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Characterization of Hic-5 in Cancer Associated Fibroblasts: A Role in Extracellular 

Matrix Deposition and Remodeling 

Gregory J. Goreczny 

Abstract 

Hic-5 (TGFβ1i1) is a focal adhesion scaffold protein that has previously been 

implicated in many cancer-related processes. However, the contribution of Hic-5 during 

tumor progression has never been evaluated, in vivo. In Chapter 2 of this thesis, I crossed 

our Hic-5 knockout mouse with the MMTV-PyMT breast tumor mouse model to assess 

the role of Hic-5 in breast tumorigenesis. Tumors from the Hic-5 -/-;PyMT mouse 

exhibited an increased latency and reduced tumor growth. Immunohistochemical analysis 

of the Hic-5 -/-;PyMT tumors revealed that the tumor cells were less proliferative. 

However isolated tumor cells exhibit no difference in growth rate. Surprisingly, Hic-5 

expression was restricted to the tumor stroma. Further analysis showed that Hic-5 

regulates Cancer Associated Fibroblast (CAF) contractility and differentiation which 

resulted in a reduced ability to deposit and reorganize the extracellular matrix (ECM) in 

two- and three-dimensions. Furthermore, Hic-5 dependent ECM remodeling supported 

the ability of tumor cells to metastasize and colonize the lungs. 

The molecular mechanisms by which CAFs mediate ECM remodeling remains 

incompletely understood. In Chapter 3 of this thesis, I show that Hic-5 is required to 

generate fibrillar adhesions, which are specialized structures that are critical for the 

assembly of fibronectin fibers. Hic-5 was found to promote fibrillar adhesion formation 

through a newly characterized interaction with tensin1, a scaffold protein that binds to β1 
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integrin and actin. Furthermore, this interaction was mediated by Src-dependent 

phosphorylation of Hic-5 in two and three-dimensional matrix environments to prevent 

β1 integrin internalization and subsequent degradation in the lysosome. This work 

highlights the importance of the focal adhesion protein, Hic-5 during breast 

tumorigenesis and provides insight into the molecular machinery driving CAF-mediated 

ECM remodeling.   
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The Normal Tissue Stroma in Development and Disease 

Organs contain a variety of cell types that contribute to the overall function of the 

tissue, which can be classified into two broad groups. The parenchyma is the functional 

tissue of the organ whereas any cell types that are not part of the functional unit, i.e. 

fibroblasts, immune cells, nerves, adipose tissue, and blood vessels, are collectively 

termed the tissue stroma. These stromal cells are embedded in a dense scaffold called the 

extracellular matrix (ECM) that is actively deposited and remodeled by resident 

fibroblasts. The stroma provides biochemical and biophysical cues to direct tissue 

development, support the function of the parenchyma and maintain tissue homeostasis. 

Furthermore, the composition, organization and the elastic modulus (rigidity) of the 

stroma varies between tissues attributing to their unique function (Figure 1) [1].  

 

Figure 1. Biomechanical Properties of Tissue and Organs. The elastic modulus 

(Rigidity) was measured in pascals of various tissues. Adapted from Cox and Erler [1]. 

 

For example, the brain ECM is a proteoglycan and hyalauronic acid rich environment that 

has an elastic modulus of ~50Pa. Conversely, bone ECM has an elastic modulus of 
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~2GPa and is rich in collagen I and hydroxyapatite that contributes to the tensile strength 

of the tissue. The unique combination of the ECM composition and tissue rigidity 

supports the overall function of the organ. 

The tissue stroma provides cues for proper development of the organ. The 

mammary gland is a unique organ that develops postnatally and constantly remodels 

depending on the female reproductive cycle, making it a useful model to study stromal 

interactions during development, homeostasis, and cancer [2]. The mammary gland 

develops through a process called branching morphogenesis, where epithelial ducts 

bifurcate and branch off existing ducts to occupy the entire gland. Terminal End Buds 

(TEBs) are bulbous structures that form on the ends of ducts to facilitate invasion through 

the complex tissue stroma (Figure 2) [3].  

 

Figure 2. Structure of Terminal End Buds. Schematic of a Terminal End Bud (TEB) 

formed at the end of a mammary duct. Cap cells facilitate invasion into the adipose rich  

stroma. The fibroblast rich layer surrounds the epithelial ducts. Adapted from Sternlicht 

[4]. 

Disruption of discoidin domain receptors (DDRs) and integrins in the TEBs 

delays the development of the mammary gland highlighting the importance of cell/ECM 
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interactions [5, 6]. Furthermore, collagen I fibers in the stroma are deposited and oriented 

prior to branching morphogenesis revealing that the stroma facilitates tissue patterning 

[7]. SHARPIN, a negative regulator of integrin activity, deficient mice lack the ability to 

synthesize and remodel the collagen architecture in the mammary gland resulting in 

delayed branching morphogenesis [8]. These data highlight the importance of 

epithelial/stromal interactions to facilitate proper development.   

The role of the tissue stroma is exemplified in the wound healing response. Upon 

wounding, the stroma becomes “activated” as characterized by a dramatic increase in the 

stromal compartment of the tissue often leading to an aberrant accumulation of ECM 

components. For example, following a myocardial infarction or heart attack, the activated 

stroma begins to secrete growth factors and cytokines to recruit inflammatory cells and 

endothelial cells to mediate repair of the wound [9]. Furthermore, the fibroblast 

population expands and differentiates into myofibroblasts that deposit ECM to provide a 

physical scaffold for cardiomyocyte migration and proliferation to repair the wound [10]. 

However, an excessive accumulation of scar tissue in the heart ventricle wall increases 

the tensile strength of the tissue which can lead to reduced cardiac output and death. 

Furthermore, chronic inflammatory diseases promote a reactive stroma which activates 

fibroblasts in various tissues culminating in an irreversible accumulation of ECM 

components [11]. Table 1 summarizes human conditions that are a result of tissue 

fibrosis. This accumulation of ECM leads to the replacement of the parenchyma with scar 

tissue resulting in the loss of tissue function. Targeting the reactive stroma in many of 

these diseases provides one promising avenue for therapy. 
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Table 1. Human Diseases Associated with Fibrosis. Adapted from Piera-Velazquez et 

al [12]. 

The Origin and Function of Cancer-Associated Fibroblasts 

The major cellular component of the reactive stroma is myofibroblasts [13]. These 

highly contractile, α-smooth muscle actin (α-SMA) containing cells are critical for the 

deposition and remodeling of the ECM. As well as potent regulators of the ECM, these 

cells are an abundant source of growth factors and cytokines to mediate wound repair 

[14]. Although the major source of these fibroblasts are the resident tissue fibroblasts, 

others have reported these cells can originate from bone marrow derived mesenchymal 

stem cells and fibrocytes [15-17], endothelial cells, pericytes [18, 19], tumor cells that 

have undergone an Epithelial to Mesenchymal Transition (EMT) [20] and Endothelial to 

Mesenchymal Transition (EnMT) [21, 22]. Using a kidney fibrosis model, the origin of 

myofibroblasts from resident fibroblast expansion was 50%, bone-marrow derived cells 

was 35%, cells undergoing an EnMT (EnMT) was 10% and EMT was 5% [23]. 
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Although myofibroblasts can originate from multiple sources, much of the current 

research has evaluated resident fibroblast differentiation during wound healing [24]. In 

order for fibroblasts to differentiate into myofibroblasts, TGFβ signaling, mechanical 

stress, de novo expression of the ED-A splice-variant of fibronectin and α-SMA are 

essential [25]. Normal fibroblasts, in vivo, do not exhibit robust actin stress fibers or focal 

adhesions but rather cortical actin filaments at the cell periphery (Figure 3) [24]. Upon 

mechanical stimulation, fibroblasts differentiate into proto-myofibroblasts characterized 

as generation of actin stress fibers that associate with focal adhesions to exert increased 

contractile force on the ECM. Artificially increasing the tissue rigidity by using a plastic 

splint can promote the differentiation into proto-myofibroblasts but not into differentiated 

myofibroblasts [24]. These cells begin to deposit and organize ECM components of 

which, the de novo expression of ED-A fibronectin is a prerequisite for myofibroblast 

formation. Furthermore, expression of the ED-A splice variant is not sufficient to induce 

α-SMA expression without TGFβ [26]. 
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Figure 3. Schematic of normal fibroblast differentiation into myofibroblasts. Normal 

fibroblasts, in vivo, exhibit a cortical actin meshwork. However, mechanical tension 

promotes the assembly of focal adhesions and associated actin stress fibers. TGFβ 

induces the expression of ED-A fibronectin and α-SMA which is incorporated into actin 

stress fibers. Mechanical stress facilitates the reinforcement of focal adhesions which 

mature into supermature focal adhesions to exert a higher traction force on the ECM. 

Adapted from Tomasek et al. [24] 

 

TGFβ is the central regulator of myofibroblast differentiation and is initially 

secreted into the ECM as a multi-protein Large Latent Complex (LLC) comprised of the 

Latent-TGFβ binding protein (LTBP) and latency associated peptide (LAP) [27]. αv 

integrin associates with the ECM embedded latent-TGFβ and depletion of αv integrin 

results in reduced TGFB mediated profibrotic gene expression [28, 29]. Using knockout 

mice targeting the αv integrin subunit binding partners (β3, β5, and β8) and a small 

molecule inhibitor of αvβ1 in hepatic stellate cells revealed that αvβ1 is the predominant 
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integrin that releases TGFβ from the latent complex to promote myofibroblast 

differentiation and liver fibrosis [28, 30]. Furthermore, the dependence of αvβ1 integrin-

mediated fibrosis was also characterized in the lung [30]. Integrin mediated traction 

forces from proto-myofibroblasts through actomyosin contractility release latent TGFβ to 

activate the TGFβ type II receptor and facilitate the recruitment of the TGFβ type I 

receptor [29, 31]. Receptor activation phosphorylates Smad2/3 which associates with 

Smad4. This association promotes translocation to the nucleus and binding to the Smad 

Binding Element (SBE) promoter mediating a Smad-dependent gene program 

characteristic for myofibroblast differentiation [25, 32]. Indeed, mice lacking Smad3 

exhibited impaired fibroblast differentiation which protected the lung [33], heart [34], 

and skin [35, 36] from fibrosis revealing the requirement of Smad-dependent TGFβ 

signaling in fibroblast differentiation and tissue fibrosis. Furthermore, myofibroblasts 

secrete 2-3 fold more TGFβ into the ECM as compared to normal fibroblasts and the 

autocrine production of TGFβ is required to continue a fibrogenic gene expression 

program. 

α-smooth muscle actin is an actin isoform frequently present in smooth muscle 

tissue including myoepithelial cells and vascular smooth muscle cells that is induced by 

TGFβ signaling [37, 38]. Upregulation of α-SMA in proto-myofibroblasts results in the 

incorporation into actin stress fibers to greatly increase contractility and thus traction 

forces. Overexpression of exogenous α-SMA in NIH3T3 fibroblasts enhances 

contractility in the absence of TGFβ [39]. Increased traction force by α-SMA containing 

stress fibers releases more of the local reservoir of TGFβ embedded in the ECM which 

contributes to sustaining the activated fibroblast phenotype [29]. Importantly, treating 
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fibroblasts with TGFβ but plated on soft substrates does not allow the differentiation into 

myofibroblasts revealing that mechanical tension is essential for myofibroblast 

differentiation [40].  

Once a wound is healed, myofibroblasts apoptose to return to a quiescent state 

[41]. However, tumors are considered wounds that do not heal leaving the differentiated 

myofibroblasts or cancer associated fibroblasts (CAFs) to persist and continually deposit 

and organize the ECM which leads to the fibrosis observed during tumorigenesis [42].  

In addition to being major mediators of the stromal ECM, CAFs produce a variety 

of growth factors which alter the chemical composition of the tumor stroma including 

VEGF, HGF, EGF, SDF-1, CXCL4, TGFβ, and IL-1 [43]. The ability of CAFs to secrete 

a variety of growth factors makes these cells major mediators of molecular crosstalk 

between the stroma and immune cells, tumor cells, and adipocytes. Indeed, the 

combination of ECM organization and the secretion of SDF-1 and VEGF in CAFs 

support the recruitment of endothelial progenitor cells into the tumor to promote growth 

[44, 45]. The role of TGFβ in CAF/myofibroblast differentiation has been discussed 

previously, however, TGFβ signaling in tumor cells can also promote an EMT to acquire 

an invasive phenotype [46, 47].  

Focal adhesions 

Cells transduce the biochemical and biophysical signals from the ECM through 

integrin-mediated adhesion. Integrin-mediated signaling is required for numerous cellular 

processes including regulating gene expression, establishing apico-basal polarity, and 

coordination of the actin cytoskeleton during migration [48]. The ability for cells to 
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migrate is critical for embryonic development, leukocyte transmigration into a wound and 

cancer progression [49-51]. During cell migration, initial integrin contact with the ECM 

results in integrin clustering, activation and subsequent accumulation of scaffolding and 

signaling proteins collectively called nascent adhesions (Figure 4) [52]. Once these 

nascent adhesions associate with actin at the leading edge of the cell, forces from actin 

polymerization and myosin II-mediated contractility promote the continual strengthening, 

reinforcing and compositional changes leading to the growth of a focal adhesion (Figure 

4) [53, 54]. Cell migration requires coordination between over 150 unique focal adhesion 

proteins to spatiotemporally regulate assembly in the front of the cell and disassembly in 

the rear [48]. However, this spatiotemporal regulation during cell migration remains 

incompletely understood.  
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Figure 4.  Classification of Integrin Mediated Adhesions in Migrating Cells. Initial 

contact with the ECM facilitates integrin clustering into small, short-lived structures 

termed nascent adhesions. Myosin II mediated contractility promotes the maturation of 

nascent adhesions into larger, longer lived focal adhesions that exert higher traction 

forces on the substrate. Furthermore, fibrillar adhesions form from peripheral focal 

adhesions to promote fibronectin fiber assembly. Modified from Sun et al[55]. 

 

Integrins are transmembrane, heterodimeric structures comprised of an alpha and 

beta subunit. Binding affinities for various ECM components like collagen, fibronectin, 

and laminins are determined by 24 different integrin combinations made up from 18 α 

chains and 6 β chains that recognize specific sequences in the ECM components [56]. In 

order to bind to its extracellular ligand, integrin heterodimers are activated on the cell 

surface through outside-in or inside-out mechanisms to regulate cellular processes 

including gene expression and cytoskeletal organization [57-59]. Integrins are initially 

trafficked to the cell membrane in a bent, low affinity conformation and engagement with 

an ECM ligand while in the bent conformation can directly induce the conformational 

change to the extended form in a process called outside-in activation [60]. Conversely, 

canonical inside-out integrin activation involves Rap1 mediated activation of the Rap1-

GTP-interacting adaptor molecule (RIAM) to recruit talin-1 to the plasma membrane 

(Figure 5) [61, 62]. This interaction enables the talin-1 FERM domain to interact with the 

β integrin tail to facilitate a conformational change from a bent to extended to allow 

binding of ECM ligands [63, 64]. The Kindlin family of proteins are integrin co-

activators which also provide a scaffold to facilitate recruitment of focal adhesion 

components, including paxillin and Hic-5 to regulate downstream signaling [65-67]. 

Furthermore, Kindlin-2 dependent recruitment of paxillin to focal adhesions regulates 

Rac1 activity to mediate cell protrusion during migration[68]. 
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Figure 5. Inside-out Integrin Activation. The small GTPase, Rap1, recruits and 

activates RIAM. Activated RIAM recruits talin-1 to the cell periphery where it interacts 

with β1 integrin tail. This interaction promotes the transition from a weak affinity, bent 

conformation of the integrin heterodimer to an extended, active conformation allowing 

for high affinity interactions with components in the ECM. Adapted from Shattil et al 

[69]. 

The direct association of focal adhesions with the ECM makes these structures 

ideal candidates to sense the physical signals from the ECM. Indeed, the binding strength 

of α5β1 integrin to fibronectin is greatly enhanced when force is applied [70]. 

Downstream signaling from α5β1 in fibroblasts stimulates RhoA/ROCK to generate 

myosin-dependent force [71]. Conversely, downstream signaling from αvβ3 integrin 

promotes the structure of the focal adhesion through regulating formin-dependent actin 

polymerization and strengthening. The coordination between these fibronectin binding 

integrins, αvβ3 and α5β1 in fibroblasts, facilitates rigidity sensing to exert an equal yet 

opposing contractile force on the ECM to establish mechanical homeostasis [71-73]. 

However, an unbalance in cell contractility or ECM accumulation in the stroma can result 

in an altered mechanical feedback loop leading to fibroblast activation and tissue fibrosis 

[74, 75]. Increased substrate rigidity enhances FAK Y397 phosphorylation leading to 
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activation of RhoA to stimulate Rho-mediated contractility regulating downstream cell 

behavior [72, 76, 77]. Interestingly, overexpression of RhoA in normal fibroblasts results 

in increased cell growth and the ability to form tumors in vivo revealing that an unbalance 

in RhoGTPase signaling is sufficient to induce cell transformation [78].   

Forces applied to individual components in the maturing focal adhesion impacts 

the binding interactions to strengthen the integrin/actin linkage and regulate downstream 

signaling. Exogenous force applied to the talin rod leads to partial unfolding to expose 

cryptic vinculin binding sites [79]. This exposure allows vinculin to further stabilize the 

focal adhesion through its interactions with the actin cytoskeleton [80]. Furthermore, 

p130cas phosphorylation by Src family kinases upon stretching regulates downstream 

Rap1 activity providing one mechanism of how force can be transduced into biochemical 

signals [81].  

Myosin II mediated contractility in nascent adhesions promotes the maturation 

into focal adhesions by regulating the tension dependent recruitment of focal adhesion 

components. Proteomic analysis of cells treated with blebbistatin, a myosin II inhibitor, 

revealed that many focal adhesion components are mechanosensitive [82]. Interestingly, 

LIM domain proteins were especially sensitive to myosin inhibition suggesting that this 

family may be mechanical biosensors [82]. Furthermore, a subset of LIM domain 

proteins have been shown to redistribute from focal adhesions to actin stress fibers. To 

date, only the LIM domain proteins Hic-5 [83, 84], CRP2 [84] and Zyxin have been 

shown to redistribute from focal adhesions to actin stress fibers upon 

mechanostimulation. Zyxin redistributes from focal adhesions to reinforce actin stress 

fibers upon cyclical stretching and mediates repair of stress fibers by recruiting α-actinin 
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and VASP [85, 86]. However, the function of Hic-5 and CRP2 redistribution to stress 

fibers remains poorly understood.  

Myofibroblasts/CAFs generate a specialized type of focal adhesion termed 

supermature focal adhesions that are crucial to the differentiation of these cells [87]. 

Mature focal adhesions (2-6μm long) are continually reinforced and increase in size to 

become supermature focal adhesions (8-30μm) in vitro, also called fibronexus in vivo, to 

support the increased contractility of the α-SMA containing stress fibers. Supermature 

focal adhesions transduce an average fourfold higher traction force compared to focal 

adhesions (12.5 ± 2.5 nN/μm2 vs 3.8 ± 5.1 nN/μm2) [88]. Using fibronectin coated 

micropatterned substrates demonstrated that α-SMA is not incorporated into focal 

adhesions smaller than 8.1 μm-long, suggesting a mechanical checkpoint for α-SMA 

incorporation [88].  

Mechanism of Fibrillar Adhesion Formation 

Fibrillar adhesions are specialized structures that pull on fibronectin to assemble it 

into fibers (Figure 4) [89]. These structures are compositionally distinct from focal 

adhesions as they are characterized as being centrally located tensin1-rich, 

phosphotyrosine poor structures [90, 91]. Furthermore, α5β1 integrin is enriched in 

fibrillar adhesions which translocates centripetally from αvβ3-rich focal adhesions in 

fibronectin-rich environments (Figure 6). Treating fibroblasts with actin destabilizing 

drugs or inhibiting actomyosin contractility reduces the capability to form fibrillar 

adhesions [92, 93]. However, fibrillar adhesions that are already formed are insensitive to 

myosin inhibition suggesting that these structures may not be under as much tension as 

focal adhesions [92]. Kank2, a newly identified focal adhesion protein, interacts with 
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talin during fibrillar adhesion formation which displaces actin from binding to the talin 

rod. This results in decreased tension exerted onto the ECM and results in the centripetal 

translocation of the integrin complexes [94]. 

 

Figure 6. Model of fibrillar adhesion formation from focal adhesions. Initial 

attachment to fibronectin in focal adhesions is mediated through both αvβ3 and α5β1 

integrins. Talin is the predominant actin linker due to its role as an integrin activator in 

early adhesion clustering. However, Src-mediated phosphorylation of the β1 integrin tail 

reduced the binding affinity for talin and promotes binding with Tensin1. Actomyosin 

dependent α5β1 integrin translocation promotes the assembly of soluble fibronectin into 

fibronectin fibers.  

 

Tensin1 is a focal adhesion protein that is highly enriched in fibrillar adhesions 

that provides a physical link between the actin cytoskeleton and integrin cytoplasmic tails 

[91, 92, 95]. The loss of tensin1 in Drosophila melanogaster causes blistering of the fly 

wing by disrupting integrin/actin linkages, a phenotype observed in other linker proteins 

like talin and ILK [96-98]. Furthermore, the expression of a tensin1 mutant that is unable 

to interact with the β1 integrin tail is less efficient at generating fibrillar adhesions [99]. 

Tensin1 is the predominant actin-integrin linker in fibrillar adhesions instead of talin 

which led to the hypothesis that talin and tensin1 switch during fibrillar adhesion 

formation. Interestingly, Src mediated phosphorylation of the NPxY motif in the β1 
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integrin cytoplasmic tail reduces binding affinity for talin [100]. The phosphotyrosine 

binding domain (PTB) of tensin1 directly interacts with the phosphorylated NPxY motif 

(Figure 5) [101]. Importantly, in Src knockout or Src-inhibited cells, fibrillar adhesions 

are unable to form [102]. One open question for the validity of the talin to tensin switch 

model was how the integrin complexes remain in an active conformation without 

interacting with talin. Recent work has shown the tensin1 and tensin3 are able to activate 

β1 integrin, keeping it in an active state during fibrillar adhesion formation [103].  

The molecular mechanism underlying fibrillar adhesion formation is poorly 

understood. Although not initially described as a component of fibrillar adhesions, follow 

up studies have revealed that paxillin must be dephosphorylated and that a paxillin 

phosphorylation switch provides a checkpoint for fibrillar adhesion formation [90, 104]. 

Furthermore, FAK catalytic activity at focal adhesions is also required for the formation 

of these structures [105]. Loss of ILK or PINCH1 prevents tensin1 recruitment to mature 

focal adhesions thereby blocking the formation of fibrillar adhesions [106]. Re-

expression of the ILK kinase rescues tensin recruitment to promote the formation of 

fibrillar adhesions. Interestingly, using GFP-β3 integrin fused with ILK or PINCH1 in a 

knockout background, respectively, can rescue fibrillar adhesion formation suggesting 

molecular composition of focal adhesions dictates the formation of fibrillar adhesion 

[106].  

Recent work has shown that the generation of fibrillar adhesions and subsequent 

fibronectin fibrillogenesis is regulated by the microenvironmental conditions and cell 

metabolism [99, 103]. AMP activated protein kinase (AMPK) is activated in nutrient 

low/energy low environments which causes the cell to conserve energy by reducing high 
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energy dependent processes and promoting catabolism to generate ATP [107]. High 

AMPK activity negatively regulates tensin expression leading to reduced fibrillar 

adhesion generation and fibronectin fibrillogenesis [103]. Conversely, under nutrient-rich 

conditions, mTORC is activated to prevent Arf4 mediated α5β1 internalization in a tensin 

dependent manner [99]. Both studies directly show how metabolic sensing can directly 

regulate fibrillar adhesion formation to regulate energy demanding processes like 

fibronectin fibrillogenesis. 

In chapter 3 of this dissertation, I will be describing a novel role for Hic-5 is 

regulating fibrillar adhesion formation through interacting with tensin1.  

Structure and Function of Hydrogen peroxide inducible clone-5 (Hic-5) 

Hic-5 (also known as TGFβ1i1 and ARA55) was originally identified as a TGFβ 

and H2O2 inducible gene in the paxillin family of LIM domain proteins [108, 109]. This 

family is comprised of paxillin, Hic-5 and leupaxin, which are composed of N-terminal 

LD motifs and C-terminal LIM domains (Figure 7) [110]. LD motifs are amphipathic α-

helices that are comprised of an LDxLxxL consensus sequence [111]. Hic-5 lacks the 

LD3 motif of paxillin and leupaxin lacks both the LD2 and LD3 motifs. The LD motifs 

coordinate many protein-protein interactions attributed to Hic-5 function as a molecular 

scaffold. Hic-5 and paxillin compete for many of the same binding partners including 

FAK, ILK, actopaxin and vinculin (Figure 8) [112-115]. However, both Hic-5 and 

paxillin have unique binding partners including hsp27 [116] and HDAC6 [117] which 

contributes to some unique functions of these proteins including regulating the formation 

of stress fibers and inhibiting HDAC6 activity, respectively. A recent observation has 

shown that the paxillin N-terminus is intrinsically disordered [118]. Being intrinsically 
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disordered allows for transient folded structures to modulate protein-protein interactions 

which may resolve how molecular scaffolds are able to interact with many partners [119]. 

Both Hic-5 and paxillin are signaling hubs that spatiotemporally regulate Rho family of 

GTPases, including RhoA, Rac1, and Cdc42 [120]. Furthermore, RhoA and Rac1 

GTPase signaling can modulate the interactions with overlapping binding partners [83]. 

For example, during focal adhesion maturation in migrating cells, high RhoA activity 

causes vinculin to preferentially interact with Hic-5 whereas high Rac1 activity results in 

vinculin preferentially interacting with paxillin further showing the reciprocal nature of 

Hic-5 and paxillin signaling [83].  

 
Figure 7. Schematic of the paxillin family of focal adhesion proteins. The paxillin 

family of focal adhesion proteins are comprised of paxillin, Hic-5 and Leupaxin. These 

proteins have N-terminal LD motifs and C-terminal LIM domains that facilitate protein-

protein interactions. 

Hic-5 is phosphorylated at sites Y38 and Y60 by Src-family kinases [46, 121] and 

Pyk2 [121] which provide additional docking sites for SH2 domain containing proteins. 

Hic-5 is phosphorylated upon stimulation by various extracellular ligands including 

thrombin [122], TGFβ [46], U46619 (Prostaglandin) [122], collagen [122], and EGF 

[123]. Furthermore, the phosphorylation of Hic-5 at site Y60 promotes the recruitment of 

Csk, a negative regulator of Src activity [121]. Interestingly, previous research has 
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proposed that phosphorylation stabilizes folding in disordered regions [124]. The 

phosphorylation of Hic-5 may also stabilize intrinsically disordered regions to modulate 

protein-protein binding affinities, however, this hypothesis is unresolved.   

LIM (Lin11, Isl1, Mec3) domains are Zinc binding domains that facilitate protein-

protein interactions in cells. The C-terminus of the paxillin family of proteins are 

comprised of four LIM domains and LIM2 and LIM3 specifically are crucial for the 

localization to focal adhesions. Recently, both Hic-5 and paxillin have been shown to 

interact with Kindlin-2 through their LIM domains [65]. As well as roles in Hic-5 

localization to focal adhesions, the LIM2 and LIM3 domain interacts with other proteins 

to regulate downstream signaling. The LIM3 domain interacts with the protein tyrosine 

phosphatase, PTP-PEST, which may play a role in regulating tyrosine dephosphorylation 

in cells [125], LIM2 and LIM3 of Hic-5 but not paxillin interact with MT1-MMP to 

coordinate endothelial cell proteolysis during sprouting [126], and LIM4 interacts with 

PINCH (Figure 8). 
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Figure 8. Schematic of Hic-5 binding partners. Overview of the Hic-5 domain 

structure highlighting interactions with each individual domain. These interactions 

mediate localization to focal adhesions and also regulate downstream signaling. 

 

Hic-5 in Tissue Fibrosis 

Paxillin knockout in the mouse causes embryonic lethality due to defects in 

fibronectin deposition during cardiac development [127]. In contrast, we and others have 

reported that the Hic-5 knockout mouse develops normally and is fertile [128]. Paxillin is 

ubiquitously expressed whereas Hic-5 has a more restricted profile to cells of 

mesodermal and smooth muscle lineages [129]. Hic-5 expression in smooth muscle 

tissues is regulated by Serum Response Factor (SRF) which binds to a conserved cis-

regulatory element known as a CArG (CC(A/T)6GG) box [130]. SRF activity is regulated 

through interactions with various cofactors, however, association with myocardin greatly 
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enhances CArG box smooth muscle cell gene transcription. Myocardin and Myocardin-

related transcription factors (MRTF) are cardiac and smooth muscle co-activators through 

its association with SRF [131]. MRTF associates with monomeric G-actin, however, the 

production of F-actin stress fibers results in the dissociation of MRTF-A to translocate to 

the nucleus to regulate SRF mediated gene transcription, providing one mechanism where 

stress fiber formation and contractility can directly facilitate gene expression [132].  

Interestingly, ectopic expression of myocardin in non-smooth muscle cell lines is 

sufficient to induce Hic-5 expression [130].  

Hic-5 is highly expressed in hypertrophic scar fibroblasts (myofibroblasts) in 

wounded human and mouse skin, coinciding with increased a-SMA expression [133, 

134]. Hic-5 is necessary but not sufficient for myofibroblast differentiation as shown 

through regulating TGFβ production in a feed-forward autocrine loop [133]. Induction of 

Hic-5 expression during myofibroblast differentiation requires both canonical TGFβ and 

non-canonical MRTF-A/SRF signaling [134]. Use of a RNAi-mediated approach to 

knockdown SMAD3 and MRTF-A independently in proto-myofibroblasts significantly 

reduced expression of Hic-5 [134]. The coordination between SMAD and SRF mediated 

gene transcription tunes the differentiation of proto-myofibroblasts into myofibroblasts 

through Hic-5 dependent regulation of TGFβ and MRTF-A signaling [134]. 

Focal adhesion maturation is dependent on the substrate rigidity through 

regulation of myosin-II activity [54]. Furthermore, the formation of supermature focal 

adhesions in myofibroblasts requires increased cell contractility to promote the 

incorporation of a-SMA into stress fibers to exert greater forces on the substrate [88]. 

Interestingly, Hic-5 regulates supermature focal adhesion formation in myofibroblasts in 
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part by regulating cell contractility [133]. Hic-5 redistributes to actin stress fibers in 

highly contractile cells or upon cyclical stretching suggesting that it may be involved in 

regulating actin stress fiber formation or stability [83, 84]. Indeed, Src dependent 

phosphorylation of Hic-5 promotes interaction with hsp27 to mediate actin stress fiber 

assembly in vascular smooth muscle cells [135]. Furthermore, Hic-5 regulates actin stress 

fiber formation in response to TGFβ through a mechanical feed forward loop which 

induces the nuclear accumulation of MRTF-A/MAL to regulate SRF-dependent gene 

expression [134].  

Hic-5 has been shown to interact with and suppress Smad7 in prostate 

myofibroblasts and tumor cells by targeting Smad7 for degradation [136]. Smad7 inhibits 

the TGFβ receptor to prevent phosphorylation of Smad2/3 to negatively regulate activity 

[137]. Interestingly, Hic-5 can also suppress Smad3 activity through direct interactions 

with its LIM3 domain [138]. The suppressive function of Hic-5 on Smad7 and Smad3 

may regulate the balance of Smad2/3 singling. Indeed, Hic-5 inhibition of Smad7 

promotes Smad2 phosphorylation to coordinate hepatic stellate cell activation and liver 

fibrosis [139]. Interestingly, Hic-5 also inhibits Smad1/5/8 downstream of BMP4 

signaling in prostate tumor cells [140]. These results indicate that Hic-5 is a central 

regulate of TGFβ family signaling in fibroblasts and tumor cells. 

Proliferative glomerulonephritis is an inflammatory disease in the kidney that 

leads to the an increase in mesangial cell proliferation and the replacement of healthy 

glomerular tissue with excessive ECM accumulation [141]. Interestingly, mesangial cells 

are activated similarly to myofibroblasts and have many similar functions [142]. Hic-5 

expression is upregulated in response to TGFβ to mediate mesangial cell activation and 
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also prevents mesangial cell proliferation after glomerular injury [143]. Chronic 

proliferative glomerulonephritis leads to the development of irreversible scarring called 

glomerulosclerosis [144]. Hic-5 expression is increased in the glomeruli of sclerotic 

kidneys upon interacting with collagen I but not collagen IV to prevent mesangial cell 

apoptosis [145, 146]. Paradoxically, Hic-5 is not upregulated in response to TGFβ in 

glomerulosclerosis, however, knocking down Hic-5 in mesangial cells reduced TGFβ 

secretion [147].  

A recent study has shown that ITCH, an E3 ubiquitin ligase, ubiquitinates Hic-5 

and targets it for lysosomal degradation [148]. This novel ITCH-dependent control of 

Hic-5 activity negatively regulates IL-17 mediated intestinal fibrosis [148]. Interestingly, 

IL-17 is able to induce Hic-5 expression in the absence of TGFβ, suggesting a novel role 

of Hic-5 downstream of the IL-17 receptor [148]. 

The Role of Hic-5 in Blood Vessels 

The ability of endothelial cells to migrate is crucial for the development of the 

vasculature and angiogenesis in tumor progression [149]. Lysophosphatidic acid 

promotes Hic-5 recruitment to focal adhesions in endothelial cells to coordinate 

migration [150]. Conversely, paxillin and Hic-5 inhibit endothelial cell protrusive activity 

by interacting with Robo4 to recruit the ArfGAP, Git1, blocking Arf6-dependent 

activation of Rac1 to maintain barrier function preventing vascular leakage [151]. 

Although Hic-5 is required for endothelial migration and maintaining barrier functions in 

vitro, the Hic-5 knockout mouse does not exhibit any histological abnormalities in the 

developing vasculature [128]. However, upon wire injury to blood vessels, Hic-5 
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promotes vascular remodeling in vascular smooth muscle cells by stabilizing focal 

adhesions to prevent apoptosis [128].  

Production of Reactive Oxygen Species (ROS) increases after integrin 

engagement with the ECM and these can act as intracellular signaling molecules in 

vascular cells[152]. Hic-5 interacts with TRAF4 downstream of ROS signaling to 

facilitate VEGF-mediated migration through regulation of Rho family GTPases [153]. 

Furthermore, high levels of ROS lead to the pathogenesis of abdominal aortic aneurysm 

(AAA) characterized as an enlargement of the abdominal aorta which can lead to 

rupturing [154]. In an angiotensin II induced-AAA model, Hic-5 serves as a scaffold that 

facilitates the interaction with mitogen-activated protein kinase (MKK4) and c-Jun N-

terminal kinase (JNK) to mediate the expression of MT1-MMP and pro-MMP2, limiting 

degradation of the ECM thereby preventing AAA formation [155, 156].  

Monocytes are recruited to the blood vessel wall through interactions with 

microvilli-like structures leading to inflammation to promote the formation of 

atherosclerosis [157]. In Hic-5 deficient mice, endothelial cells lack these microvilli-like 

structures resulting in reduced monocyte recruitment and protection against 

atherosclerosis [158]. Furthermore, platelet activation on the blood vessel wall recruits 

inflammatory cells which also contributes to the pathogenesis of atherosclerosis [159]. 

During the maturation of human platelets, a paxillin to Hic-5 switch occurs. Paxillin is 

highly enriched in the platelet precursor cells, megakaryocytes, and Hic-5 is highly 

enriched in platelets [160]. However, conflicting reports have shown a role for Hic-5 in 

murine platelet function. Kim-Kaneyama et al. has observed that Hic-5 is required for 

outside-in αIIbβ3 integrin activation to generate a clot [161]. However, Popp et al. used a 
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separate Hic-5 knockout mouse and observed normal bleeding times and platelet 

activation[162]. Although the reason for these discrepancies are not known, the genetic 

background of these mice may contribute to the phenotype. Furthermore, paxillin is 

expressed in mouse platelets which may be able to compensate for the lack of Hic-5 

[163]. Downstream signaling from αIIbβ3 integrin in human platelets results in Hic-5 

phosphorylation and interaction with Csk [163]. However, in murine platelets, Csk 

preferentially interacts with tyrosine phosphorylated paxillin indicating that paxillin can 

compensate for the loss of Hic-5 expression [163].  

The Role of Hic-5 in the Brain 

Initial characterization of Hic-5 showed that Hic-5 mRNA was present in mouse 

brain [108]. Further characterization has revealed that Hic-5 is expressed in the cerebral 

cortex, hippocampus, hypothalamus, cerebellum, and the striatum [164]. Hic-5 interacts 

with the Na2+/Cl2- dependent dopamine transporter (DAT) in midbrain neurons [164]. 

Furthermore, serotonin-dependent PKC activation promotes the association between Hic-

5 and the serotonin transporter (SERT) to facilitate internalization [165]. However, no 

gross abnormalities were observed during cortex development using the Hic-5 knockout 

mouse [166]. Interestingly, Hic-5 is enriched in amyloid plaques found in the brains of 

Alzheimer’s patients, suggesting a pathological role for Hic-5 in disease progression 

[167]. 

Hic-5 Function in the Nucleus 

Many LIM domain proteins have the capability to shuttle between the cytoplasm 

and nucleus to regulate gene expression [168]. Although no compelling evidence exists 
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that the LIM domains actually bind to DNA, many LIM domain proteins function as 

transcriptional co-activators. Hic-5 contains a putative nuclear export signal in its LD3 

domain which allows the shuttling between the cytoplasm and nuclear compartments 

under oxidative conditions where it can interact as a co-activator for the c-fos and p21cip1 

genes [169]. Interestingly, interaction with FAK and PTP-PEST inhibit Hic-5 

translocation to the nucleus [170]. FAK may inhibit the translocation by interacting with 

the Hic-5 LD3 motif [171], but how PTP-PEST, which interacts with LIM3 of Hic-5, 

inhibits translocation is still unknown. Hic-5 can act as a co-activator for other 

transcription factors and nuclear hormone receptors including SP-1 [172], androgen 

receptor [173], glucocorticoid receptor [174], and PPARγ [175].  

Hic-5 has recently been shown to form a complex with Islet-1 (Isl1) and Lim 

Homeobox 3 (Lhx3) to negativly regulate the Pax6 α-enhancer element in the mouse 

retina [176]. Hic-5 competes with Pax6 to regulate the levels of the splice variant, 

pax6ΔPD to fine-tune the ratio of GABAergic amacrine cells and Vsx1 bipolar cells 

[176]. This ability to spatiotemporally regulate the α-enhancer in amacrine and bipolar 

cells regulates the establishment of retinal circuitry to control visual adaptation [176]. 

The Function of Hic-5 in Tumor Cell Migration 

Treating epithelial cells with TGFβ causes an epithelial to mesenchymal transition 

(EMT) to promote a more invasive phenotype [47]. During EMT, cells lose apico-basal 

polarity and cell-cell contacts and increase the expression of a mesenchymal gene 

program to acquire migratory and invasive characteristics [47]. Hic-5 is dramatically 

upregulated in mammary epithelial cells when treated with TGFβ through a RhoA-

dependent pathway and is both necessary and sufficient to drive this process [177]. 
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Furthermore, TGFβ-stimulated EMT also prompts the formation of invadopodia; finger-

like protrusions on the ventral surface of cells that degrade the local ECM [178]. 

Invadopodia are comprised of a central actin core surrounded by a ring rich in focal 

adhesion proteins [179]. Hic-5 has been shown to localize to the ring surrounding the 

actin core where it regulates RhoC and Rac1 activity to promote the formation of 

invadopodia [46]. Furthermore, individual invadopodia coalesce into larger structures 

called rosettes in Src transformed fibroblasts [179]. The LD2 and LD3 motifs of Hic-5 

facilitate the coalescence of invadopodia into rosettes though a direct interaction with 

FAK (A.G. Unpublished).  

The Tissue Stroma and Breast Cancer Risk 

Breast cancer is the leading cause of cancer in women and it accounts for around 

14% of cancer-related deaths in women [180]. 80% of breast cancers form 

adenocarcinomas that arise from the epithelial cells lining the duct (Figure 9). Human 

breast cancer progresses through distinct stages where initially, transformed epithelial 

cells invade into the duct but are still encapsulated by the basement membrane. 

Breakdown of the basement membrane results in local infiltration of the tumor cells into 

the tissue stroma which can metastasize to colonize distant organs. Furthermore, the 

surrounding stroma expands and establishes a supportive microenvironment to promote 

tumor cell metastasis. Mutations in BRCA1 [181], p53 [182], RB1 [183], and 

amplification of HER2/Neu [184] in luminal epithelial cells have been shown to be a 

major genetic risk factors in the development of the disease. Furthermore, the inherent 

hormone receptor status of the tumor cells (Estrogen Receptor, Progesterone Receptor, 

and Human Epidermal Growth Factor 2 status) dictates the aggressiveness and likelihood 
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to respond to certain therapies [185]. For example, triple negative breast cancer (ER-, PR-

, Her2-) is one of the more aggressive subtypes that doesn’t respond to receptor targeted 

chemotherapies[186]. Understanding the molecular mechanisms of tumor cell 

transformation and invasion may provide novel therapeutic targets to treat and prevent 

the spread of the disease.  

Mammographic density is one of the hallmark risk factors that confers a 2 to 6-

fold greater risk of developing the disease in their lifetime [187]. Furthermore, tumors 

regularly develop in areas of high density and the dense tissue can also prevent the 

identification of small nodules often leading to misdiagnosis [188, 189]. Risk factors 

contributing to the probability to develop the disease including age, family history of 

breast cancer and age of the first menarche all of which can influence the breast density 

[190-193]. Although genetic risk factors are the major indicator of breast cancer 

susceptibility, environmental factors including obesity and radiation can influence breast 

tissue density and risk [194, 195]. After the A-bomb detonation on Hiroshima and 

Nagasaki, younger women exposed to radiation had an increased risk of developing 

breast cancer compared to non-exposed women [196, 197]. Furthermore, introducing 

ionizing radiation to mouse mammary glands promotes a reactive stroma that facilitates 

tumorigenic growth of injected unirradiated mouse mammary epithelial cells [198, 199]. 

Obese women are more likely to develop breast cancer than women with a healthy weight 

[200]. Adipocytes isolated from obese women had increased production of inflammatory 

cytokines and increased synthesis of leptin to promote tumor growth [201, 202]. 

Furthermore, the composition of the tissue stroma differs between lean and obese women 

[203]. Adipose tissue derived from obese women exhibited enhanced fibroblast activation 
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leading to elevated ECM production in the stroma, increasing the rigidity of the tissue 

[203]. 

Increased tissue density is attributed to an increase in the stromal compartment 

which correlates to elevated ECM production and deposition [204, 205]. Normal breast 

tissue stroma is comprised of fibroblasts, blood vessels, immune cells, and interstitial 

ECM which provide cues to regulate normal tissue homeostasis (Figure 9A,B) [206]. 

Luminal epithelial cells within the mammary duct are protected from direct contact with 

the tissue stroma through an intermediate myoepithelial cell layer and a basement 

membrane [207]. However, the basement membrane and myoepithelial layers are lost 

during tumor progression in which the tumor cells can directly associate with a reactive 

stroma comprised of an abundance of immune cells, blood vessels and ECM remodeled 

by cancer-associated fibroblasts [13, 208, 209].  

An accumulation of ECM provides a stiffer microenvironment that supports 

tumor cell growth, proliferation, and invasion [210-212]. Tumor cells plated on hard  
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Figure 9. Model of normal mammary duct and cancerous lesion structure. A) 

Schematic of the structure of a normal mammary gland duct. B) Schematic of an invasive 

ductal carcinoma showing the remodeling of the ECM within the reactive stroma. C) 

Representative Second Harmonic Generation (SHG) images of the Tumor Associated 

Collagen Signature (TACS) classification in mouse tumors. The SHG images were 

adapted from Malik et al [213].   
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substrates or stiffer collagen gels proliferated and migrated at a much faster rate 

compared to cells on softer substrates, showing the direct correlation between rigidity, 

cell growth, and invasive capability [72, 77, 214]. Accordingly, artificially increasing the 

collagen deposited using a mouse model that expresses a form of collagen that is resistant 

to degradation results in direct transformation of the epithelial cells showing that ECM 

homeostasis is crucial to prevent disease progression [215]. Furthermore, overexpression 

of lysyl oxidase (LOX), a protein that promotes collagen crosslinking, in tumor 

fibroblasts increases the tumor rigidity mediates enhanced tumor cell growth through 

increased focal adhesion signaling [216]. The ECM at the tumor/stromal boundary 

provide physical tracks that tumor cells utilize to invade and metastasize [217, 218]. The 

alignment of the stromal collagen can be used as a prognostic indicator of tumor 

aggressiveness and metastasis that can be monitored using second harmonic generation 

(SHG) imaging in biopsies [219, 220].  Tumor associated collagen signature (TACS) is a 

measure of the collagen alignment at the tumor boundary where TACS-1 is unorganized 

collagen, TACS-2 is characteristic of aligned collagen that is linear to the tumor mass and 

TACS-3 is characterized as aligned collagen organized perpendicular to the tumor mass 

favoring tumor cell invasion (Figure 9C) [221]. Patients with a high alignment score 

(TACS-3) have an overall reduced survival regardless of tumor subtype indicating that 

the organization of the stromal ECM is a crucial determinant of the progression of the 

disease [219].  

Polyoma-Middle T Antigen (PyMT) Mouse Model 

 The development of mouse models that recapitulate human breast tumor 

progression allows for the mechanistic study of disease progression. However, no mouse 
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model can completely recapitulate human disease and come with caveats. Xenografts and 

Patients Derived Xenografts (PDX) involve injecting isolated tumor cells into 

immunocompromised mice. However, since these mice do not have a functional immune 

system, the contribution from immune cells is not represented in this model [222]. 

Furthermore, these xenografts do not experience their native stroma. The development of 

genetically engineered mouse models more accurately mimics the series of events that 

occurs from tumor initiation to metastasis [223]. Oncogenic proteins are driven under 

mammary specific promoters to drive transformation specifically in epithelial cells. 

Furthermore, the stroma is activated in genetically engineered mouse models, promoting 

the remodeling of the ECM temporally during tumor progression [224].  

 Mammary specific promoters are used to study different aspects of disease 

progression. The Whey Acidic Promoter (WAP) promoter is induced by pregnancy and is 

often used to study the effects of pregnancy on breast tumor initiation and progression 

[225]. The most widely used Mouse Mammary Tumor Virus (MMTV) promoter is 

induced by progesterone and drives expression about 3 weeks after the mice are born 

[226]. The two of the most widely used mouse models are the MMTV-Neu and the 

MMTV-PyMT models. ErbB2 also known as Her2 and Neu is amplified in about 15-20% 

of human breast tumors and incorporation of Neu under the MMTV promoter induces 

transformation in luminal epithelial cells [226]. Tumors develop with an average latency 

of 6.8 months and visible metastases start to appear around 8 months of age. This model 

more accurately recapitulates the Her2+ subtype of human breast cancer [227]. 

Polyoma Middle T antigen (PyMT) is a viral protein that induces transformation 

of epithelial cells through several oncogenic pathways including Src [228], PI3K [229], 
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and Ras [230]. Although the PyMT protein is not expressed in mouse epithelial cells, the 

artificial incorporation of the PyMT protein under the control of the Mouse Mammary 

Tumor Virus (MMTV) promoter facilitates the formation and growth of mammary 

tumors [231]. The PyMT mouse provides a reliable model that undergoes similar stages 

of tumor progression and exhibit a loss of steroid receptors often observed in human 

breast cancer [232]. Tumors develop with 100% incidence and 94% of mice have visible 

metastasis starting to the lung around 3.5 months in mice in a FVB background [231]. 

These characteristics allows for the study of tumor cell invasion, in vivo [231]. Tumors 

initially form around 4 weeks of age and 60% of tumors are staged at hyperplasia (Figure 

10) [232]. By 9 weeks of age, the majority of tumors are at adenoma stage characterized 

as increased epithelial cell proliferation into the luminal space but still confined by a 

basement membrane [232]. This stage is comparable to ductal carcinoma in situ (DCIS) 

in human patients. The ability to breakdown the basement membrane is a prerequisite for 

the metastatic disease. Tumors are staged at carcinoma when the basement membrane is 

broken down resulting in a solid mass of tumor cells and stroma similar to human 

invasive ductal carcinoma (IDC) [232]. 

The MMTV-PyMT mouse model has been widely used to study the role of 

specific proteins during breast progression [233-235]. I will be describing a role for the 

focal adhesion protein, Hic-5, using our knockout mouse crossed with the MMTV-PyMT 

mouse model in Chapter 2 of this dissertation.  
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Figure 10. Model of PyMT induced tumor progression in mice. Transformation of 

luminal epithelial cells invade into the duct while encapsulated within the basement 

membrane characterized as at an adenoma stage. Breakdown of the basement membrane 

and subsequent invasion of the tumor cells into the tissue stroma classifies the staging as 

early carcinoma. Late carcinoma is characterized as increased cell proliferation and 

nuclear atypia. This model was adapted from Fluck et al [236].  
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Abstract 

The remodeling of the stromal extracellular matrix (ECM) plays a crucial, but 

incompletely understood role during tumor progression and metastasis. Hic-5, a focal 

adhesion scaffold protein, has previously been implicated in tumor cell invasion, 

proliferation and metastasis. To investigate the role of Hic-5 in breast tumor progression 

in vivo, Hic-5-/- mice were generated and crossed with the Mouse Mammary Tumor 

Virus-Polyoma Middle T Antigen (MMTV-PyMT) mouse. Tumors from the Hic-5-/-

;PyMT mice exhibited increased latency and reduced growth, with fewer lung metastases, 

as compared to  Hic-5+/-;PyMT mice. Immunohistochemical analysis showed that Hic-5 

is primarily expressed in the cancer associated fibroblasts (CAFs). Further analysis 

revealed that the Hic-5-/-;PyMT tumor stroma contains fewer CAFs and exhibits reduced 

ECM deposition. The remodeling of the stromal matrix by CAFs has been shown to 

increase tumor rigidity to indirectly regulate FAK Y397 phosphorylation in tumor cells to 

promote their growth and invasion. Accordingly, the Hic-5-/-;PyMT tumor cells exhibited 

a reduction in FAK Y397 phosphorylation. Isolated Hic-5-/-;PyMT CAFs were defective 

in stress fiber organization and exhibited reduced contractility. These cells also failed to 

efficiently deposit and organize the ECM in two and three dimensions. This, in turn, 

impacted three-dimensional MDA-MB-231 tumor cell migration behavior. Thus, using a 

new knockout mouse model, we have identified Hic-5 expression in CAFs as a key 

requirement for deposition and remodeling of the stromal ECM to promote non-cell 

autonomous breast tumor progression. 
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Introduction 

Normal tissue stroma is rich in fibroblasts that constantly sense the extracellular 

environment to regulate normal tissue homeostasis1. However, these fibroblasts can 

differentiate into cancer associated fibroblasts (CAFs) upon receiving signals from 

transformed epithelial cells or through altered ECM composition2. The resulting 

contractile -Smooth Muscle Actin (SMA) positive cells can then promote tumor cell 

growth through paracrine signaling, as well as protease- and force-dependent 

reorganization of the stromal matrix3,4. The extracellular matrix (ECM) provides 

structural support to cells and is rich in growth factors5. Furthermore, during tumor 

progression, linearization of the ECM fibers at the invasive front of the tumor has been 

suggested to facilitate tumor cell invasion into the surrounding tissue and dissemination 

into the bloodstream6. Indeed, the density of the stromal matrix is a prognostic indicator 

of human breast tumors, suggesting that organization of the stroma can promote 

tumorigenesis7. Consistent with this premise, tumor formation is elevated in a mouse 

model expressing a collagen I mutant that is resistant to degradation, resulting in an 

accumulation of stromal matrix8. Furthermore, overexpression of the collagen cross-

linker, lysyl oxidase, in fibroblasts can directly promote tumorigenesis and metastasis 

through enhanced focal adhesion signaling9. Therefore, it is critical to understand the 

mechanisms of CAF differentiation and ECM reorganization and their role during tumor 

malignancy. 

Focal adhesions are sites of cell adhesion to the ECM that play a key role in 

mechanosensing by transducing signals from the ECM to regulate cell behavior10. The 

focal adhesion scaffold/adaptor protein, Hic-5 (TGFβ1i1), is a member of the paxillin 
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family of LIM domain proteins that has previously been implicated in skin fibroblast 

contractility and hypertrophic scar tissue formation11,12. Although Hic-5 and paxillin 

share extensive homology and many of the same binding partners, they have distinct yet 

overlapping functions. For example, paxillin and Hic-5 have differing roles in regulating 

tumor cell plasticity, as well as spatiotemporal regulation of Rac1 and RhoA activity13,14. 

Furthermore, in contrast to paxillin-/- mice, which die in utero15, Hic-5-/- mice, described 

herein are fertile and viable. Interestingly, analysis of gene expression profiles from 

human breast cancer patients shows Hic-5 is preferentially upregulated in the CAFs, 

suggesting that Hic-5 may play a crucial role in fibroblast function during tumor 

progression16. Hic-5 has also been implicated in other aspects of tumor progression 

including epithelial to mesenchymal transition (EMT) and invadopodia formation to 

promote cell invasion in vitro17,18. However, the role of Hic-5 during breast tumor 

progression, in vivo, has yet to be elucidated.   

To further interrogate the role of Hic-5 during breast tumor progression, we 

crossed the Hic-5-/- mouse with the MMTV-PyMT transgenic mouse, a well-established 

model for human breast cancer progression19. Importantly, while we observed no 

significant Hic-5 expression in the primary tumor cells, its robust expression in tumor 

CAFs contributed indirectly to tumor growth, invasion and metastasis through promoting 

the deposition and remodeling of the stromal matrix.   

Results 

Hic-5 expression in the stroma is required for tumor growth  

Prior to analyzing the role of Hic-5 during breast tumor progression, we evaluated 

whether Hic-5 is required for normal breast development. Tissue sections of mammary 
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glands from 6 week old Hic-5+/- and Hic-5-/- mice were stained for Hic-5 (Supplementary 

Figure 1A). Hic-5 expression was localized to myoepithelial cells (arrowhead), tissue 

stroma (arrow) and blood vessels (asterisk). To assess whether Hic-5 plays a role in 

mammary gland development, whole mounts of mammary glands from 6-week old mice 

were analyzed, revealing that the ducts from the Hic-5-/- mice have reduced penetration 

into the fat pad (Supplementary Figure 1B,C). However, by 10-weeks of age, there was 

no significant difference in the penetration of the ducts into the fat pad (Supplementary 

Figure 1D,E), suggesting that although Hic-5 may play a role in the rate of normal 

mammary gland development, the glands are able to fully develop in the absence of Hic-

5.  

To determine if the loss of Hic-5 expression impacts mammary tumor progression 

in vivo, we utilized the Mouse Mammary Tumor Virus–Polyoma Virus Middle T-Antigen 

(MMTV-PyMT) mouse model. The MMTV-PyMT mouse model goes through similar 

stages of tumor progression as human breast cancer, including stage progression, with 

consistent biomarker expression, and therefore provides a widely accepted model to 

understand human disease19. To assess whether the lack of Hic-5 impacts tumor onset and 

growth, the tumors were monitored weekly. The onset of palpable tumor formation was 

slightly delayed, while the growth of the primary tumor was significantly reduced in the 

absence of Hic-5 (Figure 1A,B). We observed no significant difference in tumor latency 

and growth rate between the Hic-5+/+;PyMT and Hic-5+/-;PyMT mice (data not shown). 

Thus, we compared only the Hic-5-/-;PyMT mice to Hic-5+/-;PyMT mice throughout the 

study. Western blot analysis of whole tumor lysates confirmed that Hic-5 is not expressed 

in the Hic-5-/-;PyMT tumors as compared to the Hic-5+/-;PyMT tumors (Figure 1C). 
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Furthermore, western blotting for the family member, paxillin, revealed that there was no 

significant change in expression in the primary tumor (Figure 1C,D). Interestingly, 

immunohistochemical staining of tumors from the Hic-5+/-;PyMT mice revealed that Hic-

5 is not significantly expressed in tumor cells (T, inset), but strong staining was observed 

in the surrounding CAFs within the tumor stroma (S, inset) (Figure 1E). In contrast, 

paxillin staining was observed in both the stroma (S, inset) and in the tumor cells (T, 

inset) (Figure 1F).  

Immunofluorescence analysis of isolated CAFs revealed that Hic-5 and paxillin 

localize to focal adhesions (Figure 1G). Strikingly, around 45% of the Hic-5-/-;PyMT 

CAFs exhibited a profound loss of actin towards the center of the cell, while retaining 

paxillin-positive focal adhesions at the periphery (Figure 1G,H). Western blotting showed 

that while there is a modest, albeit insignificant increase in paxillin expression in the Hic-

5-/-;PyMT CAFs (Figure1I,J) it is insufficient to rescue the loss of Hic-5 function. Taken 

together, these data suggest that Hic-5 function in the CAFs is playing an indirect, non-

cell autonomous role in mammary tumor growth.  

Hic-5 deficiency leads to a reduction in α-SMA positive CAFs 

 Tumors have been described as wounds that never heal20. During wound healing, 

fibroblasts differentiate into myofibroblasts, similar to during tumor progression where 

the resident fibroblasts differentiate into highly contractile, -SMA positive CAFs4,21–23. 

Hic-5 has previously been shown to be required for myofibroblast differentiation in 

dermal fibroblasts in vitro during wound repair12,24. To determine whether genetic 

ablation of Hic-5 results in fewer -SMA positive CAFs in the tumor stroma in vivo, -

SMA staining was performed on  Hic-5+/-;PyMT and  Hic-5-/-;PyMT tumors sections 
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(Figure 2A). Quantification of the area of positive staining revealed that the Hic-5-/-PyMT 

tumors have significantly fewer -SMA positive CAFs than the heterozygotes (Figure 

2B). Furthermore, -SMA staining of isolated CAFs also showed a reduction in the 

number of -SMA positive cells derived from the Hic-5-/-;PyMT tumors (Figure 2C,D). 

Importantly, all the cells were also vimentin positive, suggesting that the cells isolated 

were indeed fibroblasts (data not shown).  

 Previous reports have also shown that Hic-5 is required for regulating cell 

contractility12,13,25. To assess if Hic-5 expression affects CAF contractility, a collagen gel 

contraction assay was performed (Figure 2E). The ability of Hic-5-/-;PyMT CAFs to 

contract the collagen gel, in the presence of serum, was significantly reduced as 

compared to the control CAFs (Figure 2F). Furthermore, the relative level of 

phosphorylation of Myosin Light Chain-2 (MLC2), a molecular readout of cellular 

contractility, was also significantly reduced in the Hic-5-/-;PyMT CAFs (Figure 2G,H). 

Taken together, Hic-5 expression/function in the tumor CAFs is necessary for their 

differentiation and enhanced cellular contractility. 

Hic-5 indirectly regulates tumor cell proliferation and signaling 

Tumor volume analysis indicated that Hic-5-/-;PyMT tumors grow slower than 

tumors in littermate controls (Figure 1B), suggesting a possible defect in tumor cell 

proliferation. Tumor sections were immunostained for Ki67, a proliferation marker, and 

EPCAM, which selectively labels epithelial cells (Figure 3A). Quantification of the 

percentage of Ki67 positive cells revealed that there is a >2-fold reduction in the number 

of proliferating tumor cells in the Hic-5-/-;PyMT tumor (Figure 3B), indicating that Hic-5 

deficiency in the stroma significantly reduces cellular proliferation in the tumor cells. 
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CAFs can indirectly regulate tumor cell growth through altered growth factor 

signaling and by remodeling the stromal matrix2,26. For example, increased ECM density 

and organization has been shown to increase FAK activity in primary tumor cells, as 

measured by elevated Y397 phosphorylation27,28.  To assess whether this signaling 

pathway is influenced by Hic-5 expression, tumor sections from Hic-5+/-;PyMT and  Hic-

5-/-;PyMT mice were immunostained for FAK pY397 and EPCAM (Figure 3C) and the 

ratio of FAK pY397 fluorescence intensity to EPCAM fluorescence was quantified. The 

intensity of FAK pY397 in the tumor cells was significantly reduced in the Hic-5-/-;PyMT 

sections (Figure 3D) and was also reduced in tumor lysates (Figure 3E,F). Interestingly, 

FAK Y397 phosphorylation was not significantly reduced in the Hic-5-/-;PyMT tumor 

stroma or the isolated CAFs (Supplementary Figure 2A-C). Active FAK regulates 

multiple cellular functions including the MAPK/ERK pathway to regulate cell 

proliferation27. To determine whether the presence of Hic-5 in the CAFs also indirectly 

impacts MAPK signaling, ERK1/2 phosphorylation was assessed by western blotting 

(Figure 3E). Quantification of ERK1/2 phosphorylation revealed a significant reduction 

in the Hic-5-/-;PyMT tumor lysates, as compared to the heterozygote (Figure 3G).  

If Hic-5 functionally regulates stroma-tumor interactions to alter tumor growth, 

then we would expect to observe no effect on proliferation rates of isolated tumor cells in 

vitro. Consistent with a non-cell autonomous model of Hic-5 function, an XTT 

proliferation assay analysis revealed no significant differences between the growth rates 

of the isolated Hic-5+/-;PyMT and Hic-5-/-;PyMT tumor cells (Figure 3H). Taken together, 

these findings further support a non-cell autonomous role for Hic-5 in the CAFs in 
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promoting tumor cell growth by increasing adhesion-dependent FAK phosphorylation 

and MAPK activity in tumor cells.  

Hic-5 expression in CAFs is required for ECM deposition and organization 

 CAFs actively synthesize, deposit and remodel the ECM to promote tumor growth 

and tumor cell invasion4. Given that the Hic-5-/-;PyMT tumors have a reduced number of 

-SMA positive CAFs (Figure 2A-D), we assessed whether the Hic-5-/-;PyMT CAFs also 

demonstrate a reduced ability to deposit and organize the tumor ECM. Tumor sections 

were stained with Masson’s trichrome to label fibrillar collagen (Figure 4A). 

Quantification of the area of positive staining showed that Hic-5-/-;PyMT tumors have a 

reduction in the total amount of fibrillar collagen (Figure 4B). Additionally, the tumor 

sections were stained for fibronectin (Figure 4C), which was also significantly reduced in 

the Hic-5-/-;PyMT tumors (Figure 4D), suggesting that Hic-5 expression in the tumor 

stroma is required for matrix deposition.  

Cell derived matrices (CDMs) are 3D structures generated by fibroblasts grown at 

high density in vitro for extended periods of time29. The resulting matrix scaffolds closely 

resemble the composition and organization of the in vivo stromal microenvironment and 

therefore provide a useful in vitro system to study matrix deposition and organization and 

subsequently how the ECM influences tumor cell invasive behavior30,31.  To assess the 

role of Hic-5 in matrix deposition and organization, in vitro, we generated 3D CDMs 

using the isolated CAFs. Immunofluorescence staining for fibronectin showed that CDMs 

assembled by the Hic-5-/-;PyMT CAFs are less dense, with more spaces between the 

fibers and of reduced thickness as compared to the CDMs generated by the heterozygote 

CAFs (Figure 4E,F). Additionally, the angle distribution () of the fibronectin fibers was 
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quantified, as previously described31, revealing that the fibers are more randomly oriented 

in the  Hic-5-/-;PyMT CAF-derived CDMs compared to control CDMs (Figure 4G). 

Furthermore, the ability of the CAFs to remodel the matrix to assemble fibronectin fibrils 

on a 2D substrate was also significantly reduced in the Hic-5-/-;PyMT CAFs (Figure 

4H,I). Importantly, the density of the CAF monolayers used to generate the CDMs was 

not significantly different between the genotypes (Supplementary Figure 3A,B). Taken 

together, these data indicate that Hic-5 expression in the CAFs is required for optimal 

ECM deposition and organization.  

Hic-5 is required to organize the matrix for optimal tumor cell migration 

The reorganization of the ECM into highly aligned fibers facilitates local invasion 

of tumor cells into the surrounding stroma in vivo6. To determine if the disorganization 

observed in CDMs from Hic-5-/-;PyMT CAFs impaired tumor cell migratory behavior, 

MDA-MB-231 cells, a highly invasive human breast cancer cell line, were plated on 

CDMs generated from the Hic-5+/-;PyMT and Hic-5-/-;PyMT CAFs (Figure 5A). MDA-

MB-231 cells typically exhibit migration plasticity, undergoing frequent transitions 

between rounded, amoeboid versus elongated, mesenchymal modes of migration32,33. The 

percentage of cells undergoing plasticity was not significantly different between the cells 

migrating in the Hic-5+/-;PyMT and Hic-5-/-;PyMT CDMs (Figure 5B). However, we 

observed a higher percentage of MDA-MB-231 cells exhibiting an amoeboid morphology 

when plated on the Hic-5-/- CDMs (Figure 5C). This suggests that the larger gaps between 

fibers in the Hic-5-/-;PyMT -generated CDMs may be more conducive to an amoeboid 

mode of motility.  
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  Further analysis of tumor cell behavior revealed that MDA-MB-231 cells 

migrating in the Hic-5+/-;PyMT CDM moved linearly along the ECM fibers, with high 

directionality, whereas the MDA-MB-231 cells that were migrating in the  Hic-5-/-;PyMT 

CDM had reduced directionality in accordance with the reduced fiber alignment (Figure 

5D,E). Interestingly, migration velocities between the MDA-MB-231 cells in the 

different CDMs were not significantly different (Figure 5F). Taken together, these data 

indicate that the Hic-5-/-;PyMT CAFs are unable to organize the deposited matrix for 

optimal tumor cell invasion.  

Hic-5 is required for tumor cell metastasis 

The organization of the stromal matrix has also been implicated in promoting 

metastasis to distant organs34. Since Hic-5 is not detectable by immunostaining in tumor 

cells, we wanted to assess whether the presence/absence of Hic-5 in other tissues, 

including the tumor stroma may still influence tumor cell invasion and metastasis. Tumor 

cells upregulate a basal gene program including expression of cytokeratin 14 (CK14) 

which serves as a useful marker of invasive cells in the primary tumor35. Accordingly, 

tumor sections were stained for CK14 and EPCAM (Figure 6A). The Hic-5-/-;PyMT 

tumors had fewer CK14 positive tumor cells at the tumor-stroma border (Figure 6B). 

Next, we quantified the number of circulating tumor cells (CTCs), which serves as a 

readout of whether the tumor cells are able to intravasate into the bloodstream. Consistent 

with the reduction in CK14 positive tumor cells, blood samples from the Hic-5-/-;PyMT 

mice had a significant reduction in the amount of CTCs (Figure 6C). Furthermore, the 

Hic-5-/-;PyMT mouse lungs had a substantial reduction in the number of metastatic 

colonies (Figure 6D). Taken together, these data suggest that the microenvironment in the 
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Hic-5-/-;PyMT tumors is less favorable for tumor cell invasion and therefore resulting in 

fewer metastases, possibly due to the reduced density and organization of the tumor 

stromal matrix.  

Discussion 

In this study, we evaluated the role of Hic-5 (TGF1i1) in breast tumor 

progression by crossing our recently generated constitutive Hic-5-/- mouse with the 

MMTV-PyMT spontaneous breast cancer mouse model. To our knowledge, this model 

provides the first evidence of a role for Hic-5 in CAF function in vivo, and accordingly a 

non-cell autonomous role for Hic-5 in promoting tumor progression and metastasis 

through regulation of CAF-mediated deposition and remodeling of the tumor-associated 

ECM.  

Stromal fibroblasts can be induced to differentiate into highly contractile CAFs 

which can promote tumor growth through remodeling the ECM and paracrine signaling4. 

TGF-β signaling through the SMAD family of proteins is required for fibroblast 

differentiation36. Previous studies in vitro have implicated Hic-5 in myofibroblast 

differentiation during hypertrophic scar formation through upregulation of a TGF-β 

autocrine loop12. Consistent with this study, we found that there is a reduction in the 

amount of -SMA positive CAFs in the Hic-5-/-;PyMT tumor stroma in vivo (Figure 2A-

D), suggesting that Hic-5 is required for fibroblast differentiation into CAFs, possibly 

through its direct interactions with SMAD3 and SMAD737,38. TGF-β can also serve as a 

potent inducer of an epithelial-mesenchymal transition (EMT) to promote tumor cell 

invasion39. Interestingly, Hic-5 expression has previously been shown to be required for 

cultured epithelial cells to undergo a TGF-β-induced EMT and subsequent invadopodia 
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formation to acquire an invasive phenotype17,18. However, in the current study we did not 

observe detectable levels of Hic-5 in the tumor cells, suggesting that Hic-5 upregulation 

in the tumor cells is not required for invasion in this system.  Further analysis into how 

Hic-5 may regulate TGF-β production and activity in CAFs and tumor cells will provide 

mechanistic insight into how Hic-5 may influence stromal/tumor cell crosstalk.  

Mechanical feedback loops between the fibroblasts and the ECM promote normal 

tissue homeostasis through the regulation of intracellular contractility, to exert equal and 

opposing forces on the ECM40. However, changes in ECM density during tumor 

progression, or increased fibroblast contractility, can promote the upregulation of ECM 

gene expression, leading to the enhanced deposition and remodeling of the ECM41–43. 

Accordingly, in the absence of Hic-5, we observed reduced collagen and fibronectin 

deposition within the tumor stroma (Figure 4A-D). Furthermore, the isolated Hic-5-/-

;PyMT CAFs exhibited a loss of central focal adhesions and stress fibers (Figure 1G,H), 

were less contractile (Figure 2E-H) and were unable to efficiently assemble fibronectin 

fibers on their cell surface as compared to controls (Figure 4H,I). However, CAFs can 

also remodel the stromal matrix through force-independent mechanisms including 

secretion of matrix metalloproteinases (MMPs), which degrade the ECM, or lysyl 

oxidases, promoting the crosslinking of collagen fibers and thereby contributing to 

increased tissue rigidity9,44. Accordingly, Hic-5 has been implicated in regulating MMP 

expression and activity in an abdominal aortic aneurysm model using an independently 

generated Hic-5-/- mouse45. Thus, Hic-5 may contribute to stromal matrix organization 

during tumor progression via both a force-dependent mechanism involving focal 
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adhesion maturation and stress fiber formation and through force-independent 

mechanisms46.  

ECM remodeling often results in a stiffer, more organized matrix that has been 

shown to enhance integrin-mediated signaling by increasing FAK activity to promote 

tumor cell growth and invasion28. It is noteworthy that the tumor cells, unlike the 

surrounding stroma, in the Hic-5-/-;PyMT tumors exhibited reduced FAK Y397 

phosphorylation (Figure 3C-E) and suppressed ERK1/2 activation, which could therefore 

account for the reduced proliferation measured in the Hic-5-/-;PyMT tumor. In many cell 

types, Hic-5 and its homologue, paxillin, compete for FAK binding to regulate 

downstream effectors47. However, since Hic-5 is not expressed in the tumor cells, paxillin 

may be the predominant scaffold for FAK to regulate downstream MAPK signaling. It 

will be important in future studies to define the respective roles of Hic-5 and paxillin in 

CAFs versus tumor cells and to delineate the overlapping and distinct functions of these 

closely related focal adhesion proteins in breast tumorigenesis.  

The Hic-5-/-;PyMT CAFs assembled a less dense and more disorganized 3D-CDM 

in vitro as compared to control CAFs (Figure 4E). Using the generated CDMs as a model 

to study in vivo matrix density and organization on tumor cell behavior, we observed that 

the MDA-MB-231 cells did not persistently migrate in the Hic-5-/-;PyMT CDM while 

adopting a primarily amoeboid mode of migration (Figure 5C,E)48. We speculate that the 

reduction in circulating tumor cells and metastasis observed in the Hic-5-/-;PyMT mouse 

is likely due to a non-cell autonomous effect of Hic-5 expression in CAFs on tumor cell 

invasion (Figure 6).   
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Taken together, our study identifies a key role for Hic-5 in tumor malignancy 

through regulation of the tumor microenvironment and supports emerging findings that 

targeting stromal ECM composition in addition to the tumor itself may be a valid avenue 

for future therapeutic approaches. It will therefore be important in future studies to 

understand the mechanism by which Hic-5 regulates matrix synthesis and organization. 

Material and Methods 

Animals 

All mouse experiments were performed in compliance with protocols approved by 

SUNY Upstate Medical University IACUC. Hic-5 floxed (Hic5F/F) mice were generated 

by the Gene Targeting and Transgenic Facility of the University of Connecticut 

(Farmington CT, USA). The targeting vector was constructed such that exons 2-7 of Hic-

5 Ensembl transcript, ENSMUST000000167965, were flanked with loxP sites. A Frt-

PGK1-Neo-Frt positive selection cassette was inserted 3’ to exon 7. The targeting vector 

was introduced into 129/SvEv embryonic stem cells and homologous recombination was 

confirmed by G418 positive selection and Gangcyclovir negative selection. Embryonic 

stem cell aggregation was performed with CD1 morula and the resulting chimeric mice 

were screened for germline transmission of the targeting vector. The germline chimeric 

Hic-5+/F mice were then bred to ROSA26-Flp mice to remove the PGK1-Neo 

cassette.  The resulting Hic-5 floxed mice were then crossed to transgenic HPRT-Cre 

mice to generate germline deletion of exons 2-7 of Hic-5 producing the Hic5 knockout 

allele. Hic-5+/- mice were then maintained by backcross to C57BL/6J and intercrossed to 

generation homozygote mutants. The Hic-5-/-;PyMT mice were maintained on a mixed 

genetic background (C57BL/6J and FVB/N). MMTV-PyMT mice were FVB/N and were 
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obtained from Jackson Labs (Bar Harbor, ME). Mice were classified as endpoint when 

they either reached 14 weeks of age or when any tumor reached 2 cm3, whichever came 

first. 

Tumor latency and growth analysis 

Female mice carrying the PyMT transgene were grouped according to genotype 

and were palpated weekly to determine the age of tumor onset. The long and short axis of 

the tumors were measured weekly using digital calipers. Tumor volume was calculated 

using the following formula: Volume=(Short axis2)x(Long axis/2). Sample sizes were 

determined by prior experience using the PyMT mouse model49. 

Mammary gland whole mounts 

The 4th inguinal mammary gland was excised, spread on a glass slide and fixed in 

Kahle’s fixative for 4 hours at room temperature. The glands were rehydrated through a 

series of decreasing concentrations of ethanol and incubated in carmine alum solution 

overnight at room temperature. The tissue is dehydrated through increasing 

concentrations of ethanol and the adipose tissue was cleared in xylene. Images were taken 

on an Olympus CHBS dissecting microscope equipped with a Canon Rebel T3i EOS 

600D camera. The total number of branches, terminal end buds, and the penetrance of the 

ductal tree into the fat pad was measured using ImageJ. 

Tumor Cell and CAF Isolation 

Cancer associated fibroblasts (CAFs) were collected as a byproduct of a tumor 

organoid preparation, as previously described51. Briefly, tumors were minced and 

incubated in digestion media (50:50 DMEM:F12, 5% FBS, 5µg/mL Insulin, 50µg/mL 

Gentamycin, 2mg/mL collagenase, 2mg/mL trypsin) for 30 minutes at 37oC. The cells 
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were centrifuged at 400xg for 10 minutes followed by incubation with 80U of DNase. 

Differential centrifugation was performed to separate the single CAF cells from tumor 

organoids. CAFs and tumor cells were then maintained in PyMT media (50:50 

DMEM:F12 supplemented with 10% FBS, 2mM L-glutamine, and 10 I.U. 

penicillin/10µg/mL streptomycin), at 5% CO2 and 37oC. The cells were routinely tested 

for mycoplasma by assessing DAPI staining.  

Antibodies and Reagents 

 

Immunohistochemistry and immunofluorescence 

Tumor sections from endpoint mice were fixed in 4% paraformaldehyde in PBS, 

embedded in O.C.T. and sectioned. Sections were washed in PBS and blocked in 10% 
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normal goat serum (NGS) for 2 hours. Antibodies were diluted in 10% NGS, washed in 

PBS+0.1% TX-100 (PBST), followed by incubation with secondary antibody for 2 hours. 

The slides were washed in PBST, stained with DAPI, and mounted. Sections were 

imaged using a Zeiss Axioskop2 plus microscope fitted with a Q imaging EXi Blue CCD 

camera using a Plan-Apochromat 20X/0.75 NA objective. Immunofluorescence staining 

of cells was performed as previously described13.  

Collagen contraction assay 

Bovine collagen I (Purecol, Advanced Biomatrix, San Diego, CA) was mixed 

with 1/10th the volume of 10x MEM and brought up to pH 7.0-7.5 using 0.1M NaOH. 

Two x105 Hic-5+/-;PyMT or Hic-5-/-;PyMT CAFs were embedded into a 500µl collagen 

gel and polymerized at 37oC. The collagen gels were detached from the tissue culture 

plastic and either serum free PyMT media or PyMT media supplemented with 10% FBS 

was incubated with the gel. The percentage that the gel contracted was determined by 

measuring the diameter of the collagen gels before (0hr) and after (24hr) FBS addition.   

Cell derived matrix generation and migration analysis 

Three-dimensional CDMs Three-dimensional CDMs were generated as 

previously described13. Briefly, glass coverslips, Matek, or 6-well dishes were coated 

with 0.2% gelatin for 1 hour at 37oC. The gelatin on the glass coverslips and Matek 

dishes was crosslinked using 1% glutaraldehyde (vol/vol) for 20 minutes then quenched 

with 1M glycine (wt/vol) for 15 minutes at room temperature. The coverslips were 

incubated in complete PyMT media then 5x104 CAFs were plated onto the glass 

coverslips or 2.5x105 per 6-well and Matek dish. The CAFs were maintained as a 

confluent monolayer for 10 days with media changed every two days supplemented with 
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50mM L-ascorbic acid. The CAFs were denuded by incubation with extraction buffer 

(0.5% TX-100 and 20mM NH4OH in PBS) for 5 minutes at 37oC then washed 

extensively in PBS with calcium and magnesium. 

The thickness of the generated CDMs was measured using a Leica SP5 scanning 

confocal with a HCX PL APO 63×/1.40–0.60 OIL λ BL objective. The orientation of the 

fibronectin stained fibers was quantified using the OrientationJ plugin for ImageJ52. The 

modal angle, as defined as the angle that had the highest percentage of fibers oriented, 

was set to 0 to allow for direct comparison between images.  

For migration analysis, parental MDA-MB-231 human breast cancer cells 

(ATCC) were seeded into the generated CDMs for 4 hours in the presence of serum. 

After 4 hours, time lapse imaging was performed on a Nikon TE2000 microscope 

equipped with an environmental chamber and imaged using a HCX Plan Fluotar 10×/0.30 

NA objective with images taken every 10 minutes for 16 hours. The percentage of cells 

exhibiting plasticity was assessed by scoring the number of cells undergoing at least one 

amoeboid to mesenchymal phenotypic switch. The Manual tracking plugin in ImageJ was 

used to track the cell centroid over the length of the movie. The Chemotaxis and 

Migration plugin in ImageJ was used to calculate directionality and migration velocity.  

Fibronectin clearing assay 

 CAFs were plated onto 10µg/mL fibronectin coated glass coverslips and allowed 

to spread/clear the fibronectin matrix for 4 hours. Images of the cells were acquired using 

a Leica SP5 scanning confocal with a HCX PL APO 63×/1.40–0.60 OIL λ BL objective. 

Area of fibronectin fibers was quantified relative to the cell area using ImageJ. 
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XTT assay 

 Tumor cells were plated 24 prior to incubation with XTT reagent in a 96-well 

dish. The XTT reagent was mixed with phenazine methosulfate immediately before 

labeling cells and incubated for 2 hours at 37oC and 5% CO2. The 450nm absorbance was 

measured using a Molecular Devices Emax Precision Microplate Reader.  

Isolation of Circulating Tumor Cells 

Blood was collected via cardiac puncture of end point mice using heparin sulfate 

as an anticoagulant. Red blood cells (RBCs) were lysed with RBC lysis buffer (10X 

stock: 150mM NH4Cl, 10mM NaHCO3, 1mM EDTA). Cells were centrifuged at 250xg 

for 7 minutes, washed in 2% FBS in PBS, and centrifuged at 50xg for 5 minutes. The 

pellet was resuspended in 500L PyMT media and added to an 8µm transwell filter and 

centrifuged at 50xg for 1 minute. The cells remaining on the filter were harvested and 

counted using a Biorad TC20 Automated Cell Counter with the size gated from 9µm to 

40µm.  

In vivo metastasis quantification 

Lungs from endpoint mice were fixed in 10% formalin and embedded in paraffin. 

Ten micron sections were collected every 250µm and stained using standard H&E. The 

total number of lung metastases on each section were summed to determine the total 

number of colonies.  

Statistical Analysis 

All data were analyzed using a two-sided Student’s T-tests using Microsoft Excel 

or GraphPad Prism software. All data are generated from at least 3 independent mice or 
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experiments. Statistical significance is indicated by * p<0.05. All error bars represent 

standard error of the mean.  

Conflict of Interest 

 The authors declare no conflict of interest. 

Acknowledgements 

We thank members of the Turner lab for critical reading of this manuscript and 

for insightful discussions. We are grateful to Ian Forsythe for the mouse genotyping and 

additional technical assistance. We also thank Nicholas Deakin for his assistance in 

isolating CTCs. This work was supported by the National Institutes of Health Grant R01 

CA163096 and R01 GM47607 to C.E.T. R01 NS066071 to E.C.O. and C.E.T., R01 

DK083345 to M.K., and the Carol M. Baldwin Breast Cancer Research Fund of CNY 

awards to C.E.T. and M.K.  

 

Supplementary information accompanies the paper on the Oncogene website 

(http://www.nature.com/onc) 

 

 

 

 

 

 

 

 

 



74 
 

Figure 1 
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Figure 1 - Hic-5 expression in the stroma is necessary for tumor growth.  

A) Age of Hic-5+/-;PyMT or Hic-5-/-;PyMT mice when the first tumor was palpated. 

Average latency for Hic-5+/-;PyMT mice is 51.6 days and 59.6 days for the Hic-5-/-;PyMT 

mice. n=43 Hic-5+/-;PyMT mice, n=23 Hic-5-/-;PyMT mice. B) Tumor volume is 

significantly reduced in the Hic-5-/- mice. n=36 Hic-5+/-;PyMT mice, n=18 Hic-5-/-

;PyMT mice. (C) Representative western blots of Hic-5 and paxillin staining.  (D) 

Quantification of the relative paxillin expression in whole tumor lysates. n=3 mice of 

each genotype. E) Representative immunohistochemistry of Hic-5 staining in tumors 

from endpoint PyMT mice. The inset shows Hic-5 staining in the stroma (S), but not in 

the tumor cells (T). n=3 mice of each genotype. (F) Representative paxillin staining in 

tumors from endpoint mice. Inset shows greyscale image of paxillin staining in the 

stroma (S) and the tumor cells (T). n=3 mice of each genotype, scale=25µm. (G) 

Representative staining of Hic-5 and paxillin in isolated CAFs. n=3 independent 

experiments.  (H) Quantification of percentage of cells with a loss of central actin stress 

fibers. (I) Western blotting of Hic-5 and paxillin in lysates derived from the CAFs and (J) 

quantification of the relative paxillin expression. n=4 independent experiments. The data 

represent the mean ± S.E.M., * p<0.05. 
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Figure 2 
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Figure 2 - Hic-5 is required for CAF differentiation and contractility.  

A) Representative sections of tumors from endpoint mice, immunostained for -SMA 

(dark brown) and hematoxylin (purple). (B) Quantification of the area of -SMA positive 

cells. n=4 mice of each genotype. The slides were blinded prior to analysis. C) Isolated 

CAFs were stained for -SMA and the resulting quantification (D) of the percentage of 

-SMA positive cells. n=3 independent experiments E) Collagen gel contraction assay 

with Hic-5+/-;PyMT and Hic-5-/-;PyMT CAFs and subsequent quantification (F) of the 

percentage that the gel contracted. n=3 independent experiments. G) Western blotting for 

pMLC and (H) quantification of the relative level of MLC phosphorylation. n=4 

independent experiments. The data represent the mean ± S.E.M. * p<0.05. 
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Figure 3 

 

 

 

 

 



79 
 

Figure 3 - Hic-5 expression in CAFs indirectly regulates tumor cell growth and 

signaling.  

A) Representative sections from end point tumors stained with Ki67. B) Quantification of 

the percentage of Ki67 and EPCAM positive cells. n=4 mice for each genotype. The 

slides were blinded prior to analysis. C) Representative sections of end point tumors 

stained for FAK pY397 and EPCAM. The inset shows reduced FAK pY397 fluorescence 

intensity in the Hic-5-/-;PyMT tumor cells, scale=25µm. D) Quantification of the ratio of 

mean fluorescence intensity (M.F.I.) of FAK pY397 and EPCAM, n=3 mice for each 

genotype. E) Representative western blots of whole tumor lysates and subsequent 

quantification of (F) FAK Y397 and (G) ERK 1/2 phosphorylation. n=3 mice of each 

genotype (H) Cell proliferation in vitro was assessed using an XTT assay. n=3 

independent experiments. The data represent the mean ± S.E.M. * p<0.05. 
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Figure 4 
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Figure 4 - Hic-5 expression in the CAFs is required for matrix deposition and 

organization.  

A) Representative tumor sections stained with Masson’s trichrome to label fibrillar 

collagen. B) Quantification of the area of collagen (blue) staining using color 

thresholding in ImageJ, n=4 mice of each genotype. The slides were blinded prior to 

analysis. C) Tumor sections stained for fibronectin and (D) quantification of the area of 

positive staining, n=3 mice of each genotype. E) Representative fibronectin staining of 

3D-cell derived matrices (CDMs) F) Thickness measurements of fibronectin stained 

CDMs measured using confocal microscopy. n=3 independent experiments. G) Fiber 

angle distribution measurements using the OrientationJ plugin for ImageJ. The angle 

distribution of the fibers was quantified by setting the modal angle, as defined as the 

angle with the highest percentage of fibers aligned, to 0o to allow direct comparison 

between samples. The data bars represent the percentage of fibers at the indicated angle. 

n=4 independent experiments (H) Representative images of CAFs plated onto fibronectin 

coated glass. The arrow shows fibronectin fiber organization on Hic-5+/- CAF (I) 

Quantification of the area of fibrillar fibronectin relative to the cell area. n=3 independent 

experiments. The data represent the mean ± S.E.M. * p<0.05. 
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Figure 5 
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Figure 5 - The Hic-5-/-;PyMT CDM organization influences tumor cell migration 

behavior 

 A) Representative images of MDA-MB-231 cells migrating in CDMs generated from 

Hic-5+/-;PyMT and  Hic-5-/-;PyMT CAFs stained for actin (red) and fibronectin (green). 

B) Quantification of the percentage of cells that underwent at least one morphology 

change (plasticity) during the duration of the movie. C) Quantification of the percentage 

of cells adopting a predominately round, amoeboid phenotype. D) Representative tracks 

of MDA-MB-231 cells migrating in the Hic-5+/-;PyMT and Hic-5-/-;PyMT CDMs. (E) 

Quantification of the cell directionality and (F) cell velocity. n=4 independently 

performed experiments. The data represent the mean ± S.E.M. * p<0.05. 
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Figure 6 
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Figure 6 - Mice lacking Hic-5 have reduced metastasis to the lungs.  

A) Representative sections from Hic-5+/-;PyMT and Hic-5-/-;PyMT tumors stained for 

CK14 and EPCAM. B) The area of CK14 staining was quantified, n=4 mice of each 

genotype C) Quantification of the number of circulating tumor cells in the blood. n= 4 

mice for Hic-5+/-, n=7 mice for Hic-5+/-;PyMT and n=5 mice for Hic-5-/-;PyMT. D) The 

total number of metastatic colonies were manually counted from sections taken every 

250µm through of the entire lung, n=6 mice of each genotype. The data represent the 

mean ± S.E.M. * p<0.05. 
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Supplementary Figure 1
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Supplementary Figure 1 - Hic-5 is required for normal mammary gland 

development.  

A) Representative immunohistochemistry of Hic-5+/- and Hic-5-/- mammary glands. The 

dark brown reveals areas of Hic-5 immunoreactivity while hematoxylin (purple) was 

used as a tissue counterstain. The arrowhead indicates positive Hic-5 staining in the 

myoepithelial cells. The arrow indicates positive staining of the stromal fibroblasts, n=3 

mice of each genotype. (B) Representative carmine alum stained whole mounts of 

mammary glands from 6-week old mice (C). Quantification of the distance that the ducts 

penetrated into the fat pad, n=6 mice of each genotype. (D) Representative carmine alum 

stained whole mounts of mammary gland from 10-week old mice. (E) Quantification of 

the distance that the mammary ducts penetrated into the fat pad, n=4 mice for each 

genotype. Error bars are represented as S.E.M. and Student’s T-tests were performed to 

analyze statistical significance, * p<0.05. 
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Supplementary Figure 2 

Supplementary Figure 2 - Hic-5 depletion in CAFs does not significantly affect FAK 

Y397 phosphorylation. 

 A) Quantification of the M.F.I. of FAK pY397 in the tumor stroma relative to the tumor 

cell, EPCAM M.F.I., n=3 mice for each genotype. B) Representative western blots of 

CAF lysates and (C) quantification of FAK Y397 phosphorylation, n=3 independent 

experiments. The data represent the mean ± S.E.M. and Student’s T-Tests were 

performed to analyze statistical significance, * p<0.05. 
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Supplementary Figure 3 

 

Supplementary Figure 3 - Assessment of CAF monolayer during CDM generation 

(A) Representative images of the CAF monolayers used to generate the CDMs. (B) 

Quantification of the number of DAPI+ nuclei per 10x field. n=3 independent 

experiments. Error bars are represented as S.E.M. and Student’s T-tests were performed 

to analyze statistical significance, * p<0.05. 
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Abstract 

 

The linearization of the stromal extracellular matrix (ECM) by cancer associated 

fibroblasts (CAFs) facilitates tumor cell growth and metastasis. However, the mechanism 

by which the ECM is remodeled is not fully understood. Hic-5 (TGFβ1i1), a focal 

adhesion scaffold protein, has previously been reported to be crucial for stromal ECM 

deposition and remodeling in vivo. Herein we show that CAFs lacking Hic-5 exhibit a 

significant reduction in the ability to form fibrillar adhesions, a specialized form of focal 

adhesion that promote fibronectin fibrillogenesis. Hic-5 was found to promote fibrillar 

adhesion formation through a newly characterized interaction with tensin1. Furthermore, 

Src dependent phosphorylation of Hic-5 facilitated the interaction with tensin1 to prevent 

β1 integrin internalization and trafficking to the lysosome. The interaction between Hic-5 

and tensin1 was mechanosensitive, promoting fibrillar adhesion formation and 

fibronectin fibrillogenesis in a rigidity dependent fashion. Importantly, this Src dependent 

mechanism was conserved in three-dimensional (3D) ECM environments. 

Immunohistochemistry of tensin1 showed enrichment in CAFs in vivo, which was 

abrogated upon deletion of Hic-5. Analysis of publicly available datasets revealed that 

Hic-5 expression was increased in human breast tumor stroma in invasive ductal 

carcinoma. Furthermore, upregulation of Hic-5 and tensin1 in CAFs isolated from 

HER2+ human breast tumors correlated with reduced patient survival. Thus, we have 

identified Hic-5 as a crucial regulator of ECM remodeling in CAFs by promoting fibrillar 

adhesion formation through a novel interaction with tensin1.  
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Introduction 

Mammographic dense breast tissue correlates with increased risk of developing 

cancer and worse patient outcomes(1). Increased tissue rigidity from extracellular matrix 

(ECM) accumulation in the stroma causes enhanced tumor cell growth and the 

linearization of collagen fibers at the tumor/stroma boundary is a key step in promoting 

tumor cell invasion and metastasis(2). Non-transformed fibroblasts actively convert 

mechanical signals from the ECM into biochemical signals in order to exert an opposing 

contractile force on the ECM through a process termed tensional homeostasis(3).  

However, alterations in this mechanism cause a hyperactive mechanical feedback loop, 

which promote fibroblasts to differentiate into cancer associated fibroblasts (CAF) 

resulting in enhanced contractility, ECM deposition and linearization to promote a 

favorable invasive microenvironment for the tumor cells(4). Targeting this ability of the 

CAFs to deposit and remodel the stromal ECM may provide novel therapies for treating 

breast cancer.  

Mechanical signaling is mediated through focal adhesions, a collection of scaffold 

and signaling proteins that accumulate via interaction with integrins to provide a physical 

link between the actin cytoskeleton and the ECM to regulate cell signaling, actin 

dynamics and gene expression(5). Fibroblasts can generate specialized adhesions, termed 

fibrillar adhesions, when plated onto fibronectin-rich environments that are characterized 

as being tensin1-rich, phosphotyrosine poor and by the presence of the α5β1 integrin 

heterodimer(6). During fibrillar adhesion formation, α5β1 integrins translocate 

centripetally from stationary αvβ3 integrin-rich focal adhesions(7). Furthermore α5β1 
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integrins engage with fibronectin and induces conformational changes to generate a 

fibrillar matrix in an actomyosin dependent manner(8). 

Hic-5 (TGFβ1i1) is a paxillin family member that functions as a molecular 

scaffold to coordinate numerous molecular interactions and regulate Rho GTPase 

signaling(9, 10). Furthermore, tyrosine phosphorylation of Hic-5 by FAK and Src family 

kinases provides additional docking sites for the phosphotyrosine binding SH2 domains 

of other signaling components(11, 12). We have previously reported that the loss of Hic-

5 in CAFs, in the well-established polyoma middle T antigen (PyMT) breast tumor 

mouse model, results in their impaired ability to efficiently deposit and remodel the 

stromal ECM(13). Nevertheless, the mechanism by which Hic-5 regulates ECM 

remodeling in this context is yet to be determined. 

Herein, we have identified Hic-5 as a crucial regulator of fibrillar adhesion 

formation through a newly characterized interaction with tensin1. Furthermore, Src 

dependent phosphorylation of Hic-5 was found to be required to promote the interaction 

with tensin1. Importantly, we found this phosphorylation-dependent mechanism to be 

conserved in 3D ECM environments. The loss of Hic-5 in the PyMT breast tumor model 

results in the reduced enrichment of tensin1 in CAFs, in vivo. Furthermore, Hic-5 and 

tensin1 expression in human breast tumors correlated with reduced patient survival. This 

novel interaction between Hic-5 and tensin1 may represent a key signaling mechanism 

required for stromal ECM remodeling in vivo during human breast tumor progression. 
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Results 

Hic-5 is required for fibrillar adhesion formation 

The well-characterized PyMT mouse model undergoes similar stages of tumor 

progression as the human disease, with a high incidence of metastasis to the lung(14). 

These characteristics make this model a useful tool to understand human disease 

progression. We have previously reported a role for Hic-5 in CAFs to promote ECM 

deposition and remodeling, in vivo(13). In contrast, CAFs derived from the Hic-5 -/- 

PyMT tumors were not able to efficiently assemble a fibronectin matrix in 2D and 3D 

environments(13).  To understand the mechanism that Hic-5 uses to regulate fibronectin 

fibril assembly, we initially assessed the distribution of fibrillar adhesions. Fibrillar 

adhesions are characterized as being rich in tensin1 and have relatively low 

phosphotyrosine (pY) levels. Accordingly, tensin1 localized to fibrillar adhesions in the 

Hic-5 +/- CAFs (Figure 1A, arrow). Furthermore, the Hic-5 -/- CAFs exhibited a 

profound loss of central tensin1-rich, pY-poor fibrillar adhesions (Figure 1A,B). 

However, tensin1 was still able to localize to peripheral focal adhesions in the Hic-5 -/- 

CAFs (Figure 1A, inset). Furthermore, transient knockdown of Hic-5 in Human Foreskin 

Fibroblasts (HFF) showed a similar reduction in the amount of fibrillar adhesions 

(Supplementary Figure 1), suggesting that Hic-5 plays a key role in fibrillar adhesions 

formation in other cell types. Western blotting of the Hic-5 -/- CAFs showed a significant 

reduction in tensin1 protein expression (Figure 1C,D). The localization and expression of 

other FA proteins including talin and ILK were not significantly affected by the absence 

of Hic-5 (Supplementary Figure 2). Importantly, overexpression of GFP-Hic-5 wild-type 

(WT) in the Hic-5 -/- CAFs partially rescued the ability of these cells to form fibrillar 
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adhesions (Figure 1E,F). Together, these data identify a novel and conserved role for Hic-

5 in regulating fibrillar adhesion formation in both normal fibroblasts and CAFs.  

Hic-5 interacts with tensin1 to promote fibrillar adhesion maturation 

 Tensin1 is crucial for α5β1 integrin translocation from focal adhesions to form 

fibrillar adhesions (7). Hic-5 is also required for fibrillar adhesion formation (Figure 1A) 

and given that Hic-5 and tensin1 colocalize in fibrillar adhesions (Figure 1E), we 

hypothesized that Hic-5 and tensin1 may directly interact which was subsequently tested 

using an in situ proximity ligation assay (PLA).  Distinct clusters of PLA spots were 

observed in the Hic-5 +/- CAFs at the ends of stress fibers, indicative of an association 

with focal adhesions (Figure 2A, inset 1). Furthermore, PLA spots were also observed 

towards the center of the cell, consistent with fibrillar adhesion localization in these cells 

(Figure 2A, inset 2). Importantly, only background levels of PLA spots were observed 

between Hic-5 and tensin1 antibodies in the Hic-5 -/- CAFs comparable to an isotype 

antibody control (Figure 2A,B). Additionally, endogenous Hic-5 and tensin1 were both 

co-immunoprecipitated in the Hic-5 +/- CAFs (Figure 2C,D), figure demonstrating an 

association between these two proteins.   

 The Hic-5 -/- CAFs exhibited a significant reduction in tensin1 expression (Figure 

1C). To determine if tensin1 is sufficient to form fibrillar adhesions in the absence of 

Hic-5, tdTomato-tensin1 was overexpressed in the Hic-5 +/- and Hic-5 -/- CAFs (Figure 

2E). Quantification of the area of fibrillar adhesions revealed no significant change in the 

both Hic-5 +/- CAFs and Hic-5 -/- CAFs following overexpression of tdTomato-tensin1 

(Figure 2F), suggesting that tensin1 is not sufficient to rescue FB in the absence of Hic-5. 

Furthermore, to assess if Hic-5 is sufficient to generate fibrillar adhesions in the absence 



101 
 

of tensin1, RNAi-mediated knockdown of tensin1 was performed (Figure 2G,H).  

Importantly, Hic-5 expression was not affected when tensin1 is knocked down (Figure 

2G). Using β1 integrin as a marker of fibrillar adhesions, the tensin1 RNAi treated CAFs 

had a significant reduction in the amount of fibrillar adhesions (Figure 2I,J). Taken 

together, these data support a role for Hic-5 in mediating fibrillar adhesion formation in 

CAFs through a direct interaction with tensin1.  

Hic-5 and tensin1 interact through a phosphorylation dependent mechanism 

Src phosphorylation of the β1 integrin cytoplasmic tail NPxY motif promotes 

talin dissociation to favor the interaction with tensin1 in order to form fibrillar 

adhesions(15, 16). Tensin1 contains an SH2 domain that interacts with proteins that are 

tyrosine phosphorylated (17). Src also phosphorylates Hic-5, providing a potential 

mechanism to recruit tensin1 to form fibrillar adhesions(11). Treatment of the Hic-5 +/- 

CAFs with the Src inhibitor, PP2 caused a dramatic reduction in the amount of fibrillar 

adhesions (Figure 3A,B). Importantly, PLA between Hic-5 and phosphotyrosine (pY) 

antibodies revealed phosphorylated Hic-5 at the ends of stress fibers and towards the 

center of the cell (Figure 3C). Conversely, treatment of the Hic-5 +/- CAFs with the Src 

inhibitor resulted in a loss PLA spots between Hic-5 and pY antibodies as compared to 

vehicle treated cells (Figure 3C,D), indicating that Hic-5 is phosphorylated in a Src 

kinase-dependent manner. To determine whether the Hic-5-tensin1 interaction is also Src 

phosphorylation dependent, PLA was performed between Hic-5 and tensin1 on Hic-5 +/- 

CAFs treated with vehicle or PP2 (Figure 3E). Robust PLA spots were clustered at the 

ends of actin stress fibers in vehicle-treated CAFs (Figure 3E). However, treatment of 

Hic-5 +/- CAFs with the Src inhibitor resulted in a dramatic loss of PLA spots between 



102 
 

Hic-5 and tensin1, as compared to vehicle treated cells (Figure 3E,F), demonstrating that 

the interaction between Hic-5 and tensin1 is Src-kinase dependent.  

To determine whether tensin1 binds preferentially to phosphorylated Hic-5, PLA 

analysis was performed on Hic-5 -/- CAFs re-expressing GFP-Hic-5 WT or the non-

phosphorylatable GFP-Hic-5 Y38/60F mutant(11). Interestingly, there was a significant 

reduction in the number of PLA spots between Hic-5 Y38/60F and tensin1, suggesting 

that tensin1 interaction with Hic-5 requires Y38 and/or Y60 phosphorylation (Figure 

3G,H). Furthermore, overexpression of GFP-Hic-5 Y38/60F in the Hic-5 -/- CAFs was 

not able to rescue fibrillar adhesion formation, as compared to GFP-Hic-5 WT 

overexpressing cells (Figure 3I,J), suggesting that Hic-5 phosphorylation is required for 

this process.  

Hic-5 is required for Beta 1 integrin stability on the cell surface. 

Tensin1 directly interacts with the actin cytoskeleton and the β1 integrin tail, 

which stabilizes β1 integrin on the cell surface(18, 19). Given this stabilizing role for 

tensin1, we assessed the distribution of β1 integrin. Using an antibody that recognizes the 

active form of β1 integrin (9EG7), Hic-5 +/- CAFs showed robust staining in central, 

tensin1-containing fibrillar adhesions and peripheral focal adhesions (Figure 4A). 

However, analysis of the Hic-5 -/- CAFs showed that while active β1 integrin is still able 

to localize to peripheral focal adhesions, the majority of its distribution was cytoplasmic 

(Figure 4A,B). Time-lapse imaging of Hic-5 +/- and Hic-5 -/- CAFs was performed to 

assess whether the focal adhesions were disassembling at a faster rate which could 

account for the increased cytoplasmic β1 integrin distribution. Quantification of the 

disassembly rate and lifetime of peripheral and central associated adhesions in the Hic-5 
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+/- CAFs showed that the peripheral adhesions disassembled faster than central adhesions 

albeit the overall lifetime was not significantly different (Figure 4C,D). Similar 

measurement in the Hic-5 -/- CAFs revealed that both peripheral and centrally-associated 

adhesions disassembled twice as fast (Figure 4C) and the overall lifetime of the adhesions 

in the Hic-5 -/- CAFs was significantly reduced (Figure 4D), suggesting that integrin 

complexes are being internalized at a faster rate. 

 β1 integrin is internalized and trafficked through endosomal compartments to be 

recycled back to the cell surface or sent to the lysosome for degradation(20). Western 

blotting showed a significant reduction in total β1 integrin expression in the Hic-5 -/- 

CAFs lysates (Figure 4E,F). Furthermore, there was a distinct reduction of the mature, 

125 kDa band of β1 integrin in these cells suggesting that the protein was being turned 

over rapidly(21). Indeed, the cytoplasmic distribution of β1 integrin in the Hic-5 -/- CAFs 

was found to be localized preferentially with LAMP-1 positive lysosomes (Figure 4G,H). 

Additionally, treatment of the Hic-5 -/- CAFs with the lysosomal inhibitor, chloroquine, 

significantly increased the ratio of mature to immature β1 integrin in the Hic-5 -/- CAFs 

(Figure 4I,J). Therefore, Hic-5 expression suppresses β1 integrin internalization and 

degradation to facilitate the formation of fibrillar adhesions.  

The Hic-5-tensin1 interaction is mechanosensitive  

Biomechanical signals from the ECM are transduced through integrin complexes 

to sense and respond to the changes in ECM composition and rigidity(4). Interestingly, 

previous reports have shown that both Hic-5 and tensin1 are mechanosensors(22-24). To 

determine whether substrate rigidity influenced the Hic-5 and tensin1 interaction, PLA 

was performed on Hic-5 +/- CAFs plated onto glass (hard) and a soft (~1kPa) PDMS 
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substrate (Figure 5A). Quantification of the number of PLA spots revealed a significant 

reduction between Hic-5 and tensin1 in cells plated on soft substrates (Figure 5B). 

Accordingly, we also observed a significant reduction in the amount of fibrillar adhesions 

when Hic-5 +/- CAFs are plated on soft substrates (Figure 5C,D), showing that fibrillar 

adhesion formation requires increased substrate rigidity. Furthermore, the Hic-5 -/- CAFs 

were not able to sense the changes in rigidity to generate fibrillar adhesions as compared 

to the control CAFs (Figure 5C,D). The ability of the Hic-5 +/- CAFs to assemble 

fibronectin into fibers on the cell surface was also significantly reduced when they were 

plated on soft PDMS (Figure 5E,F). However, Hic-5 -/- CAFs were unable to efficiently 

assemble fibronectin fibers on either hard or soft substrates, consistent with their inability 

to generate fibrillar adhesions (Figure 5E,F). Taken together, the Hic-5 and tensin1 

interaction is driven by increased substrate rigidity to promote fibrillar adhesion 

formation and fibronectin fibrillogenesis. 

Src dependent Hic-5 and tensin1 interaction is conserved in 3D environments 

The mechanosensory and matrix remodeling capabilities, in vivo, requires the 

formation of 3D matrix adhesions(25). These structures are reminiscent of 2D fibrillar 

adhesions as they have been characterized as long, thin structures (up to 19 μm long), rich 

in α5β1 along with robust tensin1 localization(26). To assess if Hic-5 promotes 3D 

matrix adhesions formation similar to 2D fibrillar adhesion formation, Hic-5 +/- and Hic-

5 -/- CAFs were plated into Human Fibroblast (HFF)-generated 3D cell derived matrices 

(3D CDMs). Hic-5 +/- CAFs exhibited characteristic tensin1-rich elongated 3D matrix 

adhesions (Figure 6A). However, adhesions in the Hic-5 -/- CAFs were significantly 

shorter and had reduced tensin1 localization (Figure 6A,B). Interestingly, we also 
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observed a lack of centrally located 3D matrix adhesions in the Hic-5 -/- CAFs, 

suggesting a similar mechanism of central adhesion formation as in 2D. PLA was 

performed to assess whether Src phosphorylation of Hic-5 was required for tensin1 

interaction in 3D ECM environments. Indeed, we observed robust PLA spots between 

Hic-5 and tensin1 clustered at the ends of actin stress fibers in vehicle-treated cells 

(Figure 6C). Quantification of the number of PLA spots revealed that the number of PLA 

spots was significantly reduced in Hic-5 +/- CAFs treated with the Src inhibitor (Figure 

6C,D).  

 Hic-5 promotes breast tumor growth, invasion and metastasis through the 

deposition and remodeling of the stromal ECM(13). Given that tensin1 and Hic-5 interact 

in 3D environments, we wanted to assess the tensin1 distribution in the Hic-5 -/- PyMT 

tumors. Immunohistochemistry (IHC) revealed that tensin1 was highly enriched in the 

CAFs in the Hic-5 +/- PyMT tumor but not the tumor cells (Figure 6E, arrow), similar to 

the distribution of Hic-5, in vivo(13). Strikingly, tensin1 was not enriched in the CAFs in 

the Hic-5 -/- PyMT tumor sections, but tensin1 expression was observed in nearby blood 

vessels (Figure 6E), suggesting that the loss of tensin1 may contribute to the reduced 

ECM remodeling observed in the Hic-5 -/- PyMT mouse. 

Hic-5 and tensin1 expression correlate to poor patient prognosis 

Given the importance of the stromal matrix in promoting breast tumor 

progression, we assessed whether both Hic-5 and tensin1 are coordinately upregulated in 

the stroma of human breast tumors by accessing publicly available datasets deposited in 

the NCI Gene Expression Omnibus (GEO). Analysis of laser dissected breast tumor 

stroma has revealed that Hic-5 is significantly upregulated in the stroma of the invasive 
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disease (Figure 7A), although tensin1 expression was not correlated (Figure 7B) (GEO 

Omnibus Accession number: GSE14548)(27). In contrast, gene expression profiles of 

CAFs, derived from different breast tumor subtypes, showed that both Hic-5 and tensin1 

were significantly upregulated in CAFs from HER2+ tumors (Figure 7C,D)(GEO 

Omnibus Accession number: GSE37614) (28). Intriguingly, both high Hic-5 and tensin1 

expression in HER2+ tumors correlated with an overall reduced patient survival (Figure 

7E,F). Importantly, immunohistochemical analysis of Hic-5 and tensin1 revealed robust 

co-localization in human breast tumor CAFs (Figure 7G), suggesting that the Hic-5 

dependent ECM remodeling mechanism described herein may also play a prominent role 

in human breast tumor progression.  

Discussion 

The ability of CAFs to remodel the ECM of the stroma around the primary tumor 

provides physical tracks that tumor cells utilize to invade and metastasize(29). Thus, 

understanding the molecular mechanism that drives stromal matrix remodeling will be 

important for the design of targeted therapies to alleviate tumor growth and invasion. 

Herein, we report a previously unappreciated interaction between the focal adhesion 

proteins Hic-5 and tensin1, that is required to generate fibrillar adhesions to promote 

ECM remodeling (Figure 1A, 2A).   

Fibrillar adhesions are a specialized form of cell-ECM adhesion that translocate 

centripetally from peripheral focal adhesions to facilitate the formation of fibronectin 

fibrils. We have shown that Hic-5 is a novel component of fibrillar adhesions and its 

localization is necessary for the formation of these structures (Figure 1A,E).  Previous 

studies have shown the importance of Integrin Linked Kinase (ILK) in regulating fibrillar 
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adhesion formation through recruiting tensin1 to focal adhesions(30). Importantly, the 

lack of Hic-5 does not alter expression or localization of ILK to focal adhesions (Sup. 

Figure 2) and ectopically expressing tensin1 in the Hic-5 -/- CAFs cannot rescue fibrillar 

adhesion formation (Figure 2E,F). These data suggest that Hic-5 is a key mediator of 

fibrillar adhesion formation and ILK and tensin1 are not sufficient to promote their 

formation. Furthermore, despite paxillin, a close relative of Hic-5, being expressed in the 

Hic-5 -/- CAFs and its ability to interact with ILK(31), it is not sufficient to promote 

fibrillar adhesions(13). Furthermore, as fibrillar adhesions assemble, paxillin has been 

shown to be dephosphorylated(32) in contrast to Hic-5 phosphorylation, which we 

showed, is required for fibrillar adhesion formation (Figure 3I,J) revealing another 

distinct and opposing function of these two proteins(33). 

Although tensin1 can localize to focal adhesions in the absence of Hic-5 (Figure 

1A), Src phosphorylation of Hic-5 drives the interaction between tensin1 and Hic-5 to 

promote fibrillar adhesion formation (Figure 3E,F). Tensin1 contains an SH2 domain that 

interacts with tyrosine-phosphorylated proteins(17). Interestingly, the binding specificity 

of the tensin1 SH2 domain is regulated by p38MAPK(34). Serine/threonine 

phosphorylation of tensin1 promotes its dissociation from the RhoGAP, Deleted in 

cancer-1 (DLC1), to promote interactions with pY proteins including p130CAS(35). In 

our study, we determined that tensin1 also interacts with tyrosine phosphorylated Hic-5 

(Figure 3G,H), potentially through the tensin1 SH2 domain. Hic-5 has been shown to 

regulate p38MAPK activity in a TGFβ-induced invadopodia model(11). Furthermore, the 

loss of p38MAPK in a heart injury mouse model resulted in a reduced fibrotic 

response(36). This raises the intriguing possibility that Hic-5 may coordinate its 
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interaction with tensin1 by regulating the specificity of the tensin1 SH2 domain through a 

p38MAPK-dependent feedback loop.  

Talin dissociates from the Src phosphorylated NPxY motif of β1 integrin to 

promote the “switch” to tensin1 to facilitate fibrillar adhesion formation(15). We have 

shown that Hic-5 plays a central role in recruiting tensin1 to form fibrillar adhesions and 

to prevent β1 integrin internalization and degradation (Figures 2,4).  Clathrin adaptors 

Dab2 and Numb contain a phosphotyrosine-binding (PTB) domain similar to tensin1, 

which bind to the NPxY-motif of β1 integrin to promote clathrin-dependent 

internalization(37, 38). Furthermore, the recruitment of the AP-2 clathrin adaptor 

complex to focal adhesions is mediated through an interaction between actopaxin (α-

parvin), a Hic-5 binding partner, and β2-adaptin(39, 40). It is conceivable that during 

fibrillar adhesion formation, Hic-5 mediates the interaction between tensin1 and the β1 

integrin NPxY-motif to prevent association with clathrin adaptor proteins to inhibit 

internalization. Furthermore, β1 integrin is trafficked preferentially to the lysosome in the 

Hic-5 -/- CAFs (Figure 4G), suggesting that Hic-5 may play a role in regulating β1 

integrin recycling to the cell surface. Further analysis will have to be performed to assess 

how Hic-5 may regulate integrin trafficking. 

Downstream signaling from α5β1 integrin engagement with the ECM regulates 

force generation through RhoA/Rock dependent myosin II activity(41). Rigidity 

dependent myosin II-generated forces are required to promote a tensioned 

fibronectin/α5β1 integrin catch bond to generate fibronectin fibrils(42, 43). Hic-5 may be 

crucial to strengthen the fibronectin/integrin bond in a rigidity dependent manner by 

recruiting tensin1 and thus associating β1 integrin with the actin cytoskeleton (Figure 
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5A,B). Consistent with this notion, recent work has shown that tensin1 and tensin3 are 

required to maintain β1 integrin in an activated state during fibrillar adhesion 

formation(44). Furthermore, the Hic-5 -/- CAFs are inherently less contractile suggesting 

that they cannot exert sufficient force to promote high affinity integrin linkages to 

fibronectin and thus resulting in the internalization of β1 integrin (Figure 4A)(13). 

Interestingly, the deposition and organization of the collagen matrix in vivo is also 

dependent on fibronectin fibrillogenesis(45). Fibrillar collagen constitutes the major 

component of the tumor ECM and contributes to the rigidity and tensile strength of the 

tissue(46). The inability of the Hic-5 -/- CAFs to assemble a robust FN matrix in 2D and 

3D environments may be a cause for reduced collagen deposition observed in the Hic-5 -

/- PyMT tumors(13). Thus, it will be important to further evaluate how Hic-5 regulates 

the deposition and composition of the ECM in this setting.  

The existence of aligned collagen fibers, oriented perpendicular to the tumor 

boundary, promotes tumor cell invasion and correlates with an overall reduced patient 

survival(47). We have shown, using the PyMT breast tumor mouse model, that the 

linearization of the ECM is a Hic-5-dependent process(13). Importantly, data mining has 

demonstrated that Hic-5 is also significantly upregulated in the CAFs of human patients 

with invasive ductal carcinoma (Figure 7A), suggesting that Hic-5 upregulation in human 

tumors may be associated with ECM remodeling. Furthermore, Hic-5 and tensin1 are 

significantly upregulated in human CAFs isolated from HER2+ tumors and this 

correlated to an overall reduction in survival (Figure 7C-F). Interestingly, HER2+ tumors 

are significantly more rigid than luminal A and B tumors and are generally considered 

more aggressive(48). The increased stiffness of these tumors is also associated with an 
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increase in TGFβ signaling that can directly activate fibroblasts to facilitate increased 

ECM deposition and remodeling(48). Furthermore, Hic-5 and tensin1 are necessary for 

TGFβ-induced differentiation into highly contractile, myofibroblasts in a hypertrophic 

scar and pulmonary fibrosis model, respectively(49, 50). The Hic-5-tensin1 interaction 

may also contribute to CAF differentiation during human breast tumor progression and 

Hic-5 and tensin1 may be part of a unique gene signature in the stromal CAFs that may 

better predict patient outcome. Further analysis of the respective contributions of Hic-5 

and tensin1 in the tumor stroma of human patients will be critical to understand CAF 

activity in vivo. Designing drugs that target the tumor microenvironment alone or in 

combination with conventional therapies may provide more effective options to treat the 

disease. 
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Material and Methods 

Cancer Associated Fibroblast (CAF) isolation and cell culture 

The Hic-5 +/- PyMT and Hic-5 -/- PyMT CAFs were isolated as part of an 

organoid preparation as previously described(13). The CAFs were maintained in PyMT 
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media (50:50 DMEM:F12 supplemented with 10% FBS, 2mM L-glutamate, 10 I.U. 

penicillin/10μg/mL streptomycin, and 1mM Sodium pyruvate), at 37oC with 5% CO2. 

Human foreskin fibroblasts (HFF) were maintained in CDM media (DMEM 

supplemented with 10% FBS, 2mM L-glutamate, 10 I.U. penicillin/10μg/mL 

streptomycin, and 1mM Sodium pyruvate) at 37oC with 5% CO2. All cell lines were  

routinely stained with DAPI to assess potential mycoplasma contamination. 

Antibodies and reagents 

 
 



112 
 

Generation of polydimethylsiloxane substrates 

The polydimethysiloxane (PDMS) substrates were prepared as previously 

described(51). Briefly, the PDMS base to crosslinker was mixed in a 10:1 (~1MPa) and 

90:1 (~1kPA) ratio. The mixtures were centrifuged at 50xg for 5 minutes to remove 

bubbles. 50μl of the mixtures were pipetted onto glass coverslips. Air bubbles were 

removed using a 21-gauge needle. The substrates were cured at 70oC overnight followed 

by UV treatment for 10 minutes. The substrates were coated with 10μg/mL fibronectin in 

PBS before CAFs were spread.  

SiRNA and plasmid transfections  

 Tensin1 RNAi-mediated knockdown was performed using 10μM siRNA and 

Lipofectamine RNAiMAX (Life Technologies) according to the manufacturer’s protocol. 

The siRNA were ON-TARGETplus mouse tensin1 (L-040925, SMARTpool) and control 

(D-001810, Non-targeting Pool) purchased from Dharmacon. Hic-5 RNAi-mediated 

knockdown was performed using 40μM siRNA and Oligofectamine according to the 

manufacturers protocol. The siRNA oligonucleotides were purchased from Ambion. The 

custom siRNA sequences have been described previously(11).  

 For overexpression studies, Hic-5 +/- or Hic-5 -/- CAFs were transfected with 

GFP, GFP-Hic-5 WT, or GFP-Hic-5 Y38/60F using Lipofectamine 3000 (Invitrogen) 

according to the manufacturer’s protocol. The Hic-5 constructs were generated as 

described previously(11). 
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Immunofluorescence and Immunohistochemistry 

Immunofluorescence and immunohistochemical staining of cell and tumor 

sections was performed as described previously(13). Fresh frozen, OCT embedded 

human tumor sections were obtained from the tumor bank at the University of 

Massachusetts Medical School (Worcester, MA).   

Fibrillar adhesions were quantified as the ratio of the central, tensin1-rich, pY-

poor, elongated adhesion area relative to the total cell area using the threshold function of 

ImageJ. Similarly, fibronectin fibrillogenesis was quantified by thresholding fibronectin 

fibers relative to the cell area. 

Cell derived matrix generation 

Three-dimensional cell-derived matrices (CDMs) were generated as previously 

described(13). 

Analysis of focal adhesion dynamics 

Adhesion dynamics were quantified as previously described(52). Briefly, Hic-5 

+/- and Hic-5 -/- CAFs were infected with GFP-talin Baculovirus (ThermoFisher) with 

the BacMAM enhancer according to the manufacturers protocol 24 hours prior to 

imaging. The cells were then re-plated onto 10μg/mL fibronectin for 4 hours before 

imaging using a Nikon TE2000 microscope equipped with an environmental chamber, a 

perfect focus automated multipoint visiting stage and imaged using a HCX Plan Fluotar 

10x/0.30 NA objective with images taken every 2 minutes for 3 hours.  
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Proximity ligation assay  

Proximity ligation assay (PLA) was performed using the protocol from the 

manufacturer using the anti-Mouse MINUS probe, anti-Rabbit PLUS probe and the 

orange detection reagent (Sigma-Aldrich) as previously described(53). Actin was 

visualized using actistain 670 and imaged on a Leica scanning confocal (SP5) with a 

HCX Plan Apochromat 63×/1.40–0.60 NA oil λ blue objective. The total number of 

distinct PLA spots per cell were quantified using the threshold function of ImageJ. 

Coimmunoprecipitation and Western blotting 

Cells were lysed in 50mM Tris-HCL pH 7.6, 1% Triton X-100, 150mM NaCl, 

10% glycerol, 10μg/mL aprotinin, 10μg/mL leupeptin, and 1mM PMSF. Lysates were 

cleared at 10,000xg for 10 minutes and incubated with the appropriate primary antibody 

for 2 hours at 4oC. 20μL of protein A/G beads were added for another 1 hour, washed 3X 

and resuspended in SDS sample buffer. Western blotting was performed as previously 

described(11). 

Statistical analysis 

Gene expression values for Hic-5 and tensin1 were acquired from the GEO 

omnibus (GSE14548 and GSE37614). Two-tailed Student’s t-tests were performed to 

determine statistical significance using Microsoft Excel. All the data are represented by 

the mean +/- the SEM and performed 3 times unless otherwise indicated. * p<0.05, ** 

p<0.005, and *** p<0.0005. 

Supplementary Information accompanies the paper on the Oncogene website 

(http://www.nature.com/onc). 

http://www.nature.com/onc
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Figure 1 
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Figure 1 – Hic-5 is required for fibrillar adhesion formation.  

A) Representative images of tensin1 and phosphotyrosine (pY) staining in the Hic-5 +/- 

and Hic-5 -/- CAFs. The arrow indicates a tensin1-rich, pY-poor fibrillar adhesion. B) 

Quantification of the area of fibrillar adhesions in the CAFs. n=3 independent 

experiments. C) Western blotting of tensin1 expression and (D) quantification of the 

relative tensin1 expression. n=3 independent experiments. E) Representative images of 

Hic-5 +/- and Hic-5 -/- CAFs overexpressing GFP-Hic-5 WT. The arrows indicate 

fibrillar adhesions. F) Quantification of the area of fibrillar adhesions. The data represent 

the mean +/- SEM and statistical significance was determined using a Student’s T-test. * 

p<0.05.  
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Figure 2 
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Figure 2 – Hic-5 interacts with tensin1 to promote fibrillar adhesion formation.  

A) Representative Proximity Ligation Assay (PLA) between Hic-5 and tensin1 in Hic-5 

+/- and Hic-5 -/- CAFs. Inset 1 indicates PLA spots clustered at the ends of stress fibers. 

Inset 2 indicates PLA spots in the center of the cell. B) Quantification of the number of 

distinct PLA spots per cell. n=3 independent experiments. C) Representative co-

immunoprecipitation (co-IP) showing Hic-5 is pulled down using a tensin1 antibody. n=2 

independent experiments. D) Representative co-IP showing tensin1 is pulled down using 

a Hic-5 antibody. n=2 independent experiments. E) Representative images of Hic-5 +/- 

and Hic-5 -/- CAFs overexpressing tdTomato-tensin1. F) Quantification of the area of 

fibrillar adhesions per cell. n=3 independent experiments. G) Representative Western blot 

of Hic-5 +/- CAFs treated with tensin1 RNAi and (H) quantification of the relative 

tensin1 protein expression. n=3 independent experiments. I) Representative images of 

tensin1 RNAi-treated Hic-5 +/- CAFs stained for active Β1 integrin (9EG7) and tensin1. 

The arrows indicate cells with a reduced amount of fibrillar adhesions. J) Quantification 

of the area of fibrillar adhesions per cell. n=3 independent experiments. The data 

represent the mean +/- SEM and statistical significance was determined using a Student’s 

T-test. * p<0.05, ** p<0.005, *** p<0.0005. 
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Figure 3 
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Figure 3 – Hic-5 interaction with tensin1 is Src-phosphorylation dependent.  

A) Representative images of Hic-5 +/- CAFs treated with vehicle or 5uM of the Src-

kinase inhibitor, PP2. B) Quantification of the area of fibrillar adhesions per cell. n=3 

independent experiments. C) Representative Hic-5 and pY PLA in vehicle or 5μM PP2-

treated CAFs and (D) quantification of the number of PLA spots per cell. n=3 

independent experiments. E) Representative Hic-5 and tensin1 PLA of Hic-5 +/- CAFs 

treated with vehicle or 5uM PP2. F) Quantification of the number of distinct PLA spots 

per cell. n=3 independent experiments. G) Representative PLA between Hic-5 and 

tensin1 in Hic-5 -/- CAFs overexpressing GFP-Hic-5 WT or GFP-Hic-5 Y38/60F and (H) 

Quantification of the number of distinct PLA spots. n=3 independent experiments. I) 

Representative images of Hic-5 +/- CAFs overexpressing GFP-Hic-5 WT and GFP-Hic-5 

Y38/60F and (J) Quantification of the area of fibrillar adhesions per cell. n=3 

independent experiments. The data represent the mean +/- SEM and statistical 

significance was determined using a Student’s T-test. * p<0.05, ** p<0.005. 
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Figure 4 
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Figure 4 – Hic-5 promotes β1 integrin stability on the cell surface.  

A) Representative images of Hic-5 +/- and Hic-5 -/- CAFs stained for active β1 integrin 

(9EG7) and tensin1. The arrow indicates cytoplasmic accumulation of β1 integrin. B) 

Quantification of the percentage of cells that have a cytoplasmic distribution of β1 

integrin. n=3 independently performed experiments. C) Quantification of the disassembly 

rate and (D) adhesion lifetime of central and peripheral adhesions in GFP-talin infected 

cells. E) Representative Western blot and (F) quantification of β1 integrin expression in 

the Hic-5 +/- and Hic-5 -/- CAFs. n=3 independent experiments. G) Representative 

images of Hic-5 +/- and Hic-5 -/- CAFs stained for β1 integrin and LAMP-1 and (H) 

Quantification of the Pearson’s correlation between β1 integrin and LAMP-1. n=3 

independent experiments. I) Representative Western blot of Hic-5 -/- CAFs treated with 

25μM chloroquine and (J) Quantification of the ratio of the mature β1 to the precursor β1 

integrin. n=3 independent experiments. The data represents the mean +/- SEM and 

statistical significance was determined using a Student’s T-test. * p<0.05, *** p<0.0005. 
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Figure 5 
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Figure 5 – Hic-5 interaction with tensin1 is mechanosensitive.  

A) Representative PLA of Hic-5 and tensin1 in Hic-5 +/- CAFs plated on glass (hard) or 

a soft PDMS substrate. B) Quantification of the average number of distinct PLA spots per 

cell. n=3 independent experiments. C) Representative images of Hic-5 +/- and Hic-5 -/- 

CAFs plated on glass (hard) and a soft PDMS substrate stained for tensin1 and pY. D) 

Quantification of the area of fibrillar adhesions per cell, n=3 independent experiments. E) 

Representative images of fibronectin fibrillogenesis by Hic-5 +/- and Hic-5 -/- CAFs 

plated on glass (hard) or soft PDMS substrate. F) Quantification of the area of fibronectin 

fibers per cell. n=3 independent experiments. The data represent the mean +/- SEM and 

statistical significance was determined using a Student’s T-test. * p<0.05, ** p<0.005.  
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Figure 6 
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Figure 6 – Src dependent Hic-5 and tensin1 interaction is conserved in 3D matrix 

environments.  

A) Representative images of tensin1 staining in Hic-5 +/- and Hic-5 -/- CAFs migrating 

in a human fibroblast (HFF)-derived 3D CDMs. B) Quantification of the average focal 

adhesion length. n=3 independent experiments. C) Representative images of PLA 

between Hic-5 and tensin1 in vehicle or 5uM PP2 treated Hic-5 +/- CAFs spread in 3D 

CDMs. D) Quantification of the number of distinct PLA spots per cell. n=3 independent 

experiments. E) Representative IHC of tensin1 staining in Hic-5 +/- PyMT and Hic-5 -/- 

PyMT breast tumor sections. The arrows indicate CAFs in the tumor and the asterisk 

indicates positive tensin1 expression in a blood vessel. Tensin1 was expressed in CAFs in 

3/4 Hic-5 +/- PyMT and 0/4 Hic-5 -/- PyMT tumors. The data represent the mean +/- 

SEM and statistical significance was determined using a Student’s T-test. * p<0.05, ** 

p<0.005. 
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Figure 7 
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Figure 7 – Hic-5 and tensin1 expression in breast tumors correlates with reduced 

patient survival.  

A) Relative Hic-5 and (B) tensin1 expression in laser dissected stromal tissue of human 

breast tumors. The data for A and B were acquired from Ma et al. (GEO Accession 

number: GSE14548)(27).  C) Relative Hic-5 and (D) tensin1 expression in CAFs isolated 

from human breast tumors of the indicated subtype. The data for C and D were acquired 

from Tchou et al. (GEO Accession:GSE37614)(28). E) Kaplan-Meier survival plot of 

Hic-5 and (F) tensin1 expression in HER2+ breast tumor samples generated using 

KMPLOT(54). G) Representative IHC of α-SMA, Hic-5 and tensin1 staining in a human 

breast tumor sample. The arrowhead indicates a tensin1 and Hic-5 positive CAF. The 

data represent the mean +/- SEM and statistical significance was determined using a 

Student’s T-test. * p<0.05. 
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Supplemental Figure 1 
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Supplementary Figure 1 – Hic-5 regulates fibrillar adhesion formation in human 

fibroblasts. 

A) Representative Western blot of Human Foreskin Fibroblasts (HFF) treated with 

control RNAi or Hic-5 RNAi. B) Quantification of the relative Hic-5 expression. n=3 

independent experiments. C) Representative images of tensin1 and phosphotyrosine 

stained control and Hic-5 (1) RNAi-treated HFFs. n=3 independent experiments. The 

data represent the mean +/- SEM and statistical significance was determined using a 

Student’s T-test. * p<0.05. 
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Supplementary Figure 2 
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Supplementary Figure 2 – Talin and ILK expression are not affected by the loss of 

Hic-5. 

A) Representative images of talin stained Hic-5 +/- and Hic-5 -/- CAFs. B) 

Representative images of ILK stained Hic-5 +/- and Hic-5 -/- CAFs. C) Representative 

Western blot of talin and ILK expression. n=3 independent experiments. 
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 The ability of CAFs to mediate stromal ECM deposition and remodeling is critical 

for the development and progression of invasive breast cancer [1, 2]. Furthermore, the 

identification of key molecular players during ECM deposition and remodeling may 

provide novel targets for therapeutic intervention.  In this thesis, I have described a key 

role of Hic-5 during tumor progression by utilizing our Hic-5 -/- mouse crossed with the 

MMTV-PyMT mouse model of breast cancer. The Hic-5 -/- PyMT tumors exhibited 

reduced area of collagen and fibronectin which was able to be recapitulated in vitro 

(Chapter 2, Figure 3). This reduction in the amount and organization of the stromal 

matrix resulted in fewer metastasis in the Hic-5 -/- PyMT mice (Chapter 2, Figure 6). 

Further characterization of the ECM remodeling capabilities of the Hic-5 -/- CAFs led to 

the observation that Hic-5 is required for fibrillar adhesion formation. This work 

culminated in the observation that Hic-5 regulates ECM remodeling through a Src kinase-

dependent interaction with tensin1 (Chapter 3). My studies performed in this thesis 

suggest that Hic-5 is a key molecular coordinator of ECM remodeling in CAFs, which 

will be used to direct future investigations. 

 The mobilization of α5β1 integrins from focal adhesions promotes fibronectin 

fibrillogenesis by generating fibrillar adhesions [3]. However, little is known about the 

molecular mechanism facilitating fibrillar adhesion formation. In chapter 3 of this thesis, 

I described a novel role for Hic-5 in generating fibrillar adhesions through a Src-kinase 

dependent interaction with tensin1. However, the exact binding domains between Hic-5 

and tensin1 have not been identified. Further analysis utilizing Hic-5 and tensin1 domain 

mutants may be used to map binding domains. Furthermore, tensin1 preferentially 

interacts with phosphorylated Hic-5, suggesting a possible pY/SH2 domain interaction 
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(Chapter 3, Figure 3). Serine/threonine phosphorylation of tensin1 by p38MAPK 

promotes the dissociation of the RhoGAP, DLC1 from the tensin1-SH2 domain which 

allows it to bind tyrosine phosphorylated proteins [4]. Hic-5 has been shown to regulate 

p38MAPK activity in a TGFβ induced invadopodia model [5]. Interestingly, p38MAPK 

activity is required for stretch induced actin remodeling and inhibiting its activity in 

fibroblasts reduces tissue fibrosis [6, 7]. Given that Hic-5 has been implicated in 

regulating p38MAPK activity and its roles in tissue fibrosis, the activity of p38MAPK 

should be assessed in the Hic-5 -/- CAFs. Furthermore, performing PLA between Hic-5 

and Tensin1 in the presence of the p38MAPK inhibitor will assess if the interaction is 

mediated through p38MAPK activity, which would reinforce that Hic-5 is a key 

molecular coordinator in forming fibrillar adhesions.  

Crosstalk between the actin and intermediate filament cytoskeletons mediate the 

formation of fibrillar adhesions [3, 8]. Intermediate filaments components like vimentin 

are trafficked on microtubules to associate with focal adhesion localized linkers to 

prevent disassembly and turnover. Vimentin associates with focal adhesions through 

plectins, promiscuous crosslinkers that are able to bind all three cytoskeletons [9]. 

Interestingly, plectin 1f localizes at focal adhesions to stabilize forming fibrillar 

adhesions through association with the intermediate filament cytoskeleton, however, 

plectin 1f recruitment to focal adhesions is currently unknown [8]. Preliminary data 

suggests that Hic-5 may also prevent collapse of the intermediate filament cytoskeleton 

(Figure 1, GG Unpublished Results). Furthermore, Hic-5 expression in CAFs prevent 

β1 integrin internalization and promote focal adhesion stability (Chapter 3, Figure 4), 

suggesting that Hic-5 may coordinate focal adhesion stabilization through regulating 
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actin cytoskeletal and intermediate filament dynamics. Assessing plectin1f distribution in 

the Hic-5 -/- CAFs will determine if plectin1f localization is dependent on Hic-5. 

Furthermore, live imaging of vimentin in the Hic-5 -/- CAFs could assess the dynamics 

of the collapse and whether the collapse correlates with disassembling focal adhesions. 

Furthermore, collapse of the intermediate filament cytoskeleton can partially be attributed 

to Rho GTPase signaling [10]. Assessing RhoA, Rac1, and Cdc42 activity in the -/- CAFs 

may assess if activity correlates to the vimentin collapse. Dominant active or inactive 

mutants could be used to try and rescue the vimentin cytoskeleton. 

 

Figure 1. Vimentin collapse in the Hic-5 -/- CAFs. Representative images of Hic-5 +/- 

and Hic-5 -/- CAFs stained for Vimentin and Actin.  

ECM remodeling in CAFs is driven by Hic-5 through regulating fibrillar adhesion 

formation. Paradoxically, phosphotyrosine levels are low in fibrillar adhesions, however, 

Hic-5 phosphorylation is required to generate these structures (Chapter 3, Figure 3). In 

contrast, paxillin is dephosphorylated upon formation of fibrillar adhesions highlighting 

the reciprocal nature of Hic-5 and paxillin [11]. However, paxillin expression in the Hic-

5 -/- CAFs does not compensate for the lack of Hic-5 in fibrillar adhesion formation and 
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ECM remodeling. Infecting isolated CAFs from the paxillin fl/fl;PyMT mouse with 

adeno-cre virus could be utilized to generate a paxillin specific knockout in CAFs. 

Measuring thickness and orientation from paxillin -/- CAF-generated CDMs could then 

be used to assess the role of paxillin in ECM deposition and remodeling. Furthermore, the 

ability for the paxillin -/- CAFs to generate fibrillar adhesions could be assessed. These 

studies will evaluate whether the role for Hic-5 in matrix remodeling is a unique function 

or if paxillin also plays a significant, yet undercharacterized role.  

The Hic-5 -/- CAFs are able to generate small fibronectin fibers at the cell 

periphery even though the Hic-5 -/- CAFs are unable to form fibrillar adhesions 

(Chapter 2, Figure 4; Chapter 3, Figure 2). This may be attributed to roles of αvβ3 and 

α5β1 during fibronectin fibrillogenesis. αvβ3 initially binds the folded fibronectin and 

anchors it while forces generated from the mobilization of α5β1 stretches fibronectin to 

assemble it into fibers [12]. The generation of small fibronectin fibers in the Hic-5 -/- 

CAFs may be mediated through the remodeling capabilities of αvβ3 integrin at focal 

adhesions. The αvβ3 levels should be evaluated in the Hic-5 -/- CAFs to determine if the 

effects of the loss of Hic-5 are specific to β1 integrin (Chapter 3, Figure 4) or if the 

phenotype can be attributed to other integrin heterodimers. Furthermore, coordination 

between the fibronectin binding integrins, αvβ3 and α5β1 are required to sense and 

respond to the extracellular environment [13]. Downstream signaling from α5β1 

promotes actomyosin contractility through RhoA/Rock signaling. Furthermore, 

application of force on β1 integrin increases the bond strength with the ligand to prevent 

internalization [14, 15]. Hic-5 prevents internalization of β1 integrin during fibrillar 

adhesion formation (Chapter 3, Figure 4). Furthermore, CAFs lacking Hic-5 are less 
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contractile, suggesting that RhoA activity may be affected (Chapter 2, Figure 2). If 

RhoA activity is reduced in the Hic-5 -/- CAFs, activating RhoA in increase the cell 

contractility may promote surface retention of β1 integrin in the absence of Hic-5. 

However, the mechanism by which Hic-5 may regulate RhoGTPase signaling during 

fibrillar adhesion formation is currently unknown. Assessing Rho GTPase activity in the 

Hic-5 -/- CAFs will determine if RhoA, Rac1, or Cdc42 activity is affected, as discussed 

previously. Furthermore, proteomics in combination with RNAi mediated knockdown of 

identified proteins and activity assays may be performed to determine the GEF and GAPs 

responsible for regulating RhoGTPase signaling in CAFs during fibrillar adhesion 

formation. 

Cancer-associated fibroblasts are central mediators of crosstalk between the 

tumor, immune system, and blood vessels through ECM remodeling and growth 

factor/cytokine signaling [16, 17]. Hic-5 has been previously shown to regulate a TGFβ 

autocrine loop in myofibroblasts suggesting that Hic-5 may regulate growth 

factor/cytokine secretion [18]. A cytokine array from conditioned media generated from 

Hic-5 +/- and Hic-5 -/- CAFs has revealed striking differences in the secreted profile of 

the Hic-5 -/- CAFs, especially pro-angiogenic factors. Interestingly, Hic-5 -/- PyMT 

tumors exhibit reduced blood vessel density compared to Hic-5 +/- PyMT tumors. 

However, Hic-5 has previously been implicated endothelial migration and angiogenesis 

in vitro so the cell autonomous contribution of Hic-5 must be taken considered in order to 

interpret these results [19-21]. Performing an aortic ring or tubulogenesis assay with 

conditioned media generated from the Hic-5 +/- and Hic-5 -/- CAFs could be used to 

assess the role of Hic-5 in the non-cell autonomous contribution of CAFs in angiogenesis. 
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Furthermore, xenograft analysis could be performed by co-injecting Hic-5 +/- CAFs and 

Hic-5 -/- CAFs with tumor cells to evaluate the contribution of the Hic-5 in CAFs during 

angiogenesis, in vivo. 

Myoepithelial cells support the organization of the bilayered structure in the 

mammary gland through coordinating with luminal epithelial cell to establish the 

basement membrane [22]. Furthermore, these cells are critical to contract the secretory 

epithelium during lactation for milk ejection into the ducts [23, 24]. However, their 

contribution to mammary gland development remains largely unexplored. Hic-5 is highly 

enriched in myoepithelial cells which may contribute to the delay in mammary gland 

development observed in the Hic-5 -/- mice (Chapter 2, Supplemental Figure 1). 

Furthermore, the Hic-5 -/- ducts assemble into a normal bilayered organization, 

suggesting the basement membrane composition/density is comparable to the control 

mice. During development, myoepithelial cells migrate along the mammary ducts which 

may play a crucial role by constraining duct size and contributing to duct bifurcation 

[25]. Crossing our Hic-5 -/- mice with a reporter mouse that drives GFP-actin under the 

Keratin14 promoter will specifically label the myoepithelial layer in the mammary gland 

[25]. Myoepithelial contractility could be assessed using oxytocin-induced contraction 

assay in lactating mammary glands. Furthermore, tissue development can be monitored 

ex vivo using the organoid model. These 3D structures recapitulate tissue development 

and contain both myoepithelial and luminal epithelial cells that self-assemble into a 

bilayered structure [25]. This model is superior to the classical mammosphere model 

since they only contain the luminal epithelial cells. Importantly, this model is amenable 

to studying the effects of gene manipulation and inhibitors during development. The 
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impact of Hic-5 on branching morphogenesis could be studied using organoids generated 

from Hic-5 +/+:K14-GFP-Actin and Hic-5 -/-:K14-GFP-Actin reporter mice. 

Furthermore, tracking myoepithelial movement during branching morphogenesis may be 

used in evaluating if cell migration is affected in the Hic-5 -/- mice which may, in turn 

contribute to the delay in development. 

Fibroblast mediated organization of the tissue ECM directs the patterning and 

development of the mammary gland [26]. Interestingly, aligned collagen precedes 

branching morphogenesis and provides tracks that direct development [27]. The role of 

Hic-5 and ECM remodeling has only been assessed during breast tumor progression 

(Chapter 2). However, Hic-5 expression is also enriched in stromal fibroblasts which 

may play a role in ECM patterning during development (Chapter 2, Supplemental 

Figure 1). The contribution of the mammary tissue stroma can be assessed through 

cleared mammary fat pad transplantation assays [28]. Ductal outgrowth would be 

assessed to determine if +/+ mammary epithelial tissue can repopulate the -/- stroma and 

vice versa. Furthermore, the collagen organization of the Hic-5 -/- mammary gland can 

be visualized using SHG imaging to quantify the abundance and organization of the 

collagen fibers. Understanding the respective contributions of the myoepithelial cells and 

the stroma will be crucial to understand the role of Hic-5 during branching 

morphogenesis. 

 Integrin-mediated signaling is utilized by tumor cells to sense increased tissue 

rigidity to promote growth and invasion [29]. However, the composition of the ECM 

influences the biochemical signaling and invasiveness in tumor cells through regulating 

the integrin profile expressed on the cell surface [30]. The enrichment of Periostin, 
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Tenascin C, and Hyaluron in the tumor matrisome are often used as markers that often 

correlate to poor prognosis [31]. Although reduced ECM deposition is observed in Hic-5 

-/- PyMT tumors and CDMs (Chapter 2, Figure 4), whether Hic-5 regulates the 

composition of the ECM is yet to be determined. Mass spectrometry of the generated 

CDMs will assess any differences in ECM composition which can be confirmed by 

staining tumor sections and CDMs. A subset of ECM components including tenascin-C 

can be regulated by Sp1, a transcription factor in which Hic-5 acts as a coactivator [32, 

33]. Furthermore, Hic-5 also regulates SRF/MAL signaling by promoting actin stress 

fiber assembly, revealing many possibilities of Hic-5 in gene regulation [34]. YAP/TAZ 

activity is also mediated by actin dynamics in the cell [35]. Increased cellular contractility 

dissociates YAP from 14-3-3 in the cytosol where it then can translocate into the nucleus 

to regulate TEAD mediated gene transcription [36]. YAP signaling has also been shown 

to be required for ECM deposition and maintenance of the CAF phenotype [37]. RNAseq 

could be performed on fibroblasts generating CDMs to assess transcriptional regulation 

of matricellular components which would be validated using qPCR and staining tumor 

sections.  

  If the matrisome in the Hic-5 -/- CAFs varies from controls, it may contribute to 

the reduced metastasis observed in the Hic-5 -/- PyMT tumors. Furthermore, the 

microenvironment of other organs may be similarly affected. Interestingly, lungs derived 

from the Hic-5 -/- mouse exhibit reduced collagen I deposition suggesting the lung 

microenvironment may not promote efficient metastatic growth (Figure 2. GG, 

Unpublished Results). Metastatic tumor cells often require specific microenvironments 

at the targeted distant sites in order to survive and grow. Postmortem analysis of breast 
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cancer patients in the late 1800s revealed a non-random distribution of metastatic sites 

[38]. This observation has led to the development of the seed and soil hypothesis where 

tumors cells (Seed) preferentially metastasize to organs with a specific microenvironment 

(Soil) that are congenial with the native microenvironment [38]. Measuring the quantity 

and size of lung metastases from a tail vain experimental metastasis assay using 4T1 

invasive breast cancer cells will assess if the Hic-5 -/- lung microenvironment is 

permissive for tumor growth. The composition of the metastatic niche also promotes the 

transition from a dormant, non-proliferating state to a proliferative state in the tumor cells 

[39].  The Hic-5 -/- lung microenvironment may not promote a proliferative state thus 

evaluating dormancy must be taken into consideration when interpreting the experimental 

metastasis assay. 

 

Figure 2. Collagen deposition in the Hic-5 -/- lungs. Representative images of 

trichrome stained Hic-5 +/- and Hic-5 -/- lungs. 

 The identification of Hic-5 as a central regulator of ECM remodeling in mouse 

breast tumors may might suggest that it could serve as a novel therapeutic target within 

the reactive stroma in tumor patients. Interestingly, Hic-5 has been shown to be elevated 

in CAFs in human invasive ductal carcinoma and was co-expressed with tensin1 and α-
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SMA (Chapter 3, Figure 7). Hic-5 may be an ideal target candidate for therapeutics 

since it does not appear to be required for development as the knockout mouse develops 

normally besides a slight delay in mammary gland branching morphogenesis. However, 

the loss of Hic-5 prevents the pathological progression of many diseases including 

glomerulosclerosis, abdominal aortic aneurysm, and atherosclerosis. Furthermore, the E3 

ubiquitin ligase, ITCH, targets Hic-5 for lysosomal degradation, preventing IL-17 

mediated fibrosis suggesting that altering Hic-5 expression may be a viable treatment for 

other fibrosis-related conditions [40]. Unfortunately, the crystal structure of Hic-5 has not 

been solved due to the N-terminus being intrinsically disordered, making traditional 

structure-guided drug design discouraging [41]. However, high throughput screening of 

small molecule libraries provides a useful method to identify novel compounds that 

inhibit a protein of interest. Intrinsically disordered proteins (IDP), such as Hic-5 lack a 

secondary or ternary structure which does not allow these proteins to be crystalized [42]. 

Many scaffolding proteins have disordered elements that “give more function with less 

structure” by constantly folding and unfolding to regulate binding affinities with target 

proteins [43]. Furthermore, previous research has proposed that phosphorylation 

stabilizes folding in disordered regions thereby regulating binding to target proteins [44]. 

Recently, IDPs have been pursued as novel targets for drug various therapies. For 

example, using isothermal titration calorimetry and NMR, 1120 FDA-approved drugs 

were screened against Nuclear Protein 1 (NUPR1), a protein often overexpressed in 

pancreatitis leading to pancreatic cancer [45]. This screen identified target molecules that 

inhibited NUPR1 function, which alleviated tumor burden in xenograft models. A similar 

approach could be used to identify small molecule inhibitors that target Hic-5. Co-
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immunoprecipitation and PLA analysis of known molecular binding partners would be 

performed to evaluate the effectiveness of inhibition on Hic-5 function. Furthermore, 

using the inhibitor on human derived xenografts of mixtures of fibroblasts and tumor 

cells could be used to assess any clinical relevance for potential therapy. Crispr/Cas9-

mediated knockout of Hic-5 in human CAFs could serve as a negative control for 

inhibitor efficacy and specificity and analyzed as described in Chapter 2. 

Traditional chemotherapy mostly targets the tumor cells, however, this can often 

lead to recurrence of the tumor due to the protective effect from the tumor stroma. CAFs 

endocytose the Her2+ breast cancer drug, lapatinib, leading to reduced levels being 

exposed to the tumor cells resulting in tumor survival [46]. Furthermore, in BRAF-treated 

melanomas, ECM remodeling by CAFs provide a scaffold that protects tumor cells 

through enhancing β1 integrin/FAK/ERK signaling [47]. Using a small molecule 

inhibitor for Hic-5 may have a dual effect on breast tumorigenesis. Targeting Hic-5 in 

fibroblasts may prevent activation and ECM remodeling while inhibiting Hic-5 in tumor 

cells may prevent tumor cell invasion due to the role of Hic-5 in EMT. Developing new 

therapeutics that both target the tumor cells and stroma will be critical in preventing the 

metastatic spread of the disease and tumor recurrence.    

Overall, the work presented herein defines Hic-5 as a key molecular coordinator 

of fibrillar adhesion formation and subsequent ECM remodeling. Completion of the 

studies described here will provide additional mechanisms in regulating fibrillar adhesion 

formation, evaluating the role of Hic-5 in tumor/stromal crosstalk, and development of 

potential inhibitors for Hic-5 function.   
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