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CHAPTER I 

 

INTRODUCTION 

 

 Overview and hypothesis 

 Cell migration is a multistep process that begins with the extension of a protrusion 

and the assembly of adhesions at the leading edge, followed by contraction of the cell body 

and detachment of adhesions at the cell rear. Coordination of these steps enables the cell to 

move forward. Migration is indispensable for many biological processes, including 

embryogenesis, immune surveillance, and wound healing. It also contributes to pathological 

conditions such as rheumatoid arthritis, multiple sclerosis, and cancer metastasis. Cancer cell 

migration and invasion into the adjacent tissue are initial steps in metastasis, which results 

in the formation of tumors at a secondary site. Recently, a great deal of effort has been made 

to understand the contribution of cells in the tumor microenvironment to the regulation of 

cancer cell migration.  

Traditionally, cancer research focused predominantly on cancer cells themselves. 

However, recent studies point to the importance of the interactions between the cancer cells 

and the surrounding stroma. One of the most prominent cell types in the tumor stroma is 

fibroblasts, which are spindle-shaped cells of the connective tissue that deposit extracellular 

matrix (ECM), regulate inflammation, and mediate wound healing. Following injury, 

fibroblasts become activated and differentiate into myofibroblasts; they secrete higher levels 

of ECM constituents and become more contractile. Similarly, myofibroblast-like cells were 

observed in tumor stroma and referred to as “cancer-associated fibroblasts” (CAFs). This is 



 

 

 

intriguing because tumors were previously described as “wounds that do not heal”, 

containing similarities with the wound healing response, such as increased ECM deposition 

and infiltration of inflammatory cells. CAFs have been shown to express markers, such as α-

smooth muscle actin (aSMA) and fibroblast activation protein (FAP), to localize near the 

tumor margin and more importantly, to have the ability to promote tumor growth. Therefore, 

there is a lot of current interest in understanding how CAFs influence tumor progression, 

especially cancer cell migration and invasion. Studies have shown that CAFs from various 

carcinomas promote the invasion of cancer cells. However, the mechanisms by which CAFs 

regulate cancer cell migration and invasion are still not well understood. 

The goal of this thesis was to identify the mechanisms by which CAFs regulate cancer 

cell migration. By co-culturing CAFs and cancer cells, we observed that cancer cells migrate 

along CAFs in a directionally persistent manner. Since assembly and maintenance of the 

ECM is a major function of fibroblasts and ECM plays an important role in cell migration, 

we hypothesized that CAFs modulate cancer cell migration by altering the composition 

and/or architecture of the ECM. We found that CAFs align the matrix fibers, specifically 

fibronectin, in a parallel fashion. Thus, we sought to identify the molecular processes that 

CAFs use to align the matrix. Given that increased contractility is a common feature of CAFs, 

we hypothesized that enhanced contractility leads to higher traction forces by CAFs, which 

is transduced to the matrix through integrins, resulting in the alignment of the matrix. Cellular 

contractility and integrin activity can be mediated by growth factor receptor activity. Since 

CAFs are characterized by high expression of PDGFRs, we investigated the role of PDGFRa 

in CAF-mediated changes in the ECM organization.  

 



 

 

 

The ultimate purpose of this study was to advance our understanding of the stromal 

factors that affect cancer cell migration, an initial step in metastasis. Metastasis is the main 

cause of death in many cancers, thus, it is critical to understand how stromal cells such as 

CAFs influence cancer cell migration to develop strategies and treatments to prevent 

metastasis formation. 

 

Tumor microenvironment and cancer-associated fibroblasts 

Carcinomas are the most common human cancers that arise from uncontrolled 

proliferation of epithelial cells. Normal tissues and organs are structured in a way that the 

epithelial cell layer is laid atop of the basement membrane (BM), which separates the 

epithelial cells from the stroma. While the epithelium performs specialized functions, the 

stroma provides structural and connective support for tissues and is composed of blood and 

lymphatic vessels, nerves and connective tissue. When carcinomas arise, they are confined 

to the epithelial side of the BM. As tumor progresses, cancer cells break down the BM and 

invade into the stroma, where they come in contact with many different types of cells (Steeg, 

2006). The stromal cells, such as inflammatory cells and fibroblasts, have been implicated in 

aiding cancer cells in BM degradation, invasion into the stroma and intravasation (Glentis et 

al., 2017; Wyckoff et al., 2007; Li et al., 2007). Therefore, the stroma surrounding the tumors 

–tumor microenvironment- takes on an active role in mediating these critical stages in cancer.  

One of the most prominent cell types in the stroma is fibroblasts, which are spindle-

shaped connective tissue cells that deposit ECM, regulate inflammation, and mediate wound 

healing (Tripathi et al., 2012). In the wound healing process, fibroblasts differentiate into 



 

 

 

myofibroblasts, and secrete a provisional ECM to provide a scaffold for tissue regeneration. 

The myofibroblastic differentiation of fibroblasts is also referred to as “fibroblast activation” 

(Schäfer and Werner, 2008; Li and Wang, 2011).  Fibroblasts that are found in the tumor 

stroma also often display an “activated” myofibroblast-like phenotype, which they acquire 

after being exposed to growth factors and cytokines secreted by cancer cells over a period of 

time (Madar et al., 2013; Kalluri and Zeisberg, 2006).  These activated fibroblasts are referred 

to as carcinoma-associated fibroblasts or cancer-associated fibroblasts (CAFs) (Figure 1).  

CAFs can promote tumor progression to malignancy and metastatic spread by facilitating 

underlying processes such as cell growth, increased angiogenesis, invasion and metastasis. 

CAFs promote cell migration and invasion through two main mechanisms: (1) secretion of 

growth factors and cytokines, (2) reorganization of the stromal ECM (Erdogan and Webb, 

2017).  

 

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, a process that can result in the formation of tumors at secondary sites 

(Valastyan and Weinberg, 2011). CAFs have been shown to secrete growth factors and pro-

migratory cytokines which regulate the migratory and invasive behavior of cancer cells in a 

paracrine manner (Figure 2a). One of the major pro-metastatic factors derived from CAFs is 

the cytokine transforming growth factor-b (TGFb). TGFb is a secreted protein that regulates 

many cellular functions such as cell growth, proliferation, differentiation and apoptosis 

(Jakowlew, 2006).  CAFs have been shown to secrete increased levels of TGFb 



 

 

 
 

 
 
 

 
 

 

 
 
 

Figure 1. Crosstalk between cancer cells and CAFs in the tumor microenvironment. 
Secretion of growth factors such as TGFb from cancer cells can activate stromal 
fibroblasts into CAFs, increasing their contractility and expression of CAF markers, 
including aSMA and FAP. CAFs, in turn, secrete higher amounts of growth factors such 
as TGFb, HGF and FGF, which further stimulate tumorigenesis, migration, invasion and 
metastasis of cancer cells. 
 
Reprinted from (Erdogan and Webb, 2017) 

 

 

 

 



 

 

 

(Ao et al., 2007; Yu et al., 2014). TGFb, present in CAF-conditioned media, stimulated 

epithelial-to-mesenchymal transition (EMT) in breast cancer cells, inducing expression of 

mesenchymal markers such as vimentin, fibronectin, and matrix metalloproteinases (MMPs) 

2 and 9. In addition, CAF-derived TGFb enhanced migration and invasion of breast cancer 

cells (Yu et al., 2014). Inhibition of the TGFb pathway in cancer cells negated the effects of 

CAF-conditioned media on cancer cells (Yu et al., 2014). Similar pro-migratory effects of 

CAF-derived TGFb were also observed in other cancer types such as gastric, colorectal, and 

bladder cancer (Fuyuhiro et al., 2012; Shimao et al., 1999; Kim et al., 2015; Zhuang et al., 

2015). Intriguingly, other studies reported that blocking TGFb signaling in CAFs enhances 

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

by CAFs (Cheng et al., 2008; Oyanagi et al., 2014). However, how TGFb - HGF crosstalk 

is regulated in different cancers and CAFs is currently not well understood. 

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

regulates functions such as differentiation, proliferation, and migration in epithelial cells, 

which express its cell-surface receptor c-Met (Rizwani et al., 2015). CAFs secrete high levels 

of HGF and the ECM glycoprotein tenascin-C (TNC), which stimulated the invasion of colon 

cancer cells into Matrigel and type I collagen gels (De Wever et al., 2004). Interestingly, 

these two factors are not sufficient to promote the invasion of cancer cells individually, 

underscoring the interdependent roles of the ECM and soluble factors in modulating cancer 

cell behavior (De Wever et al., 2004). 
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HGF, released by CAFs, was also shown to induce migration and invasion of head 

and neck squamous cell carcinoma cells (Grugan et al., 2010; Kumar et al., 2015). Clinical 

trials are currently underway using the anti-HGF antibody ficlatuzumab for treatment of 

HNSCC and non-small cell lung cancers (clinicaltrials.gov). 

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

cancer cell invasion. However, soluble factors, such as fibroblast growth factor (FGF), are 

also secreted by CAFs and mediate cancer cell migration and invasion. A study by 

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

cells transformed the fibroblasts into CAFs (Henriksson et al., 2011).  Culture 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 (Henriksson et al., 2011). 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 (Knuchel et al., 2015).  These effects were attributed to the activation 

of FGF receptor on cancer cells through binding to FGF2 on CAFs, the effects of which were 

counteracted by treatment with FGF receptor inhibitors (Knuchel et al., 2015).  

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

progression and cancer cell-stroma interactions are in the cytokine/chemokine family (Table 

1 and Figure 2a) (Mezawa and Orimo, 2016).  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. 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 (Orimo et 

al., 2005).  Increased SDF1a expression was also observed in endometrial cancer-derived 

CAFs and shown to increase cancer cell migration and invasion (Teng et al., 2016). In this 

study, SDF1 increased the expression of metalloproteinases 2 and 9 (MMP2 and MMP9) in 

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

modified Matrigel.  

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 was found to promote cancer cell migration and 

invasion through activation of focal adhesion kinase (FAK) and galectin-1 (Min et al., 2015; 

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

 

Growth factor /cytokines Receptors 

TGFb TGF-b type I and II receptors 

HGF c-MET 

FGF1 FGFR3 

FGF2 FGFR 

SDF1/CXCL12 CXCR4 

CCL2/MCP1 CCR2 

CCL5, CCL7 AND CXCL16 CCR5, CCR1/3 and CXCR6 

IL-6 AND IL-8 IL6R and IL8R 
 



 

 

 

Wu et al., 2011).  CAFs also secrete higher levels of the chemokines CCL2, CCL5, CCL7 

and CXCL16 compared to normal fibroblasts from the same patient, and all of these 

chemokines were found to increase the migration of hepatocellular carcinoma cells (Liu et 

al., 2016).  

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 (Jobe et al., 2016).  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 (Jobe et al., 2016). Retinoic acid 

(RA), 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  (Guan et al., 2014; Carapuça et al., 2016).  

Paracrine communication between CAFs and tumor cells play 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 the 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 (Miles and 

Sikes, 2014). Fibroblasts also maintain ECM homeostasis by facilitating its turnover and 

degradation through secretion of enzymes such as MMPs (Cunha et al., 2003). CAFs exhibit 

abnormal activity in terms of ECM regulation; they secrete high levels of ECM proteins such 

as fibronectin and type I collagen, and express isoforms of fibronectin that are not normally 

expressed in adult tissues (oncofetal Fn). In addition, CAFs modify the stromal ECM by 

enhanced expression and activation of MMPs (Miles and Sikes, 2014). 

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

migration and invasion. Gaggioli et al. observed that CAFs deformed type I collagen matrices 

using MMPs and Rho-ROCK-mediated contractile force, thereby creating “tracks” in the 

ECM. These tracks enabled squamous cell carcinoma (SCC) cells to migrate as a collective 

chain, following the lead of the CAF that generated the track (Figure 2b) (Gaggioli et al., 

2007). 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 (Gaggioli et al., 2007). A recent study made similar observations 

using salivary gland adenoid cystic carcinoma (ACC) cells (Li et al., 2016). Utilizing a 

microfluidic device, the authors 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, generation of tracks in the ECM by CAFs was not sufficient to promote cancer cell 

invasion, as blocking the CXCL12/CXCR4 pathway inhibited cancer cell invasion into the 

tracks generated by CAFs, indicating that biochemical signaling between CAFs and cancer 

cells was required to drive ACC cell invasion (Li et al., 2016). 



 

 

 

Another study examined the role of caveolin-1 (Cav1) on the mechanical regulation 

of the ECM by CAFs. Cav1 is a major component of the caveolar membrane, which also 

activates the small GTPase Rho by regulating its inhibitor p190RhoGAP (p190) (Goetz et 

al., 2011). Cav1 is enriched in the stroma of breast and renal carcinomas, and it is 

overexpressed by breast cancer CAFs. Interestingly, Cav1-expressing MEFs organized 

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

and directionality (Figure 2c) (Goetz et al., 2011).  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 surrounding the tumor. In contrast, 

tumors in WT mice consisted of radially aligned collagen fibers with interacting tumor cells 

along them, suggesting a more invasive tumor microenvironment (Goetz et al., 2011). 

Remodeling of the ECM through increased contractility of CAFs was also observed in 

scirrhous gastric carcinoma (SGC) (Yamaguchi et al., 2014). Co-culture of SGC cells and 

CAFs generated “invasive foci” in Matrigel.  These invasive foci were comprised of CAFs, 

which reorganized the matrix through actomyosin contractility, and cancer cells that 

surrounded the CAFs that had invaded into Matrigel. Furthermore, 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 (Yamaguchi et al., 2014).  

 CAFs from different carcinomas, such as breast and pancreas, have been shown to 



 

 

 

align matrix fibers into parallel orientation, creating an anisotropic (directionally-dependent) 

matrix topography. Fibroblast activation protein (FAP), which is a serine protease that is 

overexpressed in CAFs, was found to contribute to the aligned matrix organization by CAFs 

(Figure 2c) (Lee et al., 2011a). Another protein that is involved in CAF-mediated matrix 

organization is Snail1 (Stanisavljevic et al., 2015).  Snail1 is a transcriptional regulator that 

is responsive to TGFb signaling and regulates EMT in cancer cells (Zhang et al., 2016). It is 

expressed by a subset of CAFs and mediates anisotropic fiber organization and increased 

matrix stiffness by upregulating aSMA expression and RhoA activation in response to TGFb 

treatment (Stanisavljevic et al., 2015).  Snail1 knockout MEFs do not generate a matrix with 

parallel fiber orientation and thus, do not support directional cell migration and invasion 

(Stanisavljevic et al., 2015).  Twist1, another transcriptional regulator of the EMT, is also 

expressed by CAFs (García-Palmero et al., 2016).  Expression of Twist1 in immortalized 

human fibroblasts induced CAF-like properties, including the ability to cause increased 

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

invasion. These effects of Twist1 resulted from upregulated expression of type VI collagen 

a1 and palladin (García-Palmero et al., 2016). Palladin is an actin scaffold protein that 

regulates cell migration by controlling actin polymerization (Gurung et al., 2016). Brentnal 

et al. demonstrated that increased palladin expression in CAFs correlates with enhanced 

RhoA activation, matrix degradation, and cell invasion into Matrigel (Brentnall et al., 2012). 

Pancreatic cancer cells that are co-cultured with palladin-expressing fibroblasts invade the  

Matrigel by following “tunnels” created by the fibroblasts (Goicoechea et al., 2014). 

 Normal fibroblasts displayed CAF-like properties when subjected to mechanical 

stretching. These fibroblasts also aligned fibronectin, similar to prostate CAFs and promoted 



 

 

 

the directionally persistent migration of cancer cells (Figure 2c) (Ao et al., 2015). 

 

Cell migration and adhesion 

 Cell migration refers to the process by which a cell moves from one location to 

another. This process is essential for normal development and homeostasis, however, it also 

contributes to pathological conditions such as cancer (Webb et al., 2012). Cell migration 

requires coordination of multiple cellular processes (Figure 3) (Vicente-Manzanares et al., 

2005). The first step in migration is the formation of a protrusion in the leading edge called 

the lamellipodium, formed by branched actin networks. Actin polymerization at the 

lamellipodium pushes the plasma membrane forward, generating the initial forward 

movement (Ridley, 2003).  Next, adhesion complexes form, linking actin cytoskeleton to the 

ECM. The adhesions serve as attachment points (focal complexes) which mature into focal 

adhesions (FA) that enable cells to produce traction forces to drive cell migration forward 

(Nobes and Hall, 1995; Galbraith et al., 2002). These tractions forces are generated by the 

activity of myosin II motor proteins, which bind to anti-parallel actin filaments and enable 

the translocation of the cell. In the final step of the migration cycle, the focal adhesions 

disassemble at the cell rear and the trailing edge retracts as the cell moves forward (Ridley, 

2003). Efficient migration of cells is dependent on the coordinated assembly and disassembly 

of the cell-matrix adhesions. Adhesions are complex structures -- nearly 200 proteins have 

been identified in cellular adhesion complexes (Zaidel-Bar et al., 2007). The adhesion 

proteins include the integrin family of transmembrane receptors, signaling proteins such as 

kinases, adaptor and structural molecules (Byron et al., 2010).  

 



 

 

 

 

 

 
 
Figure 3. Steps of cell migration. 1. Extension. Cell migration initiates by extension of 
an actin-rich protrusion (lamellipodia) at the leading edge. 2. New adhesions are formed 
where cell makes contact with the substrate. 3. Through actin-myosin contractions, cell 
body moves forward. 4. Adhesions in the cell rear are released to enable forward 
movement.  
 
Reprinted from (Tschumperlin, 2013) 



 

 

 

 Different modes of migration have been observed in cancer cells: Cancer cells can 

migrate as single cells or in clusters of adhesive cells undergoing collective migration 

(Yilmaz and Christofori, 2010). In single cell migration, cells lose their cell-cell contacts and 

migrate individually. In collective migration, cells maintain their cell-cell adhesions and 

move as sheets of cells or follow a leading a cell as a group (Friedl et al., 2012). Intrinsic 

properties of the cancer cells such as loss of cell-cell adhesions or increased contractility are 

important for determining the mode of cancer cell migration (Polacheck et al., 2013). In 

addition, environmental cues, including biochemical signals such as chemokines or growth 

factors secreted from stromal cells, and physical factors such as matrix topography and 

stiffness, all play a critical role in determining the properties of cell migration, including the 

migration mode, speed, orientation and directionality (Taddei et al., 2013; Yeung et al., 

2005). For example, anisotropic matrix environments can provide cells with directional cues, 

in which cells move directionally along the ECM fibers (Larsen et al., 2006; Doyle et al., 

2009). Perpendicular realignment of collagen fibers at the tumor periphery has been shown 

to increase breast cancer cell invasion compared to collagen fibers aligned in parallel to the 

tumor (Provenzano et al., 2008; Conklin et al., 2011a). ECM rigidity/stiffness is also higher 

in tumors compared to normal tissue (Yeung et al., 2005; Seewaldt, 2014). The physical 

forces on the ECM fibers and biochemical crosslinking of ECM proteins lead to stiffening of 

the stromal ECM. Stiffer ECM promotes changes in proliferation rate, integrin-mediated 

adhesions and migration of cancer cells (Kaukonen et al., 2016a; Levental et al., 2009; Zaman 

et al., 2006).   

 

 



 

 

 

The extracellular matrix 

 The ECM is the non-cellular component of all tissues and organs, consisting of 

secreted proteins and polysaccharides that form an intricate network (Frantz et al., 2010). 

The ECM not only acts as a structural framework for the cells, but also provides biochemical 

and biomechanical cues to support the cells. Many cellular processes such as cell survival, 

growth, differentiation and migration are dependent on the interactions between the cells and 

the ECM (Hynes, 2009).  

 Two types of macromolecules make up the majority of the ECM: Proteoglycans (PG) 

and fibrous proteins such as collagen, fibronectin and elastin (Frantz et al., 2010). PGs are 

highly hydrophilic and form a gel-like substance which resists compressive forces and 

supports rapid diffusion of nutrients and metabolites between the cells and blood. Collagen 

is the most abundant fibrous protein in the ECM, giving tensile strength to tissues 

(Brinckmann, 2005). Collagen is produced and secreted by fibroblasts and assembled into 

the matrix in a Fn-dependent manner (Velling et al., 2002; Kadler et al., 2008). Fn is a large 

ECM glycoprotein which provides attachment points for cells and regulate the overall 

structure and organization of the matrix by mediating the assembly of ECM molecules such 

as collagen I, fibrillin, and tenascin-C (Kadler et al., 2008; Kii et al., 2010b). Elastic fibers 

provide resilience to the ECM, enabling recoil of the tissue following a stretch.  

Although the ECM can be viewed as an inert scaffold that stabilizes the physical 

structure of the tissues, it is becoming more apparent that the ECM is highly dynamic in that 

it is constantly being remodeled by the cells, and in turn, it influences the behavior of the 

cells within it. The ECM shows great variability in its composition, topology and physical 

properties between different tissues (e.g. lungs versus bone), and within the same tissue when 



 

 

 

under different physiological states (e.g. normal versus cancerous). In cancer, changes in the 

ECM properties affect numerous cellular activities such as proliferation and migration 

(Insua-Rodríguez and Oskarsson, 2016; Seewaldt, 2014; Alexander and Cukierman, 2016).   

 

Fibronectin 

 Fibronectin (Fn) is an ECM protein that regulates a wide variety of cellular processes 

such as cell survival, adhesion, migration, and differentiation (Pankov and Yamada, 2002; 

Magnusson and Mosher, 1998). Fn is essential for vertebrate development; inactivation of 

FN gene in mice results in embryonic lethality due to defects in mesoderm formation (George 

et al., 1993). Plasma is an abundant source of Fn; in wound healing, Fn from plasma is 

assembled into the provisional matrix to initiate the tissue repair (Lenselink, 2015). Cellular 

Fn is found in the fibrillar matrices of most tissues and provides a structural framework for 

the ECM (Schwarzbauer and DeSimone, 2011; To and Midwood, 2011). Fn interacts with 

many other ECM proteins, such as collagen, heparin, fibrin, and tenascin-C, and mediates 

their assembly into the matrix (Figure 5A) (Kii et al., 2010b; Kadler et al., 2008; Pankov and 

Yamada, 2002). Therefore, Fn plays a fundamental role in the overall structure and 

organization of the ECM. Dysregulation of Fn expression has been associated with diseases 

such as fibrosis and cancer (Gopal et al., 2017; Muro et al., 2008; Longtin, 2004).  

 Fn is a large homodimeric protein, in which the 250 kDa Fn subunits are joined with 

a pair of disulfide bonds at their C-termini. Fn is composed of three types of repeating 

domains (type I, II and III) as well as a variable domain (Pankov and Yamada, 2002; 

Schwarzbauer and DeSimone, 2011) (Figure 5A). Alternative splicing of the Fn mRNA 

results in multiple forms of Fn protein. Exclusion or inclusion of two type III repeats 



 

 

 

produces EDA (also called EIIIA, located between type III repeats 11 and 12) and EDB (also 

called EIIIB, located between type III repeats 7 and 8) isoforms of Fn. The variable domain 

(V) is also alternatively spliced; five different lengths of the V region have been found in 

humans (White et al., 2008). Thus, alternative splicing of the Fn mRNA can give rise to many 

different Fn variants with differing properties in cell adhesion and ligand binding. 

Spatiotemporal regulation of expression of these Fn isoforms enables fine-tuning of the 

composition of the ECM (White and Muro, 2011; Muro et al., 2008). Increased expression 

of the Fn-EDA and -EDB isoforms has been reported in cancers and was shown to support 

cancer cell proliferation, migration, and invasion (Wang and Hielscher, 2017).  

Fn fibrillogenesis is a cell-mediated process, initiated by integrin binding to Fn on 

the cell surface (Figure 5B). Although eleven different integrins can bind to Fn, only four of 

these (a5b1, avb3, a4b1 and aIIbb3) have been shown to mediate Fn matrix assembly into 

fibrils in vitro (Sechler et al., 2000; Yang and Hynes, 1996). Among these integrins, a5b1 is 

considered the major Fn receptor as it only binds to Fn and generates the most intricate 

network of Fn matrix (Leiss et al., 2008). When Fn is secreted, its compact conformation 

prevents its assembly into fibrils in solution. Binding of α5β1 integrin to Fn, through the 

RGD and synergy sites in type III repeats 9 and 10, promotes a conformational change from 

its compact form into an extended form which reveals the hidden Fn-Fn interaction sites 

(Singh et al., 2010). Integrin binding to bivalent Fn molecules results in integrin clustering, 

bringing together more Fn molecules and increasing its local concentration, hence increasing 

Fn-Fn interactions. There are at least four Fn-Fn interaction sites on the Fn subunit, all of 

which interact with the 70 kDa N-terminal assembly domain, which is essential for Fn fiber 

assembly (Wierzbicka-Patynowski and Schwarzbauer, 2003). Following binding of integrin  
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Figure 4. Fibronectin structure and fibrillogenesis (A) Domain structure of a Fn 
subunit and important molecular interaction sites.  (B) Steps of Fn fibrillogenesis. (I) 
Binding of integrins to the compact form of Fn results in reorganization of the actin 
cytoskeleton and recruitment of adhesion proteins. (II) Actomyosin contractility produces 
a pulling force on the Fn dimer though integrins, leading to a conformational change of 
the dimer which exposes the cryptic Fn-Fn interaction sites. (III) Fn-Fn interactions lead 
to formation of Fn fibrils. 
 
Reprinted from (Mao and Schwarzbauer, 2005) 
 
 



 

 

 

to Fn, adhesion proteins are recruited to the intracellular integrin tail which link the integrins 

to the actin cytoskeleton (Schwarzbauer and DeSimone, 2011). Fn-bound α5β1 integrin 

clusters translocate centripetally from focal adhesions to central fibrillar adhesions in a 

process that is dependent on actomyosin contractility (Pankov et al., 2000; Clark et al., 2005). 

Translocation of integrins on actin filaments applies tension to the Fn molecules, leads to 

exposure of hidden Fn-Fn interaction sites on Fn and promotes Fn fibrillogenesis (Zhong et 

al., 1998; Lemmon et al., 2009). Rho GTPase, which is a regulator of myosin-II-mediated 

contractility, is critical for Fn fibrillogenesis (Zhang et al., 1994; Zhong et al., 1998). Cellular 

contractility also increases the bond strength between a5b1 integrin and Fn by engaging the 

synergy site in addition to the RGD site, which is required for matrix assembly (Friedland et 

al., 2009).  

 

Integrins 

Integrins are heterodimeric transmembrane adhesion receptors with two subunits, a 

and b, combined in a noncovalent complex (Hynes, 1987). There are 18 a and 8 b subunits 

that can assemble into 24 different integrin receptors with varying substrate specificity and 

tissue expression patterns (Campbell and Humphries, 2011). Integrins bind to ECM 

molecules such as laminins, collagens and fibronectin and have been classified based on their 

ligand affinity (Figure 4A) (Margadant et al., 2011). Loss of many of the integrin subunits 

causes embryonic or perinatal lethality, highlighting the importance of integrins (Bouvard et 

al., 2013).   

The name “integrin” was devised as these proteins integrate the intracellular actin 

cytoskeleton and extracellular proteins (Campbell and Humphries, 2011). Each integrin 



 

 

 

subunit contains a large extracellular domain which binds to ECM molecules, a single-pass 

transmembrane domain and, usually, a short cytoplasmic tail (Figure 4B) (Hynes, 2002). The 

intracellular cytoplasmic tail interacts with adaptor proteins which form the link between the 

integrin and actin cytoskeleton. The extracellular domain of integrins bind to the ECM 

proteins and determine the ligand specificity. Conformational changes in the integrin 

structure regulate its ligand-binding activities (Askari et al., 2009). Integrins can adopt three 

major conformations: inactive (low affinity), primed (intermediate affinity) or active (high 

affinity). Integrins are considered inactive when in bent conformation (Figure 4B), although 

there is evidence that integrins can bind to ligand in a bent conformation as well (Arnaout et 

al., 2007). Similar to other cell surface receptors, integrins can be activated upon binding to 

a ligand (“outside-in” signaling). However, integrins can also be activated through binding 

of adhesion proteins, such as talin or kindlins, to the intracellular β tail (“inside-out” 

signaling) (Moser et al., 2009; Harburger et al., 2009; Campbell and Humphries, 2011). 

Following their activation, ligand-bound integrins cluster on the cell surface, which increases 

the avidity of the cell-ECM attachment (Legate et al., 2009). Integrin binding to the ECM 

not only results in physical anchorage of the cell to its surroundings, but also transmits 

biochemical signals that regulate migration, survival and differentiation (Harburger and 

Calderwood, 2009). In addition to their roles in biochemical signaling pathways, integrins 

are also mechanotransducers that convert a mechanical stimulus into a biochemical signal 

(Roca-Cusachs et al., 2012). External mechanical tension and internal cell-generated 

cytoskeletal forces can activate integrins (Katsumi et al., 2005; Friedland et al., 2009). In 

response to mechanical forces transduced by integrin-based adhesions, cells can strengthen 

the adhesions and reorganize the actin cytoskeleton and the ECM (Hinz, 2006). 
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Figure 5. Integrin classes and structure. (A) Classes of mammalian integrins and their 
ligands. Reprinted from (Margadant et al., 2011). (B)  Structure of an integrin 
heterodimer. Integrins can be found in inactive (bent) and active (extended) 
conformations. Adapted from (Srichai and Zent, 2010). 
 



 

 

 

a5b1 integrin 

 a5b1 integrin is the major fibronectin (Fn) receptor that binds to the tripeptide Arg-

Gly-Asp (RGD) site and the synergy site (Pro-His-Ser-Arg-Asn, PHSRN) on Fn (Ruoslahti, 

1996; Cao et al., 1999). Similar to other integrins, activation of a5b1 integrin recruits kinases 

such as Src and FAK, and structural and adaptor proteins such as talin, paxillin and vinculin 

to the cytoplasmic tail (Costa et al., 2013; Ilić et al., 2004; Arthur et al., 2000; Desgrosellier 

and Cheresh, 2010). Integrin a5b1 activity is negatively regulated by proteins such as 

integrin cytoplasmic domain-associated protein 1 (ICAP1), Shank-associated RH domain 

interacting protein (SHARPIN) and nischarin (Pouwels et al., 2012; Bouvard et al., 2013; 

Alahari et al., 2000). Furthermore, internalization and recycling of a5b1 integrin regulates 

its availability on the cell surface, mediating its effects on cell adhesion and migration 

(Margadant et al., 2011; Donovan et al., 2013b). Recent studies identified a5b1 integrin to 

be mechanosensitive (Schwartz, 2010; Roca-Cusachs et al., 2012). When mechanical force 

is applied to the cells, a5b1 integrin-Fn linkage becomes stronger as a5b1-Fn bonds engage 

the synergy site on Fn in addition to the RGD site (Friedland et al., 2009). In cancer cells, 

a5b1 integrin enhances the generation and transmission of contractile forces to increase 

invasiveness (Mierke et al., 2011). Although deregulation of a5b1 integrin expression and 

activity has been frequently observed in cancer, there is no consensus on the role of a5b1 in 

cancer progression; some reports indicate that a5b1 integrin promotes cancer cell migration, 

invasion and metastasis (Sawada et al., 2008; Caswell et al., 2007; Qian et al., 2005), other 

studies found that a5b1 integrin negatively regulates these processes (Tani et al., 2003; 

Taverna et al., 1998). Some of these discrepancies can be attributed to differences in cell type 



 

 

 

or technique, still, it is important to ascertain what kind of role a5b1 integrin plays in cancer. 

 

Non-muscle myosin-II 

 Non-muscle myosin-II (MyoII) belongs to the class II of the myosin family of actin-

based molecular motors (Sellers, 2000). MyoII is similar to other myosin II proteins in that 

it can walk along actin filaments or facilitate sliding of actin filaments to contract or produce 

tension in the actin cytoskeleton (Vicente-Manzanares et al., 2009). Myosin II proteins are 

largely responsible for contraction of cardiac, skeletal and smooth muscle cells. On the other 

hand, MyoII is found in all eukaryotic cells, and performs important functions in cellular 

contractility, cell migration, adhesion, and division (Conti and Adelstein, 2008). MyoII is a 

large hexamer, composed of three pairs of peptides; two 230 kDa myosin heavy chains 

(MHC), two 20 kDa regulatory light chains (RLCs) and two 17 kDa essential light chains 

(ELCs) (Figure 6A). Together, these six peptides form the three domains of the MyoII: (i) 

the amino-terminal head domain that binds to actin and has the ATPase activity, (ii) the neck 

domain that acts as a lever arm to transduce the generated force and regulate MyoII activity, 

and (iii) the tail domain that interacts with the tail (rod) domain of another MyoII molecule 

to form a bipolar MyoII filament (Xiao et al., 2016). The amino-termini of the MHCs form 

the MyoII head domain that contains the actin-binding and catalytic sites. ATP hydrolysis by 

the head domain causes a conformational change in the MyoII molecule, powering the 

movement of MyoII along an actin filament. The carboxy-termini of the MHCs form the rod 

domain via homodimerization into a coiled-coil structure. In addition, anti-parallel 

association of MyoII rod domains form MyoII bipolar filaments that are critical for 

contraction of actin filaments (Newell-Litwa et al., 2015) (Figure 6B). 



 

 

 

 

 
 
 

 
 
 
 

 
 
Figure 6. Myosin II protein and bipolar filaments. (A) Schematic showing the domain 
structure of MyoII protein. The head domain binds to actin and confers ATPase activity. 
The essential and regulatory light chains bind to the neck region. The MHC tails 
dimerize to form the coiled-coil rod domain which ends with a short non-helical tail. (B) 
MyoII rod domains can interact and form bipolar filaments, which can bind to anti-
parallel actin filaments, and mediate contraction of actin filaments.  
 
Reprinted from (Clark et al., 2007) 
 
 
 
 
 
 
 
 
 
 



 

 

 

Both of the MyoII light chains bind noncovalently to the MHCs in the neck region 

(Figure 6A). While ELCs are important for stabilizing MyoII structure, RLCs are critical for 

MyoII function. Phosphorylation of the Ser19 and/or Thr18 residues on the RLCs controls 

MyoII conformation and activity. Although phosphorylation of Ser19 is sufficient to activate 

MyoII, simultaneous phosphorylation of both residues have been shown to further increase 

the ATPase activity of MyoII (Vicente-Manzanares and Horwitz, 2010). A number of kinases 

and phosphatases have been identified that act upon the MyoII RLCs and regulate the MyoII-

dependent biological processes. Many of the serine/threonine kinases that phosphorylate the 

MyoII RLCs work downstream of members of the Rho family of small GTPases, such as 

Rac, Rho and Cdc42. Rho GTPases are molecular switches that are active in their GTP-bound 

form and inactive in their GDP-bound form. Rho GTPases are activated by guanine 

nucleotide exchange factors (GEFs) that aid in GTP-loading, and are inactivated by GTPase 

activating proteins (GAPs) that induce GTP hydrolysis (Van Aelst and D’Souza-Schorey, 

1997; Hall and Nobes, 2000; Cherfils and Zeghouf, 2013). Rac and Cdc42 are major 

regulators of actin polymerization and formation of lamellipodia and filopodia, respectively 

(Nobes and Hall, 1995; Machacek et al., 2009). RhoA regulates MyoII activity through its 

effectors such as myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK), RhoA-

associated kinase (ROCK) and citron kinase (Amano et al., 1996; Conti and Adelstein, 2008). 

RhoA is also the major regulator of formation of stress fibers, which are bundles of actin-

myosin filaments (Chrzanowska-Wodnicka and Burridge, 1996; Tojkander et al., 2012). 

Dephosphorylation of the MyoII RLC is carried out by the protein phosphatase 1 (PP1) which 

decreases MyoII activity (Ito et al., 2004). In addition to phosphorylating MyoII RLC Ser19, 

ROCK has been shown to inactivate PP1 by phosphorylation, thus enhancing MyoII activity.  



 

 

 

 An important function of MyoII is in cell adhesion and migration. MyoII is required 

for maturation of newly-formed, small nascent adhesions into more elongated and larger 

adhesions. Accordingly, cells with higher MyoII-mediated actin contractility exhibit larger 

adhesions (Balaban et al., 2001). The mechanism by which MyoII mediates adhesion 

maturation is not well known, however, there are two proposed views: The first posits that 

MyoII brings together bundles of actin filaments along with adhesion proteins at their end, 

thereby increasing integrin avidity and the size and complexity of adhesions. The second 

suggests that MyoII-mediated mechanical force exposes cryptic binding sites in adhesion 

proteins, such as talin, to enhance the molecular interactions between adhesion proteins 

(Vicente-Manzanares et al., 2009).  

MyoII is an important mediator of mechanical force in and around the cells; it 

generates forces by contracting actin filaments and responds to external mechanical stimuli. 

Application of mechanical force to the plasma membrane leads to activation of MyoII and 

assembly of actomyosin filaments at these sites to counteract the tension (Luo et al., 2012). 

Cells also sense the stiffness of their environment and respond to increased matrix stiffness 

by increasing MyoII-mediated contractility (Fouchard et al., 2011). In cancer, increased Rho-

dependent cytoskeletal tension and MyoII activity were found to promote the stiffening of 

the stromal ECM (Paszek et al., 2005; McBeath et al., 2004). In summary, MyoII is critical 

for generation of and response to forces in and around the cells, thereby playing important 

roles in the progression of cancer. 

 

 

 



 

 

 

Platelet-derived growth factors and their receptors 

 Platelet-derived growth factors (PDGFs) were first discovered in the 1970s as serum 

factors released by platelets that stimulate the proliferation of connective tissue cells such as 

fibroblasts and vascular smooth muscle cells (Kohler and Lipton, 1974; Ross et al., 1974). 

Later studies found that PDGFs are also secreted by other cell types such as macrophages, 

epithelial and endothelial cells. PDGFs promote proliferation, migration and differentiation 

of mesenchymal cells and play important roles in wound healing and epithelial regeneration 

(Andrae et al., 2008). PDGF signaling through the PDGF receptors (PDGFRs) is required for 

the normal development of the blood vessels and many organs such as the lungs, intestines 

and skin (Chen et al., 2013). Dysregulation of PDGF signaling have been reported in fibrosis 

and different types of cancers, including prostate, lung, ovarian and colorectal cancers and 

leukemia (Farooqi and Siddik, 2015; Andrae et al., 2008; Bonner, 2004). 

 There are four types of PDGF ligands (PDGF-A, -B, -C and -D) encoded by four 

different genes. Two PDGF polypeptide chains come together to make a biologically active 

PDGF ligand. There are four PDGF homodimers and one heterodimer, PDGF-AB (Figure 7) 

(Kazlauskas, 2017). PDGFRs are receptor tyrosine kinases (RTKs) composed of five 

extracellular immunoglobulin (Ig) loops, a single-pass transmembrane domain and an 

intracellular tyrosine kinase (TK) domain (Gialeli et al., 2014; Appiah-Kubi et al., 2016). 

There are two PDGFRs, PDGFRa and -b, which dimerize in response to binding of the 

dimeric ligand. In addition to the PDGFR homodimers, heterodimerization of a and b 

receptors was also reported. The interactions between different PDGF ligands and receptors 

are shown in Figure 7. Following receptor dimerization, intrinsic tyrosine kinase is activated 

and phosphorylates specific residues in the cytoplasmic region, creating a docking site for  



 

 

 

 

 
 
 
 
 
 
 
 

 
 

Figure 7. PDGF-PDGFR interactions. Five different PDGF ligand dimers bind to three 
PDGFR dimers. Each PDGFR has five extracellular immunoglobulin-like domains and 
two intracellular tyrosine kinase domains. Ligand binding activates receptor tyrosine 
kinases which autophosphorylate the cytoplasmic tyrosine residues to create docking sites 
for SH2-domain containing proteins, such as Grb2, SHP2 and PLC-γ. 
 
Reprinted from (Heldin, 2013a) 
 
 
 

 



 

 

 

downstream proteins (Cao, 2013; Wang et al., 2016). Proteins such as phospholipase C-γ 

(PLC-γ), tyrosine phosphatase SHP-2 and Grb2 recognize the phosphorylated tyrosine 

residues on PDGFRs through their Src-homology 2 (SH2) domains and activate downstream 

signaling cascades. PDGFRs activate several well-known signaling pathways such as PI3K 

and Ras/MAPK to regulate cellular activities such as transcription, growth, differentiation, 

and migration (Heldin, 2013a). In addition, PDGFRs have been shown to modulate integrin 

activity. Integrin a5b1 and PDGFRs were found in complex with tissue transglutaminase, an 

interaction that modulates the activity of both receptors, potentially converging and 

amplifying their downstream signaling (Akimov and Belkin, 2001; Zemskov et al., 2009a).  

 Overexpression and genetic alterations of PDGF ligands and receptors were detected 

in a number of cancers. In cancer cells, PDGF/PDGFR signaling may act in an autocrine 

fashion to induce tumor growth (Lokker et al., 2002; Jechlinger et al., 2006). Activation of 

the PDGFR pathway has also been shown to induce EMT in breast and prostate cancer cells 

(Kong et al., 2008; Jechlinger et al., 2006).  In addition to the autocrine effects of PDGF on 

tumor cells, other cell types in the tumor stroma express PDGF receptors and respond to 

PDGF ligands in a paracrine fashion (Heldin, 2013a). CAFs express high amounts of both 

PDGFRs (Gialeli et al., 2014). Secretion of PDGF by cancer cells recruits fibroblasts to 

tumors in breast and lung cancers (Shao et al., 2000; Tejada et al., 2006). Stromal expression 

of PDGFRs have been associated with poor prognosis in breast and prostate cancers (Heldin, 

2013a). Although activation of the PDGFR pathway in fibroblasts was implicated in wound 

healing and tissue remodeling, how activation of this pathway affects stromal ECM 

regulation is not well known.  
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Summary 

Cancer-associated fibroblasts (CAFs) in the tumor stroma play a key role in tumor 

progression. Here, Erdogan et al. show that CAF-mediated alignment of the fibronectin 

matrix is a key factor promoting directional cancer cell migration. 

 

Abstract 

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

microenvironment that promote tumor progression. However, the mechanisms by which 

CAFs regulate cancer cell migration are poorly understood. In this study, we show that 

fibronectin assembled by CAFs mediates CAF-cancer cell association and directional 

migration. Compared to normal fibroblasts (NFs), CAFs produce a fibronectin (Fn)-rich 

extracellular matrix (ECM) with anisotropic fiber orientation, which guides the cancer cells 

to migrate directionally. CAFs align the Fn matrix by increasing MyoII- and PDGFRa-

mediated contractility and traction forces which are transduced to Fn through a5b1 integrin. 

We further show that prostate cancer cells use av integrin to migrate efficiently and 

directionally on CAF-derived matrices. We also demonstrate that aligned Fn is a prominent 

feature of invasion sites in human prostatic and pancreatic carcinoma samples. Collectively, 

we present a new mechanism by which CAFs organize the Fn matrix and promote directional 

cancer cell migration.  

 

 

 

 



 

 

 

Introduction 

 Cancer-associated fibroblasts (CAFs) are one of the most abundant cell types in the 

tumor microenvironment and have the ability to promote tumor growth (Olumi et al., 1999; 

Orimo et al., 2005). A key function of normal fibroblasts is to maintain the homeostasis of 

the extracellular matrix (ECM) (Kalluri and Zeisberg, 2006). In contrast, CAFs and other 

activated fibroblasts exhibit changes in this critical process. CAFs secrete high levels of ECM 

proteins such as fibronectin (Fn) and type I and type II collagen, and express oncofetal 

isoforms of Fn (Barsky et al., 1984; Tuxhorn et al., 2002; Schor et al., 2003; Clarke et al., 

2016; Gopal et al., 2017). In addition, CAFs have been shown to alter the architecture and 

physical properties of the ECM, influencing cell migration, invasion and growth (Kaukonen 

et al., 2016b; Jolly et al., 2016). Through force-mediated matrix remodeling, CAFs deform 

collagen I matrices, generating tracks which cancer cells follow (Gaggioli et al., 2007). CAFs 

also have been shown to generate aligned matrix fibers in vitro (Amatangelo et al., 2005; Lee 

et al., 2011b; Franco-Barraza et al., 2017). Alignment of ECM fibers have also been observed 

in tumors and found to be associated with poor patient prognosis (Conklin et al., 2011b; 

Franco-Barraza et al., 2017). However, the mechanisms of ECM alignment and its role in 

CAF-cancer cell interactions remain poorly understood. 

Fn is one of the most abundant ECM proteins and mediates various cellular activities, 

including adhesion, migration, growth and differentiation (Pankov and Yamada, 2002). Fn 

binds to ECM proteins such as collagen, periostin, fibrillin, and tenascin-C and facilitates 

their assembly and organization (Kadler et al., 2008; Kii et al., 2010a). Aberrant expression 

of Fn has also been associated with tumor progression (Topalovski and Brekken, 2016; 



 

 

 

Insua-Rodríguez and Oskarsson, 2016; Wang and Hielscher, 2017). Hence, there is 

substantial interest in understanding the function of Fn in the tumor microenvironment. 

 Fn is assembled into fibers through binding to transmembrane integrin adhesion 

receptors (Mao and Schwarzbauer, 2005; Campbell and Humphries, 2011). Integrin α5β1 is 

the major Fn integrin and facilitates Fn fibrillogenesis by activating cellular contractility and 

applying traction forces to Fn (Hinz, 2006; Lemmon et al., 2009; Schwarzbauer and 

DeSimone, 2011). Although the role of α5β1 integrin in Fn matrix assembly is well known, 

it is not clear how inside-out signaling in activated fibroblasts is regulated and leads to matrix 

reorganization. 

 Growth factor signaling is important in mediating cancer cell-tumor stroma 

interactions to promote tumor progression. One of the key growth factors connecting cancer 

and stromal cells is platelet-derived growth factor (PDGF). PDGF is a potent activator of 

fibroblasts through binding to cell-surface PDGF receptors (PDGFRs). PDGFRs are tyrosine 

kinase receptors composed of homo- or heterodimers of two PDGFR chains, PDGFRa and 

PDGFRb (Donovan et al., 2013). Most cancer cells, including prostate carcinomas, express 

PDGF ligands but not PDGFRs (Lines et al., 1988; Sitaras, et al., 1988). In contrast, CAFs 

overexpress both PDGFRs compared to normal fibroblasts (NFs) (Augsten, 2014). PDGF 

ligands secreted by cancer cells are known to induce proliferation, migration and recruitment 

of stromal fibroblasts (Östman, 2004). A recent study showed that inactivation of PDGFRa 

in fibroblasts decreases connective tissue remodeling (Horikawa et al., 2015); however its 

role in remodeling of other tissues and/or disease states is poorly understood. 

 In the present study, we demonstrate that Fn fibrillogenesis by CAFs promotes CAF-

cancer cell interactions and mediates directional migration of cancer cells in co-culture 



 

 

 

assays. Fn-rich cell-derived matrices isolated from CAF but not NF cultures exhibit aligned 

fiber organization and promote directional cancer cell migration. Compared with NFs, we 

find that matrix organization by CAFs is mediated by enhanced myosin-II-driven 

contractility and increased traction forces, transduced to the ECM via a5b1 integrin. 

Furthermore, we provide evidence that upregulated PDGFRa activity in CAFs plays a role 

in contractility and parallel Fn organization. We also identify av integrin as a regulator of 

cancer cell migration on CAF matrices. Taken together, we demonstrate a new mechanism 

driving CAF-cancer cell interaction and directional cancer cell migration. 

 

Materials and Methods 

Antibodies and reagents 

 Primary antibodies were diluted 1:300 for immunofluorescence (IF) unless otherwise 

noted. The primary antibodies used were as follows: mouse anti-fibronectin (#610077, BD 

Transduction Laboratories, San Jose, CA, diluted 1:300 for IF, 1:1000 for WB), rabbit anti-

fibronectin (clone F14, Biogenex, Fremont, CA, 1:1000 for immunohistochemistry and 

1:100 for IF), mouse anti-integrin a5 (clone SNAKA51, EMD Millipore, Billerica, MA), 

rabbit anti-integrin a5 (#AB1949, EMD Millipore, 1:750 for IF), mouse anti-integrin a5 

(clone 6F4, a kind gift from R. Horwitz, Allen Institute for Cell Science, Seattle, WA, 1:1000 

for WB), mouse anti-integrin b1 (clone 12G10, Abcam, Cambridge, UK), rabbit anti-integrin 

b1 (#AB1952, EMD Millipore, 1:1000 for WB), rabbit anti-MLC2 (#3672S, Cell Signaling 

Technology, Beverly, MA), rabbit anti-phospho-S19-MLC2 (#3671S, Cell Signaling 

Technology), rabbit anti-PDGFRa (clone D1E1E, Cell Signaling Technology), rabbit anti-

p-PDGFRa-Y762 (clone D9B1N, Cell Signaling Technology, 1:300 for WB), mouse anti-



 

 

 

vinculin (clone hVIN-1, Sigma-Aldrich, St. Louis, MO, 1:1000 for IF), mouse anti-E-

cadherin (clone 36, BD Transduction Laboratories), mouse anti-N-cadherin (clone 8C11, 

Santa Cruz Biotechnology, Dallas, TX), mouse anti-a tubulin (clone DM1A, Sigma-Aldrich, 

1:5000 for WB), mouse anti-b-actin (clone AC15, Sigma-Aldrich, 1:5000 for WB or clone 

1A4, Biogenex, 1:1000 for tissue IF). For function blocking experiments, mouse anti-integrin 

a5 (clone JBS5, Millipore), mouse anti-integrin a5 (clone P1D6, Millipore), mouse anti-

integrin av (clone 272-17E6, Abcam) and goat anti-PDGFRa (clone AF307, R&D Systems, 

Minneapolis, MN) were used. Mouse IgG (#0107-01) and rabbit IgG (#0111-01) were 

purchased from SouthernBiotech (Birmingham, AL) and were used as controls in function 

blocking experiments. For IF staining, Alexa FluorÒ 488 goat anti-mouse, Alexa FluorÒ 

488 donkey anti-rabbit, Alexa FluorÒ 488 goat anti-mouse IgG1, Alexa FluorÒ 555 goat 

anti-rabbit and Alexa FluorÒ 555 goat anti-mouse IgG2a secondary antibodies were used at 

1:600 dilution (Thermo Fisher Scientific, Waltham, MA). For WB, Alexa FluorÒ 680 

donkey anti-mouse, Alexa FluorÒ 680 goat anti-rabbit (Thermo Fisher Scientific), 

IRDye800Ò donkey anti-mouse (Rockland, Inc., Limerick, PA) and anti-rabbit HRP-

conjugated IgG (Promega, Madison, WI) secondary antibodies were used. siGENOME 

siRNA SMARTpool for FN1 (#M-009853-01-005) and non-targeting control (#D-001206-

14-05) were ordered from Dharmacon (GE Life Sciences, Lafayette, CO) and 50 nM of either 

siRNA pool was transfected into CAFs using DharmaFECT 1 transfection reagent (GE Life 

Sciences) following manufacturer’s protocols. Cells were kept in Fn-depleted medium which 

was prepared using gelatin-agarose beads (Sigma, G5384). Fibronectin (F2006) and 

fluorescein isothiocyanate isomer (F7250) was purchased from Sigma. RGD and RGE 

peptides were purchased from Bachem (Bubendorf, Switzerland). Rat tail type I collagen 



 

 

 

was purchased from BD Biosciences. Blebbistatin was purchased from EMD Bioscience. 

GFP-vinculin plasmid was a generous gift from Susan Craig (Johns Hopkins University 

School of Medicine, Baltimore, MD).  

 

Fibroblast isolation and cell maintenance 

 Human prostatic CAFs were isolated from prostate cancers and NFs from benign 

prostate hyperplasia tissues. Fibroblasts were isolated from six separate patients’ tissue 

samples (three prostate cancer patients and three BPH patients). CAFs and NFs were 

prepared as previously described (Olumi et al., 1999). Cells were verified using a tissue 

recombination bioassay to confirm that CAFs induced tumor formation from BPH1 cells and 

that NFs did not elicit tumorigenesis. CAFs and NFs were used between passages 4-8 to 

ensure proper function in ECM production and communication with cancer cells.  

 Prostatic cancer DU145 cells and fibroblasts were maintained in Roswell Park 

Memorial Institute medium (RPMI) 1640 with 10% fetal bovine serum (FBS) and penicillin–

streptomycin as described previously (Ao et al., 2007). Human head and neck cancer cells 

SCC61 and JHU012 were maintained in Dulbecco’s Modified Eagle’s/F12 Medium (Life 

Technology, Carlsbad, CA) supplemented with 10% FBS and penicillin–streptomycin (Ao 

et al., 2015).  

 

Fabrication of two-channel co-culture devices 

 The co-culture microfluidic device was prepared using standard soft-lithography 

techniques as previously described (Xia and Whitesides, 1998; Jean et al., 2014). First, a 

master mold was fabricated using photolithography, patterning a layer of photoresist SU8 by 



 

 

 

ultraviolet (UV) exposure through a 20,000 dpi photomask. Second, polydimethylsiloxane 

(PDMS, Ellsworth Adhesives, Germantown, WI) pre-polymer was mixed with a curing agent 

at a mass ratio of 10:1 and then poured over the mold. After degassing for 30 minutes and 

curing in a 70°C oven for 2 hours, the PDMS was fully polymerized. The resulting PDMS 

component was then cut out and peeled from the mold. Inlet and outlet holes were punched 

through the PDMS layer using a 3.5 mm diameter punch. Third, the PDMS layer was bonded 

to a 100 µm-thick glass coverslip (No. 1, VWR Vista Vision, Suwanee, GA) after both 

components were exposed to oxygen plasma. Next, Pyrex cloning cylinders of 8 mm 

diameter and 8 mm height (Fisher Scientific, Pittsburgh, PA, USA) were attached to the inlet 

and outlet holes using uncured liquid PDMS for loading and removing cells and media. The 

liquid PDMS “glues” was subsequently allowed to cure at 70°C for 2 hours. Sterilized water 

was loaded into the device to keep the walls of the microfluidic channels hydrophilic. Finally, 

the assembled device was sterilized under UV light for 1 hour. 

 

Microscopy 

 A Quorum WaveFX spinning disk confocal system equipped with a Nikon Eclipse 

Ti microscope and a Hamamatsu ImagEM-CCD camera was used for imaging the IF-stained 

coverslips and for recording cell migration where multiple channel acquisition was required. 

A Plan Fluor 40X objective (NA 1.3) was used for imaging the IF-stained coverslips. A 

Nikon 10X Ph1 ADL objective (NA 0.25) and a Plan Fluor 20X objective (NA 0.75) were 

used to image cell migration. DAPI, Alexa Fluor 488, Alexa Fluor 555 and acti-stain 670 

were excited by laser lines at 405 nm, 491 nm, 561 nm and 642 nm, respectively (Semrock, 

Rochester, NY). Emission filters for these fluorophores were 460/50, 525/50, 593/40 or 



 

 

 

620/60 and 700/75, respectively (Semrock). Images were acquired and analyzed using 

MetaMorph software (Molecular Devices, Sunnyvale, CA).  

 Total internal reflection fluorescence (TIRF) microscopy and cell migration movies 

in phase contrast were performed using an inverted Olympus IX71 microscope (Melville, 

NY) with a Retiga EXi CCD camera (QImaging, Surrey, BC). An Olympus UPlanFl N 10X 

objective (NA 0.30) was used for cell migration assays. TIRF images were taken using an 

Olympus PlanApo 60X OTIRFM objective (NA 1.45) with a 488 nm laser line from a HeNe 

laser (Prairie Technologies, Middleton, WI). MetaMorph was used for image acquisition and 

analysis. 

 

 Co-culture in microfluidic devices 

Microfluidic devices were incubated with culture medium at 37°C and sub-confluent 

fibroblasts and cancer cells were labeled with CellTrackerTM Green or CellTrackerTM Red ( 

(#C2925 and #C34552, Thermo Fisher Scientific), respectively. After a gentle but thorough 

wash, cells were detached and mixed at 1:1 ratio in RPMI complete growth medium. A total 

of 104 cells, suspended in 20 µL of medium, were loaded into each inlet reservoir of a 

microfluidic cell culture chamber. The cell density was kept low to be able to observe 

interactions between individual cells. After incubating for approximately 2 hours at 37°C to 

allow cells to attach, 200-300 µl of RPMI full growth medium was added to the inlet reservoir 

and cells were incubated overnight. The next day, the cell culture medium was replaced with 

phenol-red free RPMI supplemented with 5% FBS and 50 mM HEPES, and time-lapse 

imaging was performed at 37˚C in a temperature-controlled chamber (Live Cell Instrument, 

Seoul, Korea). Areas of interest were chosen where a fibroblast-cancer cell pair can be 



 

 

 

identified and their movement with regards to each other can be analyzed. Images were taken 

every 10 minutes for 12 hours using the spinning disk confocal system described above. To 

visualize Fn in co-culture experiments, 5 µg/ml FITC-Fn was added to the culture medium. 

For these experiments, CAFs and DU145 cells were mixed in 1:1 ratio to yield a total of 

4x104 cells which were seeded to a 35 mm glass-bottomed dish and incubated overnight. 

During this incubation, CAFs incorporated FITC-Fn as they assembled Fn fibers which 

enabled us to visualize Fn matrix. The next day, the cells were imaged using the 40X 

objective in the spinning disk confocal system. Images were taken every 30 seconds for 1 h. 

Cell migration association index was determined by calculating the angle (s) between the 

axis of migrating cancer cells and fibroblasts. The association index was defined as the cosine 

of the angle s; an index of 0 indicates perpendicular migration of cells in relation to each 

other, while an index of 1 signifies cells migrating parallel to each other. The migration 

directionality ratio was calculated by dividing the net distance (D) by the actual path length 

traveled by the cell (T).  

 

Preparation of FITC-labeled Fn 

Fn was diluted to 0.5 mg/ml in borate buffer (170 mM Na2B4O7 pH 9.3, 40 mM NaCl) and 

6 mg of FITC was dissolved in 200 ml borate buffer. 1 ml of 0.5 mg/ml Fn solution was 

loaded to a dialysis cassette and placed in the FITC-containing borate buffer and dialyzed at 

room temperature for 1.5 h in the dark. Next, Fn cassette was dialyzed extensively against 

1X PBS pH 7.4 for 2 days, changing the PBS buffer 4-5 times. Protein concentration was 

determined using the following formula: FITC-protein (mg/ml) = [OD280-(0.36 x OD493)] 

/ 1.4. Fn was then dialyzed against 50% glycerol and stored at -20°C.  



 

 

 

Generation of three dimensional cell-derived matrices (CDMs) and migration assays 

 Three dimensional CDMs were generated as previously described (Beacham et al., 

2006). Briefly, 35 mm diameter glass bottom dishes or 6-well plates were coated using a 

0.2% (w/v) gelatin solution for 1 hour at 37°C. The gelatin-coated dishes were treated with 

1% (v/v) glutaraldehyde in PBS for 30 minutes, followed by a 30-minute treatment of 1M 

ethanolamine at room temperature. The dishes were then washed extensively using PBS. NFs 

or CAFs were plated on dishes as a confluent layer, and they were cultured for 8 days in 

complete growth medium (RPMI 1640 with 10% FBS and penicillin–streptomycin). For 

CDM generation using CAFs transfected with Fn siRNA, RPMI medium with 10% Fn-

depleted FBS and antibiotics was used.  In all experiments, the cell culture medium was 

replenished and supplemented with freshly prepared 50 µg/ml of ascorbic acid on alternate 

days. On day 8, cells were rinsed with PBS, then extracted from the matrix using an alkaline 

detergent (0.5% (v/v) Triton X-100 and 20 mM NH4OH in PBS), leaving the 3D matrix intact 

and attached to the culture dish.  

 To visualize the matrix, the CDMs were labeled using 2 µg/ml NHS-ester Alexa 

Fluor® 488 dye (#A20000, Thermo Fisher Scientific), which was dissolved in 50 mM 

sodium bicarbonate buffer (pH 9), by incubation for 15 minutes in the dark. The matrices 

were washed with PBS and treated with 200 mM Tris buffer (pH 7.5) for 10 minutes to 

deactivate the NHS esters. The labeled 3D CDMs were blocked with 1% BSA solution and 

stored at 4°C until ready to use. This protocol was kindly provided by A. Doyle (National 

Institutes of Health, Bethesda, MD).  

 For cell migration assays using the CDMs, cancer cells were labeled with 

CellTracker™ Red CMTPX dye (#C34552, Thermo Fisher Scientific) following the 



 

 

 

manufacturer’s protocol. For 2D migration assays, cells were plated 2 hours prior to imaging. 

For 3D migration assays, cells were plated 24 hours prior to imaging to allow for invasion of 

the cells into the 3D matrix. The cells were maintained in phenol red-free RPMI 1640 

medium supplemented with 5% FBS and 50 mm HEPES in a 37°C temperature-controlled 

chamber (Live Cell Instrument, Seoul, Korea) during acquisition. Images were acquired 

every 5-10 minutes for 6 hours using the spinning disk confocal microscope. MetaMorph 

was used to track migrating cells and to measure the net distance from the first time point to 

the last time point. The migration directionality ratio was calculated as described above. 

Migration speed was calculated by dividing the total distance traveled (µm) by total time (h). 

In experiments testing integrin function in DU145 cell migration on CAF-CDMs, 10 µg/ml 

of either function blocking antibody (JBS5 or 17E6) or control IgG was added to culture 

medium 30 minutes prior to imaging. Function-blocking properties of each antibody were 

confirmed by cell attachment assays using crystal violet staining. 

 

Immunofluorescence  

 For most experiments, cells were plated onto glass coverslips coated with 5 µg/ml Fn 

(#F0895, Sigma-Aldrich) and allowed to attach for 3 hours. However, to allow for Fn matrix 

deposition and formation of fibrillar adhesions, Fn and integrin staining was performed 48 

hours after the cells were plated onto uncoated glass coverslips. Cells were fixed using 4% 

paraformaldehyde supplemented with 0.12M sucrose in PBS for 15 minutes at room 

temperature. Following fixation, cells were permeabilized with 0.2% (v/v) Triton X-100 for 

3 minutes in most experiments. Cells were not permeabilized for Fn staining, in order to 

observe the extracellular Fn matrix organization. Blocking was performed for 1 h with 20% 



 

 

 

goat serum in PBS. Primary and secondary antibodies were diluted in 5% goat serum and 

were incubated with the cells at 4°C overnight and 45 minutes at room temperature, 

respectively. Following each antibody step, coverslips were washed with PBS extensively. 

DAPI (#AS-83210, AnaSpec, Inc., Fremont, CA) and phalloidin (acti-stain 670, #PHDN1, 

Cytoskeleton, Denver, CO) co-stains were performed simultaneously with the secondary 

antibodies. Coverslips were mounted on the glass slides using Aqua Poly/Mount 

(Polysciences, Inc., Warrington, PA). 

 The average fluorescence intensity was quantified by dividing the background-

corrected, integrated fluorescence intensity in individual cells by the cell unit area using 

MetaMorph. The size and number of vinculin adhesions were calculated by tracing individual 

adhesions and using the measure tool within MetaMorph. 

 

Calculation of angles between the fibers and FFT analysis 

 Fn images were opened in MetaMorph and a template of 9 dots, which was formed 

by selecting three dots 120 degrees apart on three concentric circles, was placed on the image. 

The angle between a fiber that intersected with one of the reference dots and its closest 

intersecting fiber was quantified using Image J (NIH, http://rsb.info.nih.gov/ij). A minimum 

of 50 angles were measured for each experimental condition in each experiment. This 

procedure was adapted from a previous protocol for quantifying ECM alignment (Yang et 

al., 2011).  

 To characterize fiber orientation, Fast Fourier Transform (FFT) was also used as 

previously reported (Ayres et al., 2006). Briefly, the FFT function was performed on 

fluorescence images of Fn and CDMs using ImageJ. Then, a 512 pixel diameter circle was 



 

 

 

overlaid on the FFT output image (2048×2048 pixels) in the center using the Oval Profile 

plug-in (William O’Connell, University of California-San Diego, CA). A radial summation 

of gray value intensities over the circle was conducted and normalized by dividing it by the 

total intensity. Peak intensities observed 180° apart from each other indicated an aligned fiber 

orientation, whereas no noticeable peaks were observed when fibers were unorganized. 

 

Traction force microscopy 

 Traction forces of fibroblasts were measured as described previously (Sabass et al., 

2008; Jean et al., 2013). Briefly, rectangular glass coverslips were mounted with 

polyacrylamide (PAA) gels embedded with 0.2 µm FluoSpheres® crimson (625/645) 

fluorescent beads (Invitrogen, Eugene, OR). Immediately after gels solidified, the PAA gel 

surface was activated using 1 mg/ml Sulfo-SANPAH (ProteoChem, Loves Park, IL) solution 

in ddH2O under UV light for 5 minutes on ice. The PAA gels were then washed with ddH2O 

and incubated with 25 µg/ml Fn overnight at 4˚C. The Young's modulus of the PAA gels was 

15.6 kPa as calculated previously (Sabass et al., 2008; Yeung et al., 2005). This PAA gel 

compliancy was chosen based on previous reports of prostate cancer tissue stiffness (Hoyt et 

al., 2008; Zhai et al., 2010).  A total of 2×103 CellTrackerTM green-labeled fibroblasts were 

incubated on top of the coated coverslip for 3 hours at 37°C to allow cells to adhere before 

being subjected to imaging. For each cell of interest, a DIC and a fluorescent image of the 

cell and a fluorescence image of the FluoSpheres® beads beneath the attached cell were 

taken. Then, trypsin was added to dissociate the cells from the PAA gel, and another 

fluorescence image of the FluoSpheres® beads was acquired from the same field. The 

spinning disk confocal microscope was utilized to acquire all of the images. The images were 



 

 

 

analyzed using the LIBTRC software developed by Micah Dembo (Boston University, 

Boston, MA) to determine the average traction forces by cells, normalized to the cell area.  

Traction force maps were then generated using this software (Dembo and Wang, 1999).  

 

Cell contraction assay 

 CAFs and NFs were suspended in full growth medium at a density of 6X105 cells/mL. 

Then, rat tail type I collagen was neutralized and diluted to a concentration of 3 mg/mL. The 

cell suspension and prepared collagen were mixed on ice at 1:2 ratio, to get a final mixture 

with 2X105 cells/mL and 2 mg/mL of collagen. 600 µl of the above mixture was loaded into 

each well of a 12-well-plate and incubated at 37˚C until polymerization was complete. Gels 

were then covered with 1 ml of medium and detached from plates using a pipette tip to circle 

around the inside wall of each well. The plates were scanned at the beginning of the assay 

after 24-hour incubation (end of assay) at 37˚C. The gel area was measured at these time 

points using MetaMorph. Percent contraction of the gels were calculated by dividing the gel 

area at 24 hours by the gel area at 0 hours, and multiplying by 100. 

 

Western blot 

 Cells were lysed using RIPA buffer (25mM Tris-HCl, pH 7.6, 150mM NaCl, 1% NP-

40, 1% sodium deoxycholate, 0.1% SDS) with protease inhibitor cocktail (Sigma-Aldrich). 

The protein concentration in the cell lysates were measured by a BCA assay (BioRad 

Laboratories, Hercules, CA). 30 µg of each cell lysate was run in an SDS-PAGE gel and 

transferred to a nitrocellulose membrane. Following blocking in 4% non-fat dry milk in TBS-

T solution for 1 h, the membrane was first incubated with the primary antibody at 4°C 



 

 

 

overnight, then incubated with the secondary antibody for 1 h at room temperature. The 

membranes were imaged using an Odyssey CLx imaging system (LI-COR Biosciences, 

Lincoln, NE). For p-PDGFRa WB, CAFs and NFs were starved overnight and the next 

morning, stimulated with complete culture medium for 2 h. Cell lysates were then prepared 

as described above with addition of PhosSTOP phosphatase inhibitor cocktail (Sigma). HRP-

conjugated secondary antibodies were used and detected using SuperSignal West Femto 

maximum sensitivity substrate kit (Thermo Scientific) via Amersham Imager 600 (GE Life 

Sciences, Pittsburgh, PA).  The normalized band intensities were measured using Image 

Studio Lite Software version 4 (LI-COR Biosciences), which were further normalized to 

loading controls, either b-actin or a-tubulin. 

 

Adhesion turnover assay 

 Twenty-four hours prior to the assay, fibroblasts were transfected with 1.5 µg of GFP-

vinculin using TransIT-X2® dynamic delivery system according to the manufacturer’s 

instructions (Mirus Bio LLC, Madison, WI). Prior to the assay, 35 mm diameter glass bottom 

dishes were coated with 5 µg/ml Fn overnight at 4°C. The next day, cells were plated on Fn-

coated dishes and allowed to adhere for 1 hour at 37°C. Time-lapse images of GFP-vinculin 

were acquired at 15 second intervals for 20 minutes using the Olympus IX71 microscope 

with PlanApo 60X OTIRFM objective (NA 1.45) as described above. Rate constants for 

adhesion assembly and disassembly were determined as described previously (Webb et al., 

2004) using MetaMorph. 

 

 



 

 

 

Histology 

 De-identified, formalin-fixed, paraffin-embedded tissue was procured from four 

cases of prostate cancer and ten cases of pancreatic ductal adenocarcinoma through the 

Comparative Human Tissue Network with approval from the Vanderbilt Institutional Review 

Board. Five µm sections were processed as described (Shi et al., 2014) and labeled with 

antibodies to Fn for colorimetric analysis. Detection was performed using Vectastain Elite 

ABC kit (Vector Laboratories, Burlingame, CA) following a reaction with 3,3′-

Diaminobenzidine (Vector Laboratories). For fluorescent analysis, antibodies to aSMA were 

detected using the Vectastain Elite ABC kit followed by tyramide signal amplification with 

the TSA Plus Cyanine 3 kit (Perkin Elmer LAS, Boston, MA) followed by heat inactivation. 

Binding of anti-Fn antibodies was detected with Cy2-anti-rabbit antibodies (Jackson 

Immunoresearch Laboratories, West Grove, PA). Slides were counterstained with 

hematoxylin (Sigma Aldrich) or Toto3 (Molecular Probes, Eugene, OR) and Dapi (Sigma 

Aldrich). Colorimetric images were obtained on an Axioskop 40 microscope (Carl Zeiss 

Microimaging, Thornwood, NY) and fluorescent images were captured on the Quorum 

WaveFX spinning disk confocal system with Nikon Eclipse Ti microscope as described 

above.  

 

Data analysis and statistics 

 Statistical analysis was performed using SPSS software version 24, and the Shapiro-

Wilk test was performed to assess data normality. P-values were determined using either a 

student’s t-test (if data were normally distributed) or Mann-Whitney U test (if data were not 

normally distributed). In figures, p-values of less than 0.001 were denoted (***), less than 



 

 

 

0.01 were denoted (**) and less than 0.05 were denoted (*) and were designated as 

statistically significant. The bar graphs were generated using Microsoft Excel and presented 

as mean ± SEM from at least three independent experiments. The box and whisker plots were 

generated using GraphPad Prism version 7.02 (GraphPad Software, La Jolla, CA), in which 

the box ranges from 25-75th percentile, with the middle line indicating the median, and the 

whiskers indicating 5-95th percentile. 

 

Online supplemental videos 

Video 1 shows three fields of DU145-NF co-culture migration. Video 2 shows three fields 

of DU145-CAF co-culture migration. Video 3 shows JHU012-NF (left) and JHU012-CAF 

(right) co-culture migration. Video 4 shows a DU145 cell migrating along a CAF and 

interacting with FITC-Fn fiber (green) assembled by the CAF. Video 5 shows co-culture 

migration of DU145 cells with control (left) or Fn-KD (right) CAFs. Video 6 shows a DU145 

cell migrating on NF-CDM. Video 7 shows a DU145 cell migrating on CAF-CDM. Video 8 

shows JHU012 cell migrating on NF (left) and CAF (right) CDM. Video 9 shows adhesion 

turnover of a NF transfected with vinculin-GFP. Video 10 shows adhesion turnover of a CAF 

transfected with vinculin-GFP. Online supplemental videos can be viewed at: 

http://jcb.rupress.org/content/216/11/3799 

 

Results 

Fibronectin promotes CAF-cancer cell association and directional cancer cell migration  

To investigate the effects of CAFs on cancer cell migration, we co-cultured prostatic 

fibroblasts with DU145 prostate cancer cells. CellTracker green-labeled CAFs or NFs were 



 

 

 

mixed with CellTracker red-labeled DU145 prostate cancer cells in a 1:1 ratio and loaded 

into two separate, side-by-side chambers of a microfluidic device to mimic the close 

interactions within the tumor microenvironment (Fig. 8A). When DU145 cells were co-

cultured with NFs, they exhibited minimal interaction with NFs and migrated randomly (Fig. 

10A-E, supplemental video 1). In contrast, in co-cultures with CAFs, DU145 cells migrated 

towards and along the axis of CAFs resulting in a higher association index with CAFs (Fig. 

10A-E, supplemental video 2). Interestingly, no difference in the migration speeds of DU-

145 cells was found in either co-culture condition (Fig. 8B). To test whether CAF-promoted 

directional cancer cell migration is restricted to tissue-matched cancer cells, or whether CAFs 

can induce similar effects on other cancer cell types, we subjected head and neck squamous 

cell carcinoma (HNSCC) cell lines JHU012 and SCC61 to co-culture with prostate CAFs 

and NFs. Intriguingly, although derived from a different tissue, HNSCC cell lines also 

displayed an increased association with fibroblasts and directional migration when co-

cultured with prostate CAFs. However, co-culturing with NFs did not affect the migration 

directionality of HNSCC cells or induce an association between NFs and HNSCC cells (Fig. 

8 C-G, supplemental video 3).  

Prostate CAF-induced directional migration in both the prostate cell line DU145 and 

the HNSCC cell lines JHU012 and SCC61 suggest that the mechanism by which CAFs 

modulate cancer cell migration is not organ specific. Previous studies identified different 

ways that CAFs alter the ECM composition and architecture (Gaggioli et al., 2007; Jolly et 

al., 2016). As ECM is a major factor that regulates cell migration, we hypothesized that 

increased association and directional cancer cell migration in co-cultures with CAFs are due 

to changes in the ECM. Fn is a major ECM protein that is secreted and assembled into fibers 



 

 

 

by fibroblasts. Aberrant expression of Fn and its fetal isoforms have been reported in many 

cancers (Topalovski and Brekken, 2016; Wang and Hielscher, 2017; Bae et al., 2013; Gopal 

et al., 2017). Therefore, we first studied the expression of Fn and its splice variant Fn-EDA 

in prostate CAFs. We found that CAFs expressed 50% more Fn compared to NFs (Fig. 9 H 

and I). In addition, there was a 3.5-fold increase in the expression of the isoform of Fn in 

CAFs relative to NFs (Fig. 9 J and K). Next, we studied if cancer cells interact with Fn in co-

cultures. After 24 h of incubation, cells were fixed and stained for Fn and F-actin. In co-

cultures with NFs, in the rarer cases where cancer cells made physical contact with 

fibroblasts, we did not observe detectable Fn in the contact area (Fig. 10F, left). However, 

when co-cultured with CAFs, cancer cells frequently appeared to be attached to Fn fibers at 

contact sites with the CAFs (Fig. 10F, right). To visualize the interaction between CAF-

assembled Fn fibrils and cancer cells in live imaging co-culture experiments, we added FITC-

labeled Fn to the culture medium at the same time that cells were plated. In the 24 h 

incubation, CAFs incorporated FITC-Fn into Fn fibrils. The next day, time lapse microscopy 

was performed. We observed that DU145 cells actively pull on the Fn fibers on the periphery 

of CAFs as they migrate (Fig. 11G and supplemental video 4). Next, we tested if Fn derived 

from CAFs is critical for directional cancer cell migration and increased association with 

CAFs. First, Fn expression was knocked down in CAFs using an siRNA pool, which reduced 

Fn expression by 80% (Fig. 9 L and M). Then, DU145 cells were co-cultured with control or 

Fn-KD CAFs for 24 h and time-lapse microscopy was performed. Knocking down Fn 

significantly reduced the association and migration directionality of DU145 cells with CAFs 

(Fig. 11 H-J, supplemental video 5). Notably, migration speed of DU145 cells was also 

decreased in co-cultures with Fn-KD CAFs compared to control CAFs (Fig. 9N).  



 

 

 

  
 
 

 
Figure 8. HNSCC cells show high association and directional migration with prostate CAFs. 
(A) Schematic of the two chamber microfluidic devices used in co-culture experiments. Green 
labeled fibroblasts and red labeled cancer cells were mixed in a 1:1 ratio and loaded into two 
separate chambers and subjected to time-lapse microscopy after a 24 h incubation. (B) Migration 
speed of DU145 cells in co-cultures with NFs or CAFs. (C) Time-lapse images showing co-
culture of fibroblasts (green) and JHU12 cells (red). Scale bar = 20 µm. See also video 3. (D) 
Quantification of the association index of JHU12 cells with NFs and CAFs (E) The directionality 
ratio of JHU12 cell migration in co-culture with NFs or CAFs (D-E) >22 cells from three 
experiments were analyzed for each condition (***, P<0.001, determined by Mann-Whitney U 
test). (F-G) Quantification of the association index (F) of SCC61 cells with NFs and CAFs and 
the directionality ratio (G) of SCC61 cell migration in co-culture with NFs or CAFs. >22 cells 
from three experiments were analyzed for each condition (***, P<0.001, determined by Mann-
Whitney U test).   
 
 
 
 



 

 

 

 

 
 
 
 
 
 

 
 
Figure 9. Fn expression in CAFs. (H) Western blot analysis of Fn in NFs and CAFs. a-
tubulin is used as a loading control. (I) Quantification of the amount of Fn in CAFs 
relative to NFs, normalized to a-tubulin. (J) Western blot analysis of Fn-EDA isoform in 
NFs and CAFs. b-actin is used as a loading control. (K) Quantification of the amount of 
Fn-EDA in CAFs relative to NFs, normalized to b-actin. (I and K) Error bars represent 
the SEM for four independent experiments (*, P<0.05, determined by Student’s t test). 
(L) Western blot showing knockdown of Fn by siRNAs 2,4 and 6 days after transfection. 
b-actin is used as a loading control. (M) Quantification of the average intensity of Fn 
bands on day 2, in 3 independent experiments. (***, P<0.001, determined by Student’s t 
test). (N) Migration speed of DU145 cells in co-cultures with control or Fn-KD CAFs. *, 
P<0.05, determined by Mann-Whitney U test. 
 
 
 



 

 

 

  
 
 
 

 
Figure 10. Fibronectin secreted by CAFs promotes CAF-cancer cell association and 
directional cancer cell migration. (A) Time-lapse images showing co-culture of DU145 
prostate cancer cells (red) with NFs (left; green) or CAFs (right; green) in microfluidic 
devices. Scale bar = 20 µm. See supplementary videos 1 and 2. (B) Schematic representation 
of calculation of the association index between fibroblasts and cancer cells. (C) Association 
index of DU145 cells with NFs or CAFs. (D) Schematic representation of calculation of the 
directionality ratio. (E) Directionality ratio of DU145 cells in co-cultures with NFs or CAFs. 
(C and E) The data represent at least 30 cells per condition in four individual experiments. 
(F) Fibronectin staining of NF+DU145 cells (left) and CAF+DU145 cell co-cultures (right). 
Fibronectin (green), F-actin (phalloidin, red). Scale bar for upper panels = 20 µm, lower 
panels = 10 µm. White boxes in overlay images indicate the areas that are zoomed in on the 
lower panels. 
 
 
 
 



 

 

 

  
 
 
 
 
 
 
 
 

 
 
Figure 11. Fn mediates CAF-cancer cell association and migration. (G) Co-culture 
of CAFs (unlabeled) with DU145 cells (red) cultured in culture medium supplemented 
with 5ug/ml FITC-Fn (green). Scale bar = 20 µm. White arrow points to the leading edge 
of the cancer cell where it binds to the Fn fibers assembled by CAFs. See also video 3. 
(H) Time-lapse images showing co-culture of DU145 cells (red) with CAFs (green) 
transfected with non-targeting siRNA control (Ctrl CAF, left) or Fn siRNA (Fn-KD 
CAF, right). Arrows point to the cells of interest. Scale bar: 50 µm. See also video 4. (I) 
Association index of DU145 cells with control or Fn-KD CAFs. (J) Directionality ratio 
of DU145 cells in co-cultures with control or Fn-KD CAFs. (I and J) The data represent 
at least 30 cells per condition in three individual experiments (C, E, I and J) ***, 
P<0.001, determined by Mann-Whitney U test. All box plots range from 25-75th 
percentile, the central line indicates the median, and the whiskers range from 5-95th 
percentile. 
 
 
 



 

 

 

The close interaction between the cancer cells and CAFs in our co-culture experiments gave 

rise to the question whether cancer cells and CAFs make heterotypic E-cadherin/N-cadherin 

adhesions as recently reported (Labernadie et al., 2017). Immunofluorescence staining of 

DU145-CAF co-cultures for N- and E-cadherins revealed that DU145 cells make E-cadherin 

junctions with other DU145 cancer cells (Fig. 12 A, upper panel). In contrast, CAFs exhibited 

N-cadherin junctions when contacting other CAFs (Fig. 12 A, lower panel). However, we 

did not observe any N-cadherin/E-cadherin connections at sites where DU145 cancer cells 

made contact with CAFs (Fig. 12 A, lower panel). 

 

Fibronectin is an essential component of the CAF CDM and promotes directional 

migration of cancer cells 

Our results indicated that Fn, secreted by CAFs, is important for regulation of cancer 

cell migration. In addition to Fn expression, changes in Fn organization can play a role in 

mediating cancer cell migration. Therefore, we studied the architecture of Fn matrix in NFs 

and CAFs. After 48 h incubation, NFs assembled Fn into an intricate network of fibers 

resembling a mesh; in contrast, CAFs organized Fn into parallel fibers (Fig. 12B). The angles 

between the Fn fibers in CAF matrix were significantly smaller compared to the NF matrix, 

indicating a more aligned fiber organization (Fig. 12C). Similarly, the peaks that were 

observed in Fast Fourier Transform (FFT) analysis indicated that Fn was arranged in a 

specific direction by CAFs, compared to the unorganized fiber network assembled by NFs 

(Fig. 12D). 

To better understand the role of CAF-derived Fn in regulating cancer cell migration, 

we generated cell-derived matrices (CDMs). The CDMs are produced by the CAFs and NFs,  



 

 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
Figure 12. CAFs and DU145 cells do not form cadherin junctions. (A) N-cadherin and 
E-cadherin co-staining of DU145 cells and CU145-CAF co-cultures. N-cadherin (green), 
E-cadherin (red), nucleus (DAPI, blue), F-actin (phalloidin, cyan). White arrows point to 
E-cadherin junctions in the upper panel, N-cadherin junctions in the lower panel. Scale bar 
= 15 µm. White box indicates the area that is zoomed in to show CAF-cancer cell contact. 
Scale bar = 5 µm. (B) Fn organization by NFs and CAFs; Fn (green), nuclei (DAPI, blue). 
Scale bar = 20 µm. (C) Measurements of angles between Fn fibers in NFs and CAFs. > 
150 angles per condition from at least 16 images from three independent experiments. (D) 
FFT analysis of Fn images shown in B. 
 
 
 
 
 
 



 

 

 

  
 
 
 
 

 
Figure 13. JHU12 and SCC61 HNSCC cells migrate directionally on CAF matrix. 
(E) Time-lapse images showing JHU12 cells (red) migrating on NF and CAF-derived 
matrices (labeled with NHS-ester 488 dye, green). Scale bar = 20 µm. See also video 8. 
(F-I) Box plots showing JHU12 cell migration directionality ratio on NF and CAF CDMs 
in 2D (F) or in 3D (G), and migration speed in 2D (H) and in 3D (I).  >75 cells were 
analyzed per condition from three independent experiments. (***, P<0.001, n.s. not 
significant, analyzed by Mann-Whitney U test). (J-M) Box plots showing SCC61 cell 
migration directionality ratio on NF and CAF CDMs in 2D (J) or in 3D (K), and 
migration speed in 2D (L) and 3D (M). (J and L) >60 cells were analyzed per condition 
from four independent experiments. (K and M) >30 cells were analyzed per condition 
from three independent experiments (***, P<0.001, determined by Mann-Whitney U 
test). The box plots range from 25-75th percentile, the middle line indicates the median, 
and the whiskers range from 5-95th percentile. 
 
 
 
 



 

 

 

which were removed from the matrix on day 8, leaving the matrix intact (Franco-Barraza et 

al., 2016). The matrix was then visualized by labeling with NHS-ester-488. The CDMs 

produced by NFs displayed a random network of fibers; however, ECM fibers in the CAF-

derived CDMs presented an anisotropic fiber orientation with prominent peaks 180˚ apart by 

FFT analysis (Fig. 14 A-C). The majority of the fibers in both NF and CAF CDMs co-

localized with Fn, indicating that Fn is an abundant component of these matrices (Fig. 14 A). 

To study cancer cell migration on the CDMs, cells were plated either on top of the 

CDMs in a 2D format or allowed to invade into the matrix following an overnight incubation 

(3D). In both 2D and 3D conditions, directional migration of DU145 cells was enhanced on 

CAF CDMs compared to NF-CDMs (Fig. 14 D, E and G, supplemental videos 6 and 7). Of 

note, we did not observe a difference in migration speed of DU145 cells on either NF or CAF 

CDMs (Fig. 14 F and H). Similar to DU145 cells, JHU012 and SCC61 cells also migrated 

more directionally in CAF CDMs, as opposed to random migration observed in NF-generated 

CDMs (Fig. 13 E-G and supplemental video 8 for JHU012 cells; Fig. 13 J-K, SCC61 cells). 

There was also no difference in migration speed of JHU012 and SCC61 cells on NF or CAF 

CDMs in 2D or 3D conditions (Fig. 13 H-I, JHU012 cells, L-M, SCC61 cells). 

Since our data suggested that CAF-secreted Fn mediates migration of cancer cells in 

co-culture experiments, we sought to determine the role of Fn on cell migration in CDMs. 

Knocking down Fn in CAFs completely abrogated Fn fibrillogenesis; at 48 h, we observed a 

minimal number of short Fn fibers in KD cells with most Fn appearing as spots (Fig. 15I). 

Knockdown of Fn in CAFs lasted at least up to 6 days (Fig. 9 L), therefore, we used the 

control and Fn-KD CAFs to generate CDMs. While the CDM by control CAFs was abundant 

and exhibited aligned organization (Fig. 15 J, upper panel), CDM assembled by Fn-KD CAFs  



 

 

 

  
 
 

 
 
Figure 14. Aligned Fn organization by CAFs mediates directional cancer cell 
migration (A) Representative images of NHS-ester 488 (green) and anti-Fn (red) staining 
in CDMs generated by NFs and CAFs. Scale bar = 50 µm. (B) Measurements of angles 
between Fn fibers in NF and CAF CDMs. >100 angles per condition was measured from 
at least 12 images from three independent experiments. (***, P<0.001, Mann-Whitney U 
test). (C) FFT analysis of CDMs stained with Fn antibody shown in (A). (D) Time-lapse 
images showing DU145 cells (red) migrating on NF and CAF-derived matrices (labeled 
with NHS-ester 488 dye, green). Scale bar = 50 µm. See also videos 5 and 6. (E-H) Box 
plots showing DU145 cell migration directionality ratio on NF and CAF CDMs in 2D (E) 
or in 3D (G), and migration speed in 2D (F) and in 3D (H).  >70 cells were analyzed per 
condition from three independent experiments. (***, P<0.001, analyzed by Mann-Whitney 
U test). Box plots range from 25-75th percentile, the central line indicates the median, and 
the whiskers range from 5-95th percentile.  
 
 
 



 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 15. Knocking down Fn disrupts matrix assembly. (I) Fn staining of control or 
Fn-KD CAFs at 48 h. Nucleus (DAPI, blue), F-actin (phalloidin, cyan). Scale bar = 25 
µm. (J) Representative images of CDMs generated by control or Fn-KD CAFs. Scale 
bar = 50 µm. 
 
 
 
 
 
 
 
 



 

 

 

exhibited sparse fibers and bare areas of culture dish (Fig. 15J, lower panel). Due to the 

defective matrix assembly by Fn-KD CAFs, we could not test cancer cell migration on these 

CDMs. Nevertheless, these results emphasize the previously reported importance of Fn in 

matrix assembly and organization including incorporation of other ECM proteins into the 

matrix (Singh et al., 2010). Collectively, our data demonstrate that CAFs assemble a Fn-rich, 

highly organized matrix that promotes directional migration of both prostate cancer and 

HNSCC cells.  

 

CAFs organize Fn as parallel fibers through increased traction forces and contractility 

Our data indicate that anisotropic organization of the ECM by CAFs promotes the 

directional migration of cancer cells, which prompted us to investigate how CAFs mediate 

Fn organization. Cellular traction forces and MyoII-mediated contractility are critical factors 

in Fn matrix assembly (Lemmon et al., 2009). In addition, actomyosin contractility has been 

associated with matrix remodeling in 3D organotypic assays (Calvo et al., 2013). Therefore, 

we hypothesized that changes in mechanical force by CAFs lead to alignment of Fn fibers. 

We first compared traction stresses generated by CAFs and NFs using traction force 

microscopy and observed that CAFs exert approximately 50% higher traction force on Fn 

compared to NFs (Fig. 16, A and B). Next, we performed collagen gel contraction assays to 

assess contractility of CAFs and NFs. In these assays, CAFs contracted the collagen-I gel to 

40% of its original area; however, NFs contracted the gels to 58%, indicating that CAFs are 

significantly more contractile than NFs (Fig. 18, A and B). Moreover, immunofluorescent 

staining of pS19-MLC2 revealed that CAFs have 60% more active MyoII than NFs (Fig 16, 

C and D). However, we did not observe a difference in the total amounts of MLC2 expression 



 

 

 

between NFs and CAFs (Fig. 16, C and E). To further investigate whether MyoII-mediated 

contractility plays a role in alignment of Fn by CAFs, we treated CAFs and NFs with 20 µM 

blebbistatin, a MyoII-specific inhibitor, for 48 h and then stained them for Fn. Indeed, 

blebbistatin treatment disrupted the linear organization of Fn by CAFs and led to a more 

random network of fibers compared to vehicle-treated control CAFs (Fig. 17, F and G). No 

changes were observed in matrix organization when NFs were treated with 20 µM 

blebbistatin (Fig. 18, C). As actomyosin contractility is necessary for Fn fibrillogenesis, we 

treated CAFs with higher concentrations of blebbistatin (50 µM and 100 µM). These 

increased blebbistatin concentrations almost completely abolished Fn fiber formation by 

CAFs (Fig. 18 D). We also treated CAFs with 20 µM blebbistatin during CDM generation. 

NHS-ester 488 staining of these matrices showed that the anisotropic fiber orientation by 

CAFs was reverted into a NF-like CDM organization (Fig. 17, H and I). To test whether CAF 

CDMs generated during blebbistatin treatment affects directional cell migration, DU145 

cells were plated onto these CDMs and time-lapse microscopy was performed. DU145 cells 

migrated directionally on control CAF CDMs with a directionality ratio of 0.75. In contrast, 

CAF CDMs treated with blebbistatin did not support the directional migration of cancer cells, 

decreasing the directionality ratio to 0.42 (Fig. 17 J). We did not observe a significant 

difference in DU145 migration speed on either of the CDMs (Fig. 17 K). 

 

CAFs form larger adhesions that turnover more slowly compared to NFs 

Adhesions are attachment points in cells that link the actin cytoskeleton and transmit 

MyoII-mediated mechanical force to the ECM (Burridge and Fath, 1989). The adhesion  



 

 

 

 

 
 
 

 
 

Figure 16. Myosin-II-driven traction force and contractility mediate parallel Fn 
organization by CAFs. (A) Representative traction force vector maps of a NF and a CAF. 
Warmer colors indicate areas with high traction forces. (B) Dot plot shows average traction 
forces in NFs and CAFs. Line indicates mean, error bars indicate SEM. A total of 13 NFs 
and 19 CAFs were analyzed in three independent experiments (*, P<0.02, determined by 
Student’s t test) (C) Immunostaining for pS19 MLC2 or total MLC2 in NFs and CAFs. 
Images are shown in pseudo-color, warmer colors indicating high intensity, cooler colors 
indicating low intensity. (D-E) Quantification of average fluorescent intensity of pS19-
MLC2 (D) and total MLC2 (E) in NFs and CAFs, normalized to NFs. Error bars indicate 
SEM from three individual experiments, >77 cells were analyzed per condition. (**, 
P<0.01, n.s., not significant, determined by Student’s t test).  
 
 
 
 



 

 

 

  
 
 
 
 
 
 
 

 
 

Figure 17. Inhibiting MyoII disrupts matrix alignment by CAFs. (F) Fn staining of 
CAFs after 48 h treatment with DMSO (left) or 20 µM blebbistatin (right). Scale bar = 25 
µm. (G) Measurements of angles between Fn fibers in CAFs treated with DMSO or 
blebbistatin. > 80 angles measured per condition from at least 12 images from three 
independent experiments. (***, P<0.001, analyzed by Mann-Whitney U test). (H) NHS-
ester 488 staining of CAF CDMs generated during DMSO (left) or blebbistatin (right) 
treatment. Scale bar = 50 µm. (I) FFT analysis of CDM images shown in H. (J-K) Box plots 
showing directionality ratio (J) and migration speed (K) of DU145 cell migration on CAF 
CDMs generated during DMSO or blebbistatin treatment. (***, P<0.001, n.s., not 
significant, analyzed by Mann-Whitney U test). >50 cells per condition from three 
independent experiments were analyzed. The box plots range from 25-75th percentile, the 
central line indicates the median, and the whiskers range from 5-95th percentile. 
 
 
 
 



 

 

 

  
 
 
 
 
 

 
 
Figure 18. Myosin-II driven contractility mediates CAF Fn organization. (A) 
Representative images of collagen gel contraction assay at 0 h (left) and 24 h (right). White 
dotted lines encircle the gel at 24 h. (B) Dot plot shows the quantification of collagen gel 
contraction assays. Six gels from three independent experiments were analyzed. (**, 
P<0.01, determined by Student’s t test). (C) Blebbistatin (20 µM) treatment of NFs does not 
affect Fn matrix assembly or organization by NFs. Scale bar = 20 µm. (D) Fn staining of 
CAFs treated with 20 µM (left), 50 µM (middle) and 100 µM (right) of blebbistatin. Scale 
bar = 20 µm. 
 
 
 
 

 



 

 

 

protein vinculin is mechanosensitive and increased size of the vinculin-containing adhesions 

has been correlated with increased mechanical force (Galbraith et al., 2002; Grashoff et al., 

2010). As we observed significant changes in the traction forces and contractility of CAFs, 

we investigated the size and number of vinculin-positive adhesions in CAFs and NFs. CAFs 

displayed significantly larger adhesions relative to NFs (Fig. 19, A and B). Moreover, 

vinculin adhesions were more abundant in CAFs in comparison to NFs (Fig. 19 C).  

Larger adhesions in CAFs could be due to altered adhesion dynamics in these cells. 

Therefore, we assessed adhesion turnover in CAFs and NFs by live-cell imaging. Vinculin-

GFP-transfected fibroblasts were plated onto Fn-coated glass bottom dishes and imaged for 

20 minutes using TIRF microscopy. Analysis of individual adhesions revealed that CAFs 

assemble and disassemble adhesions at approximately half the speed of NFs (Fig. 20 D-F, 

supplemental videos 9 and 10). 

 

Increased a5b1 integrin activity in CAFs transduce mechanical forces to Fn, leading to 

its alignment 

a5b1 integrin is the major Fn-binding integrin that is responsible for Fn matrix 

assembly in fibroblasts. To test whether changes in Fn organization by CAFs might be 

mediated by a5b1 activity, we assessed active and total a5 integrin levels in CAFs and NFs. 

Immunofluorescent analysis of active a5 integrin using SNAKA51 antibody, which 

recognizes the active form of a5 integrin in fibrillar adhesions (Clark et al., 2005), revealed 

that CAFs display an ~30% increase in active a5 integrin relative to NFs (Fig. 21, A and B). 

However, no difference was observed in the average fluorescent intensities of total a5  



 

 

 

 

 

 

 

 
 
 
 

 
 
Figure 19. CAFs form larger adhesions that turnover more slowly compared to 
NFs. (A) Immunofluorescence staining of vinculin (green) and actin (red) in NFs and 
CAFs. White boxes indicate selected areas of interest in zoom. Scale bar in original 
images is 25 µm, and 5 µm in zoomed images. (B-C) Box plots show average adhesion 
size (µm²) (B) and adhesion number (C) in NFs and CAFs. > 600 adhesions per condition 
(B) >50 cells per condition (C) were analyzed from three independent experiments (***, 
P<0.001, determined by Mann Whitney U test) 
 
 
 
 



 

 

 

  
 
 
 
 
 
 
 
 

 
 
Figure 20. Adhesions turnover rates are slower in CAFs. (D) Time-lapse images show 
adhesion assembly and disassembly. NFs and CAFs were transfected with vinculin-GFP 
(pseudo-colored in gold) (white arrowheads, adhesion assembly; blue arrows, adhesion 
disassembly). See also videos 9 and 10. Scale bar = 10 µm. (E-F) Quantification of the 
apparent t1/2 of adhesion assembly (E) and disassembly (F) for NFs and CAFs. 50-60 
adhesions were analyzed per condition from four independent experiments. (***, P<0.001, 
determined by Mann Whitney U test). All box plots range from 25-75th percentile, the 
middle line indicates the median, and the whiskers range from 5-95th percentile. 
 
 
 
 
 



 

 

 

integrin staining between CAFs and NFs (Fig. 21, A and C). Western blot analysis of a5 

integrin protein levels also did not show a difference between CAFs and NFs (Fig. 23, A and 

B). Assessment of active and total b1 integrin levels similarly showed a higher level of active 

b1 integrin in CAFs compared to NFs without a change in total b1 levels (Fig. 23 C-F). 

Mechanical force can lead to activation of integrins, and integrins act as transducers 

of the force generated within the cell to the ECM (Ross et al., 2013). Since we observed that 

CAFs exert higher traction stresses on Fn, we tested whether this force is transmitted via 

a5b1 integrin to Fn. CAFs were plated on Fn-coated polyacrylamide gels and treated with 

5 µg/ml of either anti-integrin a5 function-blocking antibody (clone JBS5) or control IgG 

and subjected to traction force microscopy. Treatment with JBS5 led to a significant decrease 

in the average traction forces of CAFs, which was similar to the average traction forces 

observed with NFs (Fig. 22, D and E), indicating that a5b1 integrin plays a central role in 

force transmission to Fn in CAFs. We then tested whether blocking a5b1 integrin affects Fn 

organization by CAFs. A synthetic RGD peptide was used at 10 µM concentration to block 

a5b1 integrin in CAFs during matrix formation, and an equal concentration of the RGE 

peptide was used as a control due to its decreased affinity for integrins. RGE peptide-treated 

CAFs displayed aligned Fn fiber organization; however, treatment with the RGD peptide 

disrupted fiber assembly and alignment by CAFs, resulting in a more NF-like fiber 

organization, which was quantified by measuring the angles between Fn fibers (Fig. 24, G 

and H). Notably, the RGD peptide does not only block a5b1 integrin, but it also affects other 

integrins that bind to the RGD sequence. Thus, we also evaluated Fn matrix organization 

while treating the CAFs with an anti-a5 integrin blocking antibody (clone P1D6) or control 



 

 

 

IgG. Control IgG-treated CAFs aligned Fn fibers, similar to our previous observations, while 

treatment with 5 µg/ml of P1D6 antibody perturbed the fiber assembly and alignment, 

resulting in a decreased number of fibers that were randomly organized (Fig. 22, F and G).  

 Next, we investigated whether changes in Fn organization by RGD treatment of CAFs 

affected cancer cell migration by treating the CAFs with RGD or RGE peptides during CDM 

generation. RGD treatment of CAFs resulted in CDMs with a meshwork-like fiber 

organization in the CDMs, compared to anisotropic fiber orientation in control CDMs 

generated by RGE-treated CAFs (Fig. 22 H and I). DU145 cells were plated onto these CDMs 

and subjected to time-lapse microscopy. DU145 cells exhibited enhanced directional 

migration on control CAF-CDMs; however, the directionality ratio was significantly reduced 

on CAF CDMs that were generated during RGD treatment (Fig. 24 I). Interestingly, we 

observed a slight, but discernible increase in the migration speed of DU145 cells on RGD-

treated CAF CDMs in comparison to control (Fig. 24 J).  

 

Aligned matrix organization by CAFs is mediated by PDGFRa 

 Fn-a5b1 integrin binding has been shown to activate PDGFRa in mesenchymal stem 

cells (Veevers-Lowe et al., 2011). Furthermore, PDGFRa has been associated with 

connective tissue remodeling by fibroblasts (Horikawa et al., 2015) and overexpression of 

PDGFRs in tumor stroma is correlated with poor prognosis in several cancers (Heldin, 

2013a). To dissect the role of PDGFRa in CAF-mediated ECM organization, we studied 

PDGFRa expression and function in prostate CAFs and NFs. Immunofluorescence staining 

and western blot analysis both showed that CAFs express ~3 fold higher amounts of 

PDGFRa compared to NFs (Fig 25 A-D). In addition, CAFs exhibited a 60% increase in  



 

 

 

  
 
 
 
 
 

 
Figure 21. CAFs have higher active a5 integrin activity than NFs. (A) 
Immunofluorescence staining of NFs and CAFs for active a5 integrin (green, left) and total 
a5 integrin (red, middle). Scale bar = 20 µm. Zoomed images have been pseudo-colored, 
to show differences in fluorescence intensity, warmer colors indicating higher intensity. 
Scale bar = 5 µm. (B-C) Quantification of average fluorescent intensity of active (B) and 
total (C) a5 integrin. 80-95 cells per condition from five independent experiments were 
analyzed. Error bars indicate SEM for five experiments. (***, P<0.001, n.s., not 
significant, determined by Student’s t test). 
 
 



 

 

 

  
 
 
 

 
 
Figure 22. a5b1 integrin in CAFs transduce mechanical forces to Fn. (D) 
Representative traction force vector maps of CAFs treated with 5 µg/ml control IgG (left) 
or a5 integrin function blocking antibody JBS5 (right). Warmer colors indicate areas with 
high traction forces. (E) The dot plot shows average traction forces in control and JBS5-
treated CAFs. Line indicates mean, error bars indicate SEM. 22 control CAFs and 25 JBS5-
treated CAFs were analyzed in four independent experiments (***, P<0.001, determined 
by Mann Whitney U test). (F) Fn staining of CAFs following 48 h treatment with 5 µg/ml 
control IgG or a5 integrin function blocking antibody P1D6. Scale bar = 20 µm. (G) 
Measurements of angles between Fn fibers in CAFs treated with IgG or JBS5. >160 angles 
measured per condition from at least 16 images from three independent experiments. (***, 
P<0.001, determined by Mann-Whitney U test). (H) NHS-ester 488 staining of CAF CDMs 
generated during 10 µM RGE or RGD treatment. Scale bar = 50 µm. (I) FFT analysis of 
CAF CDMs shown in H. 
 
 
 
 



 

 

 

 

 
 

Figure 23. CAFs express similar levels of a5b1 integrin relative to NFs. (A) Western 
blot analysis of a5 integrin in NFs and CAFs. b-actin is used as a loading control. (B) 
Quantification of the amount of a5 integrin in CAFs relative to NFs, normalized to b-actin. 
Error bars represent the SEM from three independent experiments (n.s., not significant, 
determined by Student’s t test). (C) Immunofluorescence staining of NFs and CAFs for 
active b1 integrin clone 12G10. Scale bar = 25 µm. (D) Quantification of average 
fluorescent intensity of active b1 integrin. >50 cells per condition from three independent 
experiments were analyzed. Error bars indicate SEM of three experiments. (*, P<0.05, 
determined by Student’s t test). (E) Western blot analysis of b1 integrin in NFs and CAFs. 
a-tubulin is used as a loading control. (F) Quantification of the amount of b1 integrin in 
CAFs relative to NFs, normalized to a-tubulin. Error bars represent the SEM from three 
independent experiments (n.s., not significant, determined by Student’s t test). 
 
 
 
 
 



 

 

 
 

 
 
 
 
 
 
 
 

 
Figure 24. Blocking a5b1 integrin disrupts Fn organization. (G) Fn staining of CAFs 
following 48 h treatment with 10 µM RGE or RGD peptides. Scale bar = 20 µm. (H) 
Measurements of angles between Fn fibers in CAFs treated with RGE or RGD peptides. >150 
angles measured per condition from at least 16 images from three independent experiments. 
(***, P<0.001, analyzed by Mann-Whitney U test). (I-J) Box plot showing the directionality 
ratio (I) and migration speed (J) of DU145 cell migration on CAF CDMs generated during 
RGE or RGD peptide treatment. (***, P<0.001, *, P<0.05, analyzed by Mann-Whitney U 
test). >55 cells per condition from three independent experiments were analyzed. The box 
plots range from 25-75th percentile, the middle line indicates the median, and the whiskers 
range from 5-95th percentile. 

 
 
 

 



 

 

 

PDGFRa activity, as assessed by tyrosine 762 phosphorylation, upon stimulation with 

growth medium containing serum (an abundant source of PDGFs) (Fig. 25, E and F). 

To determine if upregulated PDGFRa expression and activity in CAFs affects 

contractility, we performed collagen gel contraction assays. Blocking PDGFRa activity with 

a neutralizing antibody, AF307, significantly reduced the contractility of CAFs (Fig. 25, G 

and H). Furthermore, we found that inhibiting PDGFRa in CAFs decreased the traction 

forces applied to Fn (Fig. 26, I and J).  Likewise, addition of PDGFRa blocking antibody, 

AF307 significantly changed the matrix organization by CAFs, from aligned fibers to a more 

random organization (Fig. 26, K and L). Since previous studies have reported that a5b1 

integrin and PDGF receptors can crosstalk on the cell membrane and modulate each other’s 

activity (Zemskov et al., 2009b; Eliceiri, 2001), we also tested whether PDGFRa has a 

similar function in our system. Indeed, we observed a decrease in active a5b1 levels when 

CAFs were treated with AF307 (Fig. 26, M and N).  These data suggest that PDGFRa 

collaborates with a5b1 integrin to promote cellular contractility and organize extracellular 

matrix. 

 

Fn fibers are aligned at sites of invasion in human prostate cancer tissues 

To determine if Fn alignment in vivo is regulated differently by CAFs and NFs, we 

examined Fn in four prostate cancer cases (Figures 27-29), comparing regions of normal 

adjacent prostate tissue to regions of invasive carcinoma. Regions of normal adjacent prostate 

tissue contained low levels of Fn (Fig. 27, A-C). In regions of benign prostatic hyperplasia, 

Fn was more abundant than in normal prostate but was largely disorganized (Fig. 29, A-C). 

However, in regions of invasion, Fn was present at high levels and formed  



 

 

 

  
 
 
 
 

 
 

Figure 25. CAFs overexpress PDGFRa. (A) Immunofluorescence staining of PDGFRa 
in NFs and CAFs. Images are shown pseudo-color, warmer colors indicating high intensity, 
cooler colors indicating low intensity. Scale bar = 25 µm. (B) Quantification of average 
fluorescent intensity of PDGFRa. >60 cells per condition from three independent 
experiments were analyzed. Error bars indicate SEM for three experiments. (**, P<0.01, 
determined by Student’s t test) (C and E) Western blot analysis of PDGFRa (C) and 
pY762-PDGFRa (E) in NFs and CAFs. b-actin is used as a loading control. (D and F) 
Quantification of PDGFRa (D) pY762-PDGFRa (E) average intensity in NFs and CAFs, 
normalized to b-actin. Error bars represent the SEM from three independent experiments 
(*, P<0.05, determined by Student’s t test). (G) Collagen gel contraction of CAFs treated 
with either 10 µg/ml of control antibody or PDGFRa neutralizing antibody (AF-307). 
Dashed lines circle the gels following 24 h treatment. (H) Quantification of collagen gel 
contraction at 24 h. Three gels from three independent experiments were analyzed. Error 
bars indicate SEM for three experiments. (*, P<0.05, determined by Student’s t test). 



 

 

 

  
 
 
 

 
Figure 26. Aligned matrix organization by CAFs is mediated by PDGFRa. (I) 
Representative traction force vector maps of CAFs treated with 10 µg/ml control IgG (left) 
or AF307 (right). Warmer colors indicate areas with high traction forces. (J) Scatter dot plot 
shows average traction forces in control and AF307-treated CAFs. Line indicates mean, 
error bars indicate SEM. 17 control CAFs and 21 AF307-treated CAFs were analyzed in 
three independent experiments (***, P<0.001, determined by Mann Whitney U test). (K) 
Fn staining of CAFs following 48 h treatment with 10 µg/ml control IgG or AF307. Scale 
bar = 25 µm. (L) Measurements of angles between Fn fibers in CAFs treated with control 
IgG or AF307. >100 angles measured per condition from at least 12 images from three 
independent experiments. (***, P<0.001, analyzed by Mann-Whitney U test). Box plots 
range from 25-75th percentile, whiskers range from 5-95th percentile and the line indicates 
the median. (M) Active a5 integrin staining of CAFs following 48 h treatment with 
10 µg/ml control IgG or AF307. Scale bar = 25 µm. (N) Quantification of average 
fluorescent intensity of active a5 integrin in control IgG or AF307-treated CAFs. >70 cells 
per condition were analyzed in three independent experiments (*, P<0.05, determined by 
Student’s t test). 
 



 

 

 

well-organized, parallel fibers contacting many invading cancer cells (Fig. 27 D-I and Fig. 

29 D-I). By double immunofluorescence, alpha smooth muscle actin-positive (aSMA+) 

fibroblasts adjacent to normal prostatic epithelium (NFs) were surrounded by disorganized 

Fn (Fig. 28 J), while aSMA+ fibroblasts around cancer cells (CAFs) were surrounded by 

well-organized, linear Fn fascicles (Fig. 28 K and L). Within the tumor, expansive regions 

of confluent epithelial growth with minimal stroma exhibited little to no Fn (data not shown), 

supporting the idea that Fn fibers are produced by surrounding CAFs. Consistent with the 

prostate cancer results, pancreatic cancer samples showed a similar rearrangement of Fn 

around benign and malignant lesions. Fn was largely disorganized surrounding acinar-to-

ductal metaplasia and pancreatic intraepithelial neoplasms (PanIN; benign precursors) areas 

within pancreatic ductal adenocarcinoma samples (Fig. 30, J and K). However, invading 

clusters of cancer cells were arranged in parallel with numerous, well-organized Fn fibers in 

pancreatic ductal adenocarcinoma (PDAC) (Fig. 30, L and M).  

 

Prostate cancer cells use av integrin to migrate on CAF CDMs 

Our data shows that the alignment of matrix fibers by CAFs promotes directional 

cancer cell migration. Interestingly, a recent study identified integrins avb6 and a9b1 as 

responsible for efficient and directional cell migration on  HNSCC CAF CDMs (Gopal et 

al., 2017). Therefore, we tested integrins known to be expressed by prostate cancer cells to 

determine which class of integrins are responsible for directional cancer cell migration on 

prostatic CAF CDMs. The expression of a5 and av integrins are deregulated in prostate 

cancers and changes in their expression and activity have been linked to cancer migration 

and invasion (Sutherland et al., 2012a). Therefore, we assessed DU145 cell migration in 2D  



 

 

 

  
 
 
 
 
 
 

 
 
Figure 27. Fn structure differs around normal versus malignant prostate epithelium. 
(A-C) A minimal staining for Fn (brown) is observed around normal prostate epithelium 
adjacent to cancer. Cells were counterstained with hematoxylin (blue). (D-I) Fn forms long 
parallel fascicles in invasive regions of two different cancer cases (D-F and G-I). E is an 
enlargement of D and F is an enlargement of E. Similarly, H is an enlargement of G and I 
is and enlargement of H. (D-I) Arrows indicate invading tumor cells.  
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Figure 29. Aligned Fn fibers surround invasive prostate cells in patient tumors. (A-C) 
In a region of benign prostatic hyperplasia adjacent to tumor, Fn (brown) is abundant but 
disorganized. Box in A indicates frame for panel B; box in B indicates frame for panel C. 
(D-F) Invading cells are surrounded by parallel, linear Fn fascicles. Box in D indicates frame 
for panel E. (G-I). In a region of mixed normal adjacent and cancer epithelium cancer cells 
(arrows) are surrounded by long Fn fascicles while normal (asterisks) is not. Box in G 
indicates frame for panel H; box in H indicates frame for panel I.  

 
 
 
 
 
 
 



 

 

 
 

 
 
 
 
 

 
 
Figure 30. Pancreatic cancers exhibit aligned Fn fibers. (J and K) Surrounding benign 
regions such as acinar-to-ductal metaplasia (ADM) and PanINs, Fn (brown) was 
disorganized. (L) A region of invasion shows well-organized, parallel Fn fascicles adjacent 
to the invading cells which can invade as individual cells or as clusters of cells (arrows). 
(M) Regions of invasion along Fn tracks are juxtaposed to regions of disorganized Fn 
(asterisk) where cells are not invading. Scale bars = 50 µm. 



 

 

 

cell migration assays on CAF CDMs using respective a5 and av function blocking 

antibodies JBS5 and 17E6. When a5 integrin was blocked, DU145 cells migrated with 

decreased directionality but increased migration speed compared to control IgG treated cells 

(Fig. 31 A-C). By contrast, when av integrins were inhibited, both migration directionality 

and speed was significantly impaired compared to control cells (Fig. 31 A-C). These results 

suggest that av integrin mediates both directional and efficient cell migration on CAF CDMs. 

 

Discussion 

 Evidence has accumulated to show that changes in the tumor microenvironment 

support cancer progression (Miles and Sikes, 2014). CAFs are a key component of the tumor 

microenvironment with tumor-supportive roles (Mezawa and Orimo, 2016).  Cancer cell 

migration and invasion are critical initial steps in metastasis; however, the mechanisms by 

which tumor-stroma interactions regulate these processes are not well understood.  In this 

study, we identified a new mechanism by which CAFs promote cancer cell migration (Fig. 

32). Using a co-culture system, we demonstrate that cancer cells associate with primary 

human prostate CAFs and migrate directionally along them. We provide evidence that CAF-

cancer cell association is promoted by the Fn fibrils assembled by CAFs and cancer cells pull 

on the CAF-assembled Fn to migrate along CAFs. Furthermore, we show that the CAF-

cancer cell association is blocked when Fn is knocked down in CAFs. Interestingly, prostate 

CAFs were also able to promote an increased association with HNSCC cells and induce their 

directional migration. This finding suggests a ubiquitous mechanism by which CAFs from 

different tumor microenvironments can modulate cancer cell migration, which was not 

previously known.  



 

 

 

  
 
 
 
 
 

 
Figure 31. av integrins are critical for cancer cell migration on CAF CDMs (A-B) 
Quantifications of migration directionality (A) and speed (B) of DU145 cells on CAF CDMs 
when treated with control IgG, a5 integrin function blocking antibody JBS5 or av function 
blocking antibody 17E6. >80 cells per condition was analyzed in four independent 
experiments. (***, P<0.001, determined by one-way ANOVA and Tukey post hoc test). (C) 
Rose plots showing migration trajectories of 14 representative cells treated with control IgG, 
JBS5 or 17E6 antibodies. 
 
 
 



 

 

 

  

 
 
Figure 32. Proposed model of CAF-mediated directional cancer cell migration. (D) The 
normal fibroblastic matrix resembles a random meshwork of fibers, which do not induce 
migration directionality. However, CAFs organize the Fn matrix into aligned fibers through 
increased MyoII, a5b1 integrin and PDGFRa-mediated contractility and traction forces. 
Anisotropic organization of matrix fibers by CAFs promotes directional migration of cancer 
cells. 



 

 

 

In addition to its influence on CAF-cancer cell association, we show that Fn is critical 

for ECM synthesis and organization by CAFs. Fn is a major component of the CDMs 

generated by CAFs and NFs and knocking down Fn expression in CAFs completely disrupts 

ECM synthesis and organization. Moreover, CAFs organize Fn into parallel fibers, whereas 

Fn matrix assembled by NFs resembles a mesh. ECM architecture can guide directional 

migration of cells through physical cues, as migrating cells utilize the ECM as attachment 

points during migration (Petrie et al., 2009). CAF-mediated parallel organization of CAF 

CDMs promotes directional migration of both prostate cancer and HNSCC cells, where cell 

migration is in the same direction as the orientation of the fibers. In clinical prostate 

carcinoma samples, we observed aligned Fn fibers at the sites of invasion, which were 

adjacent to invading cancer cells. Interestingly, parallel-organized Fn was also present in 

pancreatic ductal adenocarcinomas, indicating that alignment of Fn fibers is a clinical feature 

of both carcinomas and may contribute to cancer cell dissemination. 

Although overexpression of Fn and its EDA isoform was reported to be a feature of 

CAFs more than a decade ago (Kalluri and Zeisberg, 2006), the impact of changes in Fn 

matrix on cancer cell migration are just now emerging. A recent article by Gopal et al. studied 

the CAF matrisome and identified Fn-EDA as a marker of poor survival in HNSCC patients 

(Gopal et al., 2017). Interestingly, this study reports directional migration of HNSCC cells 

on CAF CDMs, in a collective manner. We did not observe collective cell migration of either 

prostate cancer or HNSCC cells on CAF CDMs; however, this could be due to differences 

in epithelial properties of the cancer cell lines that were selected or differences in cell density 

between the two studies. Nevertheless, both studies identify Fn as a critical component of 

CAF CDMs that regulates directional cell migration.  



 

 

 

 A few studies have identified factors that can lead to ECM alignment, including the 

serine proteinase fibroblast activation protein (FAP) (Lee et al., 2011a), and the transcription 

factors Snail1 and Twist1, which may act downstream of TGFb to induce the CAF phenotype 

(Stanisavljevic et al., 2015; Garcia-Palmero et al., 2016). However, the mechanism by which 

CAFs organize the ECM still remains largely unclear. Here, we demonstrate that mechanical 

force is an important factor that enables CAFs to generate an aligned ECM. MyoII-mediated 

contractility is a prominent feature of CAFs (Calvo et al., 2013). We found that prostate 

CAFs have elevated MyoII activity, are highly contractile, and apply high traction stresses 

on Fn. Remarkably, treatment with low doses of MyoII inhibitor perturbed the aligned Fn 

organization by CAFs, giving rise to a more random network of fibers similar to that 

assembled by NFs. Since DU145 cells did not migrate directionally when plated onto CAF 

CDMs generated during blebbistatin treatment, these results suggest that matrix organization 

is a major driver of cancer cell migration directionality and is mediated by MyoII-driven 

contractility and high traction force generated by CAFs.  

 α5β1 integrin plays a major role in Fn fibrillogenesis and can be activated by 

mechanical force from within the cell, through actomyosin contractility (Friedland et al., 

2009). Consistent with previous studies identifying a5b1 integrin as a mechanotransducer 

(Roca-Cusachs et al., 2012; Schwartz and DeSimone, 2008), we found that high traction 

forces produced by CAFs were transduced by α5β1 integrin to Fn.  Although there were no 

differences in the expression of a5 and b1 integrin subunits between CAFs and NFs, we 

found increased activation of a5 and b1 integrins in CAFs in comparison to NFs. The 

increased Fn expression and contractility of CAFs explains the enhancement observed in 

a5b1 integrin activation (Lin et al., 2013). The overexpression and activation of PDGFRa 



 

 

 

may also enhance a5b1 integrin activity, as indicated by our blocking antibody results. As 

many signals converge on integrins to induce inside-out signaling, it seems likely that there 

are additional mechanisms that could lead to enhanced activation of a5b1 integrin in CAFs, 

such as any deregulations in the cell metabolism sensor AMP-activated protein kinase 

(AMPK), which was recently reported to be a negative regulator of β1 integrin activity and 

Fn fibrillogenesis in fibroblasts (Georgiadou et al., 2017) or deregulation of the integrin 

inhibitor Sharpin protein which was shown to control collagen remodeling and traction forces 

(Peuhu et al., 2017). We should note that other integrins can also contribute to changes in 

CDM organization, including avb5, as recently reported by Franco-Barraza et al. (Franco-

Barraza et al., 2017).  

 As part of the mechanism by which CAFs promote ECM organization, we found that 

prostate CAFs overexpress PDGFRa and exhibit increased Y762 phosphorylation. Inhibition 

of PDGFRa significantly abrogated collagen gel contraction and traction stresses generated 

by CAFs, as well as a5b1 integrin activity and FN organization. These data are consistent 

with previous demonstrations of crosstalk between a5b1 integrin and PDGFRa in 

mesenchymal stem cells (Veevers-Lowe et al., 2011). Interestingly, a5b1 integrin and 

PDGFRs have been shown to be in complex with tissue transglutaminase which modulates 

the activity of both receptors, and potentially converging and amplifying their downstream 

signaling (Akimov and Belkin, 2001; Zemskov et al., 2009b). However, it is also possible 

that PDGFRa signaling can activate contractility directly, which would lead to indirect 

activation of a5b1 integrin. For example, PDGFRa signaling can activate RhoA-ROCK 

pathway in mesenchymal stem cells, leading to increased polymerization of aSMA in actin 



 

 

 

filaments (Ball et al., 2007), which is also a characteristic feature of CAFs. Therefore, 

integrin a5b1 and PDGFRa signaling may converge on activation of RhoA-mediated 

contractility (Danen et al., 2002). PDGFR signaling is a promising target in many cancers 

(Heldin, 2013b), thus, understanding the regulation of CAFs and stromal ECM by PDGFRs 

may provide valuable information for targeting the tumor stroma in carcinomas. 

In response to the profound changes in the tumor microenvironment, cancer cells 

express and activate different integrins to regulate processes such as cell attachment and 

migration. Gopal et al. (2017) reported that HNSCC cells upregulate a5b1, avb5 and avb6 

integrins when cultured on Fn-EDA rich CAF CDMs. They further identified that the 

collective migration of HNSCC cells on CAF CDMs was mediated by αvβ6 and Fn EDA-

binding α9β1 integrins (Gopal et al., 2017). These findings prompted us to investigate the 

integrins involved in directional migration of prostate cancer cells on CAF CDMs. Similar 

to Gopal et al., we found that blocking a5b1 integrin in prostate cancer cells induced faster 

migration with decreased directionality and blocking av integrin activity decreased both 

directionality and speed. These results suggest that a5b1 integrins may be responsible for 

forming stronger attachments to matrix as previously reported (Roca-Cusachs et al., 2009), 

whereas av integrins are critical for cell migration. Aberrant expression of RGD-binding 

integrins a5 and av have been reported in prostate cancers and are being explored as 

potential targets for therapy (Sutherland et al., 2012b; Goel et al., 2008). Gopal et al. also 

showed that EDA-binding integrin a9b1 regulates cell migration on CAF CDMs (Gopal et 

al., 2017).  Although, CAFs in our study also express high levels of EDA-Fn (shown in Fig. 

S1J and K), we did not find any studies that report α9 integrin expression in prostate cancers. 

ITGA9 expression was not detected in 11 prostate cancer tissues examined in The Human 



 

 

 

Protein Atlas, therefore, we did not study this integrin. Other EDA-binding integrins, α4β1 

and α4β7, were also not investigated as there are multiple reports showing that α4 integrin is 

not expressed in prostate cancer and DU145 cells (Rokhlin and Cohen, 1995; Barthel et al., 

2013; Chen et al., 2015). Taken together, our results indicate differing roles for integrins in 

CAFs and cancer cells in mediating matrix assembly and cell migration, thus, highlighting 

the complexity of integrin signaling in tumors.  

  Collectively, our study shows that CAFs organize Fn matrix through increased 

contractility and traction forces, which are mediated by MyoII, a5b1 integrin and PDGFRa. 

This matrix organization leads cancer cells to migrate directionally using av integrins (Fig. 

8 D). Alignment of the Fn fibers is a prominent feature of both prostatic and pancreatic cancer 

stromas both in vivo and in vitro and is likely to guide the invasion of cancer cells. 

Surprisingly, our data suggest that CAFs in the tumor microenvironment are not tissue type 

specific in their ability to regulate cancer cell migration.  For example, CAFs from prostate 

can regulate the migration of HNSCC cells.  This indicates a commonly-used mechanism for 

modulating the migration of cancer cells, which has far reaching implications in the 

development of tumor metastases.  Furthermore, biochemical targeting of this pathway could 

prove beneficial in limiting stromal support during the metastasis of cancer cells.  

 

 

 

 

 

 



 

 

 

CHAPTER III 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 The leading cause of cancer morbidity and mortality is metastasis, which is the 

process in which cancer cells spread from the primary tumor to distant sites in the body and 

form tumors at these sites. An early step in the metastatic process is the cancer cell invasion 

into the tumor stroma where the cancer cells come in contact with stromal cells. Research 

from the last two decades revealed the importance of the stromal cells in the regulation of 

cancer progression and metastasis. One of the cell types in the stroma is the fibroblasts, which 

are critical for tissue maintenance and repair. In tumors, fibroblasts can become activated by 

cancer cells and present a myofibroblast-like phenotype. These fibroblasts are called cancer-

associated fibroblasts (CAFs) and their origin, activation and function in the tumor 

microenvironment and influence on tumor progression has been an ongoing subject of 

interest.  

In this project, we aimed to identify the effects of CAFs on cancer cell migration. To 

do this, we started by co-culturing CAFs and NFs with prostate cancer and HNSCC cells in 

two-chamber microfluidic devices. These devices provided a platform where close cellular 

interactions between cells of the tumor microenvironment can be mimicked and imaged via 

live-cell microscopy. We found that cancer cells interact with CAFs more than they do with 

NFs, and migrate directionally along the CAFs. Interestingly, HNSCC cells also interacted 

more with prostate CAFs, indicating that CAFs mediate cancer cell interaction and migration 

through a ubiquitous mechanism that is not tissue specific.  



 

 

 

Fibroblasts are known to secrete and assemble matrix fibers, and remodel the ECM 

through cellular contractility and secretion of MMPs. Previous studies have shown that CAFs 

reorganize the 3D collagen matrix to facilitate cancer cell migration (Calvo et al., 2013; 

Gaggioli et al., 2007). However, these studies did not investigate the role of matrix proteins 

directly secreted by CAFs. In our co-culture experiments, the microfluidic devices were not 

coated with ECM; only matrix proteins secreted by CAFs during the overnight incubation 

were present, which enabled us to see the interaction of the cancer cells with CAF-derived 

ECM molecules. Staining fibroblast-cancer cell co-cultures for the ECM protein Fn showed 

that the cancer cells are binding to Fn, assembled into fibers by CAFs. Conversely, we did 

not observe Fn in the areas where cancer cells were near NFs. Live imaging of cancer cell-

CAF-Fn interaction showed that cancer cells are using Fn to migrate along CAFs. Knocking 

down Fn in CAFs by siRNA, diminished cancer cell-CAF association and cancer cell 

directional migration. Previously, CAF-secreted biochemical factors and ECM remodeling 

were shown to mediate cancer cell migration and invasion. These seminal studies identified 

major communication mechanisms between CAFs and cancer cells (Gaggioli et al., 2007; 

Calvo et al., 2013). However, the role of Fn as a mediator of CAF-cancer cell interactions is 

recently emerging. A recent study identified CAF-mediated Fn fibrillogenesis in 3D collagen 

matrices as an inducer of cancer cell invasion (Attieh et al., 2017). In another recent study, 

EDA isoform of Fn (Fn-EDA) which was secreted and assembled to matrix by CAFs was 

found to stimulate collective migration of HNSCC cells through EDA-binding integrins 

(Gopal et al., 2017). 

We found that prostate CAFs, used in our study, also overexpressed Fn and the Fn-

EDA isoform compared to NFs. TGFb is a potent activator of fibroblasts and stimulation by 



 

 

 

TGFb was previously shown to upregulate Fn expression (Hinz et al., 2007). Therefore, it is 

tempting to speculate that CAFs were activated in vivo by TGFb signaling. However, other 

signaling pathways and mechanical stimulus have also been shown to generate CAFs 

(Rasanen and Vaheri, 2010; Ao et al., 2015). Therefore, it would be interesting to investigate 

the regulation of Fn expression in CAFs. In addition, changes in translational machinery in 

CAFs, such as elevated expression of initiator tRNA, was shown to play a role in 

upregulation of synthesis and secretion of ECM proteins such as collagen-II (Clarke et al., 

2016). Deregulation of tRNA expression and ribosome function has been reported in cancers 

as an inducer of cell migration and metastasis (Birch et al., 2016).  Therefore, it is possible 

that translational machinery in CAFs is programmed to produce increased amounts of Fn. 

However, more studies are needed to determine the translational regulation of Fn synthesis 

and secretion in CAFs.  

 The close interaction that we observed in the co-culture of CAFs and cancer cells 

raised the question whether these two different types of cells form cell-cell junctions as 

recently reported (Labernadie et al., 2017). In this study, authors showed that CAFs and 

cancer cells form heterotypic N-cadherin/E-cadherin connections, which enables CAFs to 

exert pulling forces on the cancer cells to direct their invasion into the 3D matrix. When we 

stained co-cultures for N- and E-cadherins, we found that CAFs and cancer cells express N- 

and E-cadherins, respectively. However, they did not associate with each other through 

forming heterotypic N-cadherin/E-cadherin adhesions. We must note that these results do 

not rule out the possibility that CAFs and cancer cell may interact via other cell-cell junction 

proteins, such as P-cadherin. Furthermore, localization of cell-cell junction proteins may be 

different in the 3D spheroid assay used in the Labernadie study compared to the 2D co-



 

 

 

culture system used in our study. Still, knocking down Fn in CAFs significantly decreased 

the CAF-cancer cell association in our co-culture assays, suggesting that CAF-cancer cell 

association is mediated by Fn. 

Aside from the overexpression of matrix proteins, CAFs have been shown to regulate 

cancer cell migration through altering the organization of matrix fibers (Beacham and 

Cukierman, 2005; Amatangelo et al., 2005; Provenzano et al., 2008). Alignment of matrix 

fibers can provide the cells with directional cues through a process known as the contact 

guidance (Doyle et al., 2009). Since we found that cancer cells migrate more directionally 

when co-cultured with CAFs, we next tested whether there are changes in the matrix 

organization by CAFs. When CAFs and NFs were allowed to generate their own matrices 

(CDMs), we found a striking difference in matrix organization. The ECM assembled by NFs 

was highly disorganized, resembling a meshwork, however, CAFs organized ECM in aligned 

fibers. The aligned matrix organization by CAFs promoted directionally persistent migration 

of both prostate and HNSCC cells. A few proteins overexpressed by CAFs, such as fibroblast 

activation protein (FAP) and Caveolin-1 (Cav1) were implicated in matrix alignment (Lee et 

al., 2011b; Goetz et al., 2011). Both FAP and Cav1 seem to affect the cellular contractility 

to align the matrix fibers. FAP is a serine protease with dipeptidyl peptidase and 

gelatinase/collagenase activities that is frequently overexpressed in CAFs. Lee at al. found 

that overexpression of FAP by CAFs upregulates the expression of collagen, Fn and aSMA, 

and leads to an aligned matrix. Interestingly, although FAP enzymatic activity was found to 

be important for matrix alignment and collagen expression, it was not required for Fn and 

aSMA expression. Cav1 is the principal structural component of the specialized plasma 

membrane domains called caveolae (Grande-Garcia et al., 2007). Goetz et al. found that 



 

 

 

Cav1 is overexpressed in CAFs and showed that Cav1 blocked the Rho GTPase inhibitor, 

p190, by partitioning it to the plasma membrane. Thus, Cav1-expressing CAFs presented an 

increase in Rho-mediated contractility which resulted in alignment of the matrix. It is 

interesting that an earlier study identified Cav1 as a critical regulator of a5b1 integrin and 

Fn turnover (Shi and Sottile, 2008; Sottile, J. and Chandler, 2004). However, this function 

of Cav1 with regards to matrix alignment has not been investigated. It is plausible that in 

addition to regulating Rho GTPase activity, Cav1 regulates a5b1 integrin and Fn turnover in 

CAFs. In summary, changes in matrix organization by CAFs were previously reported and 

linked to the increased contractility of CAFs, however, it was not clear how mechanistically 

this contractility mediates matrix alignment.  

In our study, we found that CAFs from prostate cancer are also highly contractile and 

present elevated phosphorylation of MyoII RLC, compared to NFs. These contractile forces 

are transduced to Fn as increased traction forces, as measured by traction force microscopy. 

Blocking MyoII activity in CAFs perturbed the matrix organization by CAFs, giving rise to 

disorganized NF-like matrix arrangement. These results suggest that CAF contractility and 

traction forces drive matrix alignment. Focal adhesions are sites of force transmission 

between the cytoskeleton and the ECM. As MyoII regulates adhesion maturation, increases 

in MyoII activity and actomyosin contractility could mediate adhesion structure and 

dynamics (Vicente-Manzanares et al., 2009). Thus, we investigated vinculin-positive 

adhesions in CAFs. Focal adhesion protein vinculin is a mechanosensitive component of 

adhesions (Hinz and Gabbiani, 2003; Grashoff et al., 2010). Focal adhesions respond to force 

by elongation and recruitment of vinculin and the amount of vinculin aggregates have been 

correlated with the amount of force generated at focal adhesions (Balaban et al., 2001; 



 

 

 

Galbraith et al., 2002). We found that CAFs have larger vinculin-positive adhesions that turn 

over more slowly in comparison to NFs. In addition to MyoII activity, ECM stiffness have 

also been shown to impact focal adhesion size and maturation (Katz et al., 2000). For 

example, cells on softer substrates demonstrate smaller and more dynamic adhesions whereas 

cells on stiffer substrates exhibit larger and more stable adhesions (Parsons et al., 2010). In 

myofibroblasts, increases in the substrate rigidity were found to yield to larger adhesions that 

can exert higher forces. These adhesions drove the recruitment of aSMA to stress fibers, 

which is also a characteristic of CAFs (Hinz, 2006). Although we did not investigate ECM 

stiffness in this study, prior studies showed that matrix fibers are stiffened by CAFs (Goetz 

et al., 2011; Garcia-Palmero et al., 2016). Therefore, it is possible that CAFs in our study 

also generate stiffer ECM fibers.  

Mechanical forces generated in cells by MyoII-mediated contractility can be 

transduced to the ECM via integrins. α5β1 integrin is a Fn-specific adhesion receptor that is 

largely responsible for Fn fibrillogenesis. Using conformation-specific antibodies, we found 

that there is more active α5β1 integrin in CAFs compared to NFs. Increased activation of 

α5β1 integrin in CAFs could be a result of increased Fn expression by CAFs and/or increased 

actomyosin contractility, as integrins can become activated through an “inside-out” 

mechanism. Another mechanism of α5β1 integrin activation may be regulation by PDGFRs, 

as we found that blocking PDGFRa decreases active α5β1 integrin levels. 

Integrins are considered mechanosensitive proteins as they can respond to both 

intracellular and extracellular forces across the plasma membrane (Ross et al., 2013). By 

traction force microscopy, we found that α5β1 integrin mediates transmission of cellular 

forces to Fn. In addition, blocking α5β1 integrin function alters Fn and CDM organization 



 

 

 

by CAFs, indicating that aligned Fn organization by CAFs is α5β1 integrin-dependent. It is 

important to note that blocking α5β1 integrin did not completely abolish Fn fibrillogenesis 

or matrix formation to the degree that we observed with Fn knockdown. This result indicates 

that other integrins, such as avb3, may also be involved in matrix assembly by CAFs, 

corroborating the findings of a recent report (Attieh et al., 2017). However, our results 

indicate that the traction forces and matrix alignment is mediated by α5β1 integrin activity 

in CAFs. Furthermore, blocking α5β1 integrin activity altered overall ECM organization, 

which is composed of many ECM molecules, suggesting that Fn fibrillogenesis acts as a 

template for matrix, influencing organization of other ECM proteins.  

Another group of adhesion receptors that plays a role in integrin-mediated Fn 

fibrillogenesis is the syndecan family (Woods, 2001). Syndecans (Sdcs) are transmembrane 

heparan sulfate proteoglycans with four known members (Sdc1-4). Sdc2 and Sdc4 were 

found to be involved in Fn matrix assembly (Wierzbicka-Patynowski and Schwarzbauer, 

2003). Interestingly, Sdc1 is overexpressed in CAFs from breast cancer and was shown to 

contribute to the arrangement of Fn in parallel fibers (Yang et al., 2011). The authors of this 

study speculate that Sdc1 may cooperate with integrins to promote alignment of Fn fibers. 

However, more research is needed to elucidate the role of syndecan-integrin interplay in 

CAF-mediated matrix assembly and organization. 

 Integrin activity can be mediated by growth factor receptors (GFRs). Cellular 

responses to the ECM and soluble growth factors have been found to be regulated by the 

physical association and functional collaboration between integrins and GFRs (Eliceiri, 

2001; Yamada and Even-Ram, 2002). Binding to Fn was shown to induce tyrosine 

phosphorylation of both PDGFRa and -b in an α5β1 integrin-dependent manner (Veevers-



 

 

 

Lowe et al., 2011). The fact that both PDGFRs are frequently overexpressed by CAFs and 

even used as a CAF marker, prompted us to investigate their role in α5β1-mediated matrix 

alignment by CAFs. We found that CAFs express approximately 3-fold more PDGFRa 

compared to NFs. In addition, we observed higher amounts of active PDGFRa in CAFs 

relative to NFs. PDGF signaling in fibroblasts was shown to be important for fibroblast 

proliferation and recruitment (Donovan et al., 2013a). However, its role in fibroblast 

activation and CAF-mediated matrix organization has remained unclear. We found that 

blocking PDGFRa decreases active α5β1 integrin, contractility and traction forces in CAFs. 

Furthermore, inhibiting PDGFRa disrupts matrix alignment by CAFs. These results could 

be due to the crosstalk between PDGFRa and a5β1 integrin, which were shown to be in 

close interaction on the plasma membrane, with cell surface tissue transglutaminase (tTG) 

bridging the two receptors. tTG is a Ca2+-dependent enzyme that covalently crosslinks 

several ECM proteins, including Fn (Akimov and Belkin, 2001). tTG was shown to enhance 

Fn matrix formation mediated by α5β1 integrin, however this function did not require its 

enzymatic activity (Akimov and Belkin, 2001). Therefore, it is possible that tTG expression 

and/or activity is deregulated in CAFs, and contributes to the PDGFRa and a5β1 integrin 

crosstalk and matrix alignment by CAFs. It is also possible that PDGFRa modulates a5β1 

integrin activity via downstream signaling. PDGFRa can activate RhoA-ROCK pathway in 

mesenchymal stem cells, leading to increased polymerization of aSMA in actin filaments 

(Ball et al., 2007), leading to increased cellular contractility, which can, in turn, activate a5β1 

integrin. Further research is required for elucidating the mechanisms of PDGFRa-a5β1 

integrin interaction in CAFs and its role in matrix organization. 



 

 

 

Overexpression of PDGFRb is common in CAFs and we also found higher levels of 

PDGFRb in CAFs used in our study (data not shown).  PDGFRa and –b transduce distinct 

signals in cells and mediate diverse functions (Cao, 2013). Therefore, it would be interesting 

to discern the function of PDGFRb in CAFs with regards to ECM organization. 

 A critical regulator of cell migration is the integrin-based cell-matrix adhesions. In 

response to different extracellular environments, cells can change the expression of cell 

surface integrins and use different classes of integrins for various cellular functions. Gopal 

et al. found that HNSCC cells upregulate expressions of integrins a5β1, avβ5 and avβ6 

when cultured on CAF CDMs and use integrins avβ6 and Fn-EDA-binding a9b1 to migrate 

on CAF CDMs (Gopal et al., 2017). Similarly, we also investigated integrins that may be 

involved in prostate cancer cell migration on CAF CDMs. We found that blocking a5β1 in 

prostate cancer cells decreases directionality but increases migration speed. Conversely, 

blocking av integrin activity decreased both directionality and speed. These results suggest 

a5β1 that may be responsible for forming stronger attachments to matrix as previously 

reported (Roca-Cusachs et al., 2009), whereas av integrins are critical for cell migration. 

Gopal et al. also showed that EDA-binding integrin a9b1 regulates cell migration on CAF 

CDMs (Gopal et al., 2017). CAFs in our study also express high levels of Fn-EDA, but we 

did not find any studies that report α9 integrin expression in prostate cancers. ITGA9 gene 

expression was not detected in 11 prostate cancer tissues examined in The Human Protein 

Atlas, therefore, we did not study this integrin. Other EDA-binding integrins, α4β1 and α4β7, 

were also not investigated as there are multiple reports showing that α4 integrin is not 

expressed in prostate cancer and DU145 cells (Rokhlin and Cohen, 1995; Barthel et al., 2013; 

Chen et al., 2015).  



 

 

 

It is intriguing that a5β1 integrin plays opposing roles in malignant cells versus tumor 

stroma. a5β1 integrin mediates ECM alignment by CAFs, which promotes directional 

migration of cancer cells, but blocking a5β1 integrin in cancer cells increases cell migration 

speed. Most studies that investigated a5β1 integrin in cancer, focused on its role in cancer 

cells or endothelial cells (Schaffner et al., 2013). Some of these studies suggest that a5β1 

integrin increases cancer cell survival, EMT and invasion and induce angiogenesis via 

endothelial cells. A monoclonal antibody against a5β1 integrin, volociximab, has been 

developed and tested in renal cell carcinoma, pancreatic cancer, malignant melanoma and 

lung cancer and has shown promising results (Almokadem and Belani, 2012). Further 

investigation of a5β1 integrin in tumor stroma can advance our understanding of its role in 

tumors and improve treatment outcomes of patients. 

Our data show that parallel arrangement of ECM fibers by CAFs promotes directional 

cancer cell migration in vitro. Thus, we next investigated Fn in human cancer tissues. Fn 

staining of prostatic and pancreatic cancer tissue sections revealed high levels of Fn as well-

organized, parallel fibers at sites of invasion, and invading cancer cells lined up alongside 

the Fn fibers. We also found that aligned Fn was rich in areas with high aSMA expression, 

suggesting that CAFs are responsible for Fn alignment in vivo. ECM can provide cancer cells 

with directional cues in tumor microenvironment, which may expedite their invasion into the 

stroma and facilitate metastasis. To follow up on our findings, it would be interesting to use 

mouse models of cancer to investigate how targeting MyoII, a5β1 integrin and PDGFRa in 

tumor stroma affects Fn alignment and cancer cell invasion.  

 In summary, our study shows that CAFs organize Fn matrix through increased 

contractility and traction forces, which are mediated by MyoII, a5b1 integrin and PDGFRa. 



 

 

 

This matrix organization leads cancer cells to migrate directionally using av integrins. 

Increasing number of studies, including this study, highlight the role of CAFs in mediating 

stromal changes in tumors and regulating cancer cell migration. Therefore, targeting CAFs 

in the tumor microenvironment may be a feasible therapeutic strategy that needs to be 

explored further. 
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