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Abstract

Cancer-associated fibroblasts (CAFs) are major components of the surrounding stroma of 

carcinomas that emerge in the tumor microenvironment as a result of signals derived from the 

cancer cells. Biochemical cross-talk between cancer cells and CAFs as well as mechanical 

remodeling of the stromal extracellular matrix (ECM) by CAFs are important contributors to 

tumor cell migration and invasion, which are critical for cancer progression from a primary tumor 

to metastatic disease. In this review, we discuss key paracrine signaling pathways between CAFs 

and cancer cells that promote cancer cell migration and invasion. In addition, we discuss physical 

changes that CAFs exert on the stromal ECM to facilitate migration and invasion of cancer cells.

Introduction

Carcinomas are heterogeneous tissues composed of cancer cells and stromal cells, such as 

fibroblasts, immune cells, proinflammatory cells, pericytes, and endothelial cells, as well as 

noncellular constituents including the extracellular matrix (ECM) and soluble growth 

factors, which are collectively referred to as the tumor microenvironment [1]. One of the 

most prominent cell types in the tumor stroma is fibroblasts, which are spindle-shaped cells 

of connective tissue that deposit ECM, regulate inflammation, and mediate wound healing 

[2]. Fibroblasts that are found in the carcinoma micro-environment can display an altered 

phenotype that is characterized by increased expression of certain markers, such as α-

smooth muscle actin (α-SMA) and fibroblast activation protein (FAP), and increased 

secretion of ECM proteins, including fibronectin and type I collagen [3]. These fibroblasts 

that become ‘activated’ in tumors, through interactions with cancer cells, are referred to as 

cancer-associated fibroblasts (CAFs) (Figure 1). CAFs can promote tumor progression to 

malignancy and metastatic spread by facilitating underlying processes such as cancer cell 

migration and invasion (Figure 1). In this mini-review, we discuss the central role that CAFs 
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play in mediating cancer cell migration and invasion through secretion of soluble factors and 

modification of the stromal ECM composition and the architecture (Figure 2).

The role of CAF-secreted factors in cancer cell migration and invasion

Migration and invasion of cancer cells into the adjacent tissue is an important initial step in 

metastasis, which can result in the formation of tumors at secondary sites [4]. As cancer 

progresses, tumor cells obtain the ability to break down the underlying basement membrane 

and invade into the surrounding tissue. Some cancer cells attain this invasive behavior 

through acquisition of a mesenchymal phenotype, known as the epithelial-to-mesenchymal 

transition (EMT) [5]. CAFs may induce the EMT of cancer cells through paracrine signaling 

with growth factors and pro-migratory cytokines (Figure 2A). One of the major pro-

metastatic factors derived from CAFs is the cytokine transforming growth factor-β (TGF-β) 

[6]. CAFs have been shown to secrete increased levels of TGF-β [6,7]. In addition, TGF-β 
present in CAF-conditioned media stimulates EMT in different stage breast cancer cell lines, 

which showed increased expression of mesenchymal markers, including vimentin, 

fibronectin, and matrix metalloproteinases 2 and 9 (MMP2 and MMP9), enhanced migratory 

behavior, and increased invasion into Matrigel [6]. Inhibition of the TGF-β pathway in 

cancer cells negated the effects of CAF-conditioned media on cancer cells [6]. Similar pro-

migratory effects of TGF-β, secreted from CAFs, were also observed in other cancer types 

such as gastric, colorectal, and bladder cancer [8–11]. These data suggest that targeting 

TGF-β in stromal fibroblasts impedes the invasive behavior of cancer cells. Intriguingly, 

other studies reported that blocking TGF-β signaling in CAFs enhances invasion of 

carcinoma cells by increasing the expression of hepatocyte growth factor (HGF) by CAFs 

[12,13]; TGF-β have been shown to negatively regulate HGF expression [14,15]. Deletion of 

TGF-β type II receptor in mouse fibroblasts [12] or treatment of CAFs with the TGF-β type 

I receptor inhibitor [13] increased HGF expression, thus increasing cancer cell invasion. 

However, how TGF-β–HGF cross-talk is regulated in different cancers and CAFs are 

currently not well understood.

HGF, also called scatter factor (SF/HGF), is primarily secreted by stromal cells and regulates 

various cell functions, such as differentiation, proliferation, and migration in epithelial cells, 

which express its cell-surface receptor c-Met [16]. CAFs secrete high levels of HGF and the 

ECM glycoprotein tenascin-C, which were necessary for invasion of colon cancer cells into 

Matrigel and type I collagen gels [17]. Interestingly, these two factors individually were not 

sufficient to promote the invasion of cancer cells, underscoring the interdependent roles of 

the ECM and soluble factors in modulating cancer cell behavior [17]. HGF secreted by 

hepatocellular carcinoma (HCC) CAFs was shown to enrich the tumor-initiating cell 

population in HCC cells and increase their migration and invasion abilities [18]. In 

organotypic assays, HGF released by CAFs promoted invasion of esophageal squamous cell 

carcinoma cells, which could be inhibited by siRNAs targeting HGF in fibroblasts or by 

altering c-Met expression or function in carcinoma cells [19]. Similarly, impairment of the 

HGF–cMet interaction with the monoclonal antibody ficlatuzumab inhibited head and neck 

squamous cell carcinoma (HNSCC) cell migration and invasion in response to treatment 

with CAF-conditioned media [20]. Intriguingly, when HNSCC cells were injected with 

CAFs into the floor of the mouth of athymic mice, much larger tumors were formed, 

Erdogan and Webb Page 2

Biochem Soc Trans. Author manuscript; available in PMC 2018 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compared with cancer cells alone, and increased metastasis to lungs and regional lymph 

nodes was observed. The ability of CAFs to promote HNSCC cell migration and invasion 

was attributed to increased secretion of HGF [21], suggesting that targeting HGF signaling 

in cancers is beneficial in inhibiting tumor progression. Phase I clinical trials are currently 

underway using the anti-HGF antibody ficlatuzumab for the treatment of HNSCC and non-

small-cell lung cancers [16].

TGF-β and HGF signaling have been shown to play a critical role in the CAF-mediated 

invasion of cancer cells. However, soluble factors, such as fibroblast growth factor (FGF), 

are also important in the CAF-mediated migration and invasion of cancer cells. Henriksson 

et al. showed that treating fibroblasts with conditioned media from colon cancer cells 

transformed the fibroblasts into CAFs [22]. Conditioned media from these CAFs, which 

produced increased levels of FGF1, enhanced the migration and invasion of colon cancer 

cells in Boyden chambers and in three-dimensional organotypic invasion assays. 

Furthermore, blocking the interaction of FGF1 with its receptor FGF receptor-3 (FGFR3) 

abolished the pro-invasive effects of the CAF-conditioned media on colon cancer cells [22]. 

CAFs also express other FGF isoforms such as the surface-associated growth factor FGF2, 

which is typically not secreted into the extracellular space. When CAFs expressing FGF2 

came into direct contact with colorectal cancer cells, the cancer cells became elongated, 

migrated longer distances, and invaded into the fibroblast-supplemented Matrigel [23]. 

These effects were attributed to the activation of FGFR in cancer cells that bound to FGF2 

on CAFs, which could be counteracted by treatment with FGFR inhibitors [23]. This study 

also showed that the nonreceptor tyrosine kinase, Src, is activated downstream of FGFR 

activation in cancer cells and that cancer cells utilize αvβ5 integrin to adhere to fibroblasts.

Another group of soluble molecules that are important in the regulation of tumor progression 

and cancer cell–stroma interactions is in the cytokine/chemokine family (Table 1 and Figure 

2A) [24]. One of these chemokines is the stromal cell-derived factor-1 (SDF1), also known 

as C–X–C motif chemokine 12 (CXCL12), which interacts with the chemokine receptor-4 

(CXCR4). Orimo et al. [25] demonstrated that breast carcinoma CAFs express high levels of 

SDF1 that recruit CXCR4-expressing endothelial precursor cells to tumors, resulting in 

augmented angiogenesis and tumor growth. Increased SDF1α expression was also observed 

in endometrial cancer (EC)-derived CAFs, which increased cancer cell migration and 

invasion [26]. The treatment of EC cells with AMD3100 (a CXCR4 antagonist), in the 

presence of CAF-conditioned media, blocked CAF-induced EC cell migration and invasion 

[26]. In this study, SDF1 was shown to increase the expression of MMP2 and MMP9 in 

CAFs through an autocrine mechanism, which enhanced EC cell invasion in CAF-modified 

Matrigel. SDF1, secreted by CAFs, also acts in a paracrine manner on EC cells inducing 

their proliferation by activating PI3K/Akt and MAP kinase signaling pathways [26].

Two independent studies of oral squamous cell carcinomas showed that CAFs secrete 

increased levels of the chemokine (C–C motif) ligand 2 (CCL2), also known as monocyte 

chemoattractant protein 1 (MCP1). CCL2 promoted cancer cell migration and invasion 

through activation of focal adhesion kinase and galectin-1 [27,28]. CAFs also secrete higher 

levels of the chemokines CCL2, CCL5, CCL7 and CXCL16 compared with peritumoral 

fibroblasts [29]. All of these chemokines increased the migration of HCC cells; however, 
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only CCL7 and CXCL16 also promoted HCC invasion. CAF-derived CCL2 and CCL5 

activate the Hedgehog (Hh) pathway, whereas CCL7 and CXCL16 activate TGF-β signaling 

in HCC cells; activation of these pathways can induce EMT in cancer cells. Indeed, CAFs no 

longer stimulated the expression of EMT markers, when these four chemokines were 

inhibited from interacting with their receptors in HCC cells [29].

In addition to chemokines, CAFs also secrete cytokines from the interleukin family. 

Interleukin-6 (IL-6) in CAF-conditioned media promoted the invasion of melanoma cells 

from tumor spheroids into the surrounding type I collagen matrix [30]. Co-culturing CAFs 

with melanoma cells induced IL-8 secretion by CAFs, and inhibition of IL-6 and IL-8 

abrogated the invasion of melanoma spheroids [30]. Retinoic acid, a lipophilic molecule 

derived from vitamin A, is thought to exert therapeutic effects by decreasing the secretion of 

IL-6 by CAFs, thereby limiting pancreatic cancer cell migration and induction of EMT 

[31,32].

Paracrine communication between CAFs and tumor cells plays a significant role in 

mediating cancer cell migration, invasion, and metastasis. Some growth factors and 

cytokines that were shown to induce cancer cell migration and invasion are listed in Table 1. 

Targeting these growth factor/cytokine signaling pathways in CAFs could have therapeutic 

benefits for cancer patients by impairing the tumor-supportive roles of CAFs. However, 

additional studies are needed to better discern the role of paracrine communication between 

CAFs and cancer cells in vivo.

CAFs promote cancer cell invasion by modifying the stromal ECM

Fibroblasts are indispensable components of connective tissue, and their major function is 

deposition and assembly of the ECM. They secrete multiple components of the stromal 

ECM, including fibronectin as well as types I, III, and V collagens [33]. Fibroblasts also 

maintain ECM homeostasis by facilitating its turnover and degradation through secretion of 

enzymes such as MMPs [34]. CAFs exhibit abnormal activity in terms of ECM regulation; 

they secrete increased levels of ECM proteins, such as fibronectin and type I collagen, and 

express oncofetal isoforms of fibronectin. In addition, CAFs modify the stromal ECM by 

enhanced expression and activation of MMPs [33].

Changes in the matrix environment, implemented by CAFs, can facilitate cancer cell 

migration and invasion. Gaggioli et al. [35] observed that CAFs deformed type I collagen 

matrices, generating ‘tracks’, thereby enabling SCC cells to invade as a collective chain, 

following the lead of the CAFs (Figure 2B). They further showed that the leading CAFs 

utilized MMPs and Rho-ROCK-mediated contractile force to create the tracks in the ECM. 

This study provided a new model of CAF-mediated cancer cell invasion, in which CAFs 

physically remodel the matrix, allowing cancer cells to invade while still maintaining their 

epithelial properties [35]. A recent study made similar observations using salivary gland 

adenoid cystic carcinoma (ACC) cells [36]. Utilizing a microfluidic device, they co-cultured 

ACC cells and CAFs in a chamber that was separated from the chemoattractant (20% FBS) 

by Matrigel. CAFs invaded the Matrigel using MMP activity and ACC cells followed behind 

them (Figure 2B). However, in this study, blocking the CXCL12/CXCR4 pathway inhibited 
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cancer cell invasion into the tracks generated by CAFs, suggesting that signaling between 

CAFs and cancer cells drives ACC cell invasion [36].

Another study examined the role of mechanical regulation of the ECM by CAFs focusing on 

caveolin-1 (Cav1). Cav1 is a major component of the caveolar membrane, which also 

activates the small GTPase Rho by regulating its inhibitor p190RhoGAP (p190) [37]. Cav1 

is enriched in the stroma of breast and renal carcinomas, and it is overexpressed by breast 

cancer CAFs. Interestingly, Cav1-expressing mouse embryonic fibroblasts (MEFs) 

organized fibronectin into parallel fibers that supported cancer cell migration with increased 

velocity and directionality (Figure 2C) [37]. The remodeling of the fibronectin matrix by 

Cav1-expressing mouse fibroblasts was dependent on cellular contractility mediated by Rho. 

Furthermore, orthotopic injection of cancer cells into the mammary glands of wild-type 

(WT) or Cav1 knockout mice resulted in differences in the tumor stromal ECM. The loss of 

Cav1 slightly decreased tumor growth and metastasis, and more importantly, these tumors 

were minimally invasive with fewer collagen fibers. In contrast, tumors in WT mice 

consisted of radially aligned collagen fibers with interacting tumor cells along them, 

suggesting a more invasive tumor microenvironment [37]. Mechanical remodeling of the 

ECM through increased contractility of CAFs was also observed in scirrhous gastric 

carcinoma (SGC) [38]. Co-culture of SGC cells and CAFs generated ‘invasive foci’ in 

Matrigel. These invasive foci were comprised of CAFs, which reorganized the matrix 

through actin–myosin contractility, and cancer cells that surrounded the CAFs invaded into 

Matrigel. Interestingly, treatment with the myosin-II (MyoII) inhibitor blebbistatin 

significantly reduced the invasion of these foci, whereas treatment with the broad MMP 

inhibitor GM6001 did not perturb the matrix remodeling and invasion phenotype [38].

FAP, which is a serine protease that is overexpressed in CAFs, also contributes to matrix 

organization [39]. FAP-expressing mouse 3T3 fibroblasts organize the ECM into an aligned 

orientation, which promotes the directional migration and invasion of pancreatic cancer cells 

(Figure 2C) [39]. Another protein that is involved in CAF-medicated matrix organization is 

Snail1 [40]. Snail1 is a transcriptional regulator that is responsive to TGF-β signaling and 

regulates EMT in cancer cells [41]. It is expressed by a subset of CAFs and mediates 

anisotropic fiber organization and increased matrix stiffness by up-regulating α-SMA 

expression and RhoA activation in response to TGF-β treatment, suggesting that changes in 

cellular contractility through Snail1 support CAF-mediated changes in the ECM architecture 

[40]. Snail1 knockout MEFs do not generate a matrix with anisotropic fiber orientation and, 

thus, do not support directional cell migration and invasion [40]. Twist1, another 

transcriptional regulator of the EMT, is also expressed by CAFs [42]. Expression of Twist1 

in immortalized human fibroblasts induced CAF-like properties, including increased 

collagen contraction and alignment, stiffening of matrix fibers, and stimulation of cancer cell 

invasion. These effects of Twist1 resulted from up-regulation of expression of type VI 

collagen α1 and palladin [42]. Brentnall et al. [43] demonstrated that increased palladin 

expression in CAFs correlates with increased invadopodia formation, RhoA activation, 

matrix degradation, and cell invasion into Matrigel. Pancreatic cancer cells that are co-

cultured with palladin-expressing fibroblasts invade through Matrigel by following ‘tunnels’ 

created by the fibroblasts. Increased palladin expression by pancreatic CAFs is associated 
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with Cdc42 GTPase activation and invadopodia formation, which facilitated CAF-led cancer 

cell invasion into Matrigel [44].

Aside from the biochemical changes governed by CAFs, mechanical tension has also been 

shown to induce CAF-like properties in normal fibroblasts. Ao et al. [45] showed that 

following mechanical stretching, normal prostate fibroblasts align fibronectin, similar to 

prostate CAFs. Furthermore, mechanical stretching augmented the expression of platelet-

derived growth factor receptor α (PDGFRα); mechanical tension can activate signaling 

pathways in cells, such as PDGFRα signaling, which may have a role in matrix 

organization. Our study also showed that the aligned fibronectin produced by stretched 

fibroblasts promoted the directionally persistent migration of cancer cells, suggesting that 

changes in mechanical force can induce biogenesis of CAFs (Figure 2C) [45].

Conclusions

The supporting role of the tumor microenvironment is emerging as a critical contributor to 

cancer progression. Activated fibroblasts, CAFs, have been observed in many types of 

carcinomas as one of the most prominent components of the tumor stroma. As discussed in 

this review, many studies indicate that CAF-secreted soluble factors sustain the invasive 

properties of cancer cells. In addition, CAFs modify the surrounding ECM generating a 

niche that supports cancer cell invasion. Some of the mechanisms discussed in this review 

converge on TGF-β pathways in CAFs (Figures 1 and 3). Activation of TGF-β in CAFs 

results in increased actomyosin contractility and concomitant changes in the ECM 

organization by CAFs that induce migration and invasion of cancer cells (Figure 3). 

Therefore, targeting TGF-β signaling in the tumor microenvironment could prove to be 

beneficial in alleviating cancer cell–stroma interaction and CAF-mediated changes in the 

ECM.

CAFs can promote an initial step of metastasis, which is the local migration and invasion of 

cancer cells. Moreover, recent reports indicate that CAFs are present at secondary tumor 

sites [46,47]. However, more studies are needed to better understand the roles of CAFs in 

metastatic tumors. The factors involved in CAF– cancer cell interaction are promising 

potential targets for cancer therapies. One should also keep in mind that CAFs are not a 

homogeneous population of cells, and different subtypes of CAFs can differentially regulate 

cancer cell response to treatment [48]. Nevertheless, further studies are needed to decipher 

the complex molecular interactions between cancer cells and CAFs, to pave the way for 

developing effective therapeutic strategies against cancer.
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ACC adenoid cystic carcinoma

CAF cancer-associated fibroblasts

Cav1 caveolin-1
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CCL C–C motif chemokine

CXCL C–X–C motif chemokine

CXCR4 chemokine receptor-4

EC endometrial cancer

ECM extracellular matrix

EMT epithelial-to-mesenchymal transition

FAP fibroblast activation protein

FGF fibroblast growth factor

FGFR fibroblast growth factor receptor

HCC hepatocellular carcinoma

HGF hepatocyte growth factor

Hh Hedgehog

HNSCC head and neck squamous cell carcinoma

IL interleukin

MCP1 monocyte chemoattractant protein 1

MEF mouse embryonic fibroblast

MMP matrix metalloproteinase

MyoII non-muscle myosin-II

PDGFRα platelet-derived growth factor receptor-α

SCC squamous cell carcinoma

SDF1 stromal cell-derived factor-1

SGC scirrhous gastric carcinoma

TGF-β transforming growth factor β

WT wild type

α-SMA α-smooth muscle actin
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Figure 1. Cross-talk between cancer cells and CAFs in the tumor microenvironment
Secretion of growth factors such as TGF-β from cancer cells can activate stromal fibroblasts 

into CAFs, increasing their contractility and expression of CAF markers, including α-SMA 

and FAP. CAFs, in turn, secrete higher amounts of growth factors such as TGF-β, HGF and 

FGF, which further stimulate tumorigenesis, migration, invasion and metastasis of cancer 

cells.
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Figure 2. Schematic of CAF-mediated cancer cell migration and invasion
(A) CAFs modulate cancer cell migration and invasion by altering the tumor 

microenvironment via secretion of growth factors and cytokines such as TGF-β, HGF, FGF, 

SDF1, CCL2, CCL5, CCL7, CXCL16, and IL-6. (B) CAFs modify the stromal ECM 

through MMP, RhoA, ROCK, MyoII, and palladin, generating ‘tracks’ or ‘tunnels’ in the 

matrix for cancer cells to follow. (C) CAFs alter the matrix architecture in the tumor stroma, 

organizing the ECM into parallel fibers that facilitate cancer cell migration and invasion. 

FAP, Cav1, Snail1, Twist1, palladin, and mechanical force play a role in ECM alignment.
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Figure 3. TGF-β secreted by cancer cells activate the noncanonical pathway in CAFs leading to 
RhoA activation and ROCK-mediated MyoII contractility
In addition, activation of the TGF-β canonical pathway can induce transcriptional regulation 

of Snail1 and Twist1 target genes, resulting in increased contractility of CAFs. Activation of 

both pathways leads to an altered ECM environment that enhances cell migration and 

invasion of cancer cells.
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Table 1
Soluble factors released by CAFs and their receptors in cancer cells

Growth factor/cytokines Receptors References

TGF-β TGF-β type I and II receptors [6–11]

HGF c-MET [16–21]

FGF1 FGFR3 [22]

FGF2 FGFR [23]

SDF1/CXCL12 CXCR4 [25,26]

CCL2/MCP1 CCR2 [27,28]

CCL5, CCL7, and CXCL16 CCR5, CCR1/3, and CXCR6 [29]

IL-6 and IL-8 IL6R and IL8R [30–32]
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