://doi.org/10.1007/978-981-32-9755-5_14
https://doi.org/10.1007/978-981-32-9755-5_14
https://doi.org/10.1002/pros.21322
https://doi.org/10.1002/pros.21322
https://doi.org/10.1074/jbc.m305862200
https://doi.org/10.1074/jbc.m305862200
https://doi.org/10.1186/s12943-021-01463-y
https://doi.org/10.1016/j.cellsig.2021.110221
https://doi.org/10.1016/j.placenta.2008.10.009
https://doi.org/10.1016/j.devcel.2021.09.001
https://doi.org/10.1161/circulationaha.113.002887
https://doi.org/10.1016/j.bbagrm.2014.06.004
https://doi.org/10.3389/fcell.2019.00060
https://doi.org/10.3390/cells8101118
https://doi.org/10.1038/s41419-019-1581-6
https://doi.org/10.1038/s41419-019-1581-6
https://doi.org/10.12688/f1000research.11877.1
https://doi.org/10.1097/ju.0000000000002261
https://doi.org/10.1097/ju.0000000000002261
https://doi.org/10.3389/fcell.2021.704939
https://doi.org/10.1007/s10555-016-9644-y
https://doi.org/10.1007/s10555-016-9644-y
https://doi.org/10.1245/s10434-019-07891-x
https://doi.org/10.1007/978-3-030-22254-3_16
https://doi.org/10.1038/s41587-020-0472-9
https://doi.org/10.1111/febs.15851
https://doi.org/10.1016/b978-0-323-05726-4.00002-0
https://doi.org/10.1615/critreveukargeneexpr.v22.i4.50
https://doi.org/10.1615/critreveukargeneexpr.v22.i4.50
https://doi.org/10.1038/s41598-018-36646-z
https://doi.org/10.1242/jcs.183699
https://doi.org/10.1038/s41467-020-19584-1
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Harryman et al.

Navab, R., Strumpf, D., To, C., Pasko, E., Kim, K. S, Park, C. ], et al. (2016).
Integrin oal1fl Regulates Cancer Stromal Stiffness and Promotes
Tumorigenicity and Metastasis in Non-small Cell Lung Cancer. Oncogene
35 (15), 1899-1908. doi:10.1038/0nc.2015.254

Nurmik, M., Ullmann, P., Rodriguez, F., Haan, S., and Letellier, E. (2020). In Search
of Definitions: Cancer-associated Fibroblasts and Their Markers. Int. J. Cancer
146 (4), 895-905. doi:10.1002/ijc.32193

Okada, H., Lai, N. C., Kawaraguchi, Y., Liao, P., Copps, J., Sugano, Y., et al. (2013).
Integrins Protect Cardiomyocytes from Ischemia/reperfusion Injury. J. Clin.
Invest. 123 (10), 4294-4308. doi:10.1172/jci64216

Okugawa, Y., Toiyama, Y., Inoue, Y., Iwata, T., Fujikawa, H., Saigusa, S., et al.
(2012). Clinical Significance of Serum Soluble E-Cadherin in Colorectal
Carcinoma. J. Surg. Res. 175 (2), e67-e73. doi:10.1016/.jss.2011.11.009

Oliphant, M. U. J., Kong, D., Zhou, H., Lewis, M. T., and Ford, H. L. (2020). Two
Sides of the Same Coin: The Role of Developmental Pathways and Pluripotency
Factors in normal Mammary Stem Cells and Breast Cancer Metastasis.
J. Mammary Gland Biol. Neoplasia 25 (2), 85-102. doi:10.1007/s10911-020-
09449-0

Olumi, A. F., Grossfeld, G. D., Hayward, S. W, Carroll, P. R,, Tlsty, T. D., and
Cunha, G. R. (1999). Carcinoma-associated Fibroblasts Direct Tumor
Progression of Initiated Human Prostatic Epithelium. Cancer Res. 59 (19),
5002-5011. doi:10.1186/bcr138

Palaghia, M., Mihai, C., Lozneanu, L., Ciobanu, D., Trofin, A. M., Rotariu, A,, et al.
(2016). E-cadherin Expression in Primary Colorectal Cancer and Metastatic
Lymph Nodes. Rom. J. Morphol. Embryol. 57 (1), 205-209.

Palanisamy, N., Yang, J., Shepherd, P. D. A, Li-Ning-Tapia, E. M., Labanca, E.,
Manyam, G. C, et al. (2020). The MD Anderson Prostate Cancer Patient-
Derived Xenograft Series (MDA PCa PDX) Captures the Molecular Landscape
of Prostate Cancer and Facilitates Marker-Driven Therapy Development. Clin.
Cancer Res. 26 (18), 4933-4946. do0i:10.1158/1078-0432.ccr-20-0479

Papageorgis, P., and Stylianopoulos, T. (2015). Role of TGFf in Regulation of the
Tumor Microenvironment and Drug Delivery (Review). Int. J. Oncol. 46 (3),
933-943. doi:10.3892/ij0.2015.2816

Park, M. H,, Kim, A. K, Manandhar, S., Oh, S. Y., Jang, G. H., Kang, L., et al. (2019).
CCNI Interlinks Integrin and Hippo Pathway to Autoregulate Tip Cell Activity.
Elife 8, 8. doi:10.7554/eLife.46012

Pastushenko, I, and Blanpain, C. (2019). EMT Transition States during Tumor
Progression and Metastasis. Trends Cell Biology 29 (3), 212-226. doi:10.1016/j.
tcb.2018.12.001

Petrova, Y. L., Schecterson, L., and Gumbiner, B. M. (2016). Roles for E-Cadherin
Cell Surface Regulation in Cancer. MBoC 27 (21), 3233-3244. do0i:10.1091/mbc.
e16-01-0058

Powell, D. W., Mifflin, R. C., Valentich, J. D., Crowe, S. E., Saada, J. 1., and West, A.
B. (1999). Myofibroblasts. I. Paracrine Cells Important in Health and Disease.
Am. ]. Physiology-Cell Physiol. 277 (1), C1-C19. doi:10.1152/ajpcell.1999.277.
l.cl

Primac, I, Maquoi, E., Blacher, S., Heljasvaara, R., Van Deun, J., Smeland, H. Y. H,,
et al. (2019). Stromal Integrin all Regulates PDGFRp Signaling and Promotes
Breast Cancer Progression. J. Clin. Invest. 129 (11), 4609-4628. doi:10.1172/
jcil25890

Ramovs, V., Te Molder, L., and Sonnenberg, A. (2017). The Opposing Roles of
Laminin-Binding Integrins in Cancer. Matrix Biol. 57-58, 213-243. doi:10.
1016/j.matbio.2016.08.007

Reid, S. E., Kay, E. J., Neilson, L. J., Henze, A. T., Serneels, J., McGhee, E. ], et al.
(2017). Tumor Matrix Stiffness Promotes Metastatic Cancer Cell Interaction
with the Endothelium. Embo j 36 (16), 2373-2389. doi:10.15252/emb;.
201694912

Reid, S. E., and Zanivan, S. (2017). Tumor Stiffness Extends its Grip on the
Metastatic Microenvironment. Mol. Cell Oncol. 4 (6), e1372866. doi:10.1080/
23723556.2017.1372866

Repetto, O., De Paoli, P., De Re, V., Canzonieri, V., and Cannizzaro, R. (2014).
Levels of Soluble E-Cadherin in Breast, Gastric, and Colorectal Cancers.
Biomed. Res. Int. 2014, 408047. doi:10.1155/2014/408047

Rubenstein, C. S., Gard, J. M. C., Wang, M., McGrath, J. E., Ingabire, N., Hinton,
J. P, et al. (2019). Gene Editing of a6 Integrin Inhibits Muscle Invasive
Networks and Increases Cell-Cell Biophysical Properties in Prostate Cancer.
Cancer Res. 79 (18), 4703-4714. doi:10.1158/0008-5472.can-19-0868

Epithelial-Mesenchymal Cooperation of Tumors

Rubin, M. A., Mucci, N. R,, Figurski, J., Fecko, A., Pienta, K. J., and Day, M. L.
(2001). E-cadherin Expression in Prostate Cancer: a Broad Survey Using High-
Density Tissue Microarray Technology. Hum. Pathol. 32 (7), 690-697. doi:10.
1053/hupa.2001.25902

Santi, A., Kugeratski, F. G., and Zanivan, S. (2018). Cancer Associated Fibroblasts:
The Architects of Stroma Remodeling. Proteomics 18 (5-6), €e1700167. doi:10.
1002/pmic.201700167

Schwab, E. D., and Pienta, K. J. (1996). Cancer as a Complex Adaptive System.
Med. hypotheses 47 (3), 235-241. doi:10.1016/s0306-9877(96)90086-9

Shash, L. S., Ibrahim, R. A., and Elgohary, S. A. (2021). E-cadherin and N-Cadherin
Immunohistochemical Expression in Proliferating Urothelial Lesions: Potential
Novel Cancer Predictive EMT Profiles. Appl. Immunohistochem. Mol. Morphol.
29, 657-666. doi:10.1097/PAI.0000000000000940

Sinha, D., Saha, P., Samanta, A., and Bishayee, A. (2020). Emerging Concepts of
Hybrid Epithelial-To-Mesenchymal Transition in Cancer Progression.
Biomolecules 10 (11), 1561. doi:10.3390/biom10111561

Skawran, S. M., Sanchez, V., Ghafoor, S., Hotker, A. M., Burger, I. A, Huellner, M.
W., et al. (2022). Primary Staging in Patients with Intermediate- and High-Risk
Prostate Cancer: Multiparametric MRI and 68Ga-PSMA-PET/MRI - what Is
the Value of Quantitative Data from Multiparametric MRI Alone or in
Conjunction with Clinical Information? Eur. J. Radiol. 146, 110044. doi:10.
1016/j.ejrad.2021.110044

Society Ac (2020). Cancer Facts & Figures 2020. Contract No.: 500820. Atlanta, GA:
American Cancer Society.

Soe, Z. Y., Park, E. J, and Shimaoka, M. (2021). Integrin Regulation in
Immunological and Cancerous Cells and Exosomes. Int. J. Mol. Sci. 22, 22.
doi:10.3390/ijms22042193

Son, G. M., Kwon, M. S., Shin, D. H,, Shin, N., Ryu, D., and Kang, C. D. (2019).
Comparisons of Cancer-Associated Fibroblasts in the Intratumoral Stroma and
Invasive Front in Colorectal Cancer. Medicine (Baltimore) 98 (18), e15164.
doi:10.1097/MD.0000000000015164

Spasova, V., Mladenov, B., Rangelov, S., Hammoudeh, Z., Nesheva, D.,
Serbezov, D., et al. (2021). Clinical Impact of Copy Number Variation
Changes in Bladder Cancer Samples. Exp. Ther. Med. 22 (2), 901. doi:10.
3892/etm.2021.10333

Strauss, R, Li, Z.-Y,, Liu, Y., Beyer, L, Persson, J., Sova, P., et al. (2011). Analysis of
Epithelial and Mesenchymal Markers in Ovarian Cancer Reveals Phenotypic
Heterogeneity and Plasticity. PloS one 6 (1), e16186. doi:10.1371/journal.pone.
0016186

Tan, L.-Z., Song, Y., Nelson, J., Yu, Y. P, and Luo, J.-H. (2013). Integrin a7 Binds
Tissue Inhibitor of Metalloproteinase 3 to Suppress Growth of Prostate Cancer
Cells. Am. J. Pathol. 183 (3), 831-840. doi:10.1016/j.ajpath.2013.05.010

Tarin, D., Thompson, E. W., and Newgreen, D. F. (2005). The Fallacy of Epithelial
Mesenchymal Transition in Neoplasia. Cancer Res. 65 (14), 5996-6001. doi:10.
1158/0008-5472.can-05-0699

Te Molder, L., de Pereda, ]. M., and Sonnenberg, A. (2021). Regulation of
Hemidesmosome Dynamics and Cell Signaling by Integrin a6f4. J. Cell Sci
134, 134. doi:10.1242/jcs.259004

Tommelein, J., Verset, L., Boterberg, T., Demetter, P., Bracke, M., and De Wever, O.
(2015).  Cancer-associated ~ Fibroblasts ~Connect Metastasis-Promoting
Communication in Colorectal Cancer. Front. Oncol. 5, 63. doi:10.3389/fonc.
2015.00063

Tran, N. L, Nagle, R. B,, Cress, A. E., and Heimark, R. L. (1999). N-cadherin
Expression in Human Prostate Carcinoma Cell Lines. Am. J. Pathol. 155 (3),
787-798. doi:10.1016/s0002-9440(10)65177-2

Tran, N. L, Nagle, R. B., Cress, A. E., and Heimark, R. L. (1999). N-cadherin
Expression in Human Prostate Carcinoma Cell Lines. Am. J. Pathol. 155 (3),
787-798. doi:10.1016/s0002-9440(10)65177-2

Umbas, R,, Schalken, J. A., Aalders, T. W., Carter, B. S., Karthaus, H. F., Schaafsma,
H.E., etal. (1992). Expression of the Cellular Adhesion Molecule E-Cadherin Is
Reduced or Absent in High-Grade Prostate Cancer. Cancer Res. 52 (18),
5104-5109.

Van Marck, V. L. B. M. Epithelial-Mesenchymal Transitions in Human Cancer.
Austin (TX): Landes Bioscience.

Vidot, S., Witham, J., Agarwal, R., Greenhough, S., Bamrah, H. S, Tigyi, G. J., et al.
(2010). Autotaxin Delays Apoptosis Induced by Carboplatin in Ovarian Cancer
Cells. Cell Signal. 22 (6), 926-935. doi:10.1016/j.cellsig.2010.01.017

Frontiers in Cell and Developmental Biology | www.frontiersin.org

14

March 2022 | Volume 10 | Article 837585


https://doi.org/10.1038/onc.2015.254
https://doi.org/10.1002/ijc.32193
https://doi.org/10.1172/jci64216
https://doi.org/10.1016/j.jss.2011.11.009
https://doi.org/10.1007/s10911-020-09449-0
https://doi.org/10.1007/s10911-020-09449-0
https://doi.org/10.1186/bcr138
https://doi.org/10.1158/1078-0432.ccr-20-0479
https://doi.org/10.3892/ijo.2015.2816
https://doi.org/10.7554/eLife.46012
https://doi.org/10.1016/j.tcb.2018.12.001
https://doi.org/10.1016/j.tcb.2018.12.001
https://doi.org/10.1091/mbc.e16-01-0058
https://doi.org/10.1091/mbc.e16-01-0058
https://doi.org/10.1152/ajpcell.1999.277.1.c1
https://doi.org/10.1152/ajpcell.1999.277.1.c1
https://doi.org/10.1172/jci125890
https://doi.org/10.1172/jci125890
https://doi.org/10.1016/j.matbio.2016.08.007
https://doi.org/10.1016/j.matbio.2016.08.007
https://doi.org/10.15252/embj.201694912
https://doi.org/10.15252/embj.201694912
https://doi.org/10.1080/23723556.2017.1372866
https://doi.org/10.1080/23723556.2017.1372866
https://doi.org/10.1155/2014/408047
https://doi.org/10.1158/0008-5472.can-19-0868
https://doi.org/10.1053/hupa.2001.25902
https://doi.org/10.1053/hupa.2001.25902
https://doi.org/10.1002/pmic.201700167
https://doi.org/10.1002/pmic.201700167
https://doi.org/10.1016/s0306-9877(96)90086-9
https://doi.org/10.1097/PAI.0000000000000940
https://doi.org/10.3390/biom10111561
https://doi.org/10.1016/j.ejrad.2021.110044
https://doi.org/10.1016/j.ejrad.2021.110044
https://doi.org/10.3390/ijms22042193
https://doi.org/10.1097/MD.0000000000015164
https://doi.org/10.3892/etm.2021.10333
https://doi.org/10.3892/etm.2021.10333
https://doi.org/10.1371/journal.pone.0016186
https://doi.org/10.1371/journal.pone.0016186
https://doi.org/10.1016/j.ajpath.2013.05.010
https://doi.org/10.1158/0008-5472.can-05-0699
https://doi.org/10.1158/0008-5472.can-05-0699
https://doi.org/10.1242/jcs.259004
https://doi.org/10.3389/fonc.2015.00063
https://doi.org/10.3389/fonc.2015.00063
https://doi.org/10.1016/s0002-9440(10)65177-2
https://doi.org/10.1016/s0002-9440(10)65177-2
https://doi.org/10.1016/j.cellsig.2010.01.017
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Harryman et al.

Wang, M., Nagle, R. B., Knudsen, B. S., Rogers, G. C., and Cress, A. E. (2017). A
Basal Cell Defect Promotes Budding of Prostatic Intraepithelial Neoplasia.
J. Cell Sci. 130 (1), 104-110. doi:10.1242/jcs.188177

Wang, W., Kansakar, U., Markovic, V., and Sossey-Alaoui, K. (2020). Role of
Kindlin-2 in Cancer Progression and Metastasis. Ann. Transl Med. 8 (14), 901.
doi:10.21037/atm.2020.03.64

Wei, L., Yin, ., Chen, C., and L, L. (2019). Expression of Integrin a-6 Is Associated
with Multi Drug Resistance and Prognosis in Ovarian Cancer. Oncol. Lett. 17
(4), 3974-3980. doi:10.3892/01.2019.10056

Weiss, J. V., Klein-Scory, S., Kiibler, S., Reinacher-Schick, A., Stricker, I, Schmiegel,
W., etal. (2011). Soluble E-Cadherin as a Serum Biomarker Candidate: Elevated
Levels in Patients with Late-Stage Colorectal Carcinoma and FAP. Int. J. Cancer
128 (6), 1384-1392. doi:10.1002/ijc.25438

Williams, E. D., Gao, D., Redfern, A., and Thompson, E. W. (2019). Controversies
Around Epithelial-Mesenchymal Plasticity in Cancer Metastasis. Nat. Rev.
Cancer 19 (12), 716-732. doi:10.1038/s41568-019-0213-x

Wong, Y. C,, and Tam, N. N. (2002). Dedifferentiation of Stromal Smooth Muscle
as a Factor in Prostate Carcinogenesis. Differentiation 70 (9-10), 633-645.
doi:10.1046/j.1432-0436.2002.700916.x

Woodcock, D. J., Riabchenko, E., Taavitsainen, S., Kankainen, M., Gundem, G.,
Brewer, D. S., et al. (2020). Prostate Cancer Evolution from Multilineage
Primary to Single Lineage Metastases with Implications for Liquid Biopsy.
Nat. Commun. 11 (1), 5070. doi:10.1038/s41467-020-18843-5

Wu, J,, Yu, C, Cai, L, Lu, Y,, Jiang, L., Liu, C,, et al. (2017). Effects of Increased
Kindlin-2 Expression in Bladder Cancer Stromal Fibroblasts. Oncotarget 8 (31),
50692-50703. doi:10.18632/oncotarget.17021

Wullkopf, L., West, A.-K. V., Leijnse, N., Cox, T. R., Madsen, C. D., Oddershede, L.
B., et al. (2018). Cancer Cells’ Ability to Mechanically Adjust to Extracellular
Matrix Stiffness Correlates with Their Invasive Potential. MBoC 29 (20),
2378-2385. d0i:10.1091/mbc.e18-05-0319

Yoshida, G. J. (2020). Regulation of Heterogeneous Cancer-Associated Fibroblasts:
the Molecular Pathology of Activated Signaling Pathways. J. Exp. Clin. Cancer
Res. 39 (1), 112. doi:10.1186/s13046-020-01611-0

Zeltz, C., Alam, ], Liu, H., Erusappan, P. M., Hoschuetzky, H., Molven, A., et al.
(2019). al1p1 Integrin Is Induced in a Subset of Cancer-Associated Fibroblasts
in Desmoplastic Tumor Stroma and Mediates In Vitro Cell Migration. Cancers
(Basel) 11,

Zeltz, C., Primac, 1., Erusappan, P., Alam, J., Noel, A., and Gullberg, D. (2020).
Cancer-associated Fibroblasts in Desmoplastic Tumors: Emerging Role of

Epithelial-Mesenchymal Cooperation of Tumors

Integrins. Semin. Cancer Biol. 62, 166-181. doi:10.1016/j.semcancer.2019.
08.004

Zhang, F., Hao, F., An, D., Zeng, L, Wang, Y., Xu, X,, et al. (2015). The
Matricellular Protein Cyr61 Is a Key Mediator of Platelet-Derived Growth
Factor-Induced Cell Migration. J. Biol. Chem. 290 (13), 8232-8242. doi:10.
1074/jbc.m114.623074

Zhao, X.-],, Li, H,, Chen, H,, Liu, Y. X,, Zhang, L. H,, Liu, S. X,, et al. (2003).
Expression of E-Cadherin and B-catenin in Human Esophageal Squamous Cell
Carcinoma: Relationships with Prognosis. Wjg 9 (2), 225-232. doi:10.3748/wjg.
v9.i2.225

Zhou, B., Xiang, J., Jin, M., Zheng, X., Li, G., and Yan, S. (2021). High Vimentin
Expression with E-Cadherin Expression Loss Predicts a Poor Prognosis after
Resection of Grade 1 and 2 Pancreatic Neuroendocrine Tumors. BMC cancer 21
(1), 334. doi:10.1186/s12885-021-08062-6

Zhou, Z., Cui, D., Sun, M. H., Huang, J. L., Deng, Z., Han, B. M, et al. (2020). CAFs-
Derived MFAP5 Promotes Bladder Cancer Malignant Behavior through
NOTCH2/HEY1 Signaling. FASEB j. 34 (6), 7970-7988. doi:10.1096/fj.
201902659r

Zhu, L., Plow, E. F., and Qin, J. (2021). Initiation of Focal Adhesion Assembly by
Talin and Kindlin: A Dynamic View. Protein Sci. 30 (3), 531-542. doi:10.1002/
pro.4014

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Harryman, Marr, Nagle and Cress. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

15

March 2022 | Volume 10 | Article 837585


https://doi.org/10.1242/jcs.188177
https://doi.org/10.21037/atm.2020.03.64
https://doi.org/10.3892/ol.2019.10056
https://doi.org/10.1002/ijc.25438
https://doi.org/10.1038/s41568-019-0213-x
https://doi.org/10.1046/j.1432-0436.2002.700916.x
https://doi.org/10.1038/s41467-020-18843-5
https://doi.org/10.18632/oncotarget.17021
https://doi.org/10.1091/mbc.e18-05-0319
https://doi.org/10.1186/s13046-020-01611-0
https://doi.org/10.1016/j.semcancer.2019.08.004
https://doi.org/10.1016/j.semcancer.2019.08.004
https://doi.org/10.1074/jbc.m114.623074
https://doi.org/10.1074/jbc.m114.623074
https://doi.org/10.3748/wjg.v9.i2.225
https://doi.org/10.3748/wjg.v9.i2.225
https://doi.org/10.1186/s12885-021-08062-6
https://doi.org/10.1096/fj.201902659r
https://doi.org/10.1096/fj.201902659r
https://doi.org/10.1002/pro.4014
https://doi.org/10.1002/pro.4014
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Integrins and Epithelial-Mesenchymal Cooperation in the Tumor Microenvironment of Muscle-Invasive Lethal Cancers
	1 Introduction
	2 Cell-Cell (E-Cadherin, CDH1) and Cell-ECM (α6 Integrin, CD49f) Expression Within Poorly Differentiated Human Tumors Assoc ...
	3 MUSCLE AS A SPECIALIZED TUMOR MICROENVIRONMENT
	3.1 The Tumor Microenvironment, ECM, Cancer-Associated Fibroblasts, and Integrins

	3.2 The Biophysical Properties of the Muscle

	4 The Growth Factors That Influence Tumor Integrin Function in the Muscle
	5 Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


