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Abstract

Increasing lines of evidence show that the malignant behavior of cancer is not exclusively attributable to cancer cells but also
radically influenced by cancerous stroma activity and controlled through various mechanisms by the microenvironment. In
addition to structural components, such as the extracellular matrix, stromal cells, such as macrophages, endothelial cells, and
specifically cancer-associated fibroblasts (CAFs), have attracted substantial attention over recent decades. CAFs provide
routes for aggressive carcinomas and contribute to invasion and metastasis through the biochemical alteration and regulation
of cancer-related pathways. However, another facet of CAFs that has been neglected by numerous studies is that CAFs might
serve as a negative regulator of cancer progression under certain circumstances. The various origins of CAFs, the diverse
tissues in which they reside and their interactions with different cancer cells appear to be responsible for this inconsistency.
This review summarizes the latest knowledge regarding CAF heterogeneity and offers a novel perspective and a beneficial
approach for obtaining an improved understanding of CAFs.

Introduction

Fibroblasts were first described in the 19th century
according to their location and appearance and were defined
as cells in tissues that synthesized collagen [1]. Specifically
these cells were identified as nonepithelial, nonvascular,
noninflammatory cells in connective tissues that are
responsible for the synthesis of fibrillary matrix and most
likely have a mesenchymal lineage [2]. In the tumor
microenvironment (TME), heterogeneous populations of
cells with various or overlapping functions contribute to
tumorigenesis [3], and fibroblasts play a crucial role.
Accordingly, cancer-associated fibroblasts (CAFs) are
found in the tumor stroma of various cancers [4], and these
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cells can be described as spindle-shaped cells with elon-
gated cytoplasmic processes [S]. The term CAFs is often
used as a blanket term for complex populations of activated
mesenchymal cells whose locations and functions are dis-
tinct from those of normal fibroblasts. The markers used to
identify CAFs are as diverse as their functions and exert
dynamically heterogeneous effects on cancer at different
stages [0, 7]. In this review, we summarize the character-
istics of CAFs mainly in terms of markers, genetic altera-
tions, and mechanisms related to tumor progression or
cancer-restraining functions with a particular emphasis on
dissimilarities between normal fibroblasts and CAFs and the
heterogeneities among CAFs themselves, and we also dis-
cuss future directions for certain therapies targeting CAFs.

Origins of CAFs

The existence of fibroblastic cells with contractile proper-
ties, namely, myofibroblasts (MFBs), was first described in
1971 in granulation tissues, and MFBs were hypothesized
to exhibit reparative activity during wound healing [8].
Fibroblasts are derived from the primitive mesenchyme,
whereas CAFs are likely derived from resident fibroblasts,
bone marrow-derived mesenchymal precursor cells [9], and
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Fig. 1 Origin of cancer-associated fibroblasts (CAFs). CAFs originate
from a variety of tissue types through a number of different cellular
processes, including resident fibroblasts via transforming growth fac-
tor-p (TGFp) activation and epithelial and endothelial cells through the
epithelial-to-mesenchymal transition (EMT) and endothelial-to-
mesenchymal transition (EndMT), respectively. CAFs might also be
derived from the trans-differentiation of cells such as adipocytes,
which results in the upregulation of mesenchymal lineage-committed

endothelial and epithelial cells [10], some of which are
stimulated by cytokines, such as transforming growth fac-
tor-f (TGFp). The theory that CAFs originate from epi-
thelial cells is based on the epithelial-to-mesenchymal
transition (EMT): epithelial cells exposed to matrix metal-
loproteinase (MMP)-driven oxidative stress undergo DNA
oxidation and experience mutations, and these cells thereby
undergo a specialized EMT through which they transdif-
ferentiate into activated MFBs [4, 11]. Endothelial cells
might contribute to CAFs via the endothelial-to-
mesenchymal transition (EndMT), which is described as
the loss of endothelial markers, such as CD31, and an
abundance of mesenchymal markers, such as fibroblast-
specific protein (FSP) and a-smooth muscle actin (a-SMA),
in tumor stroma [12]. In addition, CAFs can also be derived
from adipocytes due to the expression of mesenchymal
lineage-committed marker genes, such as peroxisome
proliferator-activated receptor-y (PPARY), Runt-related
transcription factor-2 (RUNX2), and the transcription fac-
tor SOX9 [13, 14]. In addition, bone marrow-derived
mesenchymal stem cells (MSCs) can differentiate into
CAFs after activation by CXC receptor 6 and its ligand
CXC ligand 16 [15], and osteopontin in breast cancer
induces the integrin-dependent MSC expression of TGF-f1
to mediate adoption of the CAF phenotype [16].
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marker genes such as peroxisome proliferator-activated receptor- y
(PPARY) and Runt-related transcription factor-2 (RUNX2). Vitamin
deficiency in certain cancer stromal cells, such as stellate cells, leads to
the upregulation of smooth muscle actin (SMA), which induces trans-
differentiation into CAFs. In addition, mesenchymal stem cells can
also differentiate into CAFs through activation by a certain receptor or
ligand or TGFp activation by osteopontin. These multiple origins of
CAFs give them a wide functional spectrum

Furthermore, CAFs are derived from specialized cells, such
as stellate cells in the pancreas and liver [17, 18], myoe-
pithelial cells in the breast [19], and pericryptal MFBs in the
gastrointestinal tract [20]. This spectrum of origins at least
partially explain the heterogeneity of CAFs (Fig. 1).

Recognition of fibroblasts and CAFs
Markers of fibroblasts

To date, researchers have identified many candidate markers
of fibroblasts and CAFs, but the identification of particular
markers has been challenging due to their expression in
other cells. The most commonly used markers can be
defined by their overlapping expression in a vast range of
populations of CAFs or fibroblasts. MFBs are often known
as activated fibroblasts with high expression levels of o-
SMA and play a critical role in reinforcing contractility in
connective tissues [21, 22]. In addition to a-SMA, several
other markers have also been described in previous reports,
and these include fibroblast-activation protein (FAP), which
is expressed on the surfaces of fibroblasts and melanocytes,
comprises p95 and pl05 subunits and serves as a serine
protease [23]. FSP1, which is considered an intermediate-
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filament-associated protein, might be a reliable marker for
the detection of quiescent fibroblasts [24] and ol/pl
integrin, which has been reported to be a collagen receptor
[25]. CD90, a cell surface glycoprotein, is also highly
expressed in and thus serves as a marker of human fibro-
blasts [26]. The intermediate-filament-associated protein
vimentin, which is synthesized by fibroblasts, participates in
numerous cellular processes with functions related to sig-
naling, migration, and invasion and is reportedly involved
in cell proliferation and differentiation [27]. Fibroblasts are
also an important source of extracellular matrix (ECM)-
degrading protease-like MMPs, whose existence can reflect
the function of activated fibroblasts [28]. Discoidin domain
receptor 2 (DDR?2) was found to be a collagen receptor in
kidney fibroblasts [29].

Markers of CAFs

In addition to the important role of fibroblasts in normal
tissues, increasing evidence shows that these cells are also
crucial in the TME. Subtypes of fibroblasts, such as acti-
vated fibroblasts and quiescent fibroblasts, have been studied
for decades and although the understanding of quiescent and
activated fibroblasts in tumor tissues remains insufficient,
CAFs are the most studied subtype of activated fibroblasts.
CAFs are morphologically defined as spindle-shaped cells in
cancer stroma [30]. In addition, these cells are activated
fibroblasts that are similar to MFBs but show differences in
their duration (cannot be removed by apoptosis), and these
characteristics render CAFs one of the most prominent cell
types in the tumor stroma of many cancers [4, 31].
Various molecular changes occur during metabolic reg-
ulation, and some of these collectively lead to the “activated
state” of CAFs, which can serve as a hallmark of CAFs. Of
note, due to the existence of a myofibroblastic part of CAFs,
these cells share some markers with activated fibroblasts,
such as a-SMA, integrin-f1, and FSP1 [32]. Podoplanin
expression has been detected on the apical membranes of
cancer cells in only 9 of 177 (5.1%) cases. Nonetheless,
podoplanin expression has been observed in 54 of 177
populations of CAFs (30.5%), and all podoplanin + CAFs
were found in invasive adenocarcinomas, whereas none
were found in noninvasive adenocarcinomas. Enhanced
invasive capacities were also observed in another study, and
these activities can be negated by a Rho-associated protein
kinase (ROCK) inhibitor [33, 34]. Moreover, platelet-
derived growth factor (PDGF) signaling appears to be
essential in various mechanisms of CAFs. PDGF receptor-3
(PDGFR) is upregulated in the TME, particularly in CAFs
[35], whereas PDGF-CC can strengthen tumor growth by
recruiting CAFs. To investigate the molecular identity of
the supporting factors provided by CAFs, the authors per-
formed antibody arrays and generated an in vivo coinjection

model, and their results identify osteopontin as the effector
of the augmented tumor growth induced by PDGF-CC [36].
PDGFRa-positive CAFs have also been observed in mela-
noma, which suggests that CAFs should be defined as
resident-activated fibroblasts that express their markers
[37]. PDGFRS can also serve as a marker of CAFs given its
function of promoting cancer cell proliferation by mediating
the interaction between CAFs and cancer cells. Cervical
cancer cells provide PDGF-BB to upregulate heparin-
binding epidermal growth factor-like growth factor (HB-
EGF) through PDGFRP activation in an adjacent fibroblast,
and this effect facilitates cancer cell growth by activating
EGF receptor [38].

Tenascin-C (TNC), an ECM protein that has been
described in tumors, has been proposed to modulate cell
signaling and has been used to identify two convergent
proinvasive agents secreted by MFBs, namely, scatter fac-
tor/hepatocyte growth factor (SF/HGF) and the TGFf-
upregulated ECM glycoprotein TNC, which are both
necessary though not sufficient for invasion and result in the
promotion of invasion and metastasis in pathological con-
nective tissues [39]. In addition, caveolin-1 is reportedly
involved in tumor invasion and metastasis by regulating
p190RhoGAP and thus stiffens the microenvironment [40].
High expression of CD90 has been found in prostate CAFs
by immunohistochemistry, qRT-PCR, and proteomic ana-
lysis, and these results show that CD90 can distinguish
cancer-associated stroma from ‘“benign” stroma in the
prostate and is thus a potential therapeutic target [41].
PDGFRa, PDGFRp, FAP, FSP1, and SMA expression in
esophageal squamous cell carcinoma (ESCC) has been
examined by immunohistochemical staining, and the results
led to the histological classification of a CAF phenotype
that serves as a reliable and significant prognostic predictor
in ESCC [42]. Despite the increasing lines of evidence
showing that markers of CAFs are related to the aggressive
behaviors of tumors in many cases, there is heterogeneity in
the functions and influences of these markers. For instance,
the loss of caveolin-1 in CAFs is considered predictive of a
poor clinical outcome in breast cancer because these CAFs
enhance the growth of triple-negative (TN) breast cancer
cells [43], but this finding conflicts with the results of
another study of the enhanced invasive and metastatic
potency conferred by caveolin-1 in breast CAFs [40]. These
results might indicate that caveolin-1 plays completely
different roles in different histological types of cancer.

In addition to the well-known markers mentioned above,
some newly identified markers have also come to our
attention. A gene expression analysis revealed that Yes-
associated protein (YAP) is highly expressed in CAFs. The
remodeling of the ECM and the promotion of cancer cell
invasion require the actomyosin cytoskeleton. YAP med-
iates the expression of several cytoskeletal regulators,
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Table 1 Potential markers of fibroblasts and CAFs

Category ~ Marker Tissue Function Reference

Fibroblasts FAP Skin Proliferation of transformed cells Ramirez-Montagut et al. [23]
FSP1 Kidney Tissue fibrosis Strutz et al. [24]
Integrin alfl Embryo Collagen receptor Gardner et al. [25]
a-SMA Lung Upregulation of contractile activity Hinz et al. [21]
Vimentin Skin Coordination of proliferation and differentiation Cheng et al. [27]
DDR2 Kidney Collagen receptor Vogel et al. [29]
CD90 Various tissues  Cell adhesion and growth factor synthesis Kisselbach et al. [26]

CAFs a-SMA Breast Increase in collagen contractility Orimo et al. [76]
TNC Colon Contribution to cancer cell invasion De Wever et al. [39]
Caveolin-1 Breast Contractility and matrix remodeling Goetz et al. [40]
PDGFRo/f Breast Estrogen deprivation Weigel et al. [35]
HB-EGF Uterus Promotion of cancer cell proliferation Murata et al. [38]
Osteopontin Skin Promotion of tumor growth through paracrine Anderberg et al. [36]

signaling

YAP transcription factor Skin Required for ECM remodeling Calvo et al. [44]
Galectin-1 Breast Cell migration and transformation Jung et al. [45]
Podoplanin Lung Facilitation of cell invasion Neri et al. [34]
CD90 Prostate Not described True et al. [41]
Natriuretic peptide B Ovary Not described Lawrenson et al. [46]

CAF cancer-associated fibroblast

including ANLN and DIAPH3, and controls the protein
levels of MYL9 (also known as MLC2); therefore, YAP
might also serve as a CAF marker [44]. A proteomic ana-
lysis of human breast cancer tissues revealed that galectin-1
is upregulated in cancer-associated stroma tissue [45].
Compared with normal ovarian stroma, natriuretic peptide
B (NPPB) is significantly increased in ovarian cancer
stroma, and NPPB has therefore been identified as a
potential candidate marker for CAFs [46].

The potential markers of fibroblasts and CAFs are
summarized in Table 1. Although markers of CAFs have
been identified for decades, none of these markers have
been found to be specific for CAF; for instance, we can also
observe PDGFRp in perivascular cells [47]. FSP1 also
serves as a marker of macrophages and other immune cells
and can be found in some cancer cells [48]. Relatively
different descriptions of definitions of CAFs have been
obtained in different studies, and these differences are likely
due to the origin of their precursor fibroblasts and thus
reflect the heterogeneous functions of CAFs in diverse
situations. The combination of these markers might be a
better strategy for distinguishing the heterogeneous popu-
lations of CAF in future investigations.

Plasticity of CAFs

In recent years, an increasing number of studies have
investigated the subtypes of CAFs as researchers aim to
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obtain a more in-depth understanding of the TME. CAFs
can gain a tumor-like phenotype by reprogramming the
lipid metabolism pathway and amplifying microtubule-
organizing centers (MTOCs) through pigment epithelium-
derived factor (PEDF)-dependent lipid-MTOC signaling
[49]. Subpopulations of pro-tumorigenic CAFs have been
described as having undergone metabolic reprogramming
induced by the loss of caveolin-1 [50], whereas the upre-
gulation of caveolin-1 results in the promotion of cancer
invasion and metastasis [40]. In addition, leukemia inhibi-
tory factor (LIF) initiates epigenetic changes that lead to the
activation of Janus kinase 1/signal transducer and activator
of transcription 3 (JAK1/STAT3) signaling and conse-
quently induces CAFs to switch into a proinvasive state
[51]. A recent study demonstrated that a CD10+ G-protein-
coupled receptor 77 (GPR77)+ subtype of CAFs promotes
tumor formation and chemoresistance by providing a sur-
vival niche for cancer stem cells (CSCs). Mechanistically,
CD10+-GPR77+ CAFs are constantly activated by NF-xB
via p65 phosphorylation and acetylation and via GPR77, a
C5a receptor, which leads to continuous activation through
complement signaling. In addition, CD10+GPR77+ CAFs
facilitate the successful engraftment of patient-derived
xenografts (PDXs), whereas the targeting of these CAFs
with a neutralizing anti-GPR77 antibody abolishes tumor
formation and restores tumor chemosensitivity [52]. More-
over, different subtypes of CAFs in breast cancer are
defined by their expression of CD146. CD146-negative
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CAFs suppress estrogen receptor expression in estrogen
receptor-positive breast cancer cells, decrease tumor cell
sensitivity to estrogen, and increase tumor cell resistance to
tamoxifen therapy, whereas CD146-positive CAFs provide
estrogen-dependent tamoxifen sensitivity [53]. More gen-
erally, CAFs are divided into myofibroblastic CAFs and
inflammatory CAFs, and it has been demonstrated that IL-1
induces LIF expression and downstream JAK/STAT acti-
vation to generate inflammatory CAFs. These results show
that TGFp antagonizes this process by downregulating IL-
IR1 expression and promoting differentiation into MFBs
[54]. The definition of distinct subtypes provides a com-
prehensive understanding of CAFs: these subtypes reflect
the flexibility and instability of CAF but can also, as more
in-depth knowledge of the TME is obtained, highly con-
tribute to the integrity of the knowledge regarding CAFs.

Major molecular profiles of fibroblasts and
CAFs

Because CAFs are positionally and functionally different
from fibroblasts, the molecular alterations causing such
dissimilarities remain controversial, and various studies
have revealed conflicting results.

One of the initial studies reported that the transcriptional
patterns displayed by fibroblasts from different anatomic
sites are distinct and characteristic and suggested that
fibroblasts from different organs can be considered distinct
differentiated cell types [55]. In a subsequent study, the
same research group defined a common transcriptomic
profile for fibroblasts stimulated with serum and reported
that the pattern observed during the wound healing process
is similar to that associated with tumor progression [56].
Additional studies have revealed distinguishable features
and gene expression profiles of CAFs and fibroblasts in
breast cancer; for instance, AKR1C1 and AKRIC2, two
closely related genes involved in progesterone metabolism,
are expressed at lower levels in CAFs. A bifunctional
transcription factor, KLF4, is also expressed at high levels
in normal mammary gland stroma and is not found in CAFs
[57]. These results indicate that molecular alterations might
have occurred during the transition from fibroblasts to
CAFs. In fact, transcriptome and secretome analyses
revealed two distinct CAF subtypes that exhibit a functional
difference in supporting tumor formation and invasion in
oral squamous cell carcinoma (OSCC) [58]. Similarly, a
gene expression analysis of CAFs and paired normal
fibroblasts showed that similar transcriptomic programs
might function in the transition from normal fibroblasts to
CAFs in the colonic mucosa [59]. The interaction between
CAFs and cancer cells can affect the activation of fibro-
blasts. A functional deficiency in the tumor-suppressor gene

p53 in cancer cells activates fibroblasts and contributes to
malignant angiogenesis [00]. Particular genes related to
adhesion molecules, growth factors, and enzymes have also
been discovered to be upregulated in CAFs or cancer cells
through reciprocal interactions [61].

Distinct epigenetic changes have been identified in breast
carcinoma and play a role in establishing the TME and
enhancing tumorigenesis [62]. Several major approaches,
such as posttranscriptional modification, DNA (promotor)
methylation, and local nucleosome remodeling, have been
thoroughly investigated. A major mechanism of post-
transcriptional modification is regulated by microRNAs
(miRNAs), which are involved in numerous cellular pro-
cesses, including cell differentiation, the stress response,
proliferation, and apoptosis [63]. MiRNAs targeting IL-6,
TGFp, and HGF, which can affect proliferation, secretion,
migration, and intracellular adhesion, are reportedly upre-
gulated or downregulated in breast CAFs [64, 65]. miR-26b
expression is downregulated in breast CAFs and contributes
to cancer cell migration and invasion [66]. Of the miRNAs
investigated, miR-16 and miR-320 are upregulated in
bladder CAFs, whereas miR-16 and miR-130a are down-
regulated in normal bladder fibroblasts [67]. In contrast,
DNA methylation in CAFs has also been widely investi-
gated [68]. Promoter hypermethylation might also be
responsible for the inactivation of another candidate tumor-
suppressor gene and the opioid binding protein/cell adhe-
sion molecule-like gene in invasive cervical cancer CAFs
[69].

Moreover, previous studies have demonstrated little or
no genetic changes in CAFs. In fact, it has been demon-
strated that somatic alterations are extremely rare in CAFs
and unlikely to influence cancer progression [70]. Similarly,
p53 mutation and genomic changes associated with cell
abnormalities rarely occur in CAFs compared with their
counterpart fibroblasts [71], and we discovered several
nonsynonymous mutations, although none recurred or
affected the biological behaviors of CAFs [72]. The views
on the genetic changes in CAFs remain contradictory, but
based on the studies conducted to date, epigenetic changes
rather than genetic changes appear to be more predominant
for the characterization of CAFs.

Roles of CAFs in cancer progression

Based on the concept that CAFs are distinct from fibro-
blasts, the mechanisms through which they function and
operate and their impact remain to be determined. In fact,
numerous pathways and signals are involved in the tumor-
enhancing process, and various studies have shown that
CAFs contribute to tumorigenesis in diverse manners, par-
ticularly proliferation, invasion, and metastasis through the
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secretion of cytokines, chemokines, exosomes, and the
ECM [4]. Recent studies indicate that CAFs might also
modulate the vascular and immune system and enhance
metabolic remodeling in cancer.

CAFs contribute to cancer proliferation and
stemness

The promotion of cancer proliferation is considered one of
the features of CAFs, and the crucial role of CAFs in
tumorigenesis is likely related to the fact that fibroblasts
have already been activated to transform into CAFs in the
stroma at the precancerous stage of epithelial cells [73].
Fibroblasts derived from tumors and colon polyps demon-
strate potential potency for proliferation, which indicates
that fibroblasts might be capable of intensifying tumor-
igenesis in vivo [74]. CAFs can alter the epithelial mor-
phology, decrease cell death and enhance cell proliferation
in human prostate cancer, normal human prostate fibro-
blasts, and normal human prostate epithelial cells immor-
talized with SV40-large T antigen (Tag-HPE cells) [75]. In
addition, various growth factors and cytokines from CAFs
can enhance cancer cell proliferation through different
mechanisms; for example, the injection of breast cancer
cells with CAFs isolated from human breast cancer tissues
into nude mice caused tumors to grow much faster than the
injection of cells with fibroblasts due to the upregulated
secretion of stromal cell-derived factor 1 (SDF-1), which
leads to the recruitment of epithelial precursor cells and the
promotion of epithelial tumorigenesis [76]. The status of
fork-head box F1 (FoxF1) has been shown to regulate the
ability of fibroblasts to stimulate xenograft tumor growth
[77]. Proliferative tumor activity is induced in hormone-
independent mice via the fibroblast growth factor-2
(FGF2)-FGF2 receptor axis, and the inhibition of PDGF
secreted by CAFs can reduce angiogenesis and tumor cell
proliferation [78, 79].

The CSC theory highlights a self-renewing subpopula-
tion of cancer cells that fuels tumor growth. CAFs also play
a critical role in sustaining cancer stemness. Of relevance,
CAFs in breast luminal cancer tissues with high autophagy
activity show increased tumorigenicity. Specifically,
autophagic CAFs release high-mobility group box 1
(HMGB1), and this protein activates its receptor, Toll-like
receptor (TLR) 4, which is expressed in luminal breast
cancer cells, to enhance their stemness [80]. Similarly,
CAFs can sustain cancer cell stemness or even induce the
reacquisition of stem-like properties by expressing insulin-
like growth factor (IGF)-II [81]. Furthermore, CAF-
conditioned medium is able to increase the number of
spheroid colonies and the expression level of the CSC
markers of OCUM-12/SP and OCUM-2MD?3/SP scirrhous
gastric cancer cells, which can be blocked by TGFp
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inhibitors, and this finding indicates that CAFs mediate
cancer cell stemness through TGFp signaling [82]. CAFs
can clearly influence cancer proliferation and stemness in
diverse manners, which indicates their essential role in
regulating the TME and favoring cancer progression.

CAFs facilitate invasion, migration, and EMT in
cancer

The crosstalk between different cell types and cancerous
stroma is recognized to be essential in cancer progression
[4, 83]. CAFs also closely and actively interact with cancer
cells, and increasing lines of evidence show that CAFs can
facilitate tumor invasion and migration through these
interactions [84], which are also considered characteristic of
CAFs in various studies. The association between cancer
cells and CAFs has been well depicted by comparing their
interactions with cancer cells in diffuse-type gastric cancer
(diffuse-type GC) to those in intestinal-type GC (Fig. 2).
Consequently, these interactions lead to the malignancy of
cancer cells. Among these relationships, CAFs reportedly
synthesize massive amounts of soluble tumor-promoting
factors, such as SDF-1/CXCL12, which elevate invasive-
ness by promoting integrin betal clustering [85]. Moreover,
the co-culture of CAFs with melanoma induces a con-
siderably higher amount of cytokines, such as IL-6, IL-8,
and IL-1B, and inhibits the expression of molecules that
weaken the invasive capacity of cancer cells [86, 87].
MMPI1 can activate PAR1 by reducing its extracellular
region, which enhances the invasion and metastasis of
tumor cells via PAR1-dependent Ca>" signaling [88]. Under
certain conditions, CAFs can work as a supporter or carrier
by leading to collective invasion in squamous cell carci-
noma (SCC) [89]. Similarly, highly motile CAFs, which are
converted via the expression of rhomboid 5 homolog 2
(RHBDEF2), can facilitate tumor cell invasion in the ECM,
and this mechanism is named the “tugboat mechanism”
[72]. CAFs are able to mediate directional migration by
improving nonmuscle myosin II (Myoll), a5p1 integrin,
and PDGFRa, which leads to the assembly of fibronectin in
prostatic and pancreatic carcinoma samples [90]. CAFs
have also been demonstrated to promote a cooperative
collective invasion or comigration of CAFs and cancer cells
through a heterophilic adhesion between CAFs and cancer
cells [91].

The EMT is one of the most pivotal mechanisms through
which CAFs favor tumorigenesis, and through this process,
tumor cells acquire the capacity of movement and invasion
into the adjacent tissues, which results in the scattering of
cancer cells and metastatic spread. Fibroblasts are converted
into CAFs due to a deficiency in p85a, and paracrine Wnt10
from these CAFs activate Wnt signaling, which leads to the
EMT and the upregulation of cancer cell proliferation and
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Fig. 2 Cancer—stromal interactions in each histological type. Images
showing the immunofluorescent staining of cancer cells (AE1/AE3)
and cancer-associated fibroblasts (CAFs) (a-smooth muscle actin (a-
SMA)) are shown. The interactions between CAFs and cancer cells
tend to be more intimate in diffuse-type gastric cancer than in

cell motility [92]. Activation of the TGFp/Smad signaling
pathway in cancer cells triggered by paracrine TGFp from
CAFs induces the EMT, which results in an enhancement of
the metastatic potential of cancer cells [93]. As demon-
strated through immunohistochemical evaluations in tongue
SCC and metastatic tumors in regional lymph nodes
(RLNs), the expression of EMT markers is commonly
observed in both primary and metastatic tumors, whereas
CAFs are commonly found in both primary and metastatic
SCC, which indicates that CAFs are related to EMT
induction and metastasis [94]. CAFs can also interact with
tumorigenesis by secreting vast amounts of MMPs. For
instance, MMP3 in the mammary epithelium triggers a
cascade of events, including the cleavage of E-cadherin,
which results in the EMT and facilitates the invasion of
tumor cells [95]. Taken together, the results indicate that a
comprehensive understanding of the underlying signaling
through which CAFs promote cancer invasion, metastasis,
and the EMT is crucial for the development of new ther-
apeutic strategies that would induce signaling rather than
target CAFs themselves and thereby avoid risks, such as
mistargeting.

CAFs and exosomes

Cell-to-cell communication involves more than soluble
factors, and recent studies have shown that secreted

o
o
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£
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intestinal-type gastric cancer. In intestinal-type cancer, an observable
distance is detected between CAFs and cancer cells, and a certain
stromal structure is require for maintenance of the glandular tube. In
contrast, in diffuse-type cancer, CAFs closely interact with cancer
cells, resulting in scattered morphological features

microvesicles, including exosomes, carry biologically
active molecules, and activated growth factor receptors,
which can be horizontally transferred and function in reci-
pient cells [96]. Notably, exosomes can promote chemore-
sistance in cancers. For instance, treatment with
gemcitabine-exposed CAF-conditioned medium sig-
nificantly increases the survival of co-cultured epithelial
cells in pancreatic cancer, whereas treatment with an inhi-
bitor of exosome release, GW4869, reduces the prolifera-
tion of cocultured cancer cells. These exosomes from CAFs
increase chemoresistance-inducing factor, Snail, in recipient
epithelial cells and promote proliferation and drug resis-
tance [97]. Similarly, when cultured in fibroblast-derived
conditioned medium, colorectal CSCs show increases in
their percentage, clonogenicity, and tumor growth upon
treatment with 5-fluorouracil or oxaliplatin, and the inhibi-
tion of CAF exosomes decreases this phenomenon [98].
These studies demonstrate an important role for CAF exo-
somes in chemotherapeutic drug resistance. In addition,
CAF exosomes can also influence cancer through other
effects. In breast cancer, the loss of p85a can lead to the
conversion of fibroblasts into CAFs, and exosomes deliv-
ered by CAFs further activate Wntl0b signaling, which
results in the promotion of cancer cell proliferation and
metastasis [92]. In addition, it has been reported that miR-
34a-5p binds to its direct downstream target AXL to sup-
press cancer cell proliferation and metastasis in OSCC, and

SPRINGER NATURE
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CAF-derived exosomes significantly reduce miR-34a-5p
expression, which results in aggressiveness in OSCC [99].
Exosomes from CAFs can also be carriers of miRNAs that
influence cancer progression in diverse manners. For
example, exosomes containing miRNA21 are delivered
from CAFs to cancer-associated adipocytes, where it sup-
presses ovarian cancer apoptosis and confers chemoresis-
tance by binding to its direct novel target, APAF1 [100].
Similarly, in head and neck cancer (HNC), exosomal miR-
196a binds novel targets, CDKN1B and INGS, to endow
HNC cells with cisplatin resistance and hence regulates
HNC cell survival and proliferation [101]. This evidence
showing that CAF exosomes serve as positive mediators of
cancer makes these exosomes noticeable in the TME.

CAFs control vascular and immune systems

Previous studies on various cancers have focused on vas-
cularization and the immune response in the TME due to
their potential to be targeted in treatment. A transgenic
mouse model expressing the A. victoria green fluorescent
protein (GFP) under the control of the promoter for vascular
endothelial growth factor (VEGF) was used to show the
early evidence of tumor vascularization by CAFs. In this
model, cancer cell-induced VEGF expression in intra- or
peri-tumoral fibroblasts and these VEGF-expressing regions
are vascularized [102]. The role of CAFs in tumor vascu-
larization has been confirmed in other models. For example,
an HPV cervical carcinogenesis model, PDGFR-expressing
CAFs induce cancer cell proliferation and angiogenesis.
The pro-angiogenic effect is due to FGF2 secretion, which
is induced by cancer cell-derived PDGF, and this effect is
abrogated by pharmacological treatment to block stromal
PDGFR signaling [79]. After deletion of the tumor-
suppressor Pten, angiogenesis, and tumorigenesis are
enhanced in MMTV-ErbB2/neu and MMTV-PyMT breast
cancer models. In this tumor model, stromal Pten depletion
prior to tumor onset initiates the Ets2-dependent expression
of ECM remodeling, wound healing, and chronic inflam-
mation factors in CAFs and the intratumoral recruitment of
macrophages. Stromal Ets2 depletion in stromal Pten-null
mice reduces growth, vascularization, and macrophage
recruitment in tumors [103]. Moreover, the subcutaneously
transplantation of PyYMT CAFs embedded in Matrigel plugs
induces vascularization of the plug, and this pro-angiogenic
capacity can be degraded by silencing YAP1 [44].

The cytokines secreted by CAFs also contribute to the
recruitment and polarization of immune cells. Of note,
macrophage polarization has been observed in pancreatic
cancer, in which CAFs produce high amounts of macro-
phage colony-stimulating factor and induce a tumor-
promoting tumor-associated macrophage (TAM) pheno-
type [104]. A 3D co-culture model that includes cancer
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cells, CAFs, and monocytes has shown the production of
various immunosuppressive cytokines that are known to
promote the polarization of M2-like macrophages and
myeloid-derived suppressive cells [105]. TAMs and CAFs
can also work synergistically in prostate cancer, whereas
CAFs produce cytokines such as IL-6 and SDF-1 to polarize
macrophages toward the M2 phenotype [106]. CAFs
derived from a murine model of HPV skin carcinogenesis
promote tumor growth, vascularization, and macrophage
recruitment when cotransplanted with murine PDSCS5 skin
carcinoma cells [107]. Previous studies have shown that in
an orthotopic 4T1 model, FAP-positive CAF-depleted
tumors upregulate IL-2 and IL-7 and downregulate IL-6 and
IL-4, which consequently enhances the recruitment of
antitumor immune cells (DCs and CD8+ T cells) and
inhibits the recruitment of pro-tumorigenic cells. As a
result, the depletion of FAP-positive CAFs inhibits lung
cancer metastasis [108]. In addition, CAFs can produce
various factors, such as CXCL12, which can limit T-cell
movement and/or recruitment into tumor tissue [109]. This
potential capacity of modulating vascular and immune cells
further highlights the complexity of CAFs and the possi-
bilities of targeting CAFs in anticancer treatment.

CAFs support cancer progression through metabolic
changes

As cancer cells grow, they recruit stromal cells to induce the
complex formation of the TME. These reactive stromal
cells, including CAFs, coevolve and continually interact
with cancer cells. During this period, CAFs produce various
nutrients and undergo diverse metabolic changes, which can
also serve as a nonignorable factor favoring cancer pro-
gression. Extracellular vesicle carries miR-105 from breast
cancer cells and induces a metabolic program in CAFs that
allows the CAFs to gain the capability of changing the
metabolic environment according to different situations. In
the presence of sufficient nutrients, miR-105-reprogrammed
CAFs enhance glucose and glutamine metabolism to fuel
adjacent cancer cells. In contrast, if the nutrient levels are
low and metabolic byproducts accumulate, CAFs can sca-
venge metabolic wastes by converting them into energy-rich
metabolites [110]. Another study on breast cancer showed
that the translocation of cytoplasmic G-protein-coupled
estrogen receptor (GPER) in CAFs activates the estrogen/
GPER/cAMP/PKA/CREB signaling axis, which triggers the
aerobic glycolysis switch in CAFs. Glycolytic CAFs feed
the extra pyruvate and lactate to tumor cells and eventually
induce tumor drug resistance [111]. Metabolic changes in
CAFs might also directly support cancer cell proliferation;
for example, ketone production by CAFs due to a deficiency
in breast cancer type 1 susceptibility protein contributes to
tumor growth in mice [112]. Moreover, CAFs undergo
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metabolic reprogramming toward a Warburg phenotype by
contacting prostate cancer cells and thereby triggering
increases in the expression of the glucose transporter
GLUT]1 and lactate production. In contrast, prostate cancer
cells are reprogrammed toward aerobic metabolism after
coming into contact with CAFs, resulting in a decrease in
GLUT1 expression and an increase in lactate upload
through the lactate transporter monocarboxylate transporter
1, which gradually results in the establishment of an ana-
bolic pathway based on lactate upload and the maintenance
of cell growth [113]. Heterocellular interactions shape the
metabolic nature of the TME to support tumors in multi-
farious manners, and the pathways and activities mediating
these processes are gaining considerable attention from the
basic science community as a novel perspective for com-
prehending how stromal cells facilitate the rapid progres-
sion of cancer.

CAFs as tumor suppressors

Despite the overwhelming theories that CAFs are positive
regulators of cancer, some researchers have proposed that
CAFs or fibroblasts exert a negative influence on cancer that
involves several aspects, such as proliferation, stemness,
differentiation states, and the immune response. Various
subtypes of CAFs, namely, CD146-positive and CD146-
negative, have been described in breast cancer, and CD146-
positive CAFs confer sustained estrogen-dependent pro-
liferation and tamoxifen sensitivity to luminal breast cancer
cells [53]. Moreover, CAFs have been defined as C1 and C2
types according to low and high o-SMA expression,
respectively, and Cl-type CAFs suppress the self-renewal
of oral stem-like cancer cells through bone morphogenetic
protein 4 (BMP4) [114]. The downregulation of TGFf
signaling in activated fibroblasts can induce prostatic
intraepithelial neoplasia, which indicates that fibroblasts
have the potential to suppress the initiation of tumors
through the modulation of TGFp signaling [115]. Some
studies have also suggested that CAFs can restrain pan-
creatic ductal adenocarcinoma (PDAC) in a mouse model of
PDAC through either the direct elimination of a-SMA-+
CAFs or the suppression of Hedgehog signaling, which
sustains stromal fibroblasts and leads to an undifferentiated
phenotype of cancer through a mechanism related to
angiogenesis. This finding indicates that the Hedgehog-
driven stroma suppresses tumor growth in part by
restraining tumor angiogenesis [116]. In addition, CAFs can
secrete immunomodulatory cytokines, such as IL-10, TGFp,
TNF, IFNy, and IL-6, and help recruit and polarize mac-
rophages, T lymphocytes and natural killer cells, which
highlights the possibility of a tumor-negative effect of CAFs
interacting with immune cells [117]. Fibroblasts and CAFs

expressing the ligand Slit2 inhibit the tumorigenicity of
breast cancer cells expressing the corresponding Robol-
receptor on their surface. Ligand-induced Robol activation
interferes with phosphoinositide 3-kinase (PI3K)- and f-
catenin signaling in cancer cells and diminishes their
malignant potential. Previous studies showed that Slit-
stimulated signaling also inhibits the pro-tumorigenic SDF-
1/CXCR4-signaling pathway [118, 119].

The depletion of engineered MFB and of sonic hedgehog
in a PDAC mouse model has been demonstrated to facilitate
the EMT by elevating its transcription factors (Twist, Snail,
and Slug), by altering immune gene expression, by
increasing the amount of regulatory T cells (Tregs) and by
decreasing the cytotoxic CD8+-/Treg and CD3+/CD11b+
ratios; these findings demonstrate that CAF-depleted tumors
exhibit a more aggressive and undifferentiated histology,
which is contrary to the expected results. Even though the
CAFs originated from mice, this study still unmasked a
beneficial role for CAFs in cancer suppression [22]. A few
studies have also shown that PDAC, breast cancer, and lung
cancer patients with high desmoplasia can show improved
prognosis and better survival rates than their counterparts
[120]. Based on these reports, the depletion of CAFs
appears to negatively affect well-differentiated cancer types,
but this effect has not been observed in undifferentiated or
poorly differentiated cancer types, which suggests that the
significance of CAFs depends on the differentiation status
of tumors. To view CAFs as a whole, the available evidence
shows that CAFs can function as negative regulators in
some ways, and we thus need to judge them objectively;
however, the evidence tends to lean toward the conclusion
that CAFs play a tumor-supporting role. As the number of
studies on CAFs continues to increase, the ambiguous status
of CAFs might eventually be unraveled.

Targeting CAFs in anticancer therapies

It is now clear that there is continual crosstalk not only
between tumor cells and immune cells but also between
immune cells and other stroma cells, such as CAFs, and
anticancer therapies that target the TME have been a
striking topic over the last decade. FAP is a commonly used
cell surface marker of activated stromal fibroblasts and a
serine protease that can modulate the recruitment, differ-
entiation, and proliferation of MFBs [121]. It has been
shown that targeting FAP in preclinical models exhibits
antitumor efficacy. Mechanistically, the depletion of FAP-
expressing cells grants therapeutic vaccination against
tumors via interferon-y and tumor necrosis factor-a in mice
[122]. In addition, the administration of a newly developed
anti-FAP monoclonal antibody, FAP5-DM1, has introduced
long-lasting inhibition of tumor proliferation and even
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ATRA

Fig. 3 Major anticancer therapies targeting cancer-associated fibro-
blasts (CAFs). Multiple strategies for targeting CAFs that support
chemotherapies in anticancer treatment are shown. FAP5-DMI, a
fibroblast-activation protein (FAP) inhibitor, is used to interfere with
FAP function, which results in decreased tumor growth, whereas
another CXCR4 inhibitor, AMD3100, can suppress the interaction
between CXCL12 from CAFs and CXCR4 and thereby enhance
immunotherapy sensitivity. Imatinib is a well-known platelet-derived

complete tumor decrease without observable toxicity in
stroma-rich xenograft models of lung, pancreas, and head
and neck cancers [123]. Moreover, the blockage of
CXCLI12 derived from FAP-positive CAFs facilitates the
immunotherapy sensitivity of tumors in a human pancreatic
ductal adenocarcinoma model [109]. However, in addition
to CAFs, chimeric T cells recognize multipotent bone
marrow stem cells that show positivity for FAP. This
pleiotropic activity results in mice suffering from cachexia
and lethal bone toxicities [124]. These findings lead to the
conclusion that the use of systemic therapies against these
targets still deserves consideration but also offers a hint for
the origin of these FAP-positive CAFs in tumors.

In addition to CAF depletion, the conversion of pro-
tumorigenic CAFs into quiescent-state fibroblasts is con-
sidered an appealing approach. Of relevance, vitamin A
deficiency has been observed in patients with pancreatic
ductal adenocarcinoma, and this deficiency induces pan-
creatic stellate cell (PSC) activation. In LSL-KrasG12D/+,
LSL-Trp53R172H/+, and Pdx-1-Cre human pancreatic
ductal adenocarcinoma model mice, all-trans retinoic acid
(ATRA) reportedly stabilizes PSCs and thereby reduces the
proliferation and invasive ability of cancer cells and the
translocation of p-catenin to the nucleus, which increases
cancer cell apoptosis [125]. Similarly, another study indi-
cated that ATRA is capable of suppressing ECM remodel-
ing and thus inhibiting cancer invasion and migration by
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growth factor receptor (PDGFR) inhibitor that can block PDGFR
signaling, leading to the downregulation of FGF2 and FGF7 and
thereby the repression of tumor growth and angiogenesis. Blockage of
the IL-6 receptor using IL-6 mAb can suppress extracellular matrix
(ECM) remodeling by hindering JAK/STAT3 signaling. CAF-like
cells, such as stellate cells, can be converted to a quiescent state, which
results in the generation of less pro-tumorigenesis factors by all-trans
retinoic acid (ATRA)

downregulating the Myoll-dependent force generation and
mechanosensing of PSCs and reprogramming them to a
more quiescent phenotype in PDAC [126]. In contrast,
vitamin D receptor has also been shown to serve as the
transcriptional regulator that maintains PSCs in a quiescent
state, and consequently, vitamin D sensitizes tumors to
gemcitabine and reduces the tumor volume [127]. Notably,
the reversible conversion of CAF phenotypes is not exclu-
sive to PSCs because in a mouse model in which liver
fibrosis spontaneously regresses, HSCs and MFBs can also
revert to an inactive state characterized by the upregulation
of anti-apoptotic genes [128].

Because CAFs are frequently activated, numerous cyto-
kines and regulatory factors play crucial roles in CAF
biology, and the targeting of activated signaling and effec-
tors appears reasonable. The potential targets of this strategy
can generally be divided into molecules that activate CAFs
and those secreted by CAFs that promote cancer prolifera-
tion, invasion, migration, angiogenesis, and chemoresis-
tance. Imatinib is a clinically proven kinase inhibitor that
was used to block PDFGR signaling in CAFs using a mouse
model of human cervical cancer, and this blockage reduced
FGF2 and FGF7 production and thereby hindered cancer
proliferation and angiogenesis [79]. It is known that JAK1-
STAT3 signaling is greatly involved in CAF activation. A
recent study revealed that cytokine signaling mediates
cancer cell dissemination in force-mediated matrix
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Fig. 4 Functional heterogeneity of cancer-associated fibroblasts
(CAFs). CAFs can contribute to cancer progression through multiple
mechanisms, including the promotion of proliferation, the enhance-
ment of invasion, metastasis, and vascularization (red section), and
antitumor effects (blue section). CAFs secrete numerous stromal cell
growth factors, such as fibroblast growth factor (FGF), stromal cell-
derived factor (SDF), and heparin-binding epidermal growth factor
(HB-EGF), resulting in the promotion of cancer cell proliferation, and
this effect can also be accomplished by exosomes and nutrients, such
as glutamine and ketone bodies, from CAFs. Extracellular matrix
(ECM) remodeling through Yes-associated protein, matrix metallo-
proteinase 2 (MMP-2), MMP-3 by CAFs should additionally be
considered one of the main strategies for cancer promotion. CAFs also
promote invasion by producing cytokines and proteinases such as IL-

remodeling by CAFs, and the findings demonstrated that a
member of the IL-6 family, oncostatin M, potentiates ECM
remodeling that favors cancer cell invasion by stimulating
the actomyosin contractility of the CAFs through glyco-
protein 130, JAK1, ROCK, and STAT3 signaling [129]. In
fact, agents targeting this particular signaling in cancer are
currently being investigated in a clinical trial [130].
Various anti-CAF therapies have been utilized to date,
and these target different processes in tumor-promoting
signaling (Fig. 3). Increasing lines of evidence from recent
studies have shown that the immune response is crucial
against tumors and is becoming a main field of focus.
Nonetheless, certain tumors and patients are more sensitive
to immunotherapies than others. One possibility is that while
immunotherapies cannot be overcome by strengthening the
immune system alone, and this effect might be due in part to
the immunosuppressive capability of the TME, which is
partially caused by CAFs. Therapies targeting the tumor

ECM rem
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6, 1L-8, and MMP3. Moreover, certain mechanisms causing the
upregulation of transcription factors, such as RHBDF?2, also contribute
to cancer invasion. Furthermore, CAFs regulate angiogenesis and
immune cell recruitment and polarization in a pro-tumorigenic manner
by secreting growth factors and ligands such as CXCL12, whereas
nutrients such as lactate or exosomes provided by CAFs induce cancer
cell chemoresistance. However, CAFs do exert tumor-suppressive
effects, and the inhibition of Hedgehog signaling depletes CAFs and
leads to disease exacerbation with worse survival and an undiffer-
entiated cell state, which indicates that CAFs can favor the differ-
entiated states of cancer cells. Slit24+ and CD146+ CAFs suppress
tumorigenesis, whereas molecules such as BMP4 can inhibit the self-
renewal of stem-like cancer cells

stroma combined with immunotherapies could abate this
influence and thereby exert an antitumor immune response.

Conclusions and future expectations

Fibroblast heterogeneity can be clearly observed in various
anatomic components [131], and the different origins of
CAFs result in the promotion of heterogeneous properties in
tumors and functionally impact tumors through various
mechanisms (Fig. 4). Studies regarding the identification of
mesenchymal cells with certain functions in different tissues
might also provide diverse ideas about the definition of
heterogeneity [132]. Whether stable genetic alterations
occur in CAFs compared with fibroblasts is difficult to
determine; however, such changes might conceivably arise
in CAFs because their morphology and secretory ability are
distinct from those of fibroblasts.

SPRINGER NATURE
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Over the past few decades, CAFs have mainly been
considered positive regulators of malignant tumorigenesis.
Nonetheless, new evidence indicates that we should view
the issue critically because in some cases, CAFs might serve
as negative regulators in the process of tumor growth, and
whether we should further divide these types of fibroblasts
into new subtypes remains debatable. However, fibroblasts
are genetically programmed to respond to wound and tissue
damage, and activated fibroblasts bind to synthesize mole-
cules that regulate inflammation and cell growth; thus, in
the TME, the indirect role of fibroblasts in eventually
causing tumor growth, invasion, and metastasis is not sur-
prising. Further studies to uncover the hidden secrets of
fibroblasts are worth pursuing.
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