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Abstract 
 

The myofibroblast is a highly specialized cell type that plays a critical role during 

normal tissue wound healing, but also contributes pathologically to chronic 

inflammatory conditions such as fibrosis and cancer. As fibrotic conditions continue 

to be a major burden to the public health system, novel therapies that target the 

function of myofibroblasts may show promise in the clinic. The cytokine 

transforming growth factor β (TGFβ) is the most potent known inducer of 

myofibroblast differentiation and thus represents a powerful target to modify 

myofibroblast function during disease. This review focuses on our current 

understanding of the key signaling pathways activated by TGFβ during myofibroblast 

differentiation. This article is protected by copyright. All rights reserved 
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Introduction 

 

Myofibroblasts are highly specialized and differentiated cells that play a prominent 

role during the body’s response to injury, but also contribute pathologically to 

inflammatory conditions such as fibrosis and cancer (reviewed in 1,2). These cells are 

characterized by their increased synthetic capacity and ability to generate contractile 

force. Specifically, myofibroblasts are responsible for the formation and remodelling 

of scar tissue at sites of tissue injury. However, the properties that allow them to 

achieve this function during normal wound healing can also prove detrimental during 

disease when their activation becomes dysregulated. As such, an understanding of the 

factors that control the differentiation of myofibroblasts will be critical to developing 

therapeutic agents to modify their activity. The cytokine transforming growth factor β 

(TGFβ) is the most potent known inducer of myofibroblast differentiation and thus 

represents a powerful target in controlling the function of myofibroblasts during 

disease. This review focuses on our current knowledge of how TGFβ signals to 

control the phenotypic aspects of myofibroblasts. 

 

Myofibroblasts: phenotype, origins and implications in disease. 

 

In general terms, myfibroblasts can be described as cells that share similarities with 

smooth muscle cells and fibroblasts, such as the ability to contract as well as 

synthesize extracellular matrix. More specifically, the myofibroblast is characterized 

by the presence of prominent cytoplasmic microfilament bundles and this was the 

defining feature associated with their identification in wound granulation tissue3. It 

has since been learned that myofibroblasts express the alpha-smooth muscle actin 
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(αSMA) isoform present normally in vascular smooth muscle cells4,5 and are 

interconnected via gap junctions6, highlighting the similarities with smooth muscle 

cells. However, these cells do not express several other smooth muscle cell markers, 

such as smooth muscle myosin heavy chains, h-caldesmon, and smoothelin1. Further, 

the contractile forces generated by myofibroblasts differ significantly from those of 

smooth muscle cells. It has been shown that, in addition to the smooth muscle like 

calcium-calmodulin-myosin light chain kinase-dependent cell contraction, 

myofibroblast contraction can be controlled by activation of the rho-rock-myosin light 

chain phosphatase pathway1,7-9. The latter mechanism has been proposed to provide 

myofibroblasts with longer lasting contractions that leads to the permanent matrix 

compaction necessary for wound closure and scar tissue formation1,9. In addition to 

contraction, myofibroblasts are characterized by enlarged golgi and increased 

synthetic activity, particularily related to extracellular matrix (ECM) synthesis10,11. 

The contractile forces of myofibroblasts are transmitted to the newly synthesized 

extracellular matrix through large focal adhesion complexes, termed ‘fibronexus’  or 

‘supermature focal adhesions’12,13, allowing the myofibroblasts to pull and compact 

its surrounding matrix into scar tissue. Collectively, these structural features provide 

myofibroblasts with the means to achieve their functional activity in tissue 

remodelling, and also serve as the basis for their identification by researchers.  

 

One question that continues to puzzle investigators is the origin of myofibroblasts in 

wound granulation tissue. The myofibroblast is not a specific cell type but rather it 

represents a functional cell fate that develops in response to injury and, as such, it 

appears that a number of cell sources can be activated to undergo the differentiation 

process depending on the tissue that is affected. A few examples of this include 
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vascular smooth muscle cells in the blood vessels14, hepatic stellate cells in the liver15, 

and pericytes in many different organs16. Adding to this, it has been demonstrated that 

myofibroblasts can be derived from epithelial or endothelial cells via the processes of 

epithelial-mesenchymal transition (EMT)17,18 or endothelial-MT19, respectively, as 

well as from fibrocytes20,21 or mesechenchymal stem cells22,23. However, the main 

source of myofibroblasts in most situations is likely local resident fibroblasts that are 

stimulated to move into the wound and begin synthesizing ECM24. This initial stage 

of differentiation has been termed the ‘proto-myofibroblast’, in which cells develop 

bundles of cytoplasmic actin microfiliments connected to the matrix via integrin-

based focal adhesion complexes. The transition into fully differentiated, α-SMA 

expressing myfibroblasts requires at least three local events to occur: 1) mechanical 

stress caused by changes to the extracellular matrix, including an increase in matrix 

stiffness, 2) the presence of the ED-A splice variant of cellular fibronectin, and 3) the 

exposure to active TGFβ124. Once they are committed to terminal differentiation, 

myofibroblasts can only be removed by apoptosis and this step is critical for the 

restoration of normal tissue homeostasis25. The persistent activation of myofibroblasts 

is associated with fibrosis, which can affect all tissues and organs of the body and 

generally occurs in the setting of chronic inflammation. Further, myofibroblasts are 

key components of the stroma reaction to epithelial tumours2. In this setting they are 

often referred to as cancer associated fibroblasts and promote tumour progression by 

creating a favourable microenvironment for tumour growth and metastasis. 
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Overview of TGFβ signalling 

 

The TGFβ superfamily of ligands contains over 30 members in humans including 3 

different TGFβ gene products (TGFβ1, TGFβ2 and TGFβ3), of which TGFβ1 is the 

most pertinent to fibrosis and the formation of myofibroblasts26. The TGFβs are 

secreted as inactive, disulphide linked dimers that form a latent complex in the ECM 

with the latency associated peptide and the latent TGFβ binding protein27. The latent 

complex must be dissociated by proteolytic cleavage or by integrin-mediated 

conformational changes to the complex before the active ligand can be presented to its 

receptors28,29. The necessity for activation of TGFβ in the ECM thus helps to provide 

a level of insulation to cells that protects them from the potent effects of this ligand. 

 

Upon activation, TGFβ binds its serine/threonine kinase receptors, in which the type 

II receptors (TGFβR2) phosphorylate the cytoplasmic domain of the type I receptors 

(TGFβR1, Alk5) in a hetero-tetrameric receptor complex (reviewed in30,31). The 

TGFβ signal is then transferred to the nucleus through effector proteins that are 

known as Smads (Figure 1). There are 3 classes of Smad proteins, the receptor-

activated Smads (R-Smads, Smad1, 2, 3, 5, and 8), the common Smad (co-Smad, 

Smad4) and the inhibitory Smads (iSmads, Smad6 and 7). Specificity between the 

TGFβ and BMP branches of the signaling pathway can be attributed to the different 

sets of R-Smads that are activated by the type I receptors. In the case of TGFβ 

signaling, the receptor complex recruits Smad2 and 3, which are phosphorylated in 

their C-terminal tail by the active TβR1. The phosphorylated R-Smads form a trimeric 

complex with the co-Smad, Smad4, and translocate to the nucleus where they 

recognize specific Smad binding elements in the enhancer or promoter regions of 
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target genes. In addition to the canonical Smad pathway, TGFβ can also activate non-

Smad pathways including various branches of the MAPK pathway, Rho-like 

GTPases, and PI3-kinase/AKT signalling32. 

 

Cannocial TGFβ signalling in myofibroblast differentiation 

 

Early evidence of a role for Smad signaling in myofibroblast differentiation was 

provided by knockout models, where mice null for Smad3 were protected against 

fibrosis in a wide range of experimental models33-36. It has since been shown that the 

proximal promoter for αSMA contains at least two Smad binding elements (SBE’s), 

and that mutation of specifically the upstream SBE prevents the TGFβ-induced 

activation of this minimal promoter37. Functional SBE have since been identified in 

additional genes related to myofibroblast function, such as SM22α, another smooth 

muscle contractile protein38, and connective tissue growth factor, a matricellular 

protein which can cooperate with TGFβ to promote collagen expression39. Most 

studies thus far have implicated Smad3 as the major Smad mediator of the profibrotic 

effects of TGFB signaling37,40,41, but there is evidence that both R-Smads are 

involved42. Although Smad2 and Smad3 are both activated downstream of TβR1 and 

share similar sequence homology, these proteins differ in their ability to bind DNA; 

Smad3 can directly bind to DNA whereas Smad2 does not and thus requires 

additional cofactors to regulate target genes43. The fact that Smad2 and Smad3 null 

mice show different phenotypes during development supports the idea that these 

signalling effectors are not entirely redundant 44-46. More work needs to be done to 

fully understand the roles of the different R-Smads in myofibroblast differentiation, 
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including studies to better understand the role of an alternatively spliced isoform of 

Smad2 which can bind DNA, termed Smad2Δexon343. 

 

Adding further complexity to the story, active Smad complexes interact with a 

number of other transcription factors and coactivators/corepressors in the nucleus that 

further define target gene competency for expression in a cell or temporal context. For 

example, much work has focused on the interaction between pSmad2/3 and β-catenin 

at specific cis-elements in profibrotic target genes38,47,48. β-catenin is the effector of 

the canonical Wnt signalling pathway that accumulates in the nucleus upon active 

Wnt signalling where it forms transcriptional complexes with the TCF/LEF family of 

transcription factors49. The TGFβ and Wnt signaling pathways crosstalk at many 

levels and display synergistic effects on myofibroblast differentiation and the 

expression of αSMA48,50. It has been shown that β-catenin can be activated by TGFβ 

signalling to form a complex with pSmad3 and the histone acetyltransferase CREB-

bind protein (CBP) at the upstream SBE in the αSMA promoter51. Blocking 

specifically the interaction of β-catenin with CBP is sufficient to prevent TGFβ-

induced expression of αSMA and fibrosis in animal models, suggesting β-catenin 

links Smad3 to the catalytic activity of CBP52,53. Complexes between pSmad and β-

catenin have also been demonstrated in association with TCF7 at regulatory elements 

of the SM22α gene38, indicating the complex between Smad2/3 and β-catenin controls 

multiple target genes involved in the myofibroblast phenotype. 

 

Another example of the complexity of Smad signalling is highlighted by the crosstalk 

between the TGFβ and hippo pathways. It has been shown that the hippo pathway 

effectors YAP and TAZ interact with Smads to control Smad subcellular distribution 
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(nuclear retention) and thus TGFβ induced cellular responses54,55. YAP and TAZ act 

as mechanosensors that display cytoplasmic or nuclear accumulation in cells grown 

on soft or stiff substrates, respectively56. Active TGFβ signalling induces the nuclear 

accumulation of YAP/TAZ57. Sequestration of Yap/Taz in the cytoplasm or 

knockdown of these hippo effectors prevents the nuclear translocation of active 

pSmad2/3 complexes and blocks the expression of TGFβ profibrotic genes, such as 

αSMA, collagen type I and CTGF58,59. Accumulation of YAP/TAZ has been 

demonstrated in the nuclei of αSMA positive fibroblasts present in fibrotic tissue of 

the lung and skin58,60, and TAZ heterozygous mice are protected from bleomycin-

induced lung fibrosis61. Collectively, these studies demonstrate how the control of 

pSmad localization by YAP/TAZ represents one mechanism whereby increased 

matrix stiffness enhances the profibrotic effects of TGFβ.  

 

It is important to note that, while Smad signalling is implicated in the development of 

fibrosis and can mediate the TGFβ-induced expression of a number of myofibroblast 

associated genes, peak Smad signalling occurs within the first hour following ligand 

stimulation whereas full differentiation of myofibroblasts requires at least 48-72 

hours62. Further to this, immediate target genes of Smad signalling include the iSmad, 

Smad7, as well as the transcriptional co-repressor, SnoN, which act to efficiently turn 

off Smad signaling in a negative feedback loop63,64. In some cases, such as during 

epithelial to myofibroblast differentiation, prolonged pSmad signalling actually 

inhibits the full differentiation of myofibroblasts by interfering with the activity of 

subsequent myogenic transcription factor complexes (65 and discussed further below). 

Thus, while Smad signalling is a necessary contributor to myofibroblast 

differentiation, it is clearly not sufficient for the full expression of this phenotype. It 
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seems likely that Smad signaling represents an initial phase in the response to TGFβ 

characterized by the expression of a number of immediate early target genes that 

prime the cell for the subsequent phases necessary for terminal myofibroblast 

differentiation.  

 

Rho signaling: linking TGFβ mediated actin polymerization to MRTF 

mobilization and terminal myofibroblast differentiation. 

 

One of the most prominent morphological features of TGFβ stimulated fibroblasts is a 

reorganization of the actin cytoskeleton and formation of focal adhesion complexes. 

TGFβ induces these changes, at least in part, through an activation of Rho GTPase 

signaling. Rho GTPases act as molecular switches that are inactive when they are 

GDP bound but become active when GTP-loaded, interacting with downstream 

effectors to propagate their signal (reviewed in 66). TGFβ has been shown to stimulate 

the rapid activation of Rho GTPases in many cell types, including fibroblasts67, with 

most studies having focused on RhoA68,69. While the mechanism of Rho activation by 

TGFβ is not completely understood, it appears to be independent of Smad signaling 

(at least initially) but requires the activity of the TGFβ type I receptor kinase70,71. 

Upon activation by TGFβ, the Rho GTPases initiate a cascade involving Rho coiled-

coiled kinase (ROCK) 1-mediated LIM-kinase 2 activation and the subsequent 

phosphorylation (inactivation) of the actin depolymerase, cofilin, culminating in the 

polymerization of actin microfilaments and the formation of stress fibres67. 

Interestingly, both a rapid and a delayed induction of Rho kinase signaling has been 

observed in response to TGFβ67,71,72, with the delayed response correlating better to 

the prominent stress fibres that form after 18-24 hours of stimulation with TGFβ and 
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subsequent expression of αSMA. The delayed activation of Rho kinase is likely due to 

secondary effects that in this case are dependent on Smad signaling, but then operate 

through a similar mechanism of cofilin phosphorylation downstream of ROCK71,72. 

Inhibition of ROCK, actin polymerization, or focal adhesion kinase activity all 

prevent the differentiation of myofibroblasts and fibrosis in animal models73-75. 

 

The culmination of actin remodelling is a critical step that relays TGFβ signaling to 

the myocardin-related transcription factor (MRTF)/serum response factor (SRF) axis 

and drives the terminal differentiation of myofibroblasts76. SRF is a transcription 

factor which directly binds DNA at specific Cis-regulatory elements named CArG 

boxes (CC(A/T)6GG)77 and, in combination with members of the myocardin family of 

transcriptional coactivators, is necessary for the expression of muscle proteins in 

various cell types78-80. MRTF is a myocardin family member that exhibits broad 

expression but is normally sequestered in the cytoplasm because it binds 

unpolymerized globular (G)-actin through its N-terminal RPEL domain81. Upon 

remodelling of G-actin into filamentous (F)-actin, MRTF’s are released from their 

inactive G-actin bound state and translocate to the nucleus where they interact with 

SRF at CArG boxes found in enhancer regions of myogenic genes76,82. TGFβ not only 

controls the localization and thus activity of MRTF via cytoskeletal remodelling, it 

also induces the expression of these factors in a temporal manner that correlates well 

with the upregulation of muscle genes in cultured fibroblasts71,83,84. 

 

The relationship between Smad signalling and the MRTF/SRF axis is at present 

slightly controversial, with some studies indicating these factors form cooperative 

interactions at the Cis-elements of muscle related target genes, such as α-SMA and 
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SM22α40,85. Other reports have built the hypothesis that Smad signalling, in 

combination with the Hippo effectors, can act as molecular switches that confer 

context-dependent activation of the myogenic phase of MRTF/SRF signalling and 

thus buffer against the fully committed differentiation of myofibroblasts unless the 

appropriate biochemical and mechanical cues are present86,87. It has been 

demonstrated that activation of MRTF/SRF signaling displays significantly higher 

induction of the α-SMA promoter compared with Smad signaling alone, and that 

knocking down Smad3 actually enhances the transcriptional activity of MRTF/SRF 

factors65,87. Thus it appears likely that Smad signalling induces early changes in gene 

expression and cytoskeletal rearrangements which paves the way for a later phase in 

which the MRTF/SRF factors drive the myogenic commitment and terminal 

differentiation of myofibroblasts when appropriate cues are present. Depletion of 

MRTF/SRF or their activity prevents the TGFβ-mediated formation of myofibroblasts 

in cultured cells and protects against fibrosis in vivo88,89. 

 

MAPK signaling and TGFβ induced myofibroblasts 

 

In addition to the pathways mentioned above, TGFβ receptors can also activate 

MAPK signaling upon ligand binding, including extracellular signal regulated kinases 

(ERK), c-Jun amino terminal kinase, and p38 MAPK (reviewed in32). In the context 

of myofibroblast differentiation, a rapid phosphorylation of ERK1/2 and p38 MAPK 

have been observed in response to TGFβ in cultured fibroblasts, with p38 showing 

also a biphasic and sustained signal62,90. Inhibitors to ERK, p38 MAPK, and the 

downstream AP1 family of transcription factors can all inhibit the expression of 

αSMA by TGFβ90,91, demonstrating the importance of these pathways to 
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myofibroblast differentiation. The activation of ERK1/2 was specifically linked to 

downstream Fra2 expression, a member of the Fos family of AP1 transcription 

factors, which was demonstrated to mediate the expression of TGFβ-induced smooth 

muscle contractile genes such as SM22α and calponin62. Fra2 has also been observed 

to be highly expressed in fibrotic tissues and to mediate the effects of TGFβ in vivo, 

and should be an interesting target to explore further92,93. How MAPK signaling 

cross-talks with Smad signaling during fibroblast activation remains poorly 

understood, but there is strong evidence to suggest the control of Smad transcriptional 

activity and stability is regulated through MAPK-mediated linker phosphorylation in 

other models32,94. This could prove to be an important link between MAPK signaling 

and Smad-mediated control of MRTF/SRF activity. 

 

Conclusions and future directions 

 

Much progress has been made towards our understanding of TGFβ signalling in 

multiple models including myofibroblasts. We now have a clear picture of the main 

factors that relay and regulate both Smad and non-Smad signalling in a context 

dependent manner. How these different signalling mediators interact to fine tune 

TGFβ signalling during cell fate decisions will continue to be an exciting focus of 

future studies. Specifically in the context of myofibroblast differentiation, additional 

factors with regulatory functions can feed into the signalling pathway and fine tune 

responses, such as non-coding RNA’s95,96 and members of the nuclear receptor 

family97,98, among others. Further work to explore the epigenetic changes and 

chromatin remodelling events in this context should be a priority, as this remains a 

relatively understudied area. A better understanding how the Smad phase of TGFβ 
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signaling links to the MRTF/SRF program of myogenic protein expression remains an 

important question to solve. The development of exciting new tools in recent years, 

such as Crispr/Cas9 and next generation sequencing technologies, will help us to 

better map the complex networks downstream of TGFβ in fibroblasts and other cell 

types. As TGFβ displays many pleiotropic properties that limit the efficacy of TβR 

kinase inhibitors, unravelling the fine processes that work at a molecular level during 

myofibroblast differentiation will help us to develop novel and more specific 

therapeutics for the treatment of fibrosis and cancer.  

 

  



This article is protected by copyright. All rights reserved 
 

References 

1 Bochaton-Piallat, M. L., Gabbiani, G. & Hinz, B. The myofibroblast in wound 

healing and fibrosis: answered and unanswered questions. F1000Res 5, 

doi:10.12688/f1000research.8190.1 (2016). 

2 Otranto, M. et al. The role of the myofibroblast in tumor stroma remodeling. 

Cell Adh Migr 6, 203-219, doi:10.4161/cam.20377 (2012). 

3 Gabbiani, G., Ryan, G. B. & Majne, G. Presence of modified fibroblasts in 

granulation tissue and their possible role in wound contraction. Experientia 

27, 549-550 (1971). 

4 Serini, G. et al. The fibronectin domain ED-A is crucial for myofibroblastic 

phenotype induction by transforming growth factor-beta1. J Cell Biol 142, 

873-881 (1998). 

5 Desmouliere, A., Geinoz, A., Gabbiani, F. & Gabbiani, G. Transforming 

growth factor-beta 1 induces alpha-smooth muscle actin expression in 

granulation tissue myofibroblasts and in quiescent and growing cultured 

fibroblasts. J Cell Biol 122, 103-111 (1993). 

6 Gabbiani, G., Chaponnier, C. & Huttner, I. Cytoplasmic filaments and gap 

junctions in epithelial cells and myofibroblasts during wound healing. J Cell 

Biol 76, 561-568 (1978). 

7 Parizi, M., Howard, E. W. & Tomasek, J. J. Regulation of LPA-promoted 

myofibroblast contraction: role of Rho, myosin light chain kinase, and myosin 

light chain phosphatase. Exp Cell Res 254, 210-220, 

doi:10.1006/excr.1999.4754 (2000). 

8 Anderson, S., DiCesare, L., Tan, I., Leung, T. & SundarRaj, N. Rho-mediated 

assembly of stress fibers is differentially regulated in corneal fibroblasts and 



This article is protected by copyright. All rights reserved 
 

myofibroblasts. Exp Cell Res 298, 574-583, doi:10.1016/j.yexcr.2004.05.005 

(2004). 

9 Tomasek, J. J. et al. Contraction of myofibroblasts in granulation tissue is 

dependent on Rho/Rho kinase/myosin light chain phosphatase activity. Wound 

Repair Regen 14, 313-320, doi:10.1111/j.1743-6109.2006.00126.x (2006). 

10 Gabbiani, G., Le Lous, M., Bailey, A. J., Bazin, S. & Delaunay, A. Collagen 

and myofibroblasts of granulation tissue. A chemical, ultrastructural and 

immunologic study. Virchows Arch B Cell Pathol 21, 133-145 (1976). 

11 Tomasek, J. J., Gabbiani, G., Hinz, B., Chaponnier, C. & Brown, R. A. 

Myofibroblasts and mechano-regulation of connective tissue remodelling. Nat 

Rev Mol Cell Biol 3, 349-363, doi:10.1038/nrm809 (2002). 

12 Dugina, V., Fontao, L., Chaponnier, C., Vasiliev, J. & Gabbiani, G. Focal 

adhesion features during myofibroblastic differentiation are controlled by 

intracellular and extracellular factors. J Cell Sci 114, 3285-3296 (2001). 

13 Hinz, B., Dugina, V., Ballestrem, C., Wehrle-Haller, B. & Chaponnier, C. 

Alpha-smooth muscle actin is crucial for focal adhesion maturation in 

myofibroblasts. Mol Biol Cell 14, 2508-2519, doi:10.1091/mbc.E02-11-0729 

(2003). 

14 Marangoni, R. G. et al. Myofibroblasts in murine cutaneous fibrosis originate 

from adiponectin-positive intradermal progenitors. Arthritis Rheumatol 67, 

1062-1073, doi:10.1002/art.38990 (2015). 

15 Friedman, S. L. Evolving challenges in hepatic fibrosis. Nat Rev 

Gastroenterol Hepatol 7, 425-436, doi:10.1038/nrgastro.2010.97 (2010). 



This article is protected by copyright. All rights reserved 
 

16 Sun, Y. B., Qu, X., Caruana, G. & Li, J. The origin of renal 

fibroblasts/myofibroblasts and the signals that trigger fibrosis. Differentiation 

92, 102-107, doi:10.1016/j.diff.2016.05.008 (2016). 

17 Zeisberg, M. & Kalluri, R. The role of epithelial-to-mesenchymal transition in 

renal fibrosis. J Mol Med (Berl) 82, 175-181, doi:10.1007/s00109-003-0517-9 

(2004). 

18 Kim, K. K. et al. Alveolar epithelial cell mesenchymal transition develops in 

vivo during pulmonary fibrosis and is regulated by the extracellular matrix. 

Proc Natl Acad Sci U S A 103, 13180-13185, doi:10.1073/pnas.0605669103 

(2006). 

19 Ho, W. T. et al. Inhibition of matrix metalloproteinase activity reverses 

corneal endothelial-mesenchymal transition. Am J Pathol 185, 2158-2167, 

doi:10.1016/j.ajpath.2015.04.005 (2015). 

20 Galligan, C. L. & Fish, E. N. The role of circulating fibrocytes in 

inflammation and autoimmunity. J Leukoc Biol 93, 45-50, 

doi:10.1189/jlb.0712365 (2013). 

21 Reilkoff, R. A., Bucala, R. & Herzog, E. L. Fibrocytes: emerging effector cells 

in chronic inflammation. Nat Rev Immunol 11, 427-435, doi:10.1038/nri2990 

(2011). 

22 Barbosa, F. L. et al. Corneal myofibroblast generation from bone marrow-

derived cells. Exp Eye Res 91, 92-96, doi:10.1016/j.exer.2010.04.007 (2010). 

23 Direkze, N. C. et al. Bone marrow contribution to tumor-associated 

myofibroblasts and fibroblasts. Cancer Res 64, 8492-8495, doi:10.1158/0008-

5472.CAN-04-1708 (2004). 



This article is protected by copyright. All rights reserved 
 

24 Hinz, B. et al. Recent developments in myofibroblast biology: paradigms for 

connective tissue remodeling. Am J Pathol 180, 1340-1355, 

doi:10.1016/j.ajpath.2012.02.004 (2012). 

25 Desmouliere, A., Redard, M., Darby, I. & Gabbiani, G. Apoptosis mediates 

the decrease in cellularity during the transition between granulation tissue and 

scar. Am J Pathol 146, 56-66 (1995). 

26 Ask, K. et al. Progressive pulmonary fibrosis is mediated by TGF-beta 

isoform 1 but not TGF-beta3. Int J Biochem Cell Biol 40, 484-495, 

doi:10.1016/j.biocel.2007.08.016 (2008). 

27 ten Dijke, P. & Arthur, H. M. Extracellular control of TGFbeta signalling in 

vascular development and disease. Nat Rev Mol Cell Biol 8, 857-869, 

doi:10.1038/nrm2262 (2007). 

28 Travis, M. A. & Sheppard, D. TGF-beta activation and function in immunity. 

Annu Rev Immunol 32, 51-82, doi:10.1146/annurev-immunol-032713-120257 

(2014). 

29 Sarrazy, V. et al. Integrins alphavbeta5 and alphavbeta3 promote latent TGF-

beta1 activation by human cardiac fibroblast contraction. Cardiovasc Res 102, 

407-417, doi:10.1093/cvr/cvu053 (2014). 

30 Heldin, C. H. & Moustakas, A. Signaling Receptors for TGF-beta Family 

Members. Cold Spring Harb Perspect Biol 8, 

doi:10.1101/cshperspect.a022053 (2016). 

31 Drabsch, Y. & ten Dijke, P. TGF-beta signalling and its role in cancer 

progression and metastasis. Cancer Metastasis Rev 31, 553-568, 

doi:10.1007/s10555-012-9375-7 (2012). 



This article is protected by copyright. All rights reserved 
 

32 Zhang, Y. E. Non-Smad Signaling Pathways of the TGF-beta Family. Cold 

Spring Harb Perspect Biol 9, doi:10.1101/cshperspect.a022129 (2017). 

33 Zhao, J. et al. Smad3 deficiency attenuates bleomycin-induced pulmonary 

fibrosis in mice. Am J Physiol Lung Cell Mol Physiol 282, L585-593, 

doi:10.1152/ajplung.00151.2001 (2002). 

34 Flanders, K. C. et al. Mice lacking Smad3 are protected against cutaneous 

injury induced by ionizing radiation. Am J Pathol 160, 1057-1068, 

doi:10.1016/S0002-9440(10)64926-7 (2002). 

35 Sato, M., Muragaki, Y., Saika, S., Roberts, A. B. & Ooshima, A. Targeted 

disruption of TGF-beta1/Smad3 signaling protects against renal 

tubulointerstitial fibrosis induced by unilateral ureteral obstruction. J Clin 

Invest 112, 1486-1494, doi:10.1172/JCI19270 (2003). 

36 Bujak, M. et al. Essential role of Smad3 in infarct healing and in the 

pathogenesis of cardiac remodeling. Circulation 116, 2127-2138, 

doi:10.1161/CIRCULATIONAHA.107.704197 (2007). 

37 Hu, B., Wu, Z. & Phan, S. H. Smad3 mediates transforming growth factor-

beta-induced alpha-smooth muscle actin expression. Am J Respir Cell Mol 

Biol 29, 397-404, doi:10.1165/rcmb.2003-0063OC (2003). 

38 Shafer, S. L. & Towler, D. A. Transcriptional regulation of SM22alpha by 

Wnt3a: convergence with TGFbeta(1)/Smad signaling at a novel regulatory 

element. J Mol Cell Cardiol 46, 621-635, doi:10.1016/j.yjmcc.2009.01.005 

(2009). 

39 Duncan, M. R. et al. Connective tissue growth factor mediates transforming 

growth factor beta-induced collagen synthesis: down-regulation by cAMP. 

FASEB J 13, 1774-1786 (1999). 



This article is protected by copyright. All rights reserved 
 

40 Qiu, P., Feng, X. H. & Li, L. Interaction of Smad3 and SRF-associated 

complex mediates TGF-beta1 signals to regulate SM22 transcription during 

myofibroblast differentiation. J Mol Cell Cardiol 35, 1407-1420 (2003). 

41 Duan, W. J., Yu, X., Huang, X. R., Yu, J. W. & Lan, H. Y. Opposing roles for 

Smad2 and Smad3 in peritoneal fibrosis in vivo and in vitro. Am J Pathol 184, 

2275-2284, doi:10.1016/j.ajpath.2014.04.014 (2014). 

42 Evans, R. A., Tian, Y. C., Steadman, R. & Phillips, A. O. TGF-beta1-mediated 

fibroblast-myofibroblast terminal differentiation-the role of Smad proteins. 

Exp Cell Res 282, 90-100 (2003). 

43 Yagi, K. et al. Alternatively spliced variant of Smad2 lacking exon 3. 

Comparison with wild-type Smad2 and Smad3. J Biol Chem 274, 703-709 

(1999). 

44 Nomura, M. & Li, E. Smad2 role in mesoderm formation, left-right patterning 

and craniofacial development. Nature 393, 786-790, doi:10.1038/31693 

(1998). 

45 Waldrip, W. R., Bikoff, E. K., Hoodless, P. A., Wrana, J. L. & Robertson, E. 

J. Smad2 signaling in extraembryonic tissues determines anterior-posterior 

polarity of the early mouse embryo. Cell 92, 797-808 (1998). 

46 Zhu, Y., Richardson, J. A., Parada, L. F. & Graff, J. M. Smad3 mutant mice 

develop metastatic colorectal cancer. Cell 94, 703-714 (1998). 

47 Akhmetshina, A. et al. Activation of canonical Wnt signalling is required for 

TGF-beta-mediated fibrosis. Nat Commun 3, 735, doi:10.1038/ncomms1734 

(2012). 

48 Chen, J. H., Chen, W. L., Sider, K. L., Yip, C. Y. & Simmons, C. A. beta-

catenin mediates mechanically regulated, transforming growth factor-beta1-



This article is protected by copyright. All rights reserved 
 

induced myofibroblast differentiation of aortic valve interstitial cells. 

Arterioscler Thromb Vasc Biol 31, 590-597, 

doi:10.1161/ATVBAHA.110.220061 (2011). 

49 Clevers, H. & Nusse, R. Wnt/beta-catenin signaling and disease. Cell 149, 

1192-1205, doi:10.1016/j.cell.2012.05.012 (2012). 

50 Carthy, J. M., Luo, Z. & McManus, B. M. WNT3A induces a contractile and 

secretory phenotype in cultured vascular smooth muscle cells that is 

associated with increased gap junction communication. Lab Invest 92, 246-

255, doi:10.1038/labinvest.2011.164 (2012). 

51 Zhou, B. et al. Interactions between beta-catenin and transforming growth 

factor-beta signaling pathways mediate epithelial-mesenchymal transition and 

are dependent on the transcriptional co-activator cAMP-response element-

binding protein (CREB)-binding protein (CBP). J Biol Chem 287, 7026-7038, 

doi:10.1074/jbc.M111.276311 (2012). 

52 Henderson, W. R., Jr. et al. Inhibition of Wnt/beta-catenin/CREB binding 

protein (CBP) signaling reverses pulmonary fibrosis. Proc Natl Acad Sci U S 

A 107, 14309-14314, doi:10.1073/pnas.1001520107 (2010). 

53 Hao, S. et al. Targeted inhibition of beta-catenin/CBP signaling ameliorates 

renal interstitial fibrosis. J Am Soc Nephrol 22, 1642-1653, 

doi:10.1681/ASN.2010101079 (2011). 

54 Varelas, X. et al. TAZ controls Smad nucleocytoplasmic shuttling and 

regulates human embryonic stem-cell self-renewal. Nat Cell Biol 10, 837-848, 

doi:10.1038/ncb1748 (2008). 

55 Narimatsu, M., Samavarchi-Tehrani, P., Varelas, X. & Wrana, J. L. Distinct 

polarity cues direct Taz/Yap and TGFbeta receptor localization to 



This article is protected by copyright. All rights reserved 
 

differentially control TGFbeta-induced Smad signaling. Dev Cell 32, 652-656, 

doi:10.1016/j.devcel.2015.02.019 (2015). 

56 Dupont, S. et al. Role of YAP/TAZ in mechanotransduction. Nature 474, 179-

183, doi:10.1038/nature10137 (2011). 

57 Grannas, K. et al. Crosstalk between Hippo and TGFbeta: Subcellular 

Localization of YAP/TAZ/Smad Complexes. J Mol Biol 427, 3407-3415, 

doi:10.1016/j.jmb.2015.04.015 (2015). 

58 Piersma, B. et al. YAP1 Is a Driver of Myofibroblast Differentiation in 

Normal and Diseased Fibroblasts. Am J Pathol 185, 3326-3337, 

doi:10.1016/j.ajpath.2015.08.011 (2015). 

59 Szeto, S. G. et al. YAP/TAZ Are Mechanoregulators of TGF-beta-Smad 

Signaling and Renal Fibrogenesis. J Am Soc Nephrol, 

doi:10.1681/ASN.2015050499 (2016). 

60 Liu, F. et al. Mechanosignaling through YAP and TAZ drives fibroblast 

activation and fibrosis. Am J Physiol Lung Cell Mol Physiol 308, L344-357, 

doi:10.1152/ajplung.00300.2014 (2015). 

61 Mitani, A. et al. Transcriptional coactivator with PDZ-binding motif is 

essential for normal alveolarization in mice. Am J Respir Crit Care Med 180, 

326-338, doi:10.1164/rccm.200812-1827OC (2009). 

62 Carthy, J. M. et al. Tamoxifen Inhibits TGF-beta-Mediated Activation of 

Myofibroblasts by Blocking Non-Smad Signaling Through ERK1/2. J Cell 

Physiol 230, 3084-3092, doi:10.1002/jcp.25049 (2015). 

63 Nakao, A. et al. Identification of Smad7, a TGFbeta-inducible antagonist of 

TGF-beta signalling. Nature 389, 631-635, doi:10.1038/39369 (1997). 



This article is protected by copyright. All rights reserved 
 

64 Stroschein, S. L., Wang, W., Zhou, S., Zhou, Q. & Luo, K. Negative feedback 

regulation of TGF-beta signaling by the SnoN oncoprotein. Science 286, 771-

774 (1999). 

65 Masszi, A. et al. Fate-determining mechanisms in epithelial-myofibroblast 

transition: major inhibitory role for Smad3. J Cell Biol 188, 383-399, 

doi:10.1083/jcb.200906155 (2010). 

66 Jaffe, A. B. & Hall, A. Rho GTPases: biochemistry and biology. Annu Rev 

Cell Dev Biol 21, 247-269, doi:10.1146/annurev.cellbio.21.020604.150721 

(2005). 

67 Vardouli, L., Moustakas, A. & Stournaras, C. LIM-kinase 2 and cofilin 

phosphorylation mediate actin cytoskeleton reorganization induced by 

transforming growth factor-beta. J Biol Chem 280, 11448-11457, 

doi:10.1074/jbc.M402651200 (2005). 

68 Johnson, L. A. et al. Novel Rho/MRTF/SRF inhibitors block matrix-stiffness 

and TGF-beta-induced fibrogenesis in human colonic myofibroblasts. Inflamm 

Bowel Dis 20, 154-165, doi:10.1097/01.MIB.0000437615.98881.31 (2014). 

69 Manickam, N., Patel, M., Griendling, K. K., Gorin, Y. & Barnes, J. L. 

RhoA/Rho kinase mediates TGF-beta1-induced kidney myofibroblast 

activation through Poldip2/Nox4-derived reactive oxygen species. Am J 

Physiol Renal Physiol 307, F159-171, doi:10.1152/ajprenal.00546.2013 

(2014). 

70 Fleming, Y. M. et al. TGF-beta-mediated activation of RhoA signalling is 

required for efficient (V12)HaRas and (V600E)BRAF transformation. 

Oncogene 28, 983-993, doi:10.1038/onc.2008.449 (2009). 



This article is protected by copyright. All rights reserved 
 

71 Sandbo, N. et al. Delayed stress fiber formation mediates pulmonary 

myofibroblast differentiation in response to TGF-beta. Am J Physiol Lung Cell 

Mol Physiol 301, L656-666, doi:10.1152/ajplung.00166.2011 (2011). 

72 Edlund, S., Landstrom, M., Heldin, C. H. & Aspenstrom, P. Transforming 

growth factor-beta-induced mobilization of actin cytoskeleton requires 

signaling by small GTPases Cdc42 and RhoA. Mol Biol Cell 13, 902-914, 

doi:10.1091/mbc.01-08-0398 (2002). 

73 Htwe, S. S. et al. Role of ROCK Isoforms in Regulation of Stiffness Induced 

Myofibroblast Differentiation in Lung Fibrosis. Am J Respir Cell Mol Biol, 

doi:10.1165/rcmb.2016-0306OC (2017). 

74 Ni, J., Dong, Z., Han, W., Kondrikov, D. & Su, Y. The role of RhoA and 

cytoskeleton in myofibroblast transformation in hyperoxic lung fibrosis. Free 

Radic Biol Med 61, 26-39, doi:10.1016/j.freeradbiomed.2013.03.012 (2013). 

75 Zhang, J. et al. Targeted inhibition of Focal Adhesion Kinase Attenuates 

Cardiac Fibrosis and Preserves Heart Function in Adverse Cardiac 

Remodeling. Sci Rep 7, 43146, doi:10.1038/srep43146 (2017). 

76 Small, E. M. The actin-MRTF-SRF gene regulatory axis and myofibroblast 

differentiation. J Cardiovasc Transl Res 5, 794-804, doi:10.1007/s12265-012-

9397-0 (2012). 

77 Miano, J. M. Serum response factor: toggling between disparate programs of 

gene expression. J Mol Cell Cardiol 35, 577-593 (2003). 

78 Wang, D. et al. Activation of cardiac gene expression by myocardin, a 

transcriptional cofactor for serum response factor. Cell 105, 851-862 (2001). 

79 Hauschka, S. D. Myocardin. a novel potentiator of SRF-mediated transcription 

in cardiac muscle. Mol Cell 8, 1-2 (2001). 



This article is protected by copyright. All rights reserved 
 

80 Wang, D. Z. et al. Potentiation of serum response factor activity by a family of 

myocardin-related transcription factors. Proc Natl Acad Sci U S A 99, 14855-

14860, doi:10.1073/pnas.222561499 (2002). 

81 Guettler, S., Vartiainen, M. K., Miralles, F., Larijani, B. & Treisman, R. RPEL 

motifs link the serum response factor cofactor MAL but not myocardin to Rho 

signaling via actin binding. Mol Cell Biol 28, 732-742, 

doi:10.1128/MCB.01623-07 (2008). 

82 Miralles, F., Posern, G., Zaromytidou, A. I. & Treisman, R. Actin dynamics 

control SRF activity by regulation of its coactivator MAL. Cell 113, 329-342 

(2003). 

83 Scharenberg, M. A. et al. TGF-beta-induced differentiation into 

myofibroblasts involves specific regulation of two MKL1 isoforms. J Cell Sci 

127, 1079-1091, doi:10.1242/jcs.142075 (2014). 

84 Sandbo, N., Kregel, S., Taurin, S., Bhorade, S. & Dulin, N. O. Critical role of 

serum response factor in pulmonary myofibroblast differentiation induced by 

TGF-beta. Am J Respir Cell Mol Biol 41, 332-338, doi:10.1165/rcmb.2008-

0288OC (2009). 

85 Qiu, P. et al. Myocardin enhances Smad3-mediated transforming growth 

factor-beta1 signaling in a CArG box-independent manner: Smad-binding 

element is an important cis element for SM22alpha transcription in vivo. Circ 

Res 97, 983-991, doi:10.1161/01.RES.0000190604.90049.71 (2005). 

86 Speight, P., Kofler, M., Szaszi, K. & Kapus, A. Context-dependent switch in 

chemo/mechanotransduction via multilevel crosstalk among cytoskeleton-

regulated MRTF and TAZ and TGFbeta-regulated Smad3. Nat Commun 7, 

11642, doi:10.1038/ncomms11642 (2016). 



This article is protected by copyright. All rights reserved 
 

87 Masszi, A. & Kapus, A. Smaddening complexity: the role of Smad3 in 

epithelial-myofibroblast transition. Cells Tissues Organs 193, 41-52, 

doi:10.1159/000320180 (2011). 

88 Small, E. M. et al. Myocardin-related transcription factor-a controls 

myofibroblast activation and fibrosis in response to myocardial infarction. 

Circ Res 107, 294-304, doi:10.1161/CIRCRESAHA.110.223172 (2010). 

89 Sisson, T. H. et al. Inhibition of myocardin-related transcription factor/serum 

response factor signaling decreases lung fibrosis and promotes mesenchymal 

cell apoptosis. Am J Pathol 185, 969-986, doi:10.1016/j.ajpath.2014.12.005 

(2015). 

90 Meyer-Ter-Vehn, T. et al. p38 inhibitors prevent TGF-beta-induced 

myofibroblast transdifferentiation in human tenon fibroblasts. Invest 

Ophthalmol Vis Sci 47, 1500-1509, doi:10.1167/iovs.05-0361 (2006). 

91 Hu, Y. et al. Role of extracellular signal-regulated kinase, p38 kinase, and 

activator protein-1 in transforming growth factor-beta1-induced alpha smooth 

muscle actin expression in human fetal lung fibroblasts in vitro. Lung 184, 33-

42, doi:10.1007/s00408-005-2560-5 (2006). 

92 Reich, N. et al. The transcription factor Fra-2 regulates the production of 

extracellular matrix in systemic sclerosis. Arthritis Rheum 62, 280-290, 

doi:10.1002/art.25056 (2010). 

93 Eferl, R. et al. Development of pulmonary fibrosis through a pathway 

involving the transcription factor Fra-2/AP-1. Proc Natl Acad Sci U S A 105, 

10525-10530, doi:10.1073/pnas.0801414105 (2008). 

 



This article is protected by copyright. All rights reserved 
 

94 Lehmann, K. et al. Raf induces TGFbeta production while blocking its 

apoptotic but not invasive responses: a mechanism leading to increased 

malignancy in epithelial cells. Genes Dev 14, 2610-2622 (2000). 

95 Lino Cardenas, C. L. et al. miR-199a-5p Is upregulated during fibrogenic 

response to tissue injury and mediates TGFbeta-induced lung fibroblast 

activation by targeting caveolin-1. PLoS Genet 9, e1003291, 

doi:10.1371/journal.pgen.1003291 (2013). 

96 Yao, Q. et al. Micro-RNA-21 regulates TGF-beta-induced myofibroblast 

differentiation by targeting PDCD4 in tumor-stroma interaction. Int J Cancer 

128, 1783-1792, doi:10.1002/ijc.25506 (2011). 

97 Fagin, J. A., Fernandez-Mejia, C. & Melmed, S. Pituitary insulin-like growth 

factor-I gene expression: regulation by triiodothyronine and growth hormone. 

Endocrinology 125, 2385-2391, doi:10.1210/endo-125-5-2385 (1989). 

98 Carthy, J. M. et al. Chemical regulators of epithelial plasticity reveal a nuclear 

receptor pathway controlling myofibroblast differentiation. Sci Rep 6, 29868, 

doi:10.1038/srep29868 (2016). 

 

  



This article is protected by copyright. All rights reserved 
 

Figure Legends 

 

Figure 1. TGFβ signaling in brief. TGFβ ligand binding to the heteromeric type I 

and II receptor complex leads to phosphorylation (activation) of the R-Smad 

signalling effectors, Smad2 and Smad3. Activated R-Smads form trimeric complexes 

with Smad4 and translocate to the nucleus where they recognize specific Smad 

binding elements (CAGA sites) in the enhancer and promoter regions of target genes 

to regulate positively or negatively transcription. Targets of TGFβ include negative 

feedback regulators, such as Smad7, which acts to inhibit R-Smad activation at the 

receptor level.  

Figure 2. Key pathways activated downstream of TGFβ during myofibroblast 

differentiation. TGFβ activates Smad and non-Smad pathways which contribute the 

expression of myogenic proteins. The Smad-mediated gene expression program is 

initiated early and characterized by the binding of Smad transcriptional complexes to 

the Smad binding elements in the regulatory regions of target genes. TGFβ also 

induces MAPK signaling, with downstream mediators such as Fra2 shown to regulate 

the expression of myofibroblast proteins. The activation of RhoA and the ROCK-

mediated actin fibrillation releases MRTF from its inactive, G-actin bound state, 

allowing it to form  transcriptional complexes with SRF that drive the full expression 

of myogenic proteins. Evidence suggests that active Smad complexes, in coopertation 

with other factors, inhibit the activity of MRTF/SRF and thus act as molecular 

gatekeepers that prevent terminal myofibroblast differentiation until appropriate cues 

are present. 
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