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    Abstract     Among all three isoforms of the TGF-β ligand, TGF-β1 is the predominant 
isoform in the skin. In normal skin, canonical TGF-β signaling components, i.e., TGF-β 
receptors and signaling Smads, are broadly and highly expressed, whereas TGF-β 
ligands are expressed at very low levels. These expression patterns determine that the 
TGF-β signaling input to the skin is low under normal conditions but high once TGF-β 
ligands are upregulated under disease conditions. TGF-β1 is a potent growth inhibitor 
of epidermal keratinocytes, which dictates its tumor suppressive effect in early stages 
of skin cancer. However, cancer cells lose TGF-β- induced growth inhibition at late 
stages, and TGF-β-induced angiogenesis and skin infl ammation create an environ-
ment favorable for skin cancer progression and metastasis. In fi brotic skin diseases, 
TGF-β plays a key role in activating fi broblast proliferation and stimulating the pro-
duction of extracellular matrix proteins. Also, TGF-β affects many aspects of skin 
wound healing and in turn infl uences cutaneous scarring after skin damage. Fully 
understanding the mechanisms of TGF-β in the pathogenesis of skin cancer and 
fi brotic diseases will help design novel strategies in treating skin diseases.  

  Keywords     Cutaneous scarring   •   Smad   •   Squamous cell carcinoma (SCC) 
  •   Systemic sclerosis (SSc)   •   TGF-β   •   Wound healing  

9.1         Introduction 

 Transforming growth factor-β (TGF-β) is a ubiquitous and multifunctional cytokine 
that regulates a variety of events in cells and tissues, including cell proliferation, 
differentiation, migration, angiogenesis, infl ammation, and immune surveillance. 
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The function of TGF-β is largely dependent on its targeted cells and is infl uenced by 
other molecules and signaling. Thus, the in vivo role of TGF-β is complicated and 
context dependent. The skin is histologically divided into two parts: the epidermis 
and the dermis. Keratinocytes in the epidermis and fi broblasts in the dermis represent 
two major cell types showing opposite effects in response to TGF-β: TGF-β inhibits 
keratinocytes but promotes fi broblast proliferation (Anzano et al.  1982 ; Coffey et al. 
 1988 ; Shipley et al.  1986 ). Among the three TGF-β isoforms, TGF-β1 is the predomi-
nant isoform in most tissue types, including the skin (Frank et al.  1996 ; Quan et al. 
 2002 ; Wang  2001 ), and is expressed at a very low level in normal skin but ele-
vated in skin diseases and cancer (Han et al.  2005 ; Quan et al.  2002 ; Querfeld 
et al.  1999 ). The role of TGF-β in the pathogenesis of skin cancer and fi brotic 
diseases has been extensively studied. In addition to the direct effect of TGF-β on 
keratinocytes and fi broblasts, TGF-β-mediated infl ammation, angiogenesis, and 
regulation of immune cells have additional impacts on the development of skin can-
cer and fi brosis (Li et al.  2006 ; Martin  1997 ; Seifert and Mrowietz  2009 ; Wei et al. 
 2011 ). Particularly, recent studies on the receptors and Smads, components of TGF-β 
signaling in transgenic/knockout mouse models further advanced our understanding 
of the roles of TGF-β signaling in skin cancer and fi brotic diseases (Han and Wang 
 2011 ; Lakos et al.  2004 ; Sonnylal et al.  2007 ; Wei et al.  2011 ). This chapter will focus 
on the role of TGF-β signaling in the pathogenesis of non- melanoma skin cancer and 
skin fi brotic disorders, the latter including systemic sclerosis (SSc), hypertrophic 
scarring, and keloid scarring. Because hypertrophic and keloid scarring are conse-
quences of wound healing affected by TGF-β during the healing process, the role of 
TGF-β signaling in cutaneous wound healing is also discussed.  

9.2     TGF-β Signaling in Non-melanoma Skin Cancer 

 Non-melanoma skin squamous cell carcinoma (SCC) is the most common human 
cancer developed from epidermal keratinocytes. Genetic mutations and continuous 
proliferation of mutant keratinocytes are the prerequisites for SCC development. 
Studies indicate that angiogenesis, infl ammation, and alterations in immune response 
in the stroma signifi cantly infl uence the development of skin cancer and metastasis. 
Many molecules and signaling pathways have been implicated in the pathogenesis of 
SCC. The role of TGF-β and its downstream signaling components have been exten-
sively investigated in SCC. The TGF-β signaling pathway consists of three compo-
nents: (1) Ligands, i.e., TGF-β1, 2, and 3. (2) Secreted ligands function through two 
serine/threonine kinase receptors, TGF-β receptor type I (TGF- βRI) and type II 
(TGF-βRII), both of which are necessary for signal transduction. TGF-βRII receptor 
directly binds to ligands and interacts with TGF-βRI. (3) Intracellular downstream 
mediators, i.e., Smads, are phosphorylated and activated by TGF-βRI. To date, many 
components of TGF-β signaling have been studied for their differential roles in nor-
mal keratinocytes, SCC cells and tumor stromal cells. This chapter will give a brief 
review over these differential roles of TGF-β signaling in skin carcinogenesis. 
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9.2.1     TGF-β Inhibits Tumor Formation of  ras  
Transformed Keratinocytes 

 TGF-β was initially identifi ed as a growth factor stimulating the growth of normal 
rat kidney fi broblasts (Anzano et al.  1982 ; Sporn  1999 ,  2006 ). Soon, however, 
TGF-β was found to inhibit mink lung epithelial cell growth (Tucker et al.  1984 ). 
Thus, the diversity of TGF-β’s functions on different cell types was quickly recog-
nized (Roberts et al.  1985 ). In particular, TGF-β inhibits the growth of normal 
human keratinocytes but can lose its growth inhibitory responses as it happens in the 
skin cancer cell line SCC-25 due to the possibility that tumor cells lack TGF-β 
receptors (Coffey et al.  1988 ; Shipley et al.  1986 ). However, tumor development in 
normal keratinocytes requires an initial oncogenic mutation. The  Ras  mutation in 
keratinocytes is considered an important initiating factor for papilloma development 
in mouse skin (Roop et al.  1986 ) and was identifi ed in some human skin cancers 
(Dlugosz et al.  2002 ). Thus,  Ras -transfected keratinocytes have been used to study 
the role of TGF-β signaling in skin carcinogenesis. In vitro studies showed that 
 v-ras  Ha  transfected normal mouse keratinocytes increased basal expression and 
secretion of TGF-β1, and grafting  v-ras  Ha  transfected normal keratinocytes onto 
nude mice formed well-differentiated papillomas with increased expression of 
TGF-β1 protein in the basal and spinous layers of papillomas (Glick et al.  1991 , 
 1994 ). However,  v-ras  Ha  transfected TGF-β1 null mouse keratinocytes grafted onto 
nude mice progressed rapidly to multifocal SCC. Tumor proliferation was also ele-
vated in grafts initiated from  v-ras  Ha  transfected TGF-β1 null keratinocytes com-
pared to cells with  v-ras  Ha  transfected wild-type keratinocytes. These studies 
indicated that TGF-β provides a tumor-suppressing function in skin carcinogenesis 
(Glick et al.  1991 ,  1994 ). Similarly, transient inactivation of TGF-β signaling by 
infecting with a dominant-negative TGF-βRII causes chromosome instability. These 
phenomena, observed in keratinocytes with TGF-β1 deletion or expressing 
dominant- negative TGF-βRII, could be suppressed by exogenous TGF-β1 (Glick 
et al.  1999 ). In the TGF-β signaling pathway, Smad3 is a critical factor mediating 
TGF-β signaling to its target genes (Millet and Zhang  2007 ). Smad3 null keratino-
cytes transduced with the  v-ras  Ha  gene lost their growth inhibitory response to TGF-β. 
Nude mice with  v-ras  Ha -transduced Smad3 null keratinocyte grafts developed 
more papillomas and progressed to SCC with a higher frequency than nude mice 
with  v-ras  Ha -transduced Smad3 wild-type keratinocyte grafts (Vijayachandra et al. 
 2003 ). Therefore, data based on in vitro models of keratinocyte transformation 
 studies demonstrated that TGF-β signaling inhibits keratinocyte proliferation and 
defects in TGF-β signaling accelerate tumor progression in multistage mouse carci-
nogenesis (Glick et al.  1999 ). HaCaT is a spontaneously immortalized normal 
human keratinocyte cell line (Boukamp et al.  1988 ). The cell line keeps most char-
acteristics of normal keratinocytes and remains non-tumorigenic after long-term 
culture and passage. HaCaT cell became tumorigenic after transducing with a  ras  
oncogene (Fusenig and Boukamp  1998 ; Gold et al.  2000 ), Within established  ras - 
transfected  HaCaT cells, benign and malignant clones have been characterized 
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based on their behaviors in forming tumor after transplantation into nude mice 
(Fusenig and Boukamp  1998 ). HaCaT- ras  cells with stable transduction of 
dominant- negative TGF-βRII lose differentiation and form metastatic SCC in vivo 
(Ganapathy et al.  2010 ). In contrast to the growth inhibitory effect of TGF-β on 
normal keratinocytes, HaCaT- ras  cells with high TGF-β1 production in cultured 
conditions have increased tumorigenesis in vivo, and transducing TGF-β1 or TGF- 
β2 to the benign HaCaT- ras  clone increases tumor formation, invasion, and metas-
tasis in nude mice (Davies et al.  2012 ). Furthermore, the HaCaT- ras  cells producing 
more TGF-β still retain the response to TGF-β-induced growth inhibition in vitro 
(Davies et al.  2012 ), suggesting that the growth inhibitory effect of TGF-β1 is insuf-
fi cient for tumor suppression in vivo.  

9.2.2     In Vivo Expression of TGF-β1 in the Skin Inhibits 
Benign Tumor Formation and Promotes Malignant 
Conversion in Skin Carcinogenesis 

 The two-stage chemical carcinogenesis model is a well-established experimental 
system to study the mechanism of skin tumor development in vivo (Filler et al. 
 2007 ; Yuspa 1986   ). In this model, skin tumor is fi rst initiated by exposing the skin 
to carcinogens such as the mutagen dimethylbenzanthracene (DMBA), which can 
cause mutation in the oncogene  Ha-ras  (Fujiki et al.  1989 ); second, tumor forma-
tion is promoted by treatments of a tumor promoter, such as 12- O -tetradecanoylphorbol- 
13-acetate (TPA). Some benign tumors (primarily papillomas) can convert to 
malignant SCCs after acquiring additional spontaneous genetic mutations (Akhurst 
and Balmain  1999 ). In wild-type mice, TGF-β1 mRNA expression is quickly 
induced by TPA in suprabasal cells of the epidermis (Akhurst et al.  1988 ). 
Chemically induced papillomas and carcinomas have elevated levels of TGF-β1 
mRNA in the keratinocyte compartment (Fowlis et al.  1992 ; Patamalai et al.  1994 ). 
To investigate the role of TGF-β in skin homeostasis and carcinogenesis in vivo, 
keratinocyte-specifi c TGF-β transgenic mice were developed. Transgenic mouse 
models that target TGF-β1 to epidermal keratinocytes using different keratin pro-
moters demonstrate that functions of TGF-β1 in skin development and epidermal 
keratinocyte proliferation depending on the location of TGF-β1 expression in differ-
ent epidermal layers. When TGF-β1 was targeted to suprabasal layers of the epider-
mis driven by keratin 1 (K1) promoter (K1.TGF-β1), transgenic mice died at early 
neonatal stages (Sellheyer et al.  1993 ) due to the inhibition of keratinocyte prolif-
eration. In contrast, mice overexpressing TGF-β1 driven by keratin 6 or keratin 10 
promoters (K6.TGF-β1 or K10.TGF-β mice) lived to adulthood with no signifi cant 
histological changes other than resistance to TPA-induced epidermal hyperplasia 
(Cui et al.  1995 ; Fowlis et al.  1996 ). However, study of long-term chemical carcino-
genesis on K6.TGF-β1 and K10.TGF-β1 transgenic mice led to the conclusion that 
TGF-β1 has a biphasic effect on skin carcinogenesis: inhibiting tumorigenesis at an 
early stage but promoting malignant tumor conversion and rapid metastasis at a later 
stage (Cui et al.  1996 ). Using gene-switch-TGF-β1 transgenic mice to induce TGF- β 
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1 transgene expression in the skin at specifi c stages of chemical  carcinogenesis, we 
found that TGF-β1 transgene induction at early stage inhibited tumor formation but 
TGF-β1 induction in papillomas signifi cantly promoted tumor conversion from 
benign to malignant with increased metastasis (Weeks et al.  2001 ). Moreover, 
TGF-β transgenic papillomas exhibited down-regulation of TGF-β receptors and 
their signal transducer Smads, loss of the invasion suppressor E-cadherin/catenin 
complex in the cell membrane, elevated expression of matrix metalloproteinases 
and increased angiogenesis. Thus, although down regulation of TGF-β signaling 
components in tumor epithelia abolishes TGF-β-induced tumor cell growth inhibi-
tion, tumor stroma, which has intact TGF-β signaling components, respond to 
increased TGF-β ligand to promote tumor metastasis (Weeks et al.  2001 ).  

9.2.3     In Vivo Abrogation of TGF-β Receptors in Skin Promotes 
Tumor Development and Metastasis 

 Mice with germline TGF-βRII deletion are embryonic lethal around 10.5 days of 
gestation (Oshima et al.  1996 ). Interruption of TGF-βRII function by either overex-
pressing dominant-negative TGF-βRII (ΔβRII) receptors or conditional deletion of 
TGF-βRII in specifi c epidermis has been utilized to study the role of TGF-β recep-
tors in skin homeostasis and carcinogenesis (Amendt et al.  1998 ; Go et al.  1999 ; 
Guasch et al.  2007 ). Transgenic mice expressing ΔβRII in suprabasal keratinocytes 
driven by truncated mouse loricrin promoter (ML.ΔβRII) develop hyperprolifera-
tive skin conditions in the early neonatal stage but normalize in adulthood. In vitro 
cultured primary keratinocytes from these mice demonstrated resistance to exoge-
nous TGF-β1-induced growth inhibition (Wang et al.  1997 ). When these transgenic 
mice were subjected to the two-stage chemical carcinogenesis study, they devel-
oped tumors earlier with a larger number of benign papillomas and higher frequen-
cies of malignant cancer formation and metastasis compared to wild-type mice (Go 
et al.  1999 ). Analysis showed that ML.ΔβRII tumors had increased expressions of 
vascular endothelial growth factor (VEGF), a pro-angiogenesis factor, and decreased 
expression of thrombospondin-1, an angiogenesis inhibitor. Both factors are attrib-
uted to the increased angiogenesis found in tumors and malignant carcinoma pro-
gression and metastasis. Increased angiogenesis correlated with elevated endogenous 
TGF-β1 in ML.ΔβRII tumors (Go et al.  1999 ). Similarly, when ΔβRII was expressed 
in basal keratinocytes in mouse skin targeted by the keratin 5 promoter, the trans-
genic mice also have accelerated skin tumor development and malignancy transfor-
mation in chemical carcinogenesis (Amendt et al.  1998 ) compared to wild- type 
mice. Moreover, keratinocyte-specifi c TGF-βRII knockout mice in which deletion 
of TGF-βRII in stratifi ed epithelia driven by the keratin 14 promoter results in spon-
taneous SCC formation in the transitional area between the stratifi ed squamous epi-
thelium of the skin and the mucosal epithelium, e.g. the anal and genital regions but 
not in mouse back skin (Guasch et al.  2007 ). Further analyses revealed that in com-
parison with mouse back skin, the epithelium of the transitional zone in the anus 
naturally showed enhanced  Ras -MAPK signaling, locally increased infl ammation 
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and aberrant differentiation, which favor to tumorigenesis in the anal and genital 
regions. In aged mice with TGF-βRII deletion, reduced apoptosis and high epider-
mal proliferation due to blocking of TGF-β signaling eventually caused anal and 
genital SCC development. Tumor formation in these regions did not happen in 
young mice when enhanced proliferation, as a result of TGF-βRII deletion, was bal-
anced with increased apoptosis (Guasch et al.  2007 ). Furthermore, when DMBA 
alone was applied to TGF-βRII knockout mice skin or grafting of  Ha-Ras -infected 
TGF-βRII knockout keratinocytes onto nude mice, mice quickly developed inva-
sive/metastatic SCC (Guasch et al.  2007 ). Therefore, the loss of TGF-β function in 
epidermal keratinocytes promotes skin carcinogenesis, but development of malig-
nant tumors requires additional initiation factors (Amendt et al.  1998 ; Go et al. 
 1999 ; Guasch et al.  2007 ). Human malignant skin cancer frequently exhibits over-
expression of TGF-β1 but reduced expression of TGF-βRII. To better understand 
how this combination affects cancer prognosis, we studied skin carcinogenesis 
using the chemical carcinogenesis protocol in inducible TGF-β transgenic mice 
with and without functional TGF-β receptors. In this study, TGF-β1/ΔβRII com-
pound mice were generated; these mice stably express ΔβRII, which inhibits cell 
binding to the TGF-β ligand, but TGF-β1 can be induced at specifi c stages of carci-
nogenesis. When TGF-β1 expression was induced in the papilloma stage, mice 
developed malignant SCC at a high frequency, with more metastasis to the lymph 
nodes and lung. Overall, 30 % of tumors in mice overexpressing TGF-β1 exhibited 
spindle cell carcinoma (SPCC). TGF-β1 induction in the papilloma with inactiva-
tion of TGF-βRII function in the TGF-β/ΔβRII compound mice also developed 
more malignant SCC and metastasis. However, SPCC was rarely observed in TGF- 
β1/ΔβRII mice. Consistently, TGF-β1-induced SCCs exhibited loss of E-cadherin, 
an EMT marker. This phenomenon was not common in ΔβRII or TGF-β1/ΔβRII 
compound mice. Further analysis showed that TGF-β1-mediated SCCs had signifi -
cant levels of Hey1 and Jag1, while upregulation of Erk1, JNK1, and RhoA/Rac1 
was also observed in all TGF-β1 and ΔβRII mice. Therefore, TGF-β1-induced EMT 
and metastasis can be uncoupled. TGF-β1 mediates EMT via the activation of Notch 
signaling and requires intact TGF-β signaling components, whereas increased 
angiogenesis and matrix metalloproteinase (MMP) caused by TGF-β-induced 
MAPK and Rho/Rac activation via a Smad-independent mechanism largely contrib-
ute to cancer metastasis (Han et al.  2005 ). This study highlights an important fact 
that EMT cannot always be used to predict the metastatic potential.  

9.2.4     Differential Roles of TGF-β Signaling Smads 
in Skin Cancer 

 The discovery and study of Smad family members mediating TGF-β signaling has 
signifi cantly improved the understanding of the TGF-β signaling pathway’s multiple 
biological functions. Eight isoforms of Smads have been found in   mammals     and are 
generally classifi ed into three subtypes: R-Smads (Smad1, 2, 3, 5, 8), Co-Smad 
(Smad4), and I-Smads (Smad6, 7) (Derynck and Zhang  1996 ; Massague  1996 ). 
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Germline deletions of Smad1, Smad2, Smad4, Smad5, and Smad7 in mice result in 
embryonic death (Chang et al.  1999 ; Heyer et al.  1999 ; Kleiter et al.  2010 ; Nomura 
and Li  1998 ; Sirard et al.  1998 ; Tremblay et al.  2001 ; Waldrip et al.  1998 ; Weinstein 
et al.  1998 ; Yang et al.  1998 ). Smad3 knockout mice survive to adulthood (Datto 
et al.  1999 ; Yang et al.  1999 ; Zhu et al.  1998 ). To overcome embryonic lethality 
caused by knocking out individual Smads, conditional knockout mice targeting Smad 
deletion to keratinocytes were generated to study the role of Smads in skin carcino-
genesis (Bornstein et al.  2007 ). So far, the potential roles of TGF-β signaling Smads, 
i.e., Smad2, Smad3, and Smad4, in skin carcinogenesis have been investigated, but 
the role of other Smads in skin tumors remains to be clarifi ed. Thus, the current dis-
cussion will be focused on the role of TGF-β signaling Smads in skin cancer. 

9.2.4.1     The Role of Smad2 in Skin Carcinogenesis 

 Loss or reduction of Smad2 expression occurs in several human SCCs, including 
genital SCCs, head and neck SCCs and cervical SCCs (Han and Wang  2011 ). 
Immunostaining has shown Smad2 protein reduction/loss in 70 % of human skin 
cancers. Smad2 loss is especially high in poorly differentiated SCCs (Hoot et al. 
 2008 ). Although Smad2 mutation was not frequent in human SCCs (Han and Wang 
 2011 ), we found that approximately 67 % of poorly differentiated human skin SCCs 
have loss of heterozygosity (LOH) at the Smad2 locus, possibly due to accumulated 
ultraviolet radiation-induced genomic damage (Hoot et al.  2008 ). Since germline 
homozygous Smad2 deletion in mice results in embryonic lethality (Heyer et al. 
 1999 ; Nomura and Li  1998 ; Waldrip et al.  1998 ; Weinstein et al.  1998 ), the role of 
Smad2 in skin carcinogenesis was fi rst investigated in Smad2 heterozygous mice 
(Smad2+/−) because these mice lived a normal lifespan without spontaneous tumor 
development. Smad2+/− mice developed a greater number of less-differentiated 
tumors compared to wild-type control mice when exposed to the two-stage chemi-
cal carcinogenesis protocol (Tannehill-Gregg et al.  2004 ). In our established condi-
tional Smad2 knockout mice that target Smad2 deletions to keratinocytes using the 
keratin 14 (K14) promoter, we found Smad2 deletion did not develop spontaneous 
skin tumors throughout 18 months of observation (Hoot et al.  2008 ). Moreover, 
even in the presence of a DMBA-induced  H-ras  mutation, a genetic alteration mim-
icking early stage human skin cancer, mice with epidermal Smad2 deletion still 
failed to develop skin tumors without TPA promotion. Thus, Smad2 loss alone is 
insuffi cient to promote initiated cells to develop into cancer. Similar to the observa-
tion in Smad2+/− mice (Tannehill-Gregg et al.  2004 ), when the two-stage chemical 
carcinogenesis protocol was applied to mice with epidermal Smad2 loss, mice 
developed skin tumors early with increased numbers, and accelerated malignant 
conversion compared to wild-type mice (Hoot et al.  2008 ). Histological analysis 
showed that Smad2 loss induced papillomas to undergo early EMT, and about 25 % 
malignant tumors in conditional Smad2 knockout mice were classifi ed as SPCC, 
which are rare in wild-type mice. Moreover, Smad2 defi cient tumors have signifi -
cantly increased angiogenesis in the stroma. Mechanism analyses revealed that lev-
els of TGF-β1, TGF-β signaling, Smad3/Smad4, and VEGF were similar between 
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Smad2 deletion tumors and wild-type tumors. Proliferation and apoptosis in tumors 
have a very limited effect from Smad2 deletion. However, Smad2 deletion signifi -
cantly increased Snail and hepatocyte growth factor (HGF) expression in keratino-
cytes and tumor epithelial cells. Further analysis identifi ed that Smad2 loss causes 
Snail and HGF upregulation via loss of Smad2-mediated transcriptional repression 
and enhanced Smad3/4-mediated transactivation for Snail and HGF in keratino-
cytes and tumor cells (Hoot et al.  2008 ; Hoot et al.  2010 ). These results provide 
potential new targets for treating skin cancer.  

9.2.4.2     The Role of Smad3 in Skin Carcinogenesis 

 Smad3 acts as a major mediator for the TGF-β signaling pathway (Millet and Zhang 
 2007 ; Nakao et al.  1997 ). With respect to the role of Smad3 in SCC, Smad3 null 
keratinocytes transduced with  v-ras  Ha  exhibited signifi cant reduction of TGF-β- 
induced cell growth arrest and increased tumorigenesis after grafting onto nude 
mice. Overexpression of Smad3 in wild-type keratinocytes by infection with 
adenoviral- Smad3 induced keratinocyte growth arrest and senescence. All of the 
changes observed in Smad3 null keratinocytes cannot be amended by transfecting 
Smad2 and Smad4 (Bae et al.  2009 ; Vijayachandra et al.  2003 ). In contrast to the 
fi ndings in Smad3 null keratinocytes and keratinocyte grafting bioassays, a carcino-
genesis study in Smad3 knockout mice has shown that Smad3 is required for tumor 
formation in the two-stage carcinogenesis model. Germline Smad3 knockout mice 
did not develop spontaneous skin tumors after long-term observation (Datto et al. 
 1999 ; Yang et al.  1999 ; Zhu et al.  1998 ). Interestingly, both homozygous and het-
erozygous Smad3 knockout mice have shown resistance to chemically induced skin 
carcinogenesis (Li et al.  2004a ; Tannehill-Gregg et al.  2004 ). Furthermore, Smad3 
knockout tumors show reduced cell proliferation and infl ammation, but increased 
apoptosis in response to TPA treatment (Li et al.  2004a ). The observed phenomena 
may be attributed to Smad3 deletion-mediated blocking of TGF-β signaling, evi-
denced by the reduction of TGF-β-induced activator protein-1 family members and 
TGFα in TPA treated Smad3 null cells and tissues. Moreover, tumor tissues exhib-
ited reduced leukocyte infi ltration, particularly a reduction of tumor-associated 
macrophage infi ltration. Consistently, the pro-infl ammatory cytokine, IL-1β, and 
the monocyte/macrophage-attracting chemokine, MCP-1, are signifi cantly reduced 
in Smad3 null tumors compared to wild-type tumors (Li et al.  2004a ). Therefore, 
TGF-β mediated infl ammation appears to require Smad3, which could explain the 
difference between Smad3-mediated tumor suppressive effects inside the keratino-
cytes and Smad3-mediated oncogenic effects on the tumor stroma.  

9.2.4.3     The Role of Smad4 in Skin Carcinogenesis 

 To avoid embryonic lethality caused by germline deletion of Smad4 (Sirard et al. 
 1998 ; Yang et al.  1998 ), mouse models with Smad4 deletion specifi cally targeted 
at keratinocytes have been established (Bornstein et al.  2009 ; Li et al.  2003 ; 
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Qiao et al.  2006 ; Yang et al.  2005 ). Smad4 defi cient skin develops progressive 
alopecia with hair follicle degeneration without affecting keratinocyte differentiation 
(Owens et al.  2008 ; Yang et al.  2005 ). Molecular mechanisms for this pathological 
alteration are attributed to the loss of Smad4 that blocked Smad1/5 mediated desmo-
glein-4 transcription (Owens et al.  2008 ). When Smad4 was deleted in epidermal 
keratinocytes, mammary epithelium or head and neck epithelium, all mice developed 
spontaneous SCC (Bornstein et al.  2009 ; Li et al.  2003 ; Yang et al.  2005 ). These fi nd-
ings further confi rmed that Smad4 mutation acts as an oncogenic factor (Hahn et al. 
 1996 ; Thiagalingam et al.  1996 ). Tumors in Smad4 knockout mice have reductions in 
phosphatase and tensin homolog (PTEN) and p21 CIP/WAF , but upregulation of AKT, 
increased cell proliferation and nuclear accumulation of cyclin D1 (Qiao et al.  2006 ). 
In the established Smad4/PTEN double knockout mice, skin tumor formation was 
signifi cantly accelerated compared to Smad4 deletion alone (Qiao et al.  2006 ; Yang 
et al.  2005 ). When Smad4 and PTEN genes were simultaneously deleted in epithelial 
cells of the upper digestive tract, forestomach tumor formation was also accelerated 
(Teng et al.  2006 ). Thus, Smad4 and PTEN act synergistically to regulate epidermal 
proliferation and differentiation. Loss of both genes may contribute to the initiation 
and promotion of tumorigenesis (Teng et al.  2006 ; Yang et al.  2005 ). The tumor 
suppressive role of Smad4 is also shown by the deletion of Smad4 in oral epithelia, 
which resulted in spontaneous head and neck SCC with downregulation of Fanc/Brca 
pathway genes, which increased genomic instability and infl ammation (Bornstein 
et al.  2009 ). Thus, there are several critical differences between Smad2 and Smad4 
deletion in the epithelium. Smad2 deletion in the epidermis promoted EMT at 
quite an early stage and caused signifi cant increase in SPCC formation in chemical 
carcinogen-initiated skin cancer, but Smad2 loss itself is insuffi cient to initiate tumor-
igenesis. Increased angiogenesis observed in chemically induced Smad2−/−tumors 
was caused by directly upregulating HGF through recruiting Smad4 onto the SBE site 
of the HGF promoter (Hoot et al.  2010 ). Smad4 deletion in epithelial cells could initiate 
spontaneous carcinoma development by downregulation of PTEN or Fanc/Brca 
genes. EMT phenomena or SPCC was seldom observed in the Smad4 deletion tumors. 
Furthermore, Smad4 deleted but not Smad2 deleted tumors have increased expression 
of TGF-β1 and VEGF, which contributes to increased angiogenesis and infl ammation 
(Bornstein et al.  2009 ; Owens et al.  2010 ; Qiao et al.  2006 ; Yang et al.  1998 ).    

9.3     TGF-β and Systemic Sclerosis 

 SSc, also known as scleroderma, is a chronic and fatal autoimmune disease charac-
terized by excessive extracellular matrix accumulation in connective tissues. SSc 
affects the skin and internal organs, including the lungs, gastrointestinal tract, and 
heart. Clinically, SSc is classifi ed into two major types: diffuse SSc, characterized 
as cutaneous scleroderma with at least one internal organ involvement, and limited 
cutaneous scleroderma, characterized as limited skin scleroderma without internal 
organ involvement. The major pathologic feature of SSc is excess collagen deposi-
tion in the extracellular matrix. Although the mechanism of skin fi brosis remains 
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unknown, abnormal dermal fi broblast activation and chronic infl ammation have 
been implicated in the pathogenesis of SSc. TGF-β has been shown to promote 
fi broblast proliferation (Wynn  2007 ), stimulate the production of collagen by fi bro-
blasts (Bettinger et al.  1996 ; Wu et al.  2012 ), and induce infl ammation in the skin 
(Li et al.  2004b ). Therefore, accumulated evidence indicates that TGF-β signaling 
plays a key pathogenic role in SSc. 

9.3.1     Increased TGF-β Expression in SSc Lesions 

 Histologically, fi brosis is a cardinal feature of SSc, but vasculopathy and infl amma-
tory infi ltration may also be observed in the early stages of SSc (Beyer et al.  2012 ; 
Gabrielli et al.  2009 ; Varga and Abraham  2007 ). Fibrosis is characterized by exces-
sive collagen formation in connective tissue, produced by activated fi broblasts. 
Since TGF-β is shown to promote fi broblast proliferation and enhance collagen 
production in normal human fi broblasts, TGF-β has been implicated in the patho-
genesis of fi brotic disorders (Varga and Jimenez  1986 ). SSc patients have high lev-
els of plasma TGF-β, and fi broblasts derived from SSc patients display elevated 
levels of TGF-β mRNA expression (Higley et al.  1994 ; Vuorio et al.  1991 ). 
Abnormal expression of TGF-β is shown to be involved in SSc skin lesion forma-
tion (Gay et al.  1992 ; Gruschwitz et al.  1990 ; Rudnicka et al.  1994 ). Increased 
TGF-β1 was also found in endothelial cells at the early stages of SSc skin (Gabrielli 
et al.  1993 ). For the three isoforms of TGF-β (1, 2, and 3) in mammals, the mRNA 
for each has been detected in infl amed areas of either localized or diffused SSc, but 
not in sclerotic or healthy skin. However, TGF-β1 and TGF-β2 proteins were con-
fi rmed in the infl ammatory skin of patients, whereas TGF-β3 protein appears to be 
present in the dermis of both patients and healthy controls, indicating a reduced 
specifi city of TGF-β3 in the pathogenesis of SSc (Querfeld et al.  1999 ). Furthermore, 
TGF-β2 mRNA was found to be co-localized with pro-α1(I) collagen expression 
around dermal blood vessels in the infl ammatory stage of SSc, but no expression of 
TGF-β2 or pro-α1(I) collagen was found in the dermis of fi brotic stage patients, 
suggesting that TGF-β2 might be more important in the pathogenesis of early SSc 
(Kulozik et al.  1990 ). In several established SSc animal models, increased TGF-β 
acts as a key mediator in fi brosis formation, and the reduction of TGF-β expression 
by several therapeutic strategies shows antifi brotic effects (Artlett  2010 ; Batteux 
et al.  2011 ; Iwamoto et al.  2011 ; Rosenbloom et al.  2010 ; Yamamoto  2010 ). These 
experiments further verifi ed the role of TGF-β in the pathogenesis of SSc.  

9.3.2     Upregulation of TGF-β Receptors in SSc Fibroblasts 

 It was also reported that alteration of TGF-β receptors occurred in SSc fi broblasts. 
Increased TGF-βRI and TGF-βRII mRNAs were found in cultured fi broblasts 
derived from SSc patients compared to healthy control fi broblasts. Consistently, 
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overexpression of either TGF-βRI or TGF-βRII signifi cantly increases α2 (I) 
 collagen promoter activity in transient transfection assays in dermal fi broblasts 
(Kawakami et al.  1998 ). Furthermore, both TGF-βRI and TGF-βRII increased in 
dermal fi broblasts and infl ammatory cells around vascular blood in localized sclero-
derma and SSc lesional skin in comparison with healthy controls (Kubo et al.  2001 , 
 2002 ). These studies suggest that overexpression of TGF-βRI and TGF-βRII in der-
mal fi broblasts results in autocrine TGF-β signaling, which plays a pathological role 
in SSc development. However, these fi ndings have not been fully verifi ed by other 
studies. One study reported that SSc derived fi broblasts have high levels of TGF- β 
RI expression, but 30 % decreased TGF-βRII expression compared to normal 
healthy skin derived fi broblasts (Pannu et al.  2004 ). Furthermore, normal fi broblasts 
infected with adenoviral-TGF-βRI but not adenoviral-TGF-βRII demonstrated 
increased basal level of type-I collagen expression. They concluded that increasing 
the ratio of TGF-βRI to TGF-βRII contributed to collagen formation involved in the 
pathogenesis of SSc (Pannu et al.  2004 ). Perturbation of TGF-βRI and TGF-βRII in 
the pathogenesis of fi brosis has also been seen in animal models of SSc. In the 
induced TGF-βRI (βRI CA /Cre-ER) mouse models, postnatal induction of TGF-βRI 
in fi broblasts resulted in multiple organ fi brosis mimicking features of SSc in 
humans (Sonnylal et al.  2007 ). When constitutively active TGF-βRI was induced in 
fi broblasts in βRI CA /Cre-ER transgenic mice, the mice developed generalized der-
mal fi brosis in their skin and a small-vessel vasculopathy with both smooth muscle 
and endothelial abnormalities in the lungs and kidneys (Sonnylal et al.  2007 ). 
Additionally, overexpression of dominant-negative TGF-βRII in fi broblasts in TGF-
βRIIΔk- fi b mice also caused lung and skin fi brosis as endogenous TGF-βRI was 
activated in transgenic fi broblasts (Denton et al.  2003 ,  2005 ; Hoyles et al.  2008 ).  

9.3.3     Abnormal Expression of Smads in SSc 

 Type I collagen proteins, which consist of glycine- and proline-rich two α1(I) chains 
( COL1A1 ) and one α2(I) chain ( COL1A2 ), have been recognized as major excess 
protein in SSc lesion (Jinnin  2010 ).  COL1A2  genes contain Smad binding sites at 
their promoters. Transient overexpression of Smad3 and Smad4, but not Smad1 or 
Smad2, causes trans-activation of the human  COL1A2  promoter in normal human 
dermal fi broblasts (Chen et al.  1999 ; Dennler et al.  1998 ; Zhang et al.  2000 ). In vitro 
studies demonstrated that scleroderma-derived fi broblasts had increased  COL1A2  
promoter activity with high levels of Smad3 binding to the promoter compared to 
normal control fi broblasts (Jinnin et al.  2006 ). Compared to fi broblasts derived from 
healthy adult volunteers, increased Smad3 expression is found in fi broblasts from 
scleroderma patients (Mori et al.  2003 ). Since subcutaneous injection of bleomycin 
into mouse skin for 4 weeks results in fi brosis in the skin and lung, bleomycin- 
induced fi brosis has been extensively used to study the pathogenesis of SSc 
(Yamamoto  2010 ). When the bleomycin-inducing sclerosis protocol was applied to 
Smad3 knockout mice, infl ammatory infi ltration and TGF-β expression in the der-
mis at an early time point were similar in Smad3 knockout and wild-type mice. 
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However, by day 28 after injection, lesional skin from Smad3 knockout mice 
 exhibited attenuated fi brosis, lower synthesis and accumulation of collagen, and 
reduced collagen gene transcription in situ, compared to wild-type mice (Lakos 
et al.  2004 ). These data support the idea that Smad3 mediates TGF-β-induced fi bro-
sis in SSc thus targeting Smad3 signaling could at least in part ameliorate sclero-
derma. Smad7, as an antagonist of the TGF-β signaling pathway, has been reported 
to inhibit α1 (I) collagen production in normal human fi broblasts and decrease 
α-smooth muscle actin expression in hypertrophic scar-derived fi broblasts (Kopp 
et al.  2005 ). Reduced Smad7 functions, due to either reduced expression or func-
tional defect, have been observed in SSc. In one study, SSc lesions or SSc derived 
fi broblasts have reduced Smad7 expression but increased Smad3 expression in 
comparison with that of normal skin or fi broblasts, indicating that Smad7 defi ciency 
and Smad3 upregulation attribute to upregulated TGF-β signaling in scleroderma 
(Dong et al.  2002 ). In a separate study, SSc lesions and SSc derived fi broblasts were 
found to express high levels of Smad7 and TGF-βRI, and TGF-β signaling Smads 
remained unchanged compared to normal controls (Asano et al.  2004 ). Further anal-
ysis showed that the inhibitory effect of Smad7 on human α2(I) collagen promoter 
activity was completely impaired in SSc fi broblasts, suggesting that increased 
Smad7 in SSc fi broblasts may be caused by autocrine TGF-β signaling (Asano et al. 
 2004 ). The discrepancy of Smad7 expression levels in SSc skin and fi broblasts has 
also been reported by other studies (Kreuter et al.  2006 ; Zhu et al.  2012 ) and may 
be due to different sample sources or different stages of SSc (Asano et al.  2004 ). 
Recent reports indicate that the Smad1 pathway may also be involved in the patho-
genesis of SSc. The fi rst evidence came from a study on forced TGF-βRI expres-
sion-induced fi brosis, which upregulates collagen production and CCN2 (CTGF) 
via the TGF- βRI/Smad1 and ERK1/2 pathways (Pannu et al.  2007 ). The same group 
later showed that total and phosphorylated Smad1 levels were signifi cantly elevated 
in SSc skin biopsy samples and cultured SSc fi broblasts and correlated with ele-
vated CCN2 protein levels. Furthermore, this group identifi ed that Smad1 was a 
direct activator of the CCN2 gene through binding the GC-motif in the CCN2 pro-
moter. SSc fi broblasts exhibited elevated CCN2 promoter activity, which is corre-
lated with the level of increased Smad1. Knocking down Smad1 in SSc fi broblasts 
reduced production of CCN2 and collagen (Pannu et al.  2008 ). Therefore, it is likely 
that Smad1 and Smad3 play complementary roles in the pathogenesis of SSc.  

9.3.4     TGF-β Regulates Other Fibrotic Factors Implicated 
in SSc 

 In addition to TGF-β, many cytokines, chemokines, and growth factors have been 
implicated in the pathogenesis of SSc. However, TGF-β seems to still be a master 
regulator in SSc as evidenced by its crosstalk with other molecules during SSc 
fi brosis. The platelet derived growth factor (PDGF) pathway has long been 
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recognized as another key player in fi brotic diseases. PDGF regulates many aspects 
of fi brotic diseases including promoting myofi broblast proliferation and stimulating 
production of infl ammatory cytokines and ECM. In SSc, TGF-β enhances the func-
tion of PDGF by upregulating expression of PDGF receptors in fi broblasts (Bonner 
 2004 ). c-Abelson (c-Abl), a non-receptor tyrosine kinase associated with chronic 
myelogenous leukemia (CML), is produced by TGF-β-activated fi broblasts and is 
also involved in TGF-β-induced fi brotic processes (Bhattacharyya et al.  2009 ; 
Rosenbloom et al.  2010 ). Inhibition of c-Abl by dasatinib or nilotinib has shown 
antifi brotic effects (Beyer et al.  2012 ). CCN2 (CTGF), early growth response gene 
I (EGR1), and Endothelin 1 (ET-1) are all induced by TGF-β and upregulated in SSc 
skin. All have been shown to mediate TGF-β-induced fi brosis. Targeting CCN2, 
EGR1 (e.g., imatinib) or ET-1 (e.g., Bosentan) may become new therapeutic strate-
gies for treating fi brotic diseases (Bhattacharyya et al.  2012 ).   

9.4     TGF-β and Cutaneous Hypertrophic and Keloid 
Scarring 

 Hypertrophic scarring and keloid scarring are frequently observed in clinical prac-
tice. Hypertrophic scarring occurs when the raised scar is limited to within the mar-
gin of the original injury, while keloid scarring is defi ned as a continually growing 
scar extending beyond the original injury. Scarring is usually the outcome of normal 
wound healing and can regress spontaneously after injury; however, hypertrophic 
scars caused by acute injuries such as severe burns usually result in life-long 
  physical disability    . Keloid scarring has been shown to have a strong genetic predis-
position and rarely regresses (Tuan and Nichter  1998 ). Clinically, hypertrophic 
scarring and keloid scarring cause the patient physical and psychological distress 
and can signifi cantly affect the patient’s quality of life (Shih and Bayat  2010 ). 
Causally, both result from overgrowth of fi brous tissue characterized by excess 
 production of ECM and collagen formation after skin damage due to injury or 
 surgery (Seifert and Mrowietz  2009 ; Tziotzios et al.  2012 ). Many cytokines and 
growth factors are proposed to be involved in scar formation; TGF-β and its signal-
ing pathway, which infl uences all aspects of wound healing, play key roles in 
 regulating scar development (Seifert and Mrowietz  2009 ). 

9.4.1     TGF-β and Scar Free Wounds 

 Previous studies have demonstrated that fetal wounds heal without scar formation in 
humans and various experimental animal models (Bullard et al.  2003 ). Compared to 
adult wounds, fetal wounds are characterized by fi ne and reticular collagen 
 deposition with less cross-linking, less infl ammation, higher hyaluronic acid 
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concentration, and a greater ratio of collagen type III to type I (Namazi et al.  2011 ). 
Multiple differences in molecules and gene expression have been identifi ed between 
fetal wounds and adult wounds (Larson et al.  2010 ; Namazi et al.  2011 ). Among 
them, the role of TGF-β has been extensively studied. The expression of TGF-β1 
and TGF-β2 is increased in adult wounds while levels of TGF-β1 and TGF-β2 are 
low in fetal wounding mouse models (Nath et al.  1994 ; Sullivan et al.  1995 ; Whitby 
and Ferguson  1991 ). Lack of TGF-β1 has also been observed in fetal platelets 
(Olutoye et al.  1996 ). To verify the pathological role of TGF-β1 and TGF-β2 in scar 
formation, TGF-β1 and TGF-β2 neutralizing antibodies were used in adult rat 
wounds, which resulted in reduced monocyte and macrophage profi le, neovascular-
ization, fi bronectin, collagen III and collagen I deposition in the early stages of 
wound healing. Only given a single antibody to either TGF-β1 or TGF-β2 did the 
wound show less or no relieved scarring (Shah et al.  1995 ). In addition, some stud-
ies indicated that scar-less wounds have signifi cantly increased levels of TGF-β3, 
while TGF-β1 levels remained unchanged (Eslami et al.  2009 ; Hsu et al.  2001 ). 
Administration of the TGF-β3 peptide to the wounded area exhibited an antifi brotic 
effect (Shah et al.  1995 ). Those studies clearly demonstrate isoform-specifi c differ-
ences of TGF-β playing different roles in wound healing and cutaneous scarring. 
Although several other reports have shown increased TGF-β1 and TGF-β2 in fetal 
wounds after acute wounding, these increases clear rapidly. This transient induction 
of TGF-β1 and TGF-β2 in fetal wounds might not be enough to induce infl amma-
tion (Cowin et al.  2001 ; Martin et al.  1993 ; Soo et al.  2003 ). Moreover, recent stud-
ies indicate that fetal fi broblasts do not exhibit TGF-β1-induced collagen production 
when compared with their mature counterparts (Rolfe et al.  2007 ). Thus, the differ-
ence in response to TGF-β stimuli between fetal fi broblasts and mature fi broblasts 
may also contribute to scar-free fetal wounds.  

9.4.2     TGF-β and Cutaneous Scarring 

 The mechanism of keloid formation is still poorly understood, and no effective 
therapy for keloids exists. As studies have shown that TGF-β has a potent role in 
stimulating the proliferation of fi broblasts and causing infl ammation, activation of 
TGF-β signaling has been postulated to play a central role in the pathogenesis of 
keloids. Compared to normal skin, keloid-derived fi broblasts have high expression 
of TGF- β1 and TGF-β2 proteins, but expression of TGF-β3 remains unchanged (Lee 
et al.  1999 ). Both TGF-β1 and VEGF expressions were increased in keloid fi bro-
blasts and the upregulation of VEGF expression was dependent on TGF-β (Fujiwara 
et al.  2005 ). Furthermore, upregulation of TGF-β1, TGF-βRI, and TGF-βRII has 
been shown in burn-induced hypertrophic scar tissue in vivo (Ghahary et al.  1993 ; 
Schmid et al.  1998 ; Zhang et al.  1995 ). In addition, high levels of TGF-β signaling 
Smads including Smad2, 3, 4, TGF-βRI and TGF-βRII proteins were reported in 
keloid and hypertrophic scar tissue, and keloid-derived fi broblasts (Phan et al.  2005 ; 
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Tsujita- Kyutoku et al.  2005 ). In contrast, inhibitory Smads including Smad6 and 
Smad7 have been shown to decrease in keloid tissue (Yu et al.  2006 ). In vitro studies 
showed that TGF-β1 increases collagen production by keloid fi broblasts and pro-
motes proliferation and migration of keloid fi broblasts (Bettinger et al.  1996 ; Wu 
et al.  2012 ). These results indicated the pathogenic role of TGF-β signaling in cuta-
neous scar formation (Mrowietz and Seifert  2009 ; Seifert and Mrowietz  2009 ). 
Ideally, accelerated wound healing without scars or with minimal scarring is the aim 
for perfect regeneration in adult skin injuries. TGF-β is produced by many cellular 
components involved in wound healing, including keratinocytes, platelets, and mac-
rophages, and therefore production of TGF-β increases after injury (Singer and 
Clark  1999 ). However, the controversy surrounding the role of TGF-β in wound 
healing has existed for a long time and is still not resolved. Analysis identifi ed that 
TGF-β3 in serum plays a crucial role in mediating keratinocyte migration and inhib-
iting dermal fi broblast migration, implying TGF-β3 is key factor initiating re- 
epithelialization at early stages of wound healing as keratinocytes are exposed to 
serum due to skin damage (Bandyopadhyay et al.  2006 ; Henry et al.  2003 ). In con-
trast, transgenic mice overexpressing the TGF-β1 transgene in keratinocytes exhib-
ited delayed healing after burn injury or excisional wounding due to delayed 
re-epithelialization and signifi cant skin infl ammation (Chan et al.  2002 ; Wang et al. 
 2006 ; Yang et al.  2001 ). Consistently, TGF-β1 knockout mice showed accelerated 
re-epithelialization during incisional wound repair in comparison with wild-type 
mice (Koch et al.  2000 ), and transgenic mice overexpressing a dominant-negative 
TGF-βRII receptor or keratinocyte- specifi c deletion of TGF-βRII receptor also 
exhibited accelerated re- epithelialization in skin wounds (Amendt et al.  2002 ; 
Guasch et al.  2007 ). Smad3 knockout mice, in which TGF-β signaling is partially 
abolished, exhibited accelerated wound healing, featuring increased keratinocyte 
proliferation and migration, and reduced monocyte infi ltration (Ashcroft et al. 
 1999 ). Overexpression of Smad2 in basal epidermal keratinocytes delayed wound 
healing due to a defect in basal keratinocyte migration (Hosokawa et al.  2005 ). 
These studies indicate that both ectopically and endogenously expressed TGF-β1 
inhibits re-epithelialization and activation of TGF-β signaling in skin wounds might 
promote scar formation. Thus, a better wound healing outcome may be achieved by 
selectively blocking the negative effects of TGF-β1 (Massague  1999 ). Recently, we 
reported that transgenic mice undergoing temporal induction of Smad7, an antago-
nist of the TGF-β signaling pathway, in the epidermis during wound healing exhib-
ited accelerated wound healing characterized by increased re-epithelialization and 
reduced infl ammation, angiogenesis and the production of type I collagen in wound 
stroma. The mechanism involved in blocking TGF-β-induced epithelial prolifera-
tion arrest and inhibiting NFκB signaling in the epidermis by Smad7 (Han et al. 
 2011 ; Hong et al.  2007 ). These fi ndings highlight the importance of future studies 
to evaluate whether temporal Smad7 application in skin wounds can be used as a 
therapeutic strategy for impaired wound healing related to defects in keratinocyte 
migration, excessive infl ammation, and scarring.   
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9.5     Concluding Remarks 

 Skin cancer and fi brotic disease are common skin diseases lacking effi cient 
 therapies. TGF-β has been implicated in the pathogenesis of both due to its differ-
ential regulation of epidermal keratinocytes, fi broblasts, and other dermal cell com-
ponents. The role of TGF-β signaling in skin carcinogenesis is schematically 
summarized in Fig.  9.1 . TGF-β fi rst acts as a tumor suppressor in carcinogenesis as 
TGF-β inhibits normal keratinocyte proliferation and maintains genomic stability. 
However, TGF-β has also been demonstrated to play a crucial role in promoting 
malignant skin cancer conversion and cancer metastasis. Dominant-negative TGF-
βRII transgenic mice and Smad4 deletion tumors have also increased TGF-β expres-
sion associated with tumor development and metastasis. Although SCC tumor cells 
express high levels of TGF-β, cancer cells lost their response to TGF-β-induced 
growth inhibition due to the defi cient component of TGF-β signaling in tumor cells. 

  Fig. 9.1    Schematic summarizing the role of TGF-β signaling in skin carcinogenesis. TGF-β 
expression in skin suppresses tumor formation associated with inhibiting proliferation and main-
taining genomic stability of keratinocytes. During tumor development, TGF-β-induced infl amma-
tion and angiogenesis accelerate malignant SCC conversion and metastasis. Smad2 loss in epithelia 
causes increased Snail and HGF by recruiting Smad4 to the promoter of Snail and HGF in tumor 
cells. These molecular changes lead to EMT and increasing angiogenesis, which promote SCC 
formation. TGF-βRII or Smad4-defi cient cells express high level of TGF-β but cell itself loses the 
response to TGF-β-induced tumor suppression, and additional TGF-β increase stromal angiogen-
esis and infl ammation, all of which accelerate SCC development and metastasis. Smad3 loss in 
skin abrogates TGF-β-induced infl ammation during skin carcinogenesis       
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However, TGF-β-induced angiogenesis and infl ammation in tumor stroma further 
accelerate tumor development and metastasis. Therefore, TGF-β contributes to 
either tumor inhibition or promotion depending on tumor stages. Figure  9.2  sum-
marizes the role of TGF-β signaling in fi brotic diseases and cutaneous wound heal-
ing. In skin fi brotic diseases, it is well established that TGF-β plays a crucial role in 
fi brosis formation due to its ability to activate fi broblasts and stimulate collagen 
production in the extracellular matrix. Activation of TGF-β receptors, especially 
TGF-βRI, and abnormal expression of Smads have been documented in skin fi bro-
sis. Based on wound healing studies in the fetus, the isoforms of TGF-β subtypes 
may have different roles in cutaneous scar formation. TGF-β1 is a negative factor in 
cutaneous wound healing and promotes skin scarring due to its action in fi broblast 
activation and induction of infl ammation. Blocking TGF-β signaling may lead to 
novel strategies for treating impaired wound and skin fi brotic diseases in humans.

         Acknowledgments   The original work from the Wang laboratory is supported by NIH grants 
CA79998, CA87849 and AR061792. The authors thank Pamela Garl for carefully proofreading 
this chapter.  

  Fig. 9.2    Schematic summarizing the role of TGF-β signaling in fi brotic diseases. TGF-β acts a 
key player in mediating fi broblast activation to differentiate into myofi broblasts and stimulates the 
production of collagen via Smad3 and Smad1/Erk pathways. TGF-β also synergizes with other 
fi brotic factors such as CCN2, c-Ab1, Et-1, EGR1 in promoting collagen production. Excess col-
lagen production and TGF-β-induced infl ammation and angiogenesis contribute to skin fi brosis. In 
response to skin damage, TGF-β directly stimulates infl ammation and angiogenesis in the stroma 
and inhibits keratinocyte migration via Smad2/3 signaling, which result in delayed wound healing 
and skin scarring. Overexpression of Smad7 or deletion of Smad3 reduces skin fi brosis/skin scar-
ring and promotes wound healing through anti-infl ammation, accelerating keratinocyte migration, 
and reducing collagen production       
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