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Abstract Tumor microenvironment is composed of all the
untransformed elements in the vicinity of tumor, mainly in-
cluding a large number of stromal cells and extracellular ma-
trix proteins, which play an active role in most solid tumor
initiation and progression. Carcinoma-associated fibroblasts
(CAFs), one of the most common stromal cell types in the
tumor microenvironment, have been demonstrated to be in-
volved in tumor growth, invasion, and metastasis. Therefore,
they are becoming a promising target for anti-cancer therapies.
In this review, we firstly summarize the current understand-
ings of CAFs’molecular biology, including the heterogeneous
cellular origins and molecular markers, and then, we focus on
reviewing their various tumor-promoting phenotypes in-
volved in complex mechanisms, which can be summarized
to the CAF-conveyed paracrine signals in tumor cells, cancer
stem cells, and metastasis-initiating cancer cells, as well as the
CAF-enhanced extrinsic tumor-promoting processes includ-
ing angiogenesis, extracellular matrix remodeling, and
tumor-related inflammation; finally, we describe the available
directions of CAF-based target therapy and suggest research
areas which need to be further explored so as to deepen the
understanding of tumor evolution and provide new therapeu-
tic targets for cancer treatment.
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Introduction

The Bseed and soil^ hypothesis postulates that an appropriate
host microenvironment (the soil) is needed for the optimal
growth of tumor cells (the seed). In the past four decades,
researchers have focused primarily on tumor cells. However,
emerging evidences indicate that human carcinomas frequent-
ly exhibit significant stroma reactions, which are characterized
by the existence of abundant stromal cells (including immune
cells, fibroblasts, myofibroblasts, vascular cells, mesenchymal
cells, etc) and extracellular matrix proteins—all the untrans-
formed elements in the vicinity of the tumor make up the
tumor microenvironment [1, 2]. It has been gradually realized
that the tumor microenvironment plays an active role in the
initiation, development, and progression of most solid tumors,
and therein, the stromal cells are usually associated with high
tumor malignancy and poor prognosis [3].

Carcinoma-associated fibroblasts (CAFs) are the most fre-
quent component of the tumor stroma, a kind of particular
fibroblasts possessing tumor-promoting properties. CAFs
consist of activated and non-activated fibroblasts, containing
distinct subsets withmultiple tumor-promoting functions from
various cellular sources. It has been demonstrated that CAFs
can accelerate the development and progression of primary
tumors as well as serve as a metastatic niche for supporting
the secondary malignancies. The possible molecular mecha-
nisms are complex and multiple, which can be summarized
that CAFs could not only promote tumor cell proliferation,
invasion, and metastasis via direct CAF-tumor cell
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communication, but also enhance several extrinsic tumor-
promoting processes such as angiogenesis, extracellular
matrix (ECM) remodeling, and tumor-related inflammation.
CAFs are likewise important for the clinical behavior of tu-
mor, thereby becoming a promising target.

In this review, we retrospect as well as record the latest
research progress of CAFs in the tumor microenvironment
and present recent studies addressing the tumor-promoting
roles of CAFs, with a particular emphasis on their possible
molecular mechanisms. Also, we discuss the therapeutic po-
tential of targeting CAFs. Finally, we highlight perceived
knowledge gaps and suggest research areas that need to be
further explored so as to understand the tumor nature better
and provide new targets for anti-cancer therapies.

The heterogeneity of CAFs

Up to now, CAF populations have displayed a high degree of
heterogeneity, with a variety of morphological features and
physiological functions. Tracing the sources, different CAF
subsets have diverse cellular origins and express distinct bio-
markers, consequently showing different biological traits.

The cellular origins of CAFs

The cellular origins of CAFs are still not fully clear. Resolving
this problem may be very helpful for understanding the dis-
tinct traits of CAFs with various molecular markers and mul-
tiple tumor-promoting phenotypes. Lots of studies have con-
cluded that CAFs mainly originate from five kinds of precur-
sor cells.

Firstly, resident fibroblasts are the most immediate sources
of CAFs. Analysis of the phenotypical characteristics of CAFs
in liver metastases of colorectal cancer suggests that most
CAFs display a vimentin+, α-SMA+, and Thy-1+ phenotype
similar to resident liver fibroblasts, indicating that those CAFs
originate from resident fibroblasts [4, 5]. Meanwhile, data
have shown that CAFs’ tumor-promoting activities are partial-
ly mediated through an altered expression profile that overlaps
significantly with the senescence-associated secretory pheno-
type (SASP). And it is argued that the senescent fibroblasts
could as well drive malignant transformation and impact tu-
mor progression. Given the significant molecular and pheno-
typic similarities between senescent cells and CAFs, it is spec-
ulated that senescent fibroblasts provide another possible
source of CAFs [6].

In addition, bone marrow-derived mesenchymal stem cells
(BMSCs) can travel to tumor stroma, where they differentiate
into CAFs. Lawrenson et al. and Peng et al. recently reveal
that MSCs can exhibit CAF-like characteristics with an in-
crease ofα-smooth muscle actin (SMA), vimentin expression,
and tumor-promoting ability when treated with conditioned

media of epithelial ovarian cancer cells in vitro or co-
injection with epithelial ovarian cancer cells in vivo [5, 7].
Moreover, Peng et al. identifies in colon cancer that cancer
cell-derived Notch signaling mediates the transformation of
BMSCs to CAFs through activating the downstream TGF-β/
Smad signaling pathway [7].

Also, the conversion of differentiated cells contributes to
other origins of CAFs, such as epithelial-mesenchymal transi-
tion (EMT) and endothelial-mesenchymal transition (EndMT)
[8, 9]. TGF-β is a potent inducer of both transition processes.
Petersen et al. show that a population of α-SMA+ mesenchy-
mal cells share the same chromosome aberrations with adja-
cent cancer cells in breast cancer tissues, expressing the mes-
enchymal markers Thy-1 and vimentin, and concomitantly
losing the expression of keratins, which indicates the possibil-
ity that malignant epithelial cells could transform into CAFs
[8]. Zeisberg et al. illustrate that proliferating endothelial cells
could also contribute to CAFs via EndMT, with an emergence
of fibroblast-specific protein 1 (FSP-1) and downregulation of
CD31 [9].

Finally, other mesenchymal cells within tumor microenvi-
ronment could also transdifferentiate into CAFs. Strong ex-
perimental evidences indicate that adipocyte-derived fibro-
blasts can also be activated by nearby cancer cells and show
high expression of fibronectin, type I collagen, and FSP-1,
displaying an elevated invasion capability [10]. And it is spec-
ulated that vascular smooth muscle cells and pericytes may
migrate from basement membrane to the tumor stroma and
then transdifferentiate into CAFs, as they behave similarly in
fibrosis [11].

The biomarkers of CAFs

Normal fibroblasts usually express markers of vimentin, des-
min, type I collagen, fibronectin, and prolyl-4-hydroxylase
[12]. Activated CAFs specifically upregulate the expression
of α-SMA, fibroblast-specific protein 1 (FSP-1/S100A4),
NG2, platelet-derived growth factor receptor (PDGFR)-α/β
[13], fibroblast activation protein (FAP) [14], uPA [15],
periostin [16], tenascin-C (TN-C) [17], palladin [18],
podoplanin [19], and natriuretic peptide B (NPPB) [5]. There
also exist evidences that some molecules are specifically
downregulated in CAFs, such as caveolin-1 [20] and laminin
[21], while epithelial cell markers (cytokeratin) and endothe-
lial cell markers (CD31) disappear.

Unfortunately, none of the current molecule markers is
unique to CAFs because they are also expressed by other
stromal cells, which make it challenging to identify or isolate
these heterogeneous CAFs via single molecular marker, but
the combination of multiple biomarkers may help. For exam-
ple, α-SMA+ myofibroblasts could highly express NG2 and
PDGFR-β synchronously [13], whereas FSP-1 or PDGFR-α-
expressing fibroblasts are mainly defined as non-
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myofibroblasts subpopulation [17, 10]. Distinct CAF subpop-
ulations carry different biomarkers and may exhibit various
biological traits and tumor-promoting functions. The hetero-
geneity in marker expressions and cellular origins of CAFs
warrants more investigation based on tumor phenotypes.

The activation of CAFs and their tumor-promoting
phenotypes

In normal situations, fibroblasts are in a quiescent state. Fibro-
blasts become activated when tissues need to be remodeled in
wound healing and fibrosis. Similarly, in the tumor microen-
vironment, fibroblasts’ differentiation and activation are
evoked by various stimuli, mainly including growth factors
such as TGF-β, IL-1α, EGF, PDGF, and FGF2, which are
released from tumor cells or infiltrating immune cells. Simul-
taneously, fibroblasts elongate into a fusiform shape and re-
main perpetually activated, resulting in the Bwounds that nev-
er heal^ phenotype associated with most cancers. Such acti-
vated fibroblasts, different morphologically and functionally
from quiescent fibroblasts, are termed CAFs. Activated CAFs
could release pools of cytokines and ECM constituents,
forming an irreversibly activated stroma, which promotes tu-
mor cell malignancy [12, 22–24].

Accumulating evidences suggest that activated CAFs sig-
nificantly influence most of the hallmark capabilities of cancer
[25–27]. Hence, we are here to review the tumor-promoting
actions of CAFs in the context of the hallmarks of cancer,
attempting to conclude diverse functional phenotypes of
CAFs, along with their contributory functions to the essential
hallmarks of cancer. Co-culture studies in vitro have shown
that CAFs could accelerate the proliferation of tumor cells [5,
28], as well as induce the cancer stem cells’ self-renewal and
differentiation phenotypes [29], suggesting CAFs’ tumorigen-
ic potential. Several studies show that normal fibroblasts may
lose their ability to inhibit epithelial cell proliferation with
cancer development and their conversion into CAFs, indicat-
ing that CAFs could evade tumor growth restriction from nor-
mal microenvironments [30]. Co-implantation studies in vivo
also illustrate that xenografts with CAF co-injection have in-
creased microvessel density when compared with their coun-
terparts, demonstrating the capability of CAFs to induce
neoangiogenesis. Furthermore, CAFs have also been strongly
involved in the processes of cell migration or invasion, and
CAFs serve as metastasis niche to support the metastasis col-
onization. Besides, CAFs produce pro-inflammatory factors
to induce tumor-related inflammation and immune suppres-
sion. Interestingly, it has been demonstrated that there proba-
bly exists a remarkable symbiotic relationship in energy me-
tabolism between CAFs and cancer cells, in which CAFs in
different tumor microenvironments can exchange energy
sources with cancer cells to optimize metabolic efficiency

and tumor growth, involving the alternative use of glucose
and lactate and other energy-rich molecules [31]. All the acti-
vated tumor-promoting phenotypes of CAFs point to their
contributory functions to the hallmarks of cancer.

Researchers speculated that the activated phenotypes
of CAFs are mainly maintained by means of three
ways: (1) persistent environmental effects—tumor cells or
the stroma could produce autocrine and paracrine signals
constantly to stimulate and sustain CAF phenotypes. For
example, TGF-β and CXCL12 produced by CAFs could
activate their receptors TβR and CXCR4 expressed by
CAFs themselves, forming the TGF-β-TβR-Smad2/3 and
CXCL12-CXCR4 autocrine signaling pathways to induce
and sustain the differentiation of fibroblasts to CAFs and
their coincident activated phenotypes [32]; for another
example, sonic hedgehog (shh) secreted from trans-
formed pancreatic epithelia can induce the differentiation
of human pancreatic stellate cells into myofibroblasts,
and this paracrine signaling facilitates the desmoplastic
stroma in pancreatic cancer [33]. (2) genetic mutations—the
tumor stroma is generally considered as genetically stable,
especially when compared to the dominant tumor cells.
However, several reports have documented genomic
modifications in the tumor stroma, including amplifications,
smaller mutations, and loss of heterozygosity (LOH). It is
proposed that distinct cell origins of CAFs may contribute
to explaining the discrepancy—the genetically instability
stroma may represent a subset of CAFs originated from
neoplastic epithelium underwent EMT [2]. (3) epigenetic
alterations—somatically heritable changes which are not
caused by changes in DNA sequence contribute largely to
tumor initiation and progression. Certain gene-specific
methylation alterations are found specific for the tumor
stroma, and the global genomic hypomethylation occurs
even earlier in CAFs, as compared to that both in normal
stroma and malignant epithelium. These observations also
suggest that CAFs can be targeted specifically, as they are
more susceptible to hypomethylating drugs to produce a
Bhypomethylation crisis^ [34].

The molecular mechanisms underlying
the tumor-promoting phenotypes of CAFs

As mentioned above, increasing evidences demonstrate the
tumor-promoting functions of CAFs; however, the underlying
mechanisms are elusive. Herein, we make efforts to sort out
and summarize their possible molecular mechanisms, so as to
deepen the understanding of CAFs in cancer evolution. Ac-
cording to the present reports, CAFs have been shown to be a
source of cytokines and ECM constituents. These secreted
molecules not only directly convey intrinsic tumor-initiative,
proliferative, surviving, invasive, and metastatic signals to the
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adjacent cancer cells (Fig. 1), but also enhance some extrinsic
tumor-promoting processes such as angiogenesis, ECM re-
modeling, and tumor-associated inflammation (Fig. 2).

CAFs directly influence tumor cell behavior

As tumor progresses, CAFs coevolve with tumor cells into an
activated state and then create a dynamic signaling net, com-
posed of multiple tumor-promoting molecules and signaling
pathways. The complex signaling net directly communicates
with adjacent tumor populations via exerting paracrine effects
on tumor cells, and meanwhile serving as niches for cancer
stem cells and metastasis-initiating cells. All the signaling
communication processes together influence tumor cell be-
havior, showing enhanced cell proliferation, survival, migra-
tion, invasion, and metastasis.

CAFs exert paracrine effects on the adjacent tumor cells

CAFs contribute to a wide variety of secreted factors in the
tumor microenvironment, including multiple chemokines,
growth factors, etc. CAF-derived factors could exert particular
paracrine effects via interacting with their receptors or other
molecules expressed in or on adjacent tumor cells, thus pro-
moting tumor cell malignancy. CAFs secrete various
chemokines, such as CXCL12 and CCL7. Orimo et al. dem-
onstrate that CXCL12 can stimulate breast cancer growth

through interacting with the cognate receptor CXCR4
expressed on cancer cells [35]; Jung et al. indicate that
CCL7 may induce cytoskeletal changes in oral squamous cell
carcinoma cells to enhance cell migration, via interacting with
CCR1 and CCR3 on cancer cells [36]. And CAFs produce
various growth factors to facilitate tumor cell malignancy.
For example, Henriksson et al. find the activated FAP+ fibro-
blasts in colorectal cancer stroma can promote tumor cell mi-
gration through releasing FGF1 and then interacting with fi-
broblast growth factor receptor (FGFR) on the epithelial cells
[37]. Besides, the latest research by He et al. shows that
galectin-1(Gal-1) is strongly expressed in CAFs, and the up-
regulation of Gal-1 in CAFs can promote gastric cancer cell
migration and invasion through upregulating the integrinβ1
expression in cancer cells [38].

Moreover, Luga et al. recently reveal a novel intercellular
communication pathway whereby CAF-secreted exosomes
facilitate breast cancer cell protrusive activity via autocrine
Wnt-planar cell polarity (PCP) signaling, depending on the
exosome tetraspanin, Cd81 [39]. Additionally, it is reported
that prostate fibroblasts are capable of forming primary cilia,
and the receptor smoothened co-localize to this structure. Smo
in prostate fibroblasts is found to be competent to transduce
the paracrine sonic hedgehog signaling from adjacent epithe-
lium and elevate a signature of prostatic Hh gene expression.
The smo-mediated stromal hedgehog signaling not only sus-
tains CAF proliferation and survival but also stimulates

Fig. 1 CAFs directly influence
tumor cell behavior. a CAFs can
exert paracrine effects on tumor
cells directly, via complex
signaling pathways: e.g.,
CXCL12→CXCR4, CCL7→
CCR1/3, FGF1→FGFR, Smo→
Shh, CD81+ exosome→Wnt-
PCP, Gal-1→integrinβ1. b CAFs
induce the cancer stem cell
phenotypes and drive the EMT
process, through various signaling
pathways, e.g., HGF→c-Met–
Wnt–β-catenin, IGF-II→IGF1R–
Nanog, CCL2→CCR2/4–Notch,
MMPs→EMT. c CAFs support
the ability of metastasis-initiating
cancer cells and facilitate the
metastasis colonization of
disseminated tumor cells: POSTN
can augment Wnt signaling, and
activate POSTN–Integrin–PI3k–
Akt pathway; TNC can also
enhance Wnt and Notch signaling
pathways, thereby supporting the
survival of metastasis-initiating
cells
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proliferation and dedifferentiation of adjacent epithelium, sug-
gesting a role of CAFs in driving the tumor initiation [40, 41].

CAFs induce the cancer stem cell phenotype

Emerging studies have underscored significant roles of CAFs
in inducing the cancer stem cell phenotype and driving the
EMT process, associated with facilitating tumor initiation, de-
velopment, and metastasis [29]. It is reported that
myofibroblast-secreted hepatocyte growth factor (HGF) could
enhance Wnt signaling via c-Met on colon cancer cells, there-
by activating β-catenin-dependent transcription and colon
cancer stem cell clonogenicity, consequently reinstalling the
tumor-initiating capacity in differentiated cancer cells [42].
Besides, Tsuyada et al. also prove that CAFs produce high
levels of CCL2, which requires STAT3 activation by cancer
cell-secreted cytokines, and CCL2 via interacting with
CCR2/4 in turn induces NOTCH1 expression and the stem
cell-specific, sphere-forming phenotype in breast cancer cells
[43]. Chen et al. find that in vitro CAF co-cultured lung cancer
cells could maintain their cancer stem cell (CSC) phenotype,
showing high tumor-initiating and metastatic potential, and
prove that IGF1R signaling in tumor cells activated by CAF-
secreted IGF-II can induce Nanog expression, suggesting that
CAF-mediated signaling pathway contributes to cancer
stemness maintenance [44].

EMT, a process by which epithelial cells lose cell–cell ad-
hesion and gainmesenchymal properties, is essential for many
developmental processes including tumor invasion and metas-
tasis. Studies indicate that paracrine interaction between CAFs

and tumor cells could induce EMT and EMT-driven CSC
properties and aggressive potency [45]. Giannoni et al. iden-
tify a circuitry in which cancer cell-derived IL-6 activates
fibroblasts, which in turn secrete matrix metalloproteinases
(MMPs) to elicit EMT and enhance cancer stemness in pros-
tate cancer cells, thereby culminating in tumor formation and
spontaneous lung metastatic growth [46]. Additionally, CAFs
are reported to express carbonic anhydrase IX (CAIX) de-
pending on HIF-1 activation. CAIX-caused extracellular acid-
ification can elicit activation of CAF-produced MMP-2 and
MMP-9, driving EMT in prostate cancer cells, which is asso-
ciated with increased motility and stemness [47].

CAFs support the ability of metastasis-initiating cancer cells

CAFs could not only confer CSCs phenotype but also serve as
a permissive niche to facilitate the colonization of metastasis-
initiating cancer cells. Extracellular matrix proteins POSTN
and TN-C are indicated as key components of the metastatic
niche, providing signal support for metastasis-initiating cells
[48]. It is indicated that, in the secondary target organ—
lung—stromal fibroblasts increase POSTN expression in
response to infiltrating tumor cell-derived TGF-β3. The
stromal POSTN augments Wnt signaling in cancer stem
cells and thereby drives the colonization of disseminated
breast cancer cells to the lung [49]; a latest study dem-
onstrates that paracrine interaction between CAF-
secreted POSTN and esophageal adenocarcinoma cell-
expressed integrin results in PI3K/Akt activation and
increases tumor cell invasion [16].

Fig. 2 CAFs enhance extrinsic tumor-promoting processes. a CAFs
promote tumor angiogenesis through releasing growth factors and
recruiting EPCs. b CAFs modulate the ECM via remodeling ECM
architecture and promoting ECM stiffness to support the malignancy

progression. c CAFs induce tumor-related inflammation and immune
suppression through recruiting immune cells as well as modulating their
functions in the tumor microenvironment
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Others demonstrate the crucial role of TN-C in breast can-
cer metastasis to the lung. Both cancer cells and CAFs can
express TN-C. Cancer cell-derived TNC can enhance their
responsiveness toWnt and Notch signaling pathways, thereby
supporting the survival and fitness of metastasis-initiating
cells [50]. Meanwhile, stromal TN-C from S100A4+ fibro-
blasts is also necessary and stimulative for the metastasis col-
onization [17]. Recently, Saupe et al. implicate a new mecha-
nism underlying the TNC-promoted tumor progression in a
neuroendocrine tumor model that TNCmay contribute toWnt
signaling activation through downregulation of the inhibitor
Dkk1 in both tumor and stromal cells [51].

CAFs enhance extrinsic tumor-promoting processes

In addition to the intrinsic signals in tumor cells, several bio-
logical processes outside of tumor cells also play crucial roles
in tumor evolvement, such as tumor angiogenesis, ECM re-
modeling, and tumor-associated inflammation. These process-
es provide extrinsic forces for tumor initiation and develop-
ment, and CAFs contribute to these tumor-promoting proce-
dures via complex molecular or mechanical mechanisms.

CAFs promote tumor angiogenesis

Tumor angiogenesis is a physiopathological process essential
for tumor growth and dissemination. Numerous studies have
demonstrated that CAFs could promote tumor angiogenesis,
mainly through releasing growth factors (VEGF, FGF, EPO)
or recruiting endothelial progenitor cells (EPCs) into carcino-
mas [52]. For example, co-cultures of esophageal squamous
cell carcinoma cells and esophageal fibroblasts suggest that
the carcinoma-derived TGF-β can regulate angiogenic pro-
cess through stimulating the VEGF production by fibroblasts,
and the presence of fibroblasts is necessary for the formation
of efficient human microvascular endothelial cell network
[53]. Noma et al. also demonstrate that colon cancer CAFs
produce a large amount of IL-6 and the IL-6 production en-
hances the release of VEGF from fibroblasts, thereby promot-
ing angiogenesis [54]. Another study by Augsten et al. reveals
the upregulation of CXCL14 in most prostate CAFs, and the
upregulation of FGF-2 and VEGF-A, VEGF-B, and VEGF-C
in the CXCL14-overexpressing fibroblasts, suggesting a pos-
sible mechanism of CAF-stimulated angiogenesis [55]. Be-
sides, Xue et al. find that stromal fibroblasts in the tumor, liver,
and spleen tissues specifically expressing PDGFR-β can react
to tumor-derived PDGF-BB by producing erythropoietin
(EPO), which is found to be a critical element driving tumor
angiogenesis, growth, and metastasis [56]. In addition, CAFs
can facilitate angiogenesis via recruiting endothelial progeni-
tor cells (EPCs) into invasive breast cancers, an effect medi-
ated partially by elevated CXCL12 secretion [35]. And recent
studies indicate that activation of Ets2 in breast CAFs could

also promote vessel formation in the absence of tumor cells,
partially through promoting recruitment of endothelial cells
[57]. Collectively, these findings highlight the crucial role of
CAFs in promoting tumor angiogenesis through cytokine re-
lease or EPC recruitment.

CAFs modulate the ECM

There are increasing evidences that tumor development de-
pends on the physical properties of the adjacent environment
to a great extent, particularly the ECM architecture and stiff-
ness. CAFs produce various ECM proteins, such as matrix
metalloproteinases (MMPs), collagen, and laminin. MMPs
as the key proteases capable of degrading matrix have been
proven to be involved in many physiological remodeling pro-
cesses [58, 59]. Collagen as the dominant structural protein in
the human body, its stromal deposition and crosslinking also
contribute to the matrix stiffening as well as ECM architecture
alteration [60]. ECM architecture and stiffness alteration can
influence mechanosensing and stimulate intracellular signal-
ings to facilitate directional cell mobility and invasion [61].

Firstly, CAFs are indicated to generate leading paths for
collective migration of cancer cells, with the aid of ECM-
remodeling activities. Studies show that cytokine signaling
through the receptor subunit GP130-IL6ST and the kinase
JAK1 generates actomyosin contractility via Rho-kinase-
dependent signaling, and the pathway generates contraction
in CAFs to remodel the matrix and meanwhile generates
tracks for collective migration of squamous carcinoma cells
[62]; additionally, an actin-associated protein, palladin, highly
expressed in CAFs of multiple solid tumors, could enhance
CAFs’ ability in remodeling the extracellular matrix. It is in-
dicated that palladin promotes the assembly of invadopodia in
fibroblasts via regulating the activity of cdc42, and the matrix-
degrading invadopodia meanwhile creates the extensive tun-
nels that are used by cancer cells follow behind [18, 63].

Moreover, CAFs could interact with ECM proteins to pro-
mote matrix stiffening. The interaction modulates intercellular
adhesion and cell contractility, and thereby increases tumor
stiffness to support malignancy progression. For instance,
analysis of the function and gene expression of breast CAFs
reveals a positive feedback between CAF-driven matrix stiff-
ening and mechanotransduction leading to YAP activation,
which helps to maintain the CAF phenotypes. YAP regulates
the expression of several cytoskeletal regulators, such as
ANLN and DIAPH3, and modulates the protein levels of
MYL9/MLC2, finally resulting in tumor matrix stiffening
and subsequently aggressiveness [64]; caveolin-1 (Cav1) in
CAFs has also been reported to modulate tissue responses
through force-dependent architectural regulation of the tumor
microenvironment. Cav1 is found to promote Rho- and force-
dependent contractility, matrix alignment, and stiffness
through regulation of p190RhoGAP, and consequently
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favors tumor cell invasion and increases tumor metasta-
tic potency [65].

CAFs induce tumor-related inflammation and immune
suppression

Virchow first postulated in 1863 that persistent inflammation
predisposes individuals to cancer [66]. Lots of reports have dem-
onstrated a general connection between stromal fibroblasts and
tumor-related inflammation. Fibroblasts in the tumor microenvi-
ronment are activated or trained to become pro-inflammatory,
mainly through paracrine signalings from tumor cells and other
stromal cells, such as IL-1, TNF-a, and TGF-β. Afterwards,
CAFs initiate a tumor-related inflammatory response that ex-
presses a pro-inflammatory gene signature including IL-1β, IL-
6/8, COX-2, OPN, CXCL1/2/3/12, CCL2, ICAM-1, etc
[67–69]. The upregulation of pro-inflammatory cytokines not
only acts on tumor cells directly but also recruits the innate and
adaptive immune cells as well as modulates their functions in the
tumor microenvironment [70].

Firstly, the pro-inflammatory signature in CAFs could pro-
mote recruiting immune cells into the tumor microenviron-
ment to facilitate tumor progression [71]. Ellem et al. have
proved that estrogen-induced CAFs in prostate cancer produce
CXCL12, which can recruit mast cells into tumor stroma in a
CXCR4-dependent manner [72]; Ksiazkiewicz et al. have also
reported CCL2-CCR2A/2B pathway can promote infiltration
of blood monocytes into mammary CAF areas [73]. In addi-
tion, the pro-inflammatory signature in CAFs is provided with
the potential to modulate the functions of immune cells in the
tumor microenvironment. CAFs express various immunosup-
pressive cytokines such as TGF-β1, involved in suppressing
the activation of T lymphocyte functions, inhibiting the func-
tion of natural killer (NK) cells and CD8+ cytotoxic T lym-
phocytes (CTLs), and promoting the recruitment of tumor-
promoting T cells, thus blocking anti-tumor cytotoxic activi-
ties. CAFs have also been found to affect T-cell polarization,
inducing a switch from Th1- to Th2-type immunity; Monte
et al. have identified the essential role for CAFs in leading to
the Th2 immune deviation in pancreatic cancer through TSLP
secretion, which is associated with reduced patient survival
[74]. Moreover, CAFs could also enhance the immunosup-
pressive cell differentiation and function, thereby facilitating
an immunosuppressive microenvironment. For example, pan-
creatic stellate cells (a subset of pancreatic CAFs) are found to
produce inflammatory cytokines (IL-6, M-CSF, VEGF, SDF-
1, MCP-1), and culture of the PSC supernatants with periph-
eral blood mononuclear cells (PBMCs) promotes PBMC dif-
ferentiation into an myeloid-derived suppressor cell (MDSC,
CD11b + CD33+) phenotype, which functionally suppresses
autologous T lymphocyte proliferation, thereby evading im-
mune recognition [75].

Conclusions and perspectives

As dominant cells in the tumor microenvironment, CAFs
modulate the overall processes of tumor initiation and pro-
gression through complex and multiple mechanisms. CAFs
are therefore emerging as a promising therapeutic target with
particular advantages. Increasing targeted agents have entered
the clinical tests, and the CAF-based target therapy appears to
be competent to synergize the traditional anti-cancer therapy.
Though some targets have not yet been applied in clinical,
researchers propose a wide range of logical and feasible tar-
gets: (1) targeting TGF-β, CXCL1, Shh, PDGFs, and FGFs to
suppress the activation and differentiation of CAFs directly;
(2) targeting the CAF–carcinoma cell interaction through
CXCL12, CXCR4, CCL7, FGF, Gal-1, Smo, HGF, CCL2,
IGF-II, CAIX, TN-C, POSTN, and TGF-β [76]; (3) targeting
CAF–endothelial cell interactions through VEGF, FGFs,
CXCL12, and PDGFs; (4) targeting the CAF-modulated
ECM remodeling by inhibiting caveolin-1 and MMPs (and
someone has tried to develop new techniques to alleviate solid
stress or stiffness to increase tumor perfusion) [77]; (5)
targeting CAF-induced inflammation and immune escape
through CXCL1, CXCL2, CXCL12, CXCL14, COX-2,
CCL2, CCL5, IL-1β, and TGF-β; (6) targeting CAF-
mediated anti-immune responses, the design of FAP-based
therapeutic approaches to target CAFs has been developed,
such as FAP neutralizing antibodies, inhibitors [78], prodrugs
[79], and DNAvaccines [80]; and (7) targeting DNA methyl-
ation in CAFsmay be another approach to preferentially block
CAFs’ function [34]. At present, two kinds of approaches
targeting DNA methylation are available: methyl donor mod-
ifiers (folate, betaine, and choline) and methyltransferase in-
hibitors (nucleoside inhibitors: 5-azacytidine, 5-aza-2-
deoxycytidine, and zebularine; and non-nucleoside inhibitors:
procaine, procainamide, EGCG, and RG108) [81].

However, there still exist emerging fields of research on
CAFs which need to be further explored. Firstly, intense dis-
putes about the molecular biology of CAFs are urgent to be
solved. We need further studies to figure out how different
CAF subsets achieve their distinct tumor-promoting effect,
which would meanwhile benefit to the development of more
accurate target therapy.While this reviewmainly discusses the
tumor-promoting functions of CAFs, for completeness it is
crucial to point out that CAFs in some circumstances also play
negative roles in tumor progression. For example, though
CAF-derived TGF-β supports tumor progression in many
ways as discussed above, studies based on conditional inacti-
vation of TGF-β in fibroblasts also show tumor-promoting
effects, suggesting the dual roles of TGF-β as tumor suppres-
sor and promoter [82]. It is proposed that the tissue and cell
type specificity may account for the dual roles of the stroma in
tumor progression, and it is plausible that CAFs react in a
context-dependent manner, which, though still ambiguous
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and debatable, raises another valuable research area. Besides,
it is essential to further clarify the presence of genetic mutation
and epigenetic alteration in CAFs, and verify the maintaining
mechanism of their tumor-promoting phenotypes, so as to
exploit specific genetic therapy and individualized target ther-
apy. Moreover, exploration on the CAF-directed therapeutic
approaches are mostly at the preclinical stage, yet the animal
tumor models are not that authentic for evaluating the tumor-
promoting functions of CAFs in the human body, so there is
an urgent need to conduct extensive clinical trials for further
confirmation. In conclusion, further study about CAFs will
help in demonstrating the mechanisms of tumor initiation
and progression, identifying specific markers of tumor diag-
nosis and targets of tumor therapy, and developing alternative
new ways of clinical treatment, which will bring hope to the
radical cure of cancer.
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