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Abstract 

The role of bone morphogenetic protein signalling in the control of skin repair 

after wounding. 

Christopher John LEWIS 
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Bone morphogenetic proteins (BMPs) and their receptors (BMPRs) coordinate 

tissue development and postnatal remodelling by regulating proliferation, 

differentiation and apoptosis. However, their role in wound healing remains 

unclear. To study this, transgenic mice overexpressing Smad1 (K14-caSmad1) 

or the BMP antagonist Noggin (K14-Noggin) were utilised, together with human 

and mouse ex vivo wound healing models and in vitro keratinocyte culture.  

In wild-type mice, transcripts for Bmpr-1A, Bmpr-II, Bmp ligands and Smad 

proteins were decreased following tissue injury, whilst Bmpr-1B expression was 

up-regulated. Furthermore, immunohistochemistry revealed a down-regulation 

of BMPR-1A in hair follicles adjacent to the wound in murine skin, whilst in 

murine and human wounds, BMPR-1B and phospho-Smad-1/5/8 expression 

was pronounced in the wound epithelial tongue.  

K14-caSmad1 mice displayed retarded wound healing, associated with reduced 

keratinocyte proliferation and increased apoptosis, whilst K14-Noggin mice 

exhibited accelerated wound healing. Furthermore, microarray analysis of K14-

caSmad1 epidermis revealed decreased expression of distinct cytoskeletal and 
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cell motility-associated genes including wound-associated keratins (Krt16, 

Krt17) and Myo5a versus controls.  

Human and mouse keratinocyte proliferation and migration were suppressed by 

BMP-4/7 both in vitro and ex vivo, whilst they were stimulated by Noggin. 

Additionally, K14-caSmad1 keratinocytes showed retarded migration compared 

to controls when studied in vitro. Furthermore, Bmpr-1B silencing accelerated 

migration and was associated with increased expression of Krt16, Krt17 and 

Myo5a versus controls.  

Thus, this study demonstrates that BMPs inhibit proliferation, migration and 

cytoskeletal re-organization in epidermal keratinocytes during wound healing, 

and raises a possibility that BMP antagonists may be used for the future 

management of chronic wounds. 
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1.1 The skin: a multifunctional organ 

The skin is the largest organ in the body, and is essential for the survival of all 

vertebrates. As well as keeping vital tissues within our bodies, skin provides an 

anatomical barrier to pathogens, and limits interaction between the hostile 

external environment and internal organs. The presence of specialised Merkel 

cells allows us to perceive our environment through tactile sensation, and aids 

in our withdrawal from noxious stimulants, including heat, trauma, ultraviolet 

radiation and cold. The skin is vital in thermoregulation and water control, 

controlling evaporation and constricting blood vessels to reduce heat loss 

(Johnson and Kellogg, 2010). Skin is also able to perform an endocrine 

function, synthesising vitamin D3 through the reaction of sunlight with 

cholesterol derivatives (Lips, 2006). From an aesthetic perspective, skin and 

personal appearance play a key role in human social behaviour (Morrison et al., 

2010). Not only can skin perform this wide variety of functions, but it is also able 

to heal itself when injured, illustrating its self-reparative properties. It can quickly 

be appreciated that the skin is a remarkable and highly complex organ in order 

to perform all of these roles. An array of different cell types including 

keratinocytes, fibroblasts, immune cells, Langerhans cells, hair follicles (HFs), 

sebocytes and melanocytes interact via an orchestra of signalling cascades in 

order to maintain skin homeostasis (Fuchs, 1993; Millar, 2002; van Genderen et 

al., 1994).  
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1.2 Anatomy of the skin 

The skin is broadly divided into the epidermis and dermis, developing from the 

ectoderm and mesoderm respectively, together with contributions from the 

neural crest to aid craniofacial development (Brenner and Hearing, 2008; Chai 

et al., 2000; Chang and Hemmati-Brivanlou, 1998; Smith and Holbrook, 1986). 

The epidermis is stratified into four distinct layers (Figure 1.1), whilst the dermis 

consists of two layers.  

 

1.2.1 Epidermis 

The epidermis is composed of a stratified squamous epithelium (interfollicular 

epidermis, IFE), varying in thickness from 0.007 to 1.15mm dependent on body 

site. It consists of four or five distinct cellular layers, which are structurally and 

functionally distinct (Figure 1.1), together with appendages such as HFs, 

sebaceous glands and sweat glands. Keratins are a group of proteins produced 

by epithelial cells, and are central to the formation of the intermediate filament 

system (Moll et al., 1982). Within the skin, they are fundamental to the durability 

and water-resistant properties, and are produced by keratinocytes.  
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Figure 1.1 - Epidermal anatomy. The epidermis is divided into four or five 

distinct sub-layers. The stratum basale consists of a monolayer of mitotically 

active cuboidal cells, which replenish the suprabasal layers. The stratum 

spinosum lies immediately above and consists of several stratified layers of 

polygonal-shaped cells. The stratum granulosum consists of only three or four 

flattened layers of anucleate cells. This layer contains keratohyalin and lamellar 

granules, comprising keratohyalin, filaggrin and lipids. The stratum corneum is 

composed of 25 to 30 layers of flattened scale-like anucleate cells. This layer is 

characterised by cornification, involving drying and flattening of the surface 

corneocytes. If present, the stratum lucidum would be found between the 

stratum granulosum and stratum corneum (Lippens et al., 2009). 
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The innermost layer of keratinocytes in the epidermis forms the stratum basale. 

This consists of a monolayer of cuboidal cells attached to the basement 

membrane via hemidesmosomes. The stratum basale cells are mitotically 

active, and contain a pool of epidermal stem cells and transit-amplifying cells 

(Fuchs, 2009). The daughter cells created move outwards to replenish the 

suprabasal layers in a process which typically takes 4 to 6 weeks in human 

skin. As keratinocytes migrate upwards in the epidermis, they lose contact with 

the nutrient and vascular-rich dermis, resulting in nuclear degradation and 

increased cellular keratin expression. This path of terminal differentiation is 

highly complex, and is regulated by changes in epidermal calcium, cytokine and 

cyclic adenosine monophosphate levels (Proksch et al., 2008). Basal 

keratinocytes chiefly express keratin-5 (Krt5) and keratin-14 (Krt14) (Moll et al., 

2008; Rao et al., 1996). However, these keratins are subsequently down-

regulated in the suprabasal layers as the basal cells divide (Fuchs and Green, 

1980). Both of these keratins are important for structural integrity of the skin to 

be maintained; absence of Krt5 and Krt14 is associated with epidermolysis 

bullosa and skin blistering (Jerabkova et al., 2010).  

The stratum spinosum (spinous layer) lies immediately above the stratum 

basale and consists of several stratified layers of cells. These are polygonal in 

shape rather than cuboidal.  Keratinocytes in this layer express keratin-1 (Krt1) 

and keratin-10 (Krt10) (Fuchs and Green, 1980; Moll et al., 2008; Moll et al., 

1982), which form dense bundles to increase skin strength. Krt1 and Krt10 

expression inhibits keratinocyte proliferation and cell cycle progression, 

indicating the terminal differentiation of these cells (Moll et al., 2008).  
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The stratum granulosum (granular layer) consists of only three or four flattened 

layers of anucleate cells. This layer contains keratohyalin and lamellar granules, 

comprising keratohyalin, filaggrin and lipids respectively (Matoltsy and Matoltsy, 

1970; Odland and Holbrook, 1981). The contents of these granules promote 

skin durability, as the proteins cause thickening of the cell membrane and lipids 

coat the cell surface.  As keratinocytes differentiate, a cornified cell envelope 

develops to protect keratinocytes from the external environment, consisting of 

lipids and proteins including involucrin, loricrin and filaggrin (Nemes and 

Steinert, 1999). 

The stratum lucidum (clear layer) is found only in the thick skin of the palms and 

soles (Kanitakis, 2002) and was so named after the translucency of the layer 

upon microscopic examination. It consists of three to five layers of thin, 

transparent dead cells (Lippens et al., 2009), and is characterised by the 

presence of eleidin, a product of keratohyalin and precursor of keratin (Alcamo 

IE, 2004). 

The stratum corneum (horny layer) is composed of 25 to 30 layers of flattened 

scale-like cells. This layer is characterised by cornification, involving drying and 

flattening of the surface corneocytes. These cells are anucleate and dead, and 

account for three-quarters of the epidermal thickness. The corneocytes are 

shed over time, and are replaced by new cells from the layers below.  

In addition to the functional layers of keratinocytes and corneocytes, the 

epidermis contains specialised cells including melanocytes, Merkel cells and 

Langerhans cells. Melanocytes are cells of neural crest origin, and produce 

melanin, the function of which is to pigment the skin and hair, and protect 

against ultra-violet radiation (Brenner and Hearing, 2008). Pigmentation 
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involves production and dispersion of melanin by epidermal melanocytes to 

neighbouring keratinocytes, with up to 36 keratinocytes surrounding each 

melanin-producing cell (Schallreuter et al., 2008). Melanin synthesis or 

melanogenesis occurs within the specialized organelle termed melanosomes 

where the amino acid L-tyrosine serves as the starting precursor (Lerner and 

Fitzpatrick, 1950; Schallreuter et al., 1998).  

Merkel cells are somatosensory cells which enable fine touch discrimination, 

through sensory afferent nerves. The origin of these cells has remained 

contentious until recently (Boulais and Misery, 2007) and they are now 

established to be epidermal in origin (Van Keymeulen et al., 2009). They are 

located in the stratum basale and are particularly concentrated in areas of high 

tactile sensibility, such as the fingertips (Boulais and Misery, 2007).  

Langerhans cells are local dendritic cells of the epidermis, and serve an 

immunological function. When presented with a local skin infection, these cells 

take up microbial antigen, therefore making them one of the subgroup of 

antigen-presenting cells (APCs). They are characterised by the presence of 

Birbeck granules (Breathnach et al., 1962) containing langerin (Valladeau et al., 

2000), the function of which is to internalize antigen into the cell, in preparation 

to initiate an immune response.  

 

1.2.2 Dermis 

The dermis is composed of four constituent cell types: fibroblasts, adipocytes, 

mast cells and macrophages (Brown, 2004). The major structural components 

responsible for the durability of skin include collagen (Meigel et al., 1977), 
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elastin (Weinstein and Boucek, 1960) and glycosaminoglycans (Gillard et al., 

1977). The dermis is divided into two layers; the upper papillary (stratum 

papillare) and lower reticular (stratum reticulare) dermis (Figure 1.2).  

The superficial portion of the stratum papillare is arranged into ridge-like 

structures, the dermal papillae, which contain blood vessels and Meissner’s 

corpuscles (Cormack, 1987; Sorrell and Caplan, 2004). The rete subpapillare 

demarcates the lower limit of the papillary dermis, forming a rich vascular 

network. The stratum reticulare extends from this superficial vascular plexus to 

a deeper vascular plexus, the rete arteriosum cutaneum, which serves as the 

boundary between the dermis and hypodermis. HFs and their associated 

dermal cells extend into and often through the reticular dermis to terminate in 

the hypodermis, a tissue rich in adipocytes (Sorrell and Caplan, 2004). 

The stratum papillare and reticulare differ in both the composition and 

organisation of their extracellular matrices; the stratum papillare is characterised 

by thin, poorly organised collagen fibre bundles, consisting primarily of type I 

and type III collagens, which contrast with the thick, well-organized fibre 

bundles in the stratum reticulare (Cormack, 1987; Sorrell and Caplan, 2004) 

Collagen fibres in the stratum papillare contain more type III collagen than do 

those in the reticular dermis (Meigel et al., 1977; Sorrell and Caplan, 2004). 

Collagen in the dermis functions to provide elasticity, retain water and provide 

resistance to penetrating skin injuries.   
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Figure 1.2 – Dermal layers and vasculature. The dermis is divided into two 

layers; the upper papillary layer (stratum papillare) and lower reticular layer 

(stratum reticulare). The superficial papillary layer is arranged into ridge-like 

structures, the dermal papillae, which contain blood vessels and Meissner’s 

corpuscles. The subpapillary network (rete subpapillare) demarcates the lower 

limit of the papillary dermis, forming a rich vascular network. The reticular layer 

extends from this superficial vascular plexus to a deeper vascular plexus, the 

rete arteriosum cutaneum (Adapted from Gray’s Anatomy). 
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1.3 Molecular regulation of keratinocyte proliferation, 

differentiation and apoptosis in postnatal epidermis 

Newborn mouse epidermis consists of a basal layer, one or two layers of 

spinous cells, three or four layers of granular cells and around twenty layers of 

cornified cells (Weiss and Zelickson, 1975). However, this epidermal structure 

and thickness is only maintained in postnatal life in foot-pads, whilst hairy skin 

epidermal thickness is progressively decreased starting from postnatal day 10. 

During the telogen stage of the hair cycle in adult mice, the epidermis consists 

of only a few keratinocyte layers (Peters et al., 2002; Weiss and Zelickson, 

1975). Several mechanisms contribute to this postnatal decrease in epidermal 

thickness in hairy skin, including decreased epidermal proliferation, keratinocyte 

apoptosis, and phagocytosis of cell fragments by neighbouring keratinocytes 

(Botchkarev et al., 1999; Magerl et al., 2001; Weiss and Zelickson, 1975).     

 

 1.3.1 p63 transcription factor 

p63 is a transcription factor that acts as a master regulator of the epidermal 

differentiation programme, which induces the expression of several groups of 

genes encoding the cytoskeleton (Krt5 and Krt14) (Romano et al., 2009), cell 

adhesion molecules (P-cadherin, integrin-α3, Perp (p53 apoptosis effector 

related to PMP-22), dystonin), cell matrix regulators (Fraser Syndrome-1), 

transcription factors (activating enhancer binding protein 2-ϒ (AP-2ϒ), inhibitor 

of nuclear factor kappa-B kinase subunit alpha-α (IKK-α), interferon regulatory 

factor 6 (IRF6)) and epigenetic regulators (Satb1 (special AT-rich sequence-

binding protein-1), Brg1) in epidermal progenitor cells (Botchkarev et al., 2012; 
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Ihrie et al., 2005; Koster and Roop, 2007; Vanbokhoven et al., 2011). Ablation 

of the p63 gene in mice results in the failure of epidermal stratification and other 

squamous epithelia, failure of  formation of epidermal appendages (HFs, glands 

and teeth) and severe abnormalities in the development of limbs and external 

genitalia (Ince et al., 2002; Mills et al., 1999; Yang et al., 1999). Furthermore, 

heterozygous mutations in the human p63 gene have been shown to be 

responsible for several ectodermal dysplasia syndromes, also characterized by 

abnormalities in the development of digits, teeth, hair, nails and sweat glands 

(Koster, 2010; Rinne et al., 2007).  

The p63 gene has multiple isoforms, including TAp63 and ΔNp63, which show 

distinct, but partially overlapping roles in the control of epidermal differentiation 

and stratification (Koster and Roop, 2007; Vanbokhoven et al., 2011). The TP63 

gene is transcribed from two alternative promoters, producing either a TAp63 

isoform with an N-terminal transactivation (TA) domain, a core DNA-binding 

domain and a C-terminal oligomerization domain, or a ΔNp63 isoform that lacks 

the TA domain (Petitjean et al., 2008). The ΔNp63 isoform is more abundant in 

the epidermis compared to TAp63, is strongly expressed in basal epidermal 

keratinocytes and is markedly down-regulated in the stratum spinosum 

(Romano et al., 2012). ΔNp63 plays a major role in mediating the effects of p63 

on epidermal development, whereas TAp63 protects keratinocytes from 

senescence and suppresses neoplastic development in postnatal epidermis 

(Guo et al., 2009; Romano et al., 2012). 
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1.3.2 Regulation of keratinocyte proliferation in the epidermis 

Cell proliferation in the epidermis is essential to maintain its self-renewing 

capacity and is typically restricted to basal epidermal keratinocytes (Magerl et 

al., 2001). In newborn mice, proliferating cells account for approximately 35-

45% of keratinocytes in the basal epidermis, but this figure falls to 20-25% of 

basal epidermal cells in adult epidermis (Botchkarev et al., 1999; Fessing et al., 

2011).  

Keratinocytes produce and secrete a large number of growth factors, including 

epidermal growth factor (EGF) (Pastore et al., 2008), nerve growth factor (NGF) 

(Paus et al., 1994), granulocyte-macrophage colony stimulating factor (GM-

CSF) (Braunstein et al., 1994) and endothelins (Tsuboi et al., 1994), which 

interact with the corresponding cell membrane receptors and stimulate cell 

proliferation in an autocrine manner (Pastore et al., 2008). Keratinocyte 

proliferation is also stimulated in a paracrine manner by fibroblast growth factor 

(FGF) (Gospodarowicz et al., 1990), hepatocyte growth factor (HGF) (Gurtner et 

al., 2008; Sato et al., 1995) and insulin-like growth factor (IGF) (Eming et al., 

1996), predominantly secreted in the skin by mesenchymal cells (Botchkarev et 

al., 2006; Braun et al., 2004; Shirakata, 2010). In addition, neuropeptides 

including substance P (Tanaka et al., 1988), calcitonin gene related peptide 

(Takahashi et al., 1993), and vasoactive intestinal polypeptide (Haegerstrand et 

al., 1989) released from sensory nerve endings in the epidermis or dermis, as 

well as pro-opiomelanocortin-derived peptides, such as beta-endorphin, 

released from melanocytes, also stimulate keratinocyte proliferation (Paus et 

al., 1997; Scholzen et al., 1998). 
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Cell proliferation in the basal epidermal cells is also positively regulated by a 

number of transcription factors including c-myc and ΔNp63 (Blanpain and 

Fuchs, 2009; Watt et al., 2008). c-myc stimulates keratinocyte proliferation by 

controlling the expression of cell cycle regulators cyclin-dependent kinase-4 

(Cdk4) and CdkN2B, whilst ΔNp63 maintains the progenitor status of basal 

epidermal keratinocytes by stimulating expression of FGF receptors Fgfr2/3, as 

well as by directly supressing the expression of anti-proliferative target genes, 

including 14-3-3s, p16/Ink4a, p19/Arf and p21 (Ferone et al., 2012; Su et al., 

2009; Watt et al., 2008; Westfall et al., 2003). These cell cycle inhibitors are 

also targeted by a number of epigenetic regulators (DNA methyltransferase-1 

(DNMT1), histone deacetylases-1/2 (HDAC1/2), polycomb components Cbx4, 

Bmi1, Ezh1/2), which stimulate proliferation of basal epidermal progenitors via 

repression of these genes (Botchkarev et al., 2012). 

However, stimulatory effects on epidermal proliferation are also counter-

balanced by numerous inhibitory mechanisms under the control of a variety of 

signalling molecules, transcriptional and epigenetic regulators. Signalling 

molecules that inhibit keratinocyte proliferation include transforming growth 

factor-β (TGF-β), bone morphogenetic proteins (BMPs), Notch ligands, vitamin 

D3 and interferon-ϒ, which interact with their corresponding receptors on 

keratinocytes (Shirakata, 2010). TGF-β, BMP and Notch pathways exert their 

inhibitory activities by stimulating the expression of Cdk inhibitor p21, which 

mediates keratinocyte exit from the cell cycle and inhibits the expression of cell 

cycle-associated genes (Dotto, 2000, 2009; Ferrandiz et al., 2012; Watt et al., 

2008). Indeed, a number of studies have illustrated the inhibitory effect of BMPs 

on both human and mouse keratinocyte proliferation (Ahmed et al., 2011; 
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Botchkarev, 2003; Botchkarev et al., 1999; Sharov et al., 2009; Sharov et al., 

2006). 

Transcription factors inhibit proliferation in basal epidermal layer via a number 

of different mechanisms including negative regulation of the distinct stimulators 

of cell proliferation. AP-2α transcription factor inhibits keratinocyte proliferation 

via repression of EGFRs (Wang et al., 2006b), whereas ΔNp63α stimulates 

expression of IKKα, an important component of NF-ΚB (nuclear factor Κ-light-

chain-enhancer of activated B cells) signalling, which is required for cell cycle 

withdrawal (Marinari et al., 2009). Furthermore, ΔNp63α positively regulates 

expression of IRF6 transcription factor, which in turn, induces proteasome-

mediated ΔNp63α degradation and keratinocyte exit from the cell cycle (Moretti 

et al., 2010).  

 

1.3.3 Regulation of postnatal epidermal differentiation 

Terminal keratinocyte differentiation begins following the asymmetric cell 

division of basal epidermal cells and their subsequent movement into the 

suprabasal epidermal layers (Blanpain and Fuchs, 2009; Simpson et al., 2011). 

Asymmetric cell division in the epidermis is controlled by G-protein-signalling 

modulator 2 (also known as LGN), NuMA (nuclear mitotic access protein) and 

dynactin (Dctn1) proteins, which are concentrated in the apices of keratinocytes 

during mitosis (Lechler and Fuchs, 2005; Williams et al., 2011). Notch signalling 

operates downstream of these proteins (Williams et al., 2011) and interacts with 

mitotic spindle machinery to align the spindle orientation along the apico-basal 

axis (Goulas et al., 2012). 
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Notch signalling in suprabasal epidermal keratinocytes is induced by Notch 

ligand expression in basal cells, and triggers the beginning of suprabasal 

differentiation through the expression of Krt1, a marker of the stratum spinosum 

(Blanpain and Fuchs, 2006; Wang et al., 2008). Furthermore, Notch signalling 

operates in synergy with AP-2α/ϒ transcription factors, which, by stimulating the 

expression of CCAAT/enhancer-binding protein-α/β (C/EBP-α/β) transcription 

factors, also mediate the switch in expression between the basal (Krt5/Krt14) 

and suprabasal (Krt1/Krt10) keratins (Byrne et al., 1994; Wang et al., 2008). 

This process is also promoted by Forkhead box protein N1 (Foxn1) transcription 

factor (Baxter and Brissette, 2002), and by p63, which contributes to this 

process indirectly via TAp63α-mediated induction of AP-2ϒ expression (Koster 

et al., 2006). 

Transition from the stratum spinousum to the stratum granulosum is associated 

with the expression of genes that contribute to the formation of the cornified cell 

envelope (epidermal differentiation complex (EDC) and transglutaminase 

genes), as well as regulate lipid synthesis and promote formation of lipid-

containing lamellar bodies (Kalinin et al., 2002). Expression of the EDC genes 

encoding filaggrin, involucrin, loricirin, trychohyalin, small proline-rich and late 

cornified cell envelope proteins is controlled by numerous transcription factors 

including AP-1, AP-2, aryl hydrocarbon receptor nuclear translocator (Arnt), 

Foxn1 and Gata binding protein 3 (Brown et al., 2007; Kypriotou et al., 2012).  

p63 transcription factor also contributes to the control of terminal keratinocyte 

differentiation indirectly, by modulating the expression of zinc finger protein 750 

(ZNF750) transcription factor, which, in turn, positively regulates expression of 

Kruppel-like factor 4 (Klf4) and some of its target genes (Sen et al., 2012). 
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Furthermore, p63 regulates the expression of higher-order chromatin remodeller 

Satb1, which promotes the establishment of specific three-dimensional 

chromatin structure at the central EDC domain, which is required for 

coordinated regulation of gene expression (Fessing et al., 2011).  

It is important to note that epigenetic regulators, including DNMT1, HDAC1/2 

and Polycomb complex components Cbx4, Ezh1/2 and Bmi1, are able to 

modulate premature activation of terminal differentiation-associated genes 

(Ezhkova et al., 2011; Ezhkova et al., 2009; Luis et al., 2011; Mejetta et al., 

2011; Sen et al., 2010) by forming active or repressive local chromatin structure 

at differentiation gene promoter regions.  

 

1.3.4 Regulation of keratinocyte apoptosis in the epidermis 

Apoptosis is an important mechanism of maintenance of epidermal homeostasis 

and contributes to the reduction of epidermal layers in postnatal hairy skin (Raj 

et al., 2006; Weiss and Zelickson, 1975). Condensed chromatin in apoptotic 

cells shows evidence of DNA breaks, which is recognized by terminal 

deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) staining (Ishida-

Yamamoto et al., 1999). Apoptotic TUNEL-positive cells are continuously 

present in suprabasal epidermal layers during murine embryonic development 

and also in postnatal skin (Magerl et al., 2001). In human embryonic epidermis, 

TUNEL-positive cells are more numerous in the stratum spinousum and stratum 

granulosum compared to the stratum basale, and their number is decreased in 

neonatal and adult skin (Polakowska et al., 1994).   
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Apoptotic cell death in epidermal keratinocytes is regulated by a number of 

extrinsic (signalling receptor-mediated) and intrinsic (mitochondrial) pathways, 

whose activity is counter-balanced by anti-apoptotic factors, such as B-cell 

lymphoma 2 (Bcl2) (Raj et al., 2006). The balance between pro- and anti-

apoptotic regulators in different epidermal layers is vital in regulating the 

susceptibility of keratinocytes to programmed cell death. Basal keratinocytes 

express higher levels of Bcl2 and are therefore more resistant to apoptosis 

compared to differentiated keratinocytes (Polakowska et al., 1994; Raj et al., 

2006). p53 and its target genes play a central role in the control of apoptosis 

induced in epidermal keratinocytes by UV- and ionizing radiation (Raj et al., 

2006), whilst p63 contributes to the control of apoptosis in normal epidermis by 

regulating expression of caspase-8 and its inhibitor FLICE-like inhibitory protein 

(FLIP) (Borrelli et al., 2009). 

 

1.4 The hair follicle 

The HF is a complex mini-organ that is found all over the skin, with the 

exception of the glabrous skin of the palms and soles, and the lips. Hair is a 

primary characteristic of mammals and exerts a wide range of functions 

including thermoregulation, physical protection, sensory activity, and social 

interactions (Stenn and Paus, 2001). Hair is composed of terminally 

differentiated, dead keratinocytes, which are compacted to form the hair shaft. 

Hair shafts are made by the HF, which constitutes the pilosebaceous unit 

together with its associated structures, the sebaceous gland and the arrector pili 

muscle (Stenn and Paus, 2001).  
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The mature HF can be divided into a ‘permanent’ upper part, which does not 

cycle visibly, and a lower part, which is continuously remodelled in each hair 

cycle (Figure 1.3). The upper pole of the HF consists of the infundibulum, which 

is the opening of the hair canal to the skin surface, and the isthmus. The lower, 

cycling part represents the hair bulb. The lower end of the infundibulum is 

marked by the insertion of the sebaceous gland duct (Cotsarelis G, 2008; 

Schneider et al., 2009). Proximally, the infundibulum joins the isthmus region of 

the outer root sheath (ORS), where the arrector pili muscle is inserted. 

The lower isthmus harbours epithelial and melanocytic HF stem cells in the 

bulge region. The bulge is the end of the permanent, non-cycling region. The 

hair bulb contains the matrix keratinocytes and the HF pigmentary unit (Tobin, 

2008). Nestled within the matrix lies the dermal papilla, which contains 

specialised fibroblasts. These are thought to control the number of matrix cells, 

and therefore the hair size (Paus and Cotsarelis, 1999). The matrix 

keratinocytes cyclically differentiate into trichocytes and inner root sheath (IRS) 

cells, forming the Henle, Huxley and cuticle layers of the IRS, and the cuticle, 

cortex and medulla layers of the hair shaft as they move upwards (Alonso and 

Fuchs, 2006). Pigment in the hair shaft is produced by melanocytes 

interspersed among the matrix cells. As the matrix cells differentiate and move 

upward, they are compressed and funnelled into their final shape by the rigid 

IRS, whose dimensions and curvature largely determine the shape of the hair 

(Alonso and Fuchs, 2006; Paus and Cotsarelis, 1999). As hair shaft cells 

terminally differentiate, they extrude their organelles and become tightly packed 

with bundles of 10nm filaments assembled from cysteine-rich hair keratins, 

which become physically cross-linked to give the hair shaft high tensile strength 

and flexibility. The IRS also keratinizes so that it can rigidly support and guide 
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the hair shaft during its differentiation process, but its dead cells degenerate as 

they reach the upper HF, thereby releasing the hair shaft that continues through 

the skin surface (Alonso and Fuchs, 2006). 

 

Figure 1.3 - Structure of a human anagen hair follicle. (A) Sagittal section 

through an anagen human scalp hair follicle showing the permanent 

(infundibulum, isthmus) and growth-associated (suprabulbar and bulbar area) 

components; (B) High magnification image of the isthmus - dashed area 

indicates approximate location of the bulge; (C) High magnification image of the 

bulb; (D) Schematic illustration of the concentric layers of the ORS, IRS and 

shaft in the bulb. Abbreviations - BM: basal membrane; APM: arrector pili 

muscle; CTS: connective tissue sheath; DP: dermal papilla; M: matrix; HS: hair 

shaft, IRS: inner root sheath; ORS: outer root sheath; SG: sebaceous gland) 

(Schneider et al., 2009). 
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1.5 Hair follicle development and hair cycling 

Follicular development takes place between weeks 9 and 12 in humans, and 

involves a complex series of inductive signals (Figure 1.4). The initial signal for 

HF induction is produced in the dermis (Millar, 2002) and is thought to be 

mediated via β-catenin (Fuchs and Raghavan, 2002; Millar, 2002; Noramly et 

al., 1999) and the Wnt signalling cascade (MacDonald et al., 2009; Millar, 

2002), resulting in the altered transcription of a wide variety of Wnt-specific 

target genes, including keratins (DasGupta and Fuchs, 1999), Gremlin 

(Klapholz-Brown et al., 2007) and SOX-9 (Yano et al., 2005).   

A second signal cascade involved in follicular development is Sonic hedgehog 

(Shh) (Callahan and Oro, 2001; Dlugosz, 1999; Millar, 2002; St-Jacques et al., 

1998). This pathway forms a key signalling cascade in embryogenesis that is 

responsible for the development of organs including the skin and hair (Bitgood 

and McMahon, 1995). Shh signalling appears to be required for down-growth of 

the follicular epithelium and dermal papilla (Millar, 2002; St-Jacques et al., 

1998), and is absent from the HFs of mice lacking epithelial β-catenin, indicating 

that Shh lies downstream of Wnt signalling in HF development (Huelsken et al., 

2001; Millar, 2002). In addition, HFs in Shh–null mice fail to down-grow 

significantly (St-Jacques et al., 1998).  

As the hair peg grows downwards, it envelops the mesodermal papilla, and 

epithelial cell proliferation and differentiation result in the formation of at least 

seven distinct epithelial layers (Figure 1.3), making up the IRS and ORS (Millar, 

2002). Several signalling cascades are thought to be involved in this process of 

hair shaft differentiation, including Notch (Kopan and Weintraub, 1993; Millar, 
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2002), BMPs (Blessing et al., 1993; Botchkarev et al., 2001; Kulessa et al., 

2000; Millar, 2002) and Wnt (DasGupta and Fuchs, 1999; Millar, 2002). 

 

Figure 1.4 - The development of the hair follicle.  The first sign of impending 

HF growth is a crowding of nuclei in the basal keratinocytes to form the hair 

placode. An epithelial signal from the placode induces the dermal condensate to 

form beneath. Subsequently, the dermal condensate stimulates the hair placode 

to proliferate and invade the dermis. The basal cells elongate and the structure 

begins to grow downwards as the hair germ and peg, under the control of 

signals from the expanding epithelial cells. As the hair peg grows downwards, it 

envelops the mesodermal papilla, and epithelial cell proliferation and 

differentiation result in the formation of at least seven distinct epithelial layers, 

making up the IRS and ORS (Fuchs, 2008). 
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Mature HFs undergo a cycle of programmed growth (anagen), regression 

(catagen), rest (telogen) and shedding (exogen) (Alonso and Fuchs, 2006; Paus 

and Cotsarelis, 1999; Schneider et al., 2009) (Figure 1.5). Anagen represents a 

period of growth, and histologically, anagen HFs elongate. The proliferating 

matrix cells have a cell-cycle length of approximately 18 hours (Alonso and 

Fuchs, 2006); during which time daughter cells terminally differentiate to form 

the hair shaft or IRS. The duration of anagen determines the length of the hair 

and is dependent upon continued proliferation and differentiation of matrix cells 

at the HF base, and lasts approximately 2 to 6 years in human HFs (Alonso and 

Fuchs, 2006).  

Matrix keratinocytes are transit-amplifying cells and can divide a finite number 

of times before terminally differentiating. As the supply of matrix cells declines, 

hair shaft and IRS differentiation slows and the HF enters an apoptotic phase 

called catagen (Alonso and Fuchs, 2006). The transition to catagen is controlled 

by molecular regulators including fibroblast growth factor 5, epidermal growth 

factor, p53 and members of the TGF-β superfamily, including TGF-β1 and BMP 

receptors (BMPRs) (Andl et al., 2004; Hansen et al., 1997; Paus and Cotsarelis, 

1999; Rosenquist and Martin, 1996). Catagen is a highly controlled process of 

involution, reflecting programmed apoptosis in follicular keratinocytes (Lindner 

et al., 1997; Paus and Cotsarelis, 1999) and melanocytes (Slominski et al., 

1994). The dermal papilla condenses and moves upward, coming to rest 

underneath the HF bulge. As the lower HF recedes, a temporary structure 

known as the epithelial strand forms, which is unique to catagen. This connects 

the dermal papilla to the upper part of the HF (Alonso and Fuchs, 2006). 
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Figure 1.5 – The hair cycle. The hair cycle starts from the first postnatal 

anagen, when the hair shaft is growing and protruding through the skin surface. 

Follicles progress synchronously to the destructive (catagen) phase, during 

which the lower two-thirds of the follicle undergo apoptosis and regress. The 

dermal papilla is brought to rest below the bulge-stem-cell compartment, and 

after the resting (telogen) phase, a critical threshold of activating factors is 

reached and the stem cells become activated to regrow the hair (Fuchs, 2007). 
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Following catagen, HFs lie dormant in a relative resting phase known as 

telogen. During this stage, the hair shaft matures into a club hair, which is 

eventually shed from the HF (Paus and Cotsarelis, 1999). The telogen stage 

typically lasts for two to three months before the scalp HFs re-enter the anagen 

stage and the cycle is repeated. The percentage of HFs in the telogen stage 

varies substantially according to the region of the body (e.g., 5 to 15 percent of 

scalp HFs are in the telogen stage at any one time, as compared with 40 to 50 

percent of HFs on the trunk) (Dawber, 1997; Paus and Cotsarelis, 1999).  

The transition from telogen to anagen involves activation of stem cells in the HF 

bulge (Taylor et al., 2000). These cells proliferate to form daughter transit-

amplifying cells, which form the new HF (Alonso and Fuchs, 2006; Blanpain et 

al., 2004). The induction of the anagen phase involves a series of complex 

signalling cascades, including Wnt (Huelsken et al., 2001; Van Mater et al., 

2003), Shh (St-Jacques et al., 1998), BMPs and the BMP receptor antagonist 

Noggin (Botchkarev et al., 1999; Kulessa et al., 2000). 

 

1.6 The pathophysiology of wound healing 

A wound is a breach in the structural integrity of the skin, and may be 

accompanied by disruption of the structure and function of the underlying 

normal tissue (Hodges, 2008). The continuity of the skin must be re-established 

expeditiously, as it plays a crucial role in the maintenance of homeostasis (Lau 

et al., 2009; Martin and Parkhurst, 2004; Singer and Clark, 1999). A healed 

wound is one in which the connective tissues have been repaired and the 

wound completely re-epithelialized.  
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Acute wounds refer to those wounds, such as burns, traumatic injuries and 

surgically-created wounds, which heal in a timely fashion. Wound healing may 

be sub-classified into primary, delayed primary (tertiary) and secondary healing 

(Figure 1.6) (Hodges, 2008). Primary healing occurs when a wound is closed 

within 12 to 24 hours of its creation, for example a surgical incision (Brown, 

2004); the incision causes only focal disruption of the continuity of the epithelial 

basement membrane, and the death of relatively few epithelial and connective 

tissue cells. As a result, epithelial regeneration predominates over fibrosis 

(Enoch, 2008). Delayed primary healing refers to a contaminated or poorly 

delineated wound that is closed after several days (Brown, 2004); these include 

animal bites. Closure is performed once the immune response has helped to 

debride the wound. Collagen metabolism is relatively unaffected and the wound 

retains its tensile strength as if closure had been immediate. Secondary healing 

occurs in wounds with extensive soft tissue loss (Brown, 2004). Regeneration of 

epithelial tissue alone cannot restore the original architecture, and granulation 

tissue grows from the wound edges, together with extracellular matrix and 

collagen deposition. These large wounds close by a combination of wound 

contraction and epithelialization. Myofibroblasts are the key to the success of 

secondary healing (Singer and Clark, 1999; Werner and Grose, 2003).  
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Figure 1.6 – Sub-types of acute wound healing. Primary healing occurs 

when a wound is closed within 12 to 24 hours of its creation. Tertiary healing 

occurs in contaminated wounds that are closed after several days once the 

immune response debrided the wound. Secondary healing occurs in wounds 

with extensive soft tissue loss (Adapted from biology-forums.com) 
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Wound healing is a complex process that can be divided into four distinct 

phases (Figure 1.7); haemostasis, inflammation, proliferation and remodelling. 

These phases are however, not simple linear events, but rather overlapping in 

time (Enoch, 2008; Li et al., 2007).  

 

Figure 1.7 – The four phases of wound healing. Note how each phase is 

overlapping with another and they are not simply linear in their timescale. ECM: 

Extracellular matrix; MMP: Metalloproteinases; TIMP: Tissue inhibitors of 

metalloproteinases (Enoch, 2008). 

 

1.6.1 The haemostatic phase 

Skin injury is characterised by cell rupture at the wound edge, microvascular 

damage and extravasation of blood into the wound (Kirsner and Eaglstein, 

1993; Shaw and Martin, 2009), all of which herald the beginning of the 

haemostasis phase (Figure 1.8). Following transection of blood vessels, 

platelets are exposed to extracellular matrix (ECM) proteins (Lau et al., 2009), 

resulting in the activation of the coagulation cascade, vessel vasoconstriction, 

platelet aggregation and the formation of a clot within the wound bed to limit 
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further blood loss (Shaw and Martin, 2009). The clot is comprised of fibrin, 

fibronectin, vitronectin, von-Willebrand factor and thrombospondin (Li et al., 

2007). This provides the initial matrix for cellular migration and serves as a 

reservoir of growth factors (Enoch, 2008; Li et al., 2007; Nurden et al., 2008; 

Shaw and Martin, 2009). 

Platelets and mast cells degranulate to release an orchestra of growth factors 

including histamine (Riley, 1953), platelet-derived growth factor (PDGF) 

(Szpaderska et al., 2003), bFGF (Brunner et al., 1993), IGF-1 (Kim et al., 2007), 

tumour necrosis factor-α (TNF-α) (Malaviya et al., 1996), EGF (Ben-Ezra et al., 

1990), TGF-β (Grainger et al., 1995), platelet-factor-IV (Enoch, 2008; Shaw and 

Martin, 2009) and vascular endothelial growth factor (VEGF) (Salgado et al., 

2001). These proteins initiate the wound healing cascade by attracting and 

activating fibroblasts, neutrophils, macrophages and endothelial cells (Grinnell 

et al., 1981). Additionally, platelets secrete vasodilators including serotonin, 

which increase local vascular permeability, resulting in fluid exudate in the 

wound (Enoch, 2008).  

Cells within the wound bed are also exposed to a number of serum-derived 

interleukins (Shaw and Martin, 2009), including GM-CSF (Lim et al., 2013) and 

interferon-γ (Ishida et al., 2004), which stimulate the induction of serum 

response factor (SRF) (Shaw and Martin, 2009; Zhao et al., 2005). SRF induces 

transcription of genes responsible for proliferation and differentiation (Chai and 

Tarnawski, 2002; Shaw and Martin, 2009), and it has been shown that 

wounding results in altered transcription of many genes within an hour of injury 

(Cole et al., 2001; Cooper et al., 2005; Deonarine et al., 2007; Roy et al., 2008; 

Shaw and Martin, 2009). 
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Beyond haemostasis, damage to cells along the wound margin can lead to the 

activation of stress pathways (Shaw and Martin, 2009), including the stress-

activated protein kinase/Jun amino-terminal kinases (SAPK/JNK) and p38 

pathways (Kobayashi et al., 2003; Shaw and Martin, 2009; Yano et al., 2004), 

together with the release of endogenous proteins such as damage-associated 

molecular pattern molecules (DAMPs) (Bianchi, 2007; Hirsiger et al., 2012; 

Shaw and Martin, 2009; Zhang et al., 2010). Combined, these pathways and 

molecules may act chemotactic factors and modify gene expression patterns, 

which have been shown to be transiently altered in response to tissue injury.   

 

Figure 1.8 – The haemostatic phase. Following injury, platelets are exposed 

to ECM proteins, resulting in the activation of the coagulation cascade, vessel 

vasoconstriction, platelet aggregation and the formation of a clot. Platelets and 

mast cells degranulate to release growth factors, which activate fibroblasts, 

neutrophils, macrophages and endothelial cells. Damage to cells along the 

wound margin can lead to the activation of stress pathways, together with the 

release of endogenous proteins such as DAMPs. Photomicrograph illustrates 

activation of JNK pathway (green) in mouse skin 24 hours following wounding 

(Shaw and Martin, 2009).  
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1.6.2 The inflammatory phase 

The inflammatory phase (Figure 1.9) can be divided into early and late, 

depending on the time and the type of inflammatory cell present. The early 

inflammatory phase occurs during the first 48 hours post-injury, and begins with 

the activation of the classical and alternative complement cascades (Enoch, 

2008).  

 

Figure 1.9 – The inflammatory phase. The wound is initially infiltrated by 

polymorphonuclear neutrophils, whilst T-lymphocytes and Langerhans cells are 

activated. Endothelial cells in the vicinity of the wound begin to express 

selectins, which regulate diapedesis (inset).  Once in the wound, neutrophils 

phagocytose invading bacteria. The late inflammatory phase is heralded by the 

arrival of monocytes. Once arrived, these cells undergo a phenotypic change to 

become macrophages, removing bacteria, debriding the wound and secreting 

growth factors. Photomicrograph illustrates macrophage ingress to day 3 mouse 

wound (F4/80 stain) (Shaw and Martin, 2009). 
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The wound is initially infiltrated by polymorphonuclear neutrophils (PMNs) (Kim 

et al., 2008; Shaw and Martin, 2009), which are attracted to by ECM proteins, 

TGF-β, complement components, bacterial by-products (Enoch, 2008) and 

foreign bacterial lipopolysaccharide epitopes (Eming et al., 2007; Shaw and 

Martin, 2009), whilst resident immune cells including T-lymphocytes (Efron et 

al., 1990) and Langerhans cells (Cumberbatch et al., 2000; Shaw and Martin, 

2009) are activated.  

The extravasation of lymphocytes into regions of inflammation is a multistep 

process known as diapedesis (Lau et al., 2009).  Initially, PMNs tether to an 

endothelial cell surface using a selectin molecule, such as L-selectin (Lau et al., 

2009). This induces chemokine and integrin expression, resulting in PMN 

transmigration across the endothelial wall (Lau et al., 2009; Shaw and Martin, 

2009). This movement is enhanced by blood vessel dilatation and the increased 

vascular permeability that is triggered by nitric oxide, histamine, tissue 

plasminogen activator and other factors (Eming et al., 2007; Shaw and Martin, 

2009). Once in the wound, PMNs phagocytose invading bacteria (Simpson and 

Ross, 1972) and release oxygen-free radicals (Shaw and Martin, 2009). During 

this time, basal keratinocytes at the margins of the cut epidermis begin to 

exhibit increased mitotic activity, and begin to migrate and proliferate along the 

dermal edge (Enoch, 2008).  

The late inflammatory phase is heralded by the arrival of monocytes (Mori et al., 

2008), which are attracted to the wound bed by monocyte-specific 

chemoattractants including monocyte chemoattractant protein 1 (Kunkel et al., 

1991), macrophage inflammatory protein 1 (Sherry et al., 1988), collagen and 

fibronectin fragments and thrombin (Postlethwaite and Kang, 1976). Once 
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arrived, these cells undergo a phenotypic change to become macrophages 

(Diegelmann and Evans, 2004; Li et al., 2007) and have a triple function, acting 

to remove bacteria, debride the wound and secrete growth factors including 

PDGF (Shimokado et al., 1985), bFGF (Henke et al., 1993), VEGF (Cho et al., 

2001) and TGF-α and β (Falanga, 1993; Li et al., 2007). In addition, 

macrophages secrete fibronectin (Rennard et al., 1981), attracting fibroblasts to 

the wound bed, and start to induce angiogenesis via the secretion of angiogenic 

factors (Li et al., 2007). 

 

 1.6.3 The proliferative phase  

The proliferative phase begins at 72 hours and typically lasts for approximately 

two to four weeks, though this is dependent on the wound size and location 

(Shaw and Martin, 2009). Fibroblasts are attracted to the wound from the 

adjacent unwounded dermis (Hinz, 2007; Hinz et al., 2007; Shaw and Martin, 

2009), circulating fibrocytes (Abe et al., 2001) and bone marrow progenitor cells 

(Fathke et al., 2004; Shaw and Martin, 2009; Wu et al., 2007b; Wu et al., 2010). 

Once within the wound, they proliferate and produce the matrix components 

fibronectin (Bitterman et al., 1983), hyaluronan (Sampson et al., 1992), collagen 

(Min et al., 2004) and proteoglycans (Tiedemann et al., 1997). The proliferative 

phase is characterised by neoangiogenesis (Shaw and Martin, 2009; Tonnesen 

et al., 2000), under the regulation of VEGF (Byrne et al., 2005), PDGF 

(Battegay et al., 1994), bFGF (Cross and Claesson-Welsh, 2001) and TGF-β 

(Bielefeld et al., 2013; Douglas, 2010; Enoch, 2008; Li et al., 2007; Myers et al., 

2007). Angiogenic capillary buds grow into the fibrin-rich wound clot to become 

a microvascular network within the granulation tissue (Enoch, 2008; Shaw and 
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Martin, 2009). This combination of capillary buds, proliferating fibroblasts and 

type III collagen forms granulation tissue (Gabbiani et al., 1976) (Figure 1.10), 

which acts as a provisional wound matrix and is usually indicative of optimal 

healing (Enoch, 2008; Li et al., 2007).  

 

Figure 1.10 – The appearance of granulation tissue. Note the raw, pink 

appearance of the provisional matrix (Maria and Rajnikanth, 2010). 

 

Epithelialisation, having begun within 24 hours of the injury, continues during 

the proliferative phase (Figure 1.11). In a process known as epiboly (Falanga et 

al., 2007), basal keratinocytes proliferate at the wound margin and migrate as a 

sheet across the provisional matrix made from granulation tissue (Hell and 

Lawrence, 1979; Kondo and Ishida, 2010). The hair follicle forms an important 

source for stem cells and keratinocytes in skin repair and is extensively 

discussed in Section 1.8. Other stem cell sources include the interfollicular 

epidermis (Ghazizadeh and Taichman, 2001; Levy et al., 2005; Page et al., 

2013), adipose tissue (Natesan et al., 2011; Sultan et al., 2012; Sung et al., 
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2012) and bone marrow (Brittan et al., 2005; Fan et al., 2006; Wu et al., 2007a; 

Wu et al., 2007b; Wu et al., 2010), all of which may supply progenitor cells that 

become involved in skin repair. Migrating keratinocytes produce matrix 

metalloproteinases (MMPs) including MMP-9 (Li et al., 2007; Pilcher et al., 

1999), which specifically degrades type-IV collagen in the basement membrane, 

allowing cells to migrate. MMP-1 disrupts keratinocyte attachment to fibrillar 

collagen, and facilitates the continued migration of cells across the wound (Li et 

al., 2007; Parks, 1999). Additionally, migrating keratinocytes secrete laminin V 

onto exposed dermal collagen, which helps to re-establish the basement 

membrane and aid their own movement (Nguyen et al., 2000). A number of 

other protein groups are also vital for keratinocyte migration, including focal 

adhesion proteins such as paxillin (Huang et al., 2004; Huang et al., 2003; 

Kimura et al., 2008) and Ras-related C3 botulinum toxin substrate 1 (Rac1) 

(Chen et al., 2004; Tscharntke et al., 2007), claudin tight junction proteins 

(Webb et al., 2013), gap junction proteins (Scott and Kelsell, 2011; Xu and 

Nicholson, 2013), microtubule components (Leandro-Garcia et al., 2010) and 

actin-binding proteins such as Myosin VA (Myo5a) (Cao et al., 2004; Lan et al., 

2010; Sloane and Vartanian, 2007) and actin binding LIM protein family 

member 2 (Ablim2) (Barrientos et al., 2007).  

At the front of the migrating wound ‘tongue’, keratinocytes proliferate to provide 

a sufficient supply of cells to cover the wound (Li et al., 2007). The hallmarks of 

these activated keratinocytes include cell hypertrophy, generation of actin-rich 

lamellar processes (Allard and Mogilner, 2013; Mitchison and Cramer, 1996; 

Shaw and Martin, 2009) in the direction of migration and reorganization of the 

keratin intermediate filament network (Coulombe, 1997; Wawersik et al., 2001). 

In particular, the type I keratin Krt6 and type II keratins Krt16 and Krt17 are up-
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regulated in activated keratinocytes (Myers et al., 2007; Wawersik et al., 2001), 

whilst the major differentiation-specific keratins Krt1 and Krt10 are down-

regulated (Wawersik et al., 2001). There is, however, a delicate balance 

between Krt6, Krt16 and Krt17 in wound-activated keratinocytes, as constitutive 

overexpression of Krt16 results in the development of skin lesions, including 

acanthosis and hyperkeratosis (Coulombe et al., 1995). Once advancing 

epithelial cells meet, further movement is halted by ‘contact inhibition’, and a 

new basement membrane is established. Further keratinocyte differentiation re-

establishes a stratified epithelial surface (Enoch, 2008), which begins at the 

wound margin and gradually progresses to the wound centre (Laplante et al., 

2001; Li et al., 2007).  

The dermis is re-established in a process known as fibroplasia (Li et al., 2007), 

which involves fibroblast recruitment from nearby unwounded dermis (Hinz, 

2007; Hinz et al., 2007; Shaw and Martin, 2009), circulating fibrocytes (Abe et 

al., 2001) or bone marrow progenitor cells (Fathke et al., 2004; Wu et al., 

2007b; Wu et al., 2010). Subpopulations of fibroblasts undergo phenotypic 

change to become α-smooth muscle actin-expressing myofibroblasts, which aid 

wound contraction (Hinz, 2007; Li et al., 2007; Welch et al., 1990). Additionally, 

fibroblasts produce vimentin, a type III intermediate filament, which contributes 

to dermal-mediated wound contraction (Eckes et al., 1998). Both fibroblast 

migration and wound closure are impaired in the absence of vimentin, 

highlighting its importance (Eckes et al., 1998). 
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Figure 1.11 – The proliferative phase. The proliferative phase begins at 72 

hours and is characterised by capillary bud growth into the wound clot. The 

combination of proliferating fibroblasts, extracellular matrix and capillary buds 

forms granulation tissue. Basal keratinocytes proliferate at the wound margin 

and migrate as a sheet across this provisional matrix. Fibroblasts produce 

fibronectin, hyaluronan, collagen and proteoglycans. Subpopulations undergo 

phenotypic change to become myofibroblasts, which aid wound contraction. 

Photomicrograph illustrates endothelial cell staining (CD-31 – green 

immunofluorescence) and keratin-14 (red immunofluorescence) in a day 5 

mouse wound (Shaw and Martin, 2009).  
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1.6.4 The remodelling phase 

The remodelling phase is characterised by the change of ECM composition 

(Figure 1.12). Type III collagen forms the predominant collagen synthesised by 

fibroblasts during early wound healing (Kondo and Ishida, 2010). This is 

gradually replaced by type I collagen over a period of 12 months, and re-

establishes to a level of approximately 70% (Abercrombie et al., 1960; Li et al., 

2007). This process of degradation and synthesis is performed by MMPs (Li et 

al., 2007). Further remodelling of the wound causes a decrease in MMPs and 

an increase in tissue inhibitors of MMPs (TIMPs) (Gill and Parks, 2008). There 

is a reduction in myofibroblasts (Hinz, 2007) and macrophages (Ma et al., 

2003), whilst blood flow to the area is reduced (Enoch, 2008) and matures to a 

functional vascular network (Shaw and Martin, 2009). As the scar matures, 

fibronectin (Kischer and Hendrix, 1983) and hyaluronan (Messadi and 

Bertolami, 1993) are degraded and collagen bundles increase in diameter, 

resulting in increased tensile strength; a maximum of 80% pre-injury strength 

can be achieved (Enoch, 2008). 
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Figure 1.12 – The remodelling phase. The remodelling phase is characterised 

by the change of extracellular matrix composition. Type III collagen is gradually 

converted to type I collagen by MMPs. There is a reduction in myofibroblasts 

and macrophages, whilst blood flow to the area is reduced and matures to a 

functional vascular network. Fibronectin and hyaluronan are degraded whilst 

collagen bundles increase in diameter, resulting in increased tensile strength to 

a maximum of 80% pre-injury strength. Photomicrograph illustrates collagen 

(stained with Masson’s trichrome stain) (Shaw and Martin, 2009). 
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1.7 The molecular regulation of wound healing 

Beyond the classical staged description of wound healing, it is now widely 

appreciated that there are a wide variety of transcriptional regulators and genes 

that orchestra the healing process through its various sequential phases (Cole 

et al., 2001; Cooper et al., 2005; Schafer and Werner, 2007; Thorey et al., 

2001). 

 

 1.7.1 Transcriptional regulation of re-epithelialization  

A multitude of transcription factors have been shown to modulate the wound 

healing process through effects on keratinocyte proliferation and migration, 

including c-Fos, c-Jun, c-Myc, Smads (discussed in section 1.9.7) and 

peroxisome proliferator-activated receptors. Components of the activating 

enhancer binding protein-1 (AP-1) group of transcription factors, including c-Fos 

and c-Jun have been shown to be up-regulated in the wound margin following 

skin injury in both murine (Martin and Nobes, 1992; Schafer and Werner, 2007; 

Tsuboi et al., 1990) and human wounds (Kondo et al., 2000), with subsequent 

effects on MMP, integrin, and growth factor production (Angel et al., 2001; 

Gangnuss et al., 2004; Schafer and Werner, 2007). This increased expression 

is thought to play roles in keratinocyte migration, as the expression of both c-

Jun and c-Fos is increased during dorsal closure of Drosophilia embryos (Martin 

and Parkhurst, 2004; Schafer and Werner, 2007). Furthermore, knock-out of c-

Jun in mice leads to retardation of wound healing (Li et al., 2003), whilst knock-

out of a co-activator that is associated with c-Fos and c-Jun leads to the 
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development of chronic wounds (Mahajan et al., 2004; Schafer and Werner, 

2007).   

c-Myc is a transcription factor involved in the control of cell proliferation and 

apoptosis (Luscher, 2001). Levels of this transcription factor are up-regulated 

following wounding (Tsuboi et al., 1990), where it is thought to play roles in 

modulating keratinocyte proliferation and migration (Waikel et al., 2001; Zanet 

et al., 2005). Indeed, constitutive over-expression of c-Myc in the epidermis led 

to a depletion of epidermal stem cells. In contrast, the c-Myc antagonist Mad1 is 

strongly up-regulated in suprabasal keratinocytes following skin injury, where it 

is thought to promote re-differentiation of newly repaired epidermis (Schafer and 

Werner, 2007; Werner et al., 2001). 

Peroxisome proliferator–activated receptors (PPARs) are a group of 

transcription factors, which act as downstream targets of AP-1 signalling 

(Schafer and Werner, 2007; Tan et al., 2001). They are restricted to HF 

keratinocytes in adult skin (Michalik et al., 2001), but their expression is strongly 

up-regulated in keratinocytes after skin injury, an effect induced by TNF-α (Tan 

et al., 2001). Knock-out of PPARβ impairs wound healing due to defective 

keratinocyte migration (Gurtner et al., 2008; Icre et al., 2006; Michalik et al., 

2001; Tan et al., 2005), whilst proliferation was increased, potentially due to 

effects on MMP-9 expression (Tan et al., 2005; Schafer and Werner, 2007).  

Other transcription factor groups noted to be important include members of the 

E2F family, which regulate cell cycle progression (Fang and Han, 2006). Levels 

of E2F-1 and E2F-2 have been found to be much higher in the margin of human 

wounds than in adjacent unwounded epidermis (D'Souza et al., 2002; Schafer 

and Werner, 2007). Additionally, knock-out of signal transducer and activator of 
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transcription 3 (Stat3) impairs wound closure due to impaired keratinocyte 

migration (Gurtner et al., 2008; Sano et al., 2005; Schafer and Werner, 2007).  

 

1.7.2 Transcriptional regulation of acute inflammation 

Many transcriptional regulators have been demonstrated to regulate the 

inflammatory phase of acute wound healing. Deletion of Smad3 has been 

shown to reduce inflammatory cells in the wound (Ashcroft et al., 1999), 

suggesting that it is vital in regulating the inflammatory response. In addition, 

both Smad2 and Smad4 have been shown to epigenetically regulate IL-9 

expression, which plays roles in regulating T-cell proliferation, immunoglobulin 

production and cytokine secretion (Wang et al., 2013). Furthermore, PPARα 

has been demonstrated to regulate inflammation, as knockout of this gene 

delays wound healing due to an exaggerated inflammatory response (Michalik 

et al., 2001).  

NF-E2-related factor 2 (Nrf2) is a transcription factor involved in the regulation 

of oxygen-free radical degradation through the stimulation of superoxide 

dismutase (Kwak et al., 2001; Schafer and Werner, 2007). This gene has been 

shown to be up-regulated in response to cutaneous injury (Braun et al., 2002; 

Pedersen et al., 2003), and when deleted, macrophage presence in the wound 

is prolonged (Braun et al., 2002). NF-KB represents an important transcriptional 

regulator of chronic inflammation, as it increases the expression of the genes 

for many cytokines, enzymes, and adhesion molecules including inducible nitric 

oxide synthase, intercellular adhesion molecule 1, vascular-cell adhesion 

molecule 1, and E-selectin (Barnes, 1997).  
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 1.7.3 Transcriptional regulation of skin remodelling 

Healing wounds undergo drastic histological changes during the remodelling 

phase and there is a corresponding variety of transcription factors that are 

involved in this process. c-Myb is a transcriptional activator (Oh and Reddy, 

1999) that is up-regulated following skin injury (Kopecki et al., 2007), where it 

plays roles in modulating fibroblast proliferation and collagen synthesis (Kopecki 

et al., 2007).  HoxB13, a homeobox gene family member, is also thought to play 

roles in regulating collagen and hyaluronan synthesis (Stelnicki et al., 1998a), 

leading to increased scar tissue formation (Mack et al., 2003).  

β-catenin is a transcriptional co-activator that associates with other transcription 

co-factors (T cell factors (TCF)/lymphoid enhancer factors (LEF) to modulate 

gene expression through the Wnt signalling cascade (Bielefeld et al., 2013; 

Fuchs and Raghavan, 2002; MacDonald et al., 2009; Millar, 2002; Noramly et 

al., 1999). Analogous to their importance in epidermal and hair development, 

Wnt and β-catenin also play key roles in dermal reconstitution (Bielefeld et al., 

2013). Wnts 1, 3, 4, 5a and 10b are expressed in the wound margin, whilst Wnt 

10b is expressed in migrating keratinocytes (Okuse et al., 2005). However, Wnt 

4 is expressed in the healing dermis (Okuse et al., 2005). β-catenin is an 

important regulator of fibroblast activity, and elevated levels have been found in 

both murine and human wounds, together with their target genes (Cheon et al., 

2005; Cheon et al., 2002). Constitutively-activating mutations in β-catenin have 

been shown to induce massive fibroblast proliferation, migration and 

fibromatosis (Alman et al., 1997). Wounds in transgenic (TG) mice over-

expressing β-catenin were histologically similar to hypertrophic and keloid 

scars, with increased collagen and fibroplasia (Cheon et al., 2002; Schafer and 
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Werner, 2007). Furthermore, levels of β-catenin and TCF transcription factors 

were found to be elevated in fibroblasts during the proliferative phase of wound 

repair (Cheon et al., 2002), suggesting that β-catenin is an important regulator 

of scarring.  

The Notch pathway is involved in determining cell fate through cell-cell 

interactions using its ligands Serrate1 and Serrate2, particularly of the HF IRS 

and ORS (Kopan and Weintraub, 1993; Lin et al., 2000; Millar, 2002). The 

genes encoding Notch1, a membrane protein involved in determining cell fate 

through cell-cell interactions and intracellular signal transduction, and its ligands 

Serrate1 and Serrate2, are expressed in matrix cells destined to form the IRS 

and hair shaft (Kopan and Weintraub, 1993). It is also important in skin healing 

as Notch ligands are expressed in wounds (Thelu et al., 2002), whilst TG over-

expression impairs would closure through effects on fibroblast migration, 

angiogenesis and macrophage recruitment (Chigurupati et al., 2007; Outtz et 

al., 2010).  

The Shh pathway forms a key signalling cascade in embryogenesis that is 

responsible for the development of organs including the skin and hair follicle 

(Bitgood and McMahon, 1995; Callahan and Oro, 2001; Dlugosz, 1999; Millar, 

2002; St-Jacques et al., 1998). Two transmembrane proteins mediate the Shh 

signal: Patched 1 and 2 (PTCH1 and 2) and Smoothened (SMO). In the 

absence of a signal, PTCH1 and PTCH2 inhibit the SMO signal transducer 

(Ingham and McMahon, 2001; Oro and Higgins, 2003). SMO inactivation leads 

to formation of the cytoplasmic Gli degradation complex. Phosphorylated Gli is 

mediated for ubiquination (Bhatia et al., 2006; Dlugosz, 1999). Shh binds to 

PTCH1 and PTCH2, which releases the SMO signal transducer from PTCH-
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mediated suppression, and inhibits assembly of the Gli degradation complex, 

resulting in the transcription of target genes (Osterlund et al., 2004).  

During wound repair, Shh has been shown to increase fibroblast activity, 

vascularity, collagen deposition and nitric oxide activity when topically 

administered to diabetic mouse wounds (Asai et al., 2006; Luo et al., 2009). 

Furthermore, cyclopamine, a Shh inhibitor, has been shown to delay wound 

healing by reducing granulation tissue formation, vascularity and proliferation 

(Le et al., 2008). 

 

1.8 Hair follicles and wound healing 

It is well established that wounds created in hair-bearing regions heal faster 

than in those devoid of HFs (Brown and McDowell, 1942; Ito and Cotsarelis, 

2008; Martinot et al., 1994; Stojadinovic et al., 2011), whilst healing in murine 

models is maximal if created during the anagen phase of hair growth (Ansell et 

al., 2011; Jaks et al., 2010; Zawacki and Jones, 1967). Epidermal loss with 

preservation of evenly-spaced HFs results in rapid epithelialization and healing, 

as seen in superficial dermal burn injuries (Papini, 2004). This phenomenon 

also underpins split thickness skin-grafting where, after removal of the 

epidermis and a variable depth of dermis from healthy skin, the donor region 

repairs epidermis from sweat glands and hair follicle remnants  (Figure 1.13) 

(Jahoda and Reynolds, 2001).  

Skin injury results in the activation of follicular epithelial cells, which 

subsequently migrate to the epidermal defect to assist in skin regeneration (Ito 

and Cotsarelis, 2008). In this situation, intact HFs provide islands for epidermal 
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proliferation and recovery within the wound, as opposed to marginal healing 

alone (Langton et al., 2008). However, full-thickness dermal injury and loss of 

HF integrity, as seen in full-thickness burns, results in delayed wound healing 

from the skin margins.  

 

Figure 1.13 – Split-thickness skin graft donor site healing illustrating 

epithelialization from hair follicle islands. (a) Day 1 post-graft harvest 

illustrating inflammation; (b) Day 6 post-graft harvest with evidence of 

granulation; (c) Day 14 post-graft harvest with re-epithelialization visible from 

intact hair follicle remnants. Scale bar 400µm (Schreml et al., 2010).   

 

Epidermal replenishment following injury is controlled by stem cell populations 

resident in the IFE and HF bulge, the deepest permanent portion of the follicle 

(Cotsarelis, 2006; Cotsarelis et al., 1990; Ito and Cotsarelis, 2008; Ito et al., 

2005; Myers et al., 2007). The bulge is seen as a thickening of the ORS in 
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human HFs, below the opening of the sebaceous gland at the attachment site of 

the arrector pili muscle (Cotsarelis, 2006; Kasper et al., 2011). It is identified by 

a variety of markers, including cluster of differentiation-34 (CD34) in mouse skin 

(Kloepper et al., 2008; Trempus et al., 2003), CD200 in human skin (Kloepper 

et al., 2008), transcription factor-3 (tcf-3) (Nguyen et al., 2006), LIM/homeobox 

protein 2 (Lhx2) (Kloepper et al., 2008; Rhee et al., 2006), Leucine-rich repeat-

containing G-protein coupled receptor 6 (Lgr6) (Snippert et al., 2010) and 

Krt15/19 (Jaks et al., 2010; Kloepper et al., 2008; Lyle et al., 1998; Plikus et al., 

2012; Waters et al., 2007) (Figure 1.14). The anatomical architecture of the 

follicle aids this regeneration process; the ORS is continuous with the IFE, 

facilitating migration of stem cell progeny to the epidermal defect (Cotsarelis, 

2006). These stem cells are characterised by the property of quiescence 

(Waters et al., 2007) and high proliferative potential (Lavker and Sun, 2000; 

Ohyama, 2007; Rochat et al., 1994; Wong and Reiter, 2011), and have been 

shown to remain dormant for several months (Lyle et al., 1998; Morris and 

Potten, 1999) in both mouse and human HFs.  

Within adult skin, the bulge is regarded as the major site for epithelial stem cells 

(Lau et al., 2009). However, in embryonic skin the IFE contains a higher 

proliferative potential, and there is a shift in stem cell location from embryonic 

epidermal cells to adult follicular bulge cells (Lau et al., 2009). The number of 

colony-forming units within the IFE decreases following birth, whilst that of the 

HF increases (Lau et al., 2009). This change has been correlated with the 

expression of Krt15, which is initially expressed in the IFE and subsequently 

moves to the HF bulge (Lau et al., 2009; Liu et al., 2003).  
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Figure 1.14 - Schematic illustration of stem cell locations in the telogen 

adult HF. Skin epithelia feature distinct stem cell populations both in epidermis 

and in hair follicles. The isthmus and junctional zone contain Lrig1+ (yellow), 

Gli1+ and Lgr6+ stem cells (green), all of which physiologically maintain the 

isthmus and contribute to sebaceous gland, infundibulum and in some instance 

to inter-follicular epidermis. Blimp1 identifies unipotent sebaceous gland 

progenitors (orange). The bulge stem cells (blue) normally contribute to all hair 

follicle lineages and can be identified based on the expression of Krt15, CD200, 

Lgr5, CD34, Sox9, Lhx2, Tcf3 and Nfatc1. The secondary germ of telogen hair 

follicles (purple) contains committed hair follicle-fated progenitors that express 

CD200, Gli1 and Lgr5 (Plikus et al., 2012). 
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Within the IFE, basal stem cells produce a transit-amplifying population of 

keratinocytes with limited proliferative capacity, forming an architectural division 

known as an epidermal proliferative unit (EPU) (Cotsarelis, 2006; Fuchs, 2008; 

Potten, 1974). This is architecturally defined as a bed of 10 tightly packed basal 

cells yielding a stack of increasingly larger and flatter cells that culminate with a 

single hexagonal surface cell (Figure 1.15) (Potten, 1974; Fuchs, 2008). These 

stem cells give rise to daughter cells that undergo several divisions before 

migrating to the superficial layers of the epidermis, and undergoing terminal 

differentiation via Notch/p63 cross-talk (Lau et al., 2009; Levy et al., 2007; 

Nguyen et al., 2006). The IFE stem cell population is principally concerned with 

the maintenance of epidermal homeostasis (Ito et al., 2005). Their ability to 

exhibit phenotypic plasticity, however, has been demonstrated (Yu et al., 2006; 

Yu et al., 2010a).  

 

Figure 1.15 - Relationship between epidermal and hair follicle stem cells 

during homeostasis. During normal conditions, epidermal renewal is 

dependent on cell proliferation within epidermal proliferative units (EPUs), which 

are clonal populations of cells roughly arranged in hexagonally shaped columns 

that  culminate with a single hexagonal surface cell (Cotsarelis, 2006).  
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Conversely, bulge stem cells do not contribute to epidermal homeostasis, but 

become inherently involved in the processes of epithelial regeneration following 

injury (Cotsarelis, 2006; Ito and Cotsarelis, 2008; Ito et al., 2005; Wong and 

Reiter, 2011), principally due to their proliferative capacity and strategic location 

(Figure 1.16). Cell labelling has illustrated migration of stem cell progeny from 

the follicular bulge to the infindibulum (Taylor et al., 2000), epidermis (Tumbar 

et al., 2004) and epidermal defect (Ito et al., 2005).  

There does, however, appear to be a differential contribution to epithelial 

healing from different sub-populations within the HF (Cotsarelis, 2006; Ito and 

Cotsarelis, 2008). Using an inducible Krt15 promoter to drive Cre recombinase 

to the bulge cells, Ito et al. (2005) demonstrated that HF bulge cells migrated to 

the epidermis following wounding. Approximately one quarter of cells seen in 

the re-epithelialized wound originated from the HF bulge (Ito et al., 2005; Ito and 

Cotsarelis, 2008), acting as transient-amplifiers for a short period following 

injury. In contrast, non-bulge derived follicular keratinocytes from the IFE persist 

within the healed epidermis for several months, donating a permanent 

keratinocyte population and forming EPUs following injury (Cotsarelis, 2006; 

Levy et al., 2007; Ito and Cotsarelis, 2008). 
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Figure 1.16 - Relationship between epidermal and hair follicle stem cells 

after wounding. Upon wounding, Lrig1 positive (yellow), Lgr6 positive (green) 

and Krt15 positive bulge stem cells (blue) in nearby hair follicles become 

activated and generate progeny that migrate out of the follicles and participate 

in rapid wound re-epithelialization (Plikus et al., 2012). 

 

An absence of HFs has been shown to be detrimental to wound healing but not 

to epidermal integrity and homeostatic maintenance. Split-thickness skin grafts 

harvested from the scalp, containing both epidermis and a variable thickness of 

dermis, heal at a faster rate than those harvested from sparse hair-bearing 

areas (Mimoun et al., 2006; Waters et al., 2007; Weyandt et al., 2009).  

Targeted destruction of bulge cells does not affect epidermal viability and 

integrity (Ito et al., 2005). However, studies of mutant Edaradd mice which lack 

tail skin adnexae revealed impaired wound healing; an absence of HFs results 

in an extended epidermal response time (Langton et al., 2008), and enhanced 



51 
 

keratinocyte recruitment from the interfollicular epidermis. Knock-out of c-myc, a 

transcription regulator of epidermal stem cell fate, delays re-epithelialization, 

due to the inability of IFE stem cells to produce daughter keratinocytes (Lau et 

al., 2009; Schafer and Werner, 2007). In addition, it is worth noting that follicular 

epidermal cells accelerate wound repair by other mechanisms, and have been 

shown to remove clotted blood and damaged stroma following epidermal injury 

through alteration in connexin expression (Goliger and Paul, 1995; Lau et al., 

2009). 

Clinical evidence is now emerging of the potential role that bulge-derived stem 

cells may play in the management of both acute and chronic wounds.  Murine 

models have illustrated that transplantation of stem cells from the HF bulge can 

repopulate the epidermis, sebaceous glands, and the epithelial layers of the HF 

(Oshima et al., 2001). Kurata et al. (1994) cultured human HF ORS cells and 

applied to murine and human burn wounds, resulting in epithelial differentiation 

and the formation of a multi-layered neo-epidermis. EpiDex™ (Renner et al., 

2009; Tausche et al., 2003) is an autologous epidermal equivalent produced by 

culturing the ORS cells of the patients own hair. Small tissue discs are 

produced, which can be used to provide wound coverage. This method is, 

however, limited by a prolonged culture time of four weeks, making this an 

unfeasible option for early wound cover.  

Navsaria et al. (2004) conducted a study whereby whole HFs were implanted in 

Integra™ (dermal matrix composed of bovine type 1 collagen and shark 

chondroitin-6-sulphate); this composite was subsequently used to reconstruct a 

full-thickness scalp injury. Re-epithelialization in this case was attributed to HF 

stem cell activity, though full epithelial closure required skin graft application. 



52 
 

Whilst the contribution of bulge stem cells in this paper is contentious, it does 

highlight the potential clinical role for HF autografts to be used in conjunction 

with a dermal matrix in burn reconstruction. Spector and Glat (2007) conducted 

a similar study, attempting to reconstruct a scalp defect using Integra™ and hair 

micrografts. Hair grew successfully, but the contribution of bulge-derived stem 

cells once again cannot be distinguished in this case due to the early 

application of a skin graft. However, these studies do highlight the possibility of 

using HFs and cultured HF stem cells to treat skin injuries and some groups are 

already ascertaining which hair-bearing areas will provide the highest yield of 

stem cells when this area expands in the future (Lavoie et al., 2011).   

 

1.9 Bone morphogenetic proteins 

BMPs are members of TGF-β superfamily and are involved in the regulation of 

proliferation, differentiation and apoptosis (Botchkarev, 2003; Hay et al., 2004), 

as well as acting as potent tumour suppressors (Sharov et al., 2009). There are 

over 20 different BMP ligands belonging to the TGF-β superfamily, each of 

which plays a key role in embryonic development and postnatal remodelling of 

structures including the skin (Botchkarev, 2003; Botchkarev and Sharov, 2004; 

Massague, 1998) and bone (Kinsella et al., 2011). Dysfunction of BMP 

signalling is associated with a variety of conditions, including diabetes 

(Caperuto et al., 2008), vascular calcification (Son et al., 2011) and pulmonary 

hypertension (Kim and Choe, 2011).  
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1.9.1 BMP structure and subgroups 

The different BMPs can be sub-grouped according to the homology in their 

sequence and functions (Miyazono et al., 2010). The first group includes BMP-2 

and BMP-4 (BMP-2/4 group). BMP-5, BMP-6, BMP-7 (also known as 

osteogenic protein-1, OP-1) and BMP-8 (OP-2) form the OP-1 group. Growth-

differentiation factor-5 (GDF-5), GDF-6 and GDF-7 (BMP-12) form the GDF-5 

group (Miyazono et al., 2010). Differing BMPs vary both in their spatiotemporal 

expression and biological activity, as they can bind to receptors with differing 

affinity.    

BMPs are expressed as large precursor proteins; the raw molecule carries an 

N-terminal signal peptide, which directs the protein to the secretory pathway, a 

pro-domain that ensures correct folding, and the C-terminal mature peptide 

(Sieber et al., 2009). Each monomer, consisting of approximately 100-140 

amino acids (Botchkarev, 2003; Celeste et al., 1990) is stabilised by three intra-

molecular disulphide bonds formed between six highly conserved cysteines, a 

structure known as the cysteine knot motif (Sieber et al., 2009). The active 

signalling molecule is typically formed through homodimerization. Dimers are 

covalently linked via a disulphide bond, requiring a seventh conserved cysteine 

within each monomer. Exceptions include GDF-9, BMP-15 and GDF-3, which 

lack the seventh cysteine but are biologically active. Heterodimerization has 

been observed in BMP-2/5, BMP-4/7, BMP-2/6 and BMP-2/7 (Sieber et al., 

2009); these heterodimers are more effective than when homodimers are 

formed (Butler and Dodd, 2003; Israel et al., 1996). 
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1.9.2 BMP receptors and signalling cascades 

BMPs bind to heterodimeric receptor complexes composed of type I and type II 

transmembrane serine/threonine kinase receptors (Sieber et al, 2009). Six 

different receptors have been identified to bind BMPs. Type I receptors include 

Activin receptor type Ia (ActRIa or Alk2), BMP receptor 1A (BMPR-1A or Alk3) 

and BMP receptor 1B (BMPR-1B or Alk6). They form heterodimeric complexes 

with type II receptors; BMP receptor II (BMPR-II) and Activin receptors type IIA 

and IIb (ActRIIA and ActRIIB) (Miyazono et al., 2010). BMPR-1A, BMPR-1B and 

BMPR-II are specific for BMP signalling, and within the skin, are found 

distributed through the suprabasal epithelial cell layers and HF bulge; however 

expression is limited to developing follicles in fetal skin (Hwang et al., 2001). 

BMP ligands bind type I and II receptors with differing affinity, with BMP-2 and 

BMP-4 preferentially binding to BMPR-1A and BMPR-1B, whilst BMP-7 

preferentially binds to type II receptors (Knaus and Sebald, 2001; Koenig et al., 

1994; Sieber et al., 2009).  

The receptors contain an extracellular ligand binding domain and an 

intracellular serine/threonine kinase domain. The type I receptors carry a 

glycine/serine-rich region preceding the kinase domain (GS-box) and a short 

region of eight amino acids, termed the L45 loop, within its kinase domain. The 

type II receptors are constitutively active, whilst activation of the type I receptors 

requires ligand binding, ligand-receptor oligomerization and 

transphosphorylation of the GS-box by the type II receptor (Shimasaki et al., 

2004). Phosphorylation of the intracellular domain of type I receptors by type II 

receptor kinases leads to the transmission of the intracellular signal through 

canonical and non-canonical BMP pathways (Botchkarev, 2003) (Figure 1.17). 
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Following binding of BMP to cell surface receptors, two different signal 

transduction pathways may be activated; the ‘canonical’ pathway that includes 

Smad proteins, or the ‘non-canonical’ BMP-mitogen-activated protein kinase 

(BMP-MAPK) pathway (Botchkarev, 2003). Binding to preformed receptor 

complexes induces signal transduction via the BMP-Smad pathway, whilst 

binding to BMPR-I with subsequent recruitment of BMPR-II results in BMP-

MAPK pathway activation (Botchkarev, 2003; Hassel et al., 2003; Nohe et al., 

2002).  
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Figure 1.17 – The ‘canonical’ BMP-Smad and ‘non-canonical’ BMP-MAPK 

pathways of BMP activation. Binding of free BMP to BMPRs activates either 

the BMP–Smad (left) or BMP–MAPK (right) signalling pathway. The BMP–

Smad pathway includes recruitment and phosphorylation of R-Smad followed 

by the formation of their complexes with Co-Smad and translocation into the 

nucleus to regulate gene transcription.  The BMP–MAPK pathway focuses on 

recruitment of XIAP, TAB1 and TAK1 kinase, which in turn may activate 

apoptosis via the p38/Jnk pathway. XIAP - X-linked inhibitor of apoptosis 

protein; TAK1 - TGF-β Activated Kinase 1; TAB1 - TAK1-binding protein 1; 

BRAM1 - BMP receptor-associated molecule 1 (Botchkarev and Sharov, 2004).  
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The BMP-Smad ‘canonical’ pathway is activated following BMP binding to the 

heteromeric BMPR complex. BMPR-II phosphorylates the glycine/serine-rich 

domain of the type I receptors, which results in phosphorylation of specific 

Smad proteins (Smad1, Smad5, and Smad8) (Botchkarev, 2003). Three 

subclasses of Smad proteins have been identified; receptor-regulated Smads 

(R-Smads), common mediator-Smads (co-Smad) and inhibitory Smads (I-

Smads) (Sieber et al., 2009). Smad1/5/8, the R-Smad group, are 

phosphorylated by BMPR-I kinases and then form heteromeric complexes with 

Smad4 (Co-Smad). The R-Smad/Co-Smad complex subsequently translocates 

to the nucleus to regulate transcription of BMP-responsive genes, including 

MMPs and Wnt signalling components (Fessing et al., 2010; Massague et al., 

2005; Sieber et al., 2009). R-Smads contain two preserved domains, the N-

terminal MH1 and C-terminal MH2 domain (Sieber et al., 2009), which are 

connected by a proline-rich link. The MH1 domain regulates DNA binding, whilst 

the MH2 domain is principally concerned with R-Smad specificity and Smad 

oligomerization (Massague, 2003; Sieber et al., 2009). Smad6 and Smad7 (I-

Smad) antagonise the phosphorylation of R-Smads (Botchkarev, 2003). 

Endogenous levels of R-Smad are controlled by Smad ubiquitination regulatory 

factor-1 (Smurf1), which interacts with Smad1 and Smad5 to promote their 

degradation (Botchkarev, 2003; Zhu et al., 1999). 

The BMP-MAPK ‘non-canonical’ signalling pathway is activated when BMPs 

bind to one of the BMPR-I types, followed by the subsequent recruitment of 

BMPR-II (Botchkarev and Sharov, 2004; Nohe et al., 2002).The activated 

BMPR complex may interact with intracellular adaptor proteins XIAP and 

BRAM1, which link BMP receptors with TAB1 (TAK1 binding protein), which 

activates TAK1 (TGF-β activated kinase 1) (Botchkarev and Sharov, 2004; 
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Morita et al., 2001; Sieber et al., 2009; Yamaguchi et al., 1999). TAK1 is a 

member of the MAPK family, whose activity is also stimulated by TGF-β1. TAK1 

activates the p38 and JNK pathways, which are involved in BMP-induced 

apoptosis (Kimura et al., 2000; Zhang et al., 2006).     

 

1.9.3 BMP antagonists  

The interaction of BMP ligands with BMPRs is controlled by the presence of 

circulating endogenous antagonists. These include Noggin, chordin, follistatin 

and the Cerberus/DAN family of proteins, all of which belong to distinct protein 

groups (Botchkarev, 2003; Massague and Chen, 2000). However, these 

antagonists display a higher affinity for BMP ligands than the BMPRs, acting as 

competitive antagonists and restricting ligand-receptor interaction (Botchkarev, 

2003). Chemical compounds mimicking the action of BMP antagonists, 

including dorsomorphin (Boergermann et al., 2010) have been developed, and 

have been shown to attenuate both the Smad and MAPK-mediated signalling 

pathways.  

Noggin is a secreted homodimeric glycoprotein BMPR antagonist consisting of 

222 amino acids, encoded by the NOG gene (Botchkarev, 2003; Krause et al., 

2011). It plays important roles in development and postnatal tissue remodelling, 

acting as a pleiotropic factor (Krause et al., 2011). The structure of Noggin is 

that of an acidic amino-terminal and a cysteine rich carboxy-terminal region 

(Krause et al., 2011). The presence of cysteine knots allows Noggin to assume 

a structure, which can bind to BMP ligands; this prevents BMP binding to both 

type I and type II BMPRs (Groppe et al., 2002; Krause et al., 2011). However, 

Noggin binds with varying affinities to the various BMP ligands, preferentially 
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inhibiting BMP-2, -4, -5, -7, -13 and -14 (Botchkarev, 2003; Gamer et al., 2005; 

Krause et al., 2011; Song et al., 2010), whereas BMP-3, -6, -9, -10 and -15 

remain unaffected.  

Noggin is essential for the development of ectoderm-derived structures, 

including the neural tube (McMahon et al., 1998), tooth (Tucker et al., 1998), HF 

(Botchkarev et al., 1999) and eye (Gerhart et al., 2009; Sharov et al., 2003). 

Within the mesoderm, Noggin expression is critical in the mediation of 

embryonic chondrogenesis, osteogenesis and joint formation (Gong et al., 

1999; Krause et al., 2011; Tylzanowski et al., 2006). Noggin-null mice exhibit 

neural tube defects, HF retardation and skeletal dysmorphogenesis (Krause et 

al., 2011; McMahon et al., 1998; Plikus et al., 2004). Indeed, mutations of the 

NOG gene have been implicated in human skeletal dysplastic conditions, 

including proximal symphalangism and multiple synostosis syndrome 1 (Krause 

et al., 2011; Marcelino et al., 2001; Potti et al., 2011).  

Chordin is a 120 kDa protein, which binds to BMP-2 and BMP-4, though with a 

lower affinity than that seen with Noggin (Botchkarev, 2003; Piccolo et al., 

1997). The chordin-BMP complex can be cleaved by BMP-1 metalloprotease, 

with subsequent release of active BMP (Botchkarev, 2003; Kessler et al., 1996; 

Piccolo et al., 1997). However, the Noggin-BMP complex cannot be 

deconstructed in the same manner (Botchkarev, 2003; Wardle et al., 1999).  

Follistatin is a 35 kDa dimeric protein that preferentially binds activin, a member 

of the TGF-β family (Patel, 1998; Wankell et al., 2001). However, it also binds 

BMP-2, -4, -7 and -15 with lower affinity, preventing their interaction with 

BMPRs (Botchkarev, 2003). BMP signalling may also be blocked by BAMBI 

(BMP and activin membrane bound inhibitor), a pseudo-receptor with an extra-
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cellular domain similar to that found in type I BMPRs (Botchkarev, 2003; 

Onichtchouk et al., 1999). 

 

1.9.4 BMPs in skin development & postnatal remodelling 

BMP ligands and signalling cascades are essential for early embryonic 

development and further postnatal remodelling (Botchkarev, 2003), 

demonstrated by their extensive presence in the mesoderm and ectoderm. 

Such is their importance in early development that targeted deletion of BMP-2 

(Zhang and Bradley, 1996), BMP-4 (Winnier et al., 1995), BMP-7 (Dudley et al., 

1995), BMPR-1A/1B (Mishina et al., 1995; Yi et al., 2000) and Smad1/4/5 

(Chang et al., 1999; Lechleider et al., 2001; Sirard et al., 1998) results in 

embryonic lethality due to varying organ dysfunction.   

BMP ligands and receptors are differentially expressed within developing 

human and murine skin, with BMPR-1A seen in the basal epidermis, whilst 

BMPR-1B expression is restricted to suprabasal keratinocytes (Botchkarev, 

2003; Botchkarev et al., 1999). BMP-6 mRNA expression is seen in the 

suprabasal layers of mouse epidermis at E15.5 (Botchkarev, 2003; Wall et al., 

1993), whilst BMP-7 mRNA is seen in basal epidermal layers (Takahashi and 

Ikeda, 1996); this suggests that both BMPR-1B and BMP-6 facilitate 

keratinocyte differentiation, whilst BMPR-1A and BMP-7 play roles in 

proliferation within the epidermis (Panchision et al., 2001). The expression of 

BMP-2 is limited to the HF epithelium, whilst BMP-4 is seen within the 

mesenchyme (Bitgood and McMahon, 1995). In addition, components of the 

BMP-Smad pathway (Smad1/5/6) are expressed in developing skin, further 
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supporting the role of BMP in epidermal development (Botchkarev, 2003; Dick 

et al., 1998; Flanders et al., 2001). 

There does, however, appear to be a delicately balanced mediation of BMP-

induced epidermal development, based on their levels of expression 

(Botchkarev, 2003). Targeted over-expression of BMP-6 in murine skin 

(Blessing et al., 1996) results in marked inhibition of epidermal proliferation. 

Moderate BMP-6 expression stimulates proliferation of basal keratinocytes and 

leads to ectopic cellular proliferation, a paucity of Krt1 and Krt10 differentiation 

markers, abnormal expression of Krt6, Krt14 and Krt16 in the suprabasal layers 

(Blessing et al., 1996; Botchkarev, 2003), and  impeded cutaneous wound 

healing (Kaiser et al., 1998). The constitutive over-expression of the BMP 

antagonist Noggin confirms this data. Krt14 promoter-mediated Noggin over-

expression in the epidermis results in epidermal hyperplasia, due to increased 

basal keratinocyte proliferation (Plikus et al., 2004; Sharov et al., 2009). In 

addition, Noggin knock-out mice demonstrate epidermal proliferation and 

ectopic Krt14 expression in the suprabasal epidermis (Botchkarev, 2003; 

Botchkarev et al., 1999); thus, it appears that the effects of BMP in epidermal 

regulation are dose dependent.     

In postnatal human and murine skin, expression of BMPR-1B and BMPR-II is 

strictly limited to the suprabasal epidermal layers (Botchkarev, 2003; Hwang et 

al., 2001), and appears to stimulate differentiation and attenuate proliferation. 

Chemical-induced differentiation of mouse primary keratinocytes is 

accompanied by increased BMP-2 (Park and Morasso, 2002) and BMP-6 

expression (Wach et al., 2001). However, treatment of mouse keratinocytes 

with BMP-6 inhibits cell growth and DNA synthesis (Botchkarev, 2003; Drozdoff 
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et al., 1994; Fessing et al., 2010). In addition, treatment of cancer cell lines with 

BMP-2 and BMP-4 attenuates cell proliferation and migration (Ahmed et al., 

2011; Jiang et al., 2011). Thus, BMPs stimulate the differentiation of postnatal 

skin, but suppress keratinocyte proliferation.  

 

 1.9.5 The role of BMPs in hair follicle embryogenesis 

BMP ligands and signalling pathways play critical roles in the development of 

ectodermal derivatives including feathers and HFs (Botchkarev, 2003; Fuchs et 

al., 2001; Millar, 2002). The varied phenotype of TG mice either over-

expressing or inhibiting BMP signalling illustrates this fact. Noggin knock-out 

mice lack approximately 90% of HFs (Botchkarev et al., 1999); over-expression 

of the BMP antagonist within the epidermis results in increased HF density, 

smaller eyelids, ectopic cilia, claw hyperpigmentation, interdigital webbing, 

transdifferentiation of sweat glands into HFs and increased genitalia size 

(Botchkarev and Sharov, 2004; Plikus et al., 2004).    

HF development is based on eight consecutive stages (Paus and Cotsarelis, 

1999), which in mice, results in the formation of four distinct hair types; guard, 

awl, auchene and zig-zag (Botchkarev and Sharov, 2004). Of these 

developmental stages, BMP signalling is essential for the processes of initiation, 

cell lineage commitment and cell differentiation (Botchkarev and Sharov, 2004).  

During the induction stage of follicular development, BMP-2 and BMPR-1A are 

expressed in the hair placode (Botchkarev and Sharov, 2004; Lyons et al., 

1989, 1990), whereas BMP-4 and Noggin are expressed in the dermal 

condensate (Botchkarev et al., 1999; Botchkarev and Sharov, 2004). Noggin 
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acts as a mesenchymally-derived stimulator of HF induction, evidenced by an 

increased HF density in TG mice over-expressing Noggin (Plikus et al., 2004). 

In comparison, Noggin knock-out mice display a lack of induction of all 

secondary (non-tylotrich) HFs, whereas primary (tylotrich) follicles exhibit 

increased apoptosis (Botchkarev et al., 1999; Guha et al., 2004), illustrating the 

important stimulatory effect this glycoprotein has. Downstream components of 

complementary signalling cascades are found to be altered in Noggin TG 

models. Furthermore, BMP-6 contributes to HF induction and growth through 

stimulatory actions on dermal papilla cells (Rendl et al., 2008).  

Lymphoid enhancer binding factor 1 (LEF-1) is an important component of the 

Wnt/β catenin pathway and plays critical roles in HF development (Fuchs and 

Raghavan, 2002; Millar, 2002). LEF-1 is decreased in the hair placodes of 

Noggin knock-out mice (Botchkarev et al., 1999). LEF-1 knock-out mice are 

characterised by reduced HF density and retardation of HF development (van 

Genderen et al., 1994), whilst over-expression of LEF-1 results in ectopic follicle 

formation in the oral epithelium (Botchkarev, 2003; Zhou et al., 1995). In 

addition, N-CAM, a neural cell adhesion molecule, is decreased in Noggin 

knock-out hair placodes (Botchkarev et al., 1999). Adhesion molecules are 

crucial for follicular development (Muller-Rover et al., 1998), and since LEF-1 

stimulates N-CAM expression (Boras and Hamel, 2002) and negatively 

regulates E-cadherin expression (Jamora et al., 2003); BMP ligands may 

negatively regulate hair placode formation by mediating adhesion molecule 

expression (Botchkarev and Sharov, 2004). Invasion of the developing follicle 

into the dermis requires degradation of the integument by MMPs (Botchkarev 

and Sharov, 2004). It has been shown that BMP-2 inhibits the production of 

MMP-13, thereby impeding follicular dermal invasion (Varghese and Canalis, 
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1997). In addition, MMP-7 is co-expressed with Smad1 in hair placodes 

(Botchkarev and Sharov, 2004), further supporting a relationship.  

Cell lineage commitment and differentiation appear to be inherently associated 

with BMP signalling. Within the developing follicle, BMP-2, BMP-4, Noggin and 

BMPR-1A are expressed throughout the epithelial and mesenchymal cells of 

the bulb, whilst BMPR-1B is limited to the dermal papilla, follicular connective 

tissue sheath cell and melanocytes (Botchkarev, 2003; Botchkarev and Sharov, 

2004; Kobielak et al., 2003; Kulessa et al., 2000). Kulessa et al. (2000) 

demonstrated that over-expression of Noggin in the hair matrix keratinocytes 

resulted in impaired hair growth and attenuated differentiation of hair matrix 

keratinocytes. Transplantation of skin allograft from Noggin knock-out mice to 

immunodeficient mice results in failure of follicular development, due to a loss of 

Noggin-mediated placode development (Botchkarev et al., 2002; Botchkarev 

and Sharov, 2004). Of course, it is not just the varying ligands and antagonists 

that are required for this differentiation; the presence of BMPRs is also vital. 

Targeted ablation of BMPR-1A in developing epithelium illustrated a failure of 

IRS and hair shaft differentiation, and an absence of differentiation-specific 

keratins (Kobielak et al., 2003; Kobielak et al., 2007). Transplantation of BMPR-

1A null skin allograft onto immunocompromised nude mice displayed a failure of 

IRS development, with preservation of the ORS (Andl et al., 2004; Kobielak et 

al., 2003). In addition, sebocyte differentiation and sebaceous gland 

development appears to be under BMP-mediated control (Botchkarev and 

Sharov, 2004). Over-expression of Noggin results in ectopic sebocyte growth 

(Guha et al., 2004). This suggests that BMP signalling is required for the 

differentiation of HF progenitors.    
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 1.9.6 The role of BMPs in hair cycle regulation 

Several important studies have implicated BMP signalling as being important in 

the control of postnatal hair cycling. During induced hair cycling, BMP-4, BMPR-

1A and Noggin display spatiotemporal expression changes, and are involved in 

the transition from telogen to anagen (Botchkarev et al., 2001). In particular, 

BMP-6 and BMPR-1A are expressed in the HF bulge-containing epithelial stem 

cells (Blanpain et al., 2004; Fuchs, 2008; Kandyba et al., 2013; Sharov et al., 

2009), suggesting that BMPs play a role in maintaining stem cell quiescence. 

This quiescent state is regulated through Wnt inhibition (Fuchs, 2008; Kandya 

et al., 2013) under the control of BMPRs. Conditional loss of BMPR-1A in 

telogen HFs results in the precocious entry of follicles into anagen and the 

stabilization of β catenin, leading to increased stem cell activity (Fuchs, 2008; 

Kandya et al., 2013). Conversely, constitutive BMPR-1A activation maintains 

stem cells in a quiescent state (Kandya et al., 2013). During the telogen resting 

phase, BMP-4 produced by dermal fibroblasts and keratinocytes binds to 

BMPR-1A and prevents the follicular transition to anagen (Botchkarev and 

Sharov, 2004). Furthermore, the administration of BMP-4 inhibits HF growth 

(Botchkarev et al., 2002). Therefore, it appears that BMP-mediated suppression 

of the Wnt pathway and β catenin inhibits stem cell activation and follicular 

growth (Fuchs, 2008; Kandyba et al., 2013; Zhang et al., 2006).  

Entry into anagen is accompanied by down-regulation of both BMP-4 and 

BMPR-1A (Wilson et al., 1994). Up-regulation of Noggin induces active hair 

growth in postnatal telogen mouse skin (Botchkarev et al., 2001; Botchkarev, 

2003; Zhang et al., 2006), through antagonism of BMP-4; indeed, over-

expression of Noggin results in markedly enlarged anagen follicles (Sharov et 
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al., 2006), further supporting this argument. The Noggin-mediated transition into 

anagen is thought to be mediated by Shh signalling (Botchkarev, 2003) Shh is 

up-regulated in the follicle following Noggin treatment, whilst BMP-4 treatment 

down-regulates Shh expression (Botchkarev et al., 2001; Botchkarev, 2003).  

Transition to the catagen phase of the hair cycle is accompanied by controlled 

apoptosis within the HF. Deletion of BMPR-1A results in a delayed catagen 

transition, suggesting a role for BMPR-1A in this shift (Andl et al., 2004; 

Botchkarev and Sharov, 2004). Over-expression of Noggin, however, results in 

accelerated catagen re-entry in secondary follicles, and delayed catagen onset 

in primary follicles (Guha et al., 2004; Botchkarev and Sharov, 2004).  

 

 1.9.7 The role of BMPs in wound healing 

Research obtained over the last decade suggests an important role for BMPs 

during the processes of cutaneous wound repair, therefore highlighting the 

possibility of therapeutic modulation of these growth factors to aid skin healing. 

Yet, the precise mechanisms involved remain elusive. The TGF-β family as a 

whole is well known to be involved in skin repair, and exhibits both a spatial and 

temporal expression pattern during healing (Kane et al., 1991) with profound 

effects on inflammatory cell and fibroblast chemotaxis, angiogenesis and 

collagen deposition (Douglas, 2010; Pierce et al., 1989). TGF-β signalling 

inhibits skin repair, at least in part by supressing keratinocyte migration, 

whereas activin signalling stimulates the wound healing response and promotes 

keratinocyte proliferation (Ashcroft et al., 1999; Hosokawa et al., 2005; Munz et 

al., 1999; Wankell et al., 2001); conversely, over-expression inhibits wound re-
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epithelialization (Yang et al., 2001). These data all point towards a functional 

role of TGF-β family members in the regulation of skin repair.  

Much of the research looking at the role of BMP on healing has focused on their 

role in fracture repair. In bone, BMPs are produced by osteoprogenitor cells, 

osteoblasts, chondrocytes and platelets (Lissenberg-Thunnissen et al., 2011; 

Pecina and Vukicevic, 2007; Sipe et al., 2004). Following their release, they are 

able to induce a sequential cascade of events leading to chondrogenesis, 

osteogenesis, angiogenesis and controlled synthesis of ECM proteins 

(Lissenberg-Thunnissen et al., 2011; Tsiridis et al., 2007; Tsuji et al., 2006; 

Urist, 1965; Vukicevic et al., 1995). Many clinical studies are now available 

supporting the role of exogenous BMPs in the fields of orthopaedic (Blokhuis et 

al., 2013; Garrison et al., 2010; Tsuji et al., 2006; Wei et al., 2012), maxillofacial 

(Huang et al., 2005a; King et al., 1997) and craniofacial (Huang et al., 2005b; 

Kinsella et al., 2011; Sato and Urist, 1985) reconstruction. This has led to the 

development of a number of synthetic BMP ligand compounds, which are 

applied to fracture sites to promote bone growth (Govender et al., 2002; 

Lissenberg-Thunnissen et al., 2011; White et al., 2007). But what evidence is 

there to support a role for BMP involvement in skin repair?  

Previous studies have illustrated that components of the TGF-β signalling 

pathway, including Smad2 (Hosokawa et al., 2005; Tomikawa et al., 2012), 

2012) Smad3 (Ashcroft et al., 1999; Flanders et al., 2003) and Smad4 (Yang et 

al., 2012) negatively regulate skin repair through attenuation of keratinocyte 

proliferation and altered wound inflammatory cell infiltrate (Moura et al., 2013). 

Overexpression of Smad7 (I-Smad), however, accelerates skin repair (Han et 

al., 2011). Furthermore, BMP ligands have been shown to be both up and 
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down-regulated following injury. Following wounding, BMP-6 mRNA and protein 

expression is up-regulated in both keratinocytes and dermal fibroblasts as early 

as 48 hours following injury (Kaiser et al., 1998; Botchkarev, 2003; Moura et al., 

2013), as well as being found to be significantly up-regulated in chronic wounds 

(Kaiser et al., 1998); these are often characterised by an excess of granulation 

tissue. In addition, healing in TG mice over-expressing BMP-6 is delayed due to 

excess granulation and delayed keratinocyte migration (Kaiser et al., 1998). In 

contrast, both BMP-2 and -4 have been shown to be down-regulated in retinal 

epithelium in response to hypoxia-induced ischaemic retinopathy (Mathura et 

al., 2000), with a significant decrease detected within six hours of injury.  

Exogenous treatment of in vitro retinal epithelial cells with BMP ligands results 

in reduced proliferation (Mathura et al., 2000), whilst keratinocyte treatment with 

BMP-2 and BMP-4 suppresses proliferation (Ahmed et al., 2011; Sharov et al., 

2006). Furthermore, knock-out of BMP-5 results in a phenotype characterised 

by skin tumours, due to a loss of stem cell regulation (Kangsamaksin and 

Morris, 2011), and it is well established that over-expression of Noggin results in 

skin tumours (Sharov et al., 2009). Taken together, this research suggests that 

BMPs act as negative growth regulators in the presence of injury, serving to 

control and counteract hyperproliferation (Blessing et al., 1996; Drozdoff et al., 

1994; Kaiser et al., 1998).  

Studies have also demonstrated the inhibitory effects of the TGF-β family on 

cell migration during skin repair (Ashcroft et al., 1999; Hosokawa et al., 2005), 

as well as demonstrating that Smad2 (Hosokawa et al., 2005), Smad3 (Ashcroft 

et al., 1999; Flanders et al., 2003) and Smad4 (Yang et al., 2012) inhibit cell 

movement in other models. Additionally, keratinocyte migration has been shown 
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to be slowed following exogenous BMP-2 and BMP-4 treatment (Ahmed et al., 

2011).  

BMPs influence angiogenesis, clearly a vital facet of cutaneous wound healing. 

It is suggested that differing BMP ligands act as either pro or anti-angiogenic; 

BMP-2 and -7 are pro-angiogenic, whilst BMP-6, -9 and -10 inhibit sprouting 

angiogenesis (David et al., 2009; Ramoshebi and Ripamonti, 2000; Sieber et 

al., 2009). Down-stream components of the BMP-Smad pathway are also 

important in blood vessel formation; TG mice lacking the Smad5 gene die in 

utero due to defects in angiogenesis of the yolk sac (Yang et al., 1999). 

Furthermore, knock-out of BMPR-1A and BMPR-II impairs vascular remodelling 

(David et al., 2009). BMP defects are also implicated in human vascular 

diseases, most notably mutations of ALK-1 receptors and Smad4 in hereditary 

haemorrhagic telangiectasia (Gallione et al., 2006) and defects of BMPR-II and 

Smad8 in pulmonary arterial hypertension (David et al., 2009; Huang et al., 

2009; Morrell, 2006; Shintani et al., 2009).  

A further facet of wound repair in which BMPs play a role is inflammation. The 

TGF-β family as a whole is well established to play roles in immune suppression 

and T-cell regulation (Bierie and Moses, 2010; Douglas, 2010). Indeed, 

variations in TGF-β1 levels leads to a propensity to develop autoimmune 

diseases such as systemic lupus erythematosus and vitiligo due to T-cell over-

activity (Gorelik and Flavell, 2000; Kulkarni et al., 1993; Kulkarni and Karlsson, 

1993; Tu et al., 2011; Xing et al., 2012), potentially due to the loss of p21Cip1 

and p27Kip1 cell cycle regulators (Wolfraim et al., 2004). Furthermore, BMP 

signalling has been illustrated to stimulate both IL-2 and T-cell activity, whilst 

antagonism of the BMP axis using dorsomorphin (a small molecule selective 
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inhibitor of BMP signalling) and Noggin suppress interleukin secretion and T-cell 

function (Boergermann et al., 2010; Cejalvo et al., 2007; Yoshioka et al., 2012). 

Thus, local antagonism of BMPs using Noggin may reduce local inflammatory 

cell infiltrate and could increase the propensity to develop subsequent wound 

infections.   

Studies have also demonstrated the presence of dose-dependent 

subcutaneous and intramuscular soft tissue swelling secondary to BMP-2 and 

BMP-7 treatment, further supporting an argument that BMPs play key roles in 

the inflammatory process (Lee et al., 2012). Here, BMP treatment stimulated IL-

6 and TNF-α and led to the formation of granulomas composed of histiocytes, 

fibrocytes and granulation tissue (Lee et al., 2012). These effects of BMPs on 

inflammation, however appear to be tissue-specific as topical administration of 

BMP-2 onto bone induces local inflammatory suppression and reduced 

expression of IL-6 and IL-10 (Ratanavaraporn et al., 2012). 

Scarring is an inevitable caveat of cutaneous wounding, and at its extreme, may 

develop into a hypertrophic or even a keloid scar. The TGF-β family (Cowin et 

al., 2001), and in particular, BMPs are involved in the processes of late wound 

repair and cutaneous remodelling (Botchkarev, 2003). Pathologically, TGF-β, 

specifically the β1 isoform, has been implicated in the development of 

hypertrophic scarring, as fibroblasts from these scars exhibit increased TGF-β1 

production and TGF-β receptor expression (Penn et al., 2012; Wang et al., 

2000). Foetal mammals heal wounds through the second trimester with no 

evidence of scarring (Stelnicki et al., 1998b), but when BMP-2 is applied to 

foetal wound beds, there is marked dermal and epidermal thickening, together 
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with the deposition of irregular collagen bundles due to enhanced fibroblast 

activity (Stelnicki et al., 1998b).  

Similar results are found in the cornea; up-regulation of BMP-6 is associated 

with increased conjunctival scar tissue (Andreev et al., 2006), whilst over-

expression of the weak BMP antagonist follistatin results in abnormal wound 

healing (Wankell et al., 2001). In particular, TG mice over-expressing this 

protein exhibit a reduced volume of granulation tissue, delayed re-

epithelialization, weakened tensile strength and reduced scarring (Wankell et 

al., 2001). In contrast, inhibition of follistatin under the control of a Krt5 promoter 

results in earlier keratinocyte hyperproliferation at the wound margin 

(Antsiferova et al., 2009). Thus, this suggests that antagonism of BMP ligands 

impedes scar tissue formation (Wankell et al., 2001). Indeed, BMP-2-induced 

chondrogenic differentiation of dermal fibroblasts has been demonstrated, 

accompanied by enhanced subsequent collagen synthesis (Singh et al., 2011), 

which has led to some postulation that these cytokines may be used for 

cartilage and tendon reconstruction in the future (Obert et al., 2009).     

Together, these data suggest that BMPs are required for cell proliferation, 

differentiation and collagen deposition within the epidermis and dermis. But 

despite these insights, the expression of distinct BMP signalling components 

and the effects of BMPs and their antagonist Noggin in skin healing after injury 

remain to be explored. 
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Research Aims 
 

Whilst the role of the TGF-β family in cutaneous wound repair is well 

documented, the exact mechanisms and role of BMPs in this complex process 

remains elusive. In the UK, chronic wounds represent a significant burden to 

patients and the NHS; approximately 200,000 patients in the UK have a chronic 

wound (Posnett and Franks, 2008), impacting on a person’s quality of life; 

symptoms include pain, exudate and odour, and these symptoms are frequently 

associated with poor sleep, loss of mobility and social isolation. The 

understanding of the molecular mechanisms of skin repair is therefore of vital 

importance. To address this area, we aim to:  

i) Examine the dynamic expression profile of BMP-Smad pathway components 

in skin during wound healing on mRNA and protein levels using quantitative 

PCR analysis and immunohistochemistry respectively.  

ii) Determine the effects of constitutive over-expression of the canonical down-

stream signalling component Smad1 or BMP antagonist Noggin on wound 

healing using in vivo TG mouse models. Dynamic changes in keratinocyte 

proliferation, apoptosis and migration will be compared between mouse strains 

using wound morphometric analysis, immunohistochemistry and quantitative 

PCR. 

iii) Investigate the effects of BMP pathway potentiation and antagonism on in 

vitro and ex vivo human and mouse keratinocyte migration, proliferation and 

apoptosis using immunohistochemistry, flow cytometry, in vitro migration assays 

and ex vivo wound healing models.  
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iv) Define the molecular mechanisms underlying these BMP effects by 

performing microarray analyses of wound-induced gene expression in K14-

caSmad1 mice and the effect of BMPR gene silencing on in vitro human and 

mouse keratinocyte migration and proliferation.  
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II. Materials & Methods 
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2.1 Animals and tissue collection 

All animal experimentation was performed under the approval of project licence 

40/2989 at the University of Bradford and the Boston University IACUC 

protocol. Mice had free access to food (standard rodent diet) and water. Animal 

quarters were maintained under continuous 12 hour light-dark cycles, with 

ambient temperature and humidity at 21±1oC and 40-60% respectively. All 

animal handling and experimentation was performed by Dr A Mardaryev and Dr 

M Fessing at the University of Bradford, and Dr A Sharov at Boston University.  

K14-Noggin mice, expressing high levels of the BMP antagonist Noggin under 

the control of a Krt14 promoter (Sharov et al., 2009), were provided by Dr P 

Overbeek (Baylor College of Medicine, USA), whilst K14-caSmad1 mice, 

expressing a constitutively active form of the downstream BMP signalling 

component Smad1, were provided by Dr A Sharov (Boston University, USA). 

TG mice were generated on a Friend Virus B-Type (FVB) background using a 

TG construct containing human Krt14 promoter, human growth hormone poly-A 

sequence (hGHpA) or SV40 polyadenylation signal (SV40pA) (Sharov et al., 

2009; Tucker et al., 2004) and either mouse Noggin cDNA (Figure 2.1a) or 

FLAG-tagged human cDNA encoding phospho-mimetic activated Smad1 

(Figure 2.1b) (Fuentealba et al., 2007). K14-Noggin genotype was confirmed 

by Western blot detection of the 64 kDa Noggin protein in the skin of 9-week-old 

TG mice and the demonstration of transgene expression in the basal layer of 

the epidermis and ORS using in situ hybridization (for genotypic confirmation, 

see Sharov et al., 2009); these experiments were performed by Dr A Mardaryev 

prior to the current PhD project commencing. K14-caSmad1 mice were 

provided by Dr A Sharov at Boston University, and genotype was confirmed by 
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Western blot detection of FLAG-tag expression in dorsal skin samples with actin 

utilised as a positive control. FVB littermates were used as controls.  

 

Figure 2.1 – Transgenic mouse constructs. (a) K14-Noggin and (b) K14-

caSmad1 construct containing a human keratin-14 (hKeratin 14) promoter. KpnI 

and NotI - DNA restriction enzymes; ATG – translational start codon; hGHpA - 

human growth hormone polyA sequence;   SV40pA - SV40 polyadenylation 

signal; DvD – aspartic acid activation domain. 

 

Full-thickness skin wounds were created in the dorsal skin of 8 week-old TG 

and control mice during the telogen (resting) phase of the hair cycle, when HF 

stem cells are quiescent (n=4-5 mice of each strain per time point); this was 

performed under general anaesthesia and using aseptic techniques by Dr A 

Sharov (Boston University) and Dr A Mardaryev (Bradford University). Briefly, a 

sterile 5mm punch biopsy needle (Miltex Integra) was used to create two full-

thickness wounds on the dorsal surface of the mouse, extending through the 

panniculosus carnosus (Figure 2.2) (Mardaryev et al., 2011; Wong et al., 2011). 

Analgesia was administered during the peri- and post-operative period in 

accordance with Home Office guidelines. Skin samples were collected at days 

3, 5 and 7 post-wounding (only day 3 and 5 post-wounding in TG mice), cut in 
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half with a scalpel blade, frozen in liquid nitrogen and embedded in optimal 

cutting temperature (OCT) media (VWR). Unwounded telogen skin samples, 

except in K14-Noggin mice, which remain in a persistent anagen-like phase 

(Sharov et al., 2009), were used as controls. Skin samples were stored at -80oC 

until required.  

 

Figure 2.2 - Illustration of punch biopsies on the dorsal skin of mice. 

(Wong et al., 2011). 

   

2.2 Isolation and culture of primary mouse keratinocytes 

Primary mouse epidermal keratinocytes (PMEKs) were isolated and cultured as 

previously described (Dlugosz et al., 1995; Lichti et al., 2008). Briefly, neonatal 

mouse pups (P2-4) were euthanized according to Home Office guidelines and 

as detailed in the project licence by Dr A Mardaryev and Dr M Fessing. Killed 

mice were rinsed with deionized water and washed in 70% ethanol twice for 2 

minutes. All subsequent procedures were performed in a laminar-flow cell 

culture hood using sterile dissecting tools. The limbs were removed at the elbow 

and ankle joints; the tail was removed close to the body. An incision was made 

along the dorsal midline, and the skin was dissected from the dorsal and ventral 

surface with toothed forceps. The skin was floated dermis side-down on cold 

0.25% trypsin (Sigma) without EDTA overnight at 4oC.  
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Following trypsin incubation, the dermis and epidermis were separated using 

gentle traction. The epidermis was transferred to a 50ml Falcon tube containing 

Eagle’s minimal essential medium (EMEM) (Lonza) supplemented with 4% 

chelated foetal bovine serum (FBS), 100 units/ml penicillin & 100µg/ml 

streptomycin, 2mM L-glutamine (all from Gibco), 0.05mM calcium chloride, 

0.4µg/ml hydrocortisone, 5µg/ml bovine insulin, 2x10-9M 3,3’,5-triiodo-L-

thyronine (T3), 10-10M cholera toxin (all from Sigma) and 10ng/ml epidermal 

growth factor (EGF) (Invitrogen). The epidermis was minced using sterile 

scissors and a 10ml pipette to release the keratinocytes. The suspension was 

passed through a sterile 70µm nylon filter (BD Biosciences) into a fresh Falcon 

tube to remove cornified sheets.  

Type 1 collagen-coated cell culture plates were prepared by coating the base 

with a solution consisting of Hank’s balanced salt solution (HBSS), 1M HEPES 

pH 6.5 (both from Gibco), 100mg/ml bovine serum albumin (BSA) (Sigma), and 

3mg/ml type 1 collagen (Invitrogen). The excess collagen solution was 

aspirated and the plates dried before plating the PMEKs at the required density 

(following quantification using a haemocytometer) in the EMEM media. PMEKs 

were incubated at 37oC with 5% CO2 for 3 to 5 days before experimentation; 

media was changed every 24 hours.  

 

2.3 Cell line culture 

Immortalised human keratinocytes (HaCaT cells) were utilised for in vitro 

experimentation (Boukamp et al., 1988). HaCaT cells evolved from a long-term 

culture of primary human keratinocytes. These aneuploid cells can be 

considered immortal, with specific stable marker chromosomes, but no 
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tumorigenicity. Even after multiple passages, HaCaT cells retain a remarkable 

capacity for normal differentiation and thus offer a suitable and stable model for 

keratinization studies (Boukamp et al., 1988).  

Briefly, HaCaT cells were cultured in P100 cell culture plates (Corning Life 

Sciences) using Dulbecco’s modified Eagle medium (DMEM), supplemented 

with sterile 10% FBS, 25mM HEPES, 100 units/ml penicillin & 100µg/ml 

streptomycin, 2mM L-glutamine and 100mM sodium pyruvate (all from Gibco). 

Cell media was replaced every 72 hours. Prior to splitting, cells were washed 

with sterile phosphate buffered saline (PBS) prior to the addition of TrypLE 

Express trypsinisation solution (Gibco). Detached cells were transferred to a 

sterile culture dish containing sterile DMEM media (cell culture split ratio 1:10). 

Cells were cultured at 37oC with 5% CO2. 

 

2.4 Cell treatment with BMP-4/7 and Noggin 

Both HaCaT cells and PMEKs were treated with BMP-4/7 and Noggin to 

establish the effects on proliferation and migration. Briefly, cells were seeded at 

the required experiment density in cell culture plates with sterile media. Cells 

were treated with 500ng/ml BMP-4/7 (human heterodimer) (R&D systems), 

300ng/ml mouse noggin homodimer (R&D systems), BMP-4/7 500ng/ml and 

noggin 300ng/ml combination or BSA control. BMP-4/7 or Noggin treatment 

remained in culture media with keratinocytes for 4 hours and cells were 

subsequently analysed for proliferation assay, flow cytometry, transwell assay 

or scratch migration at 24 hours (Sections 2.6, 2.7, 2.8 & 2.10).  
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2.5 Cell transfection 

Constitutively active plasmids and small interfering RNAs (siRNAs) were used 

for transient transfection of both HaCaT keratinocytes and PMEKs. Human and 

mouse smartpool siRNAs directed against BMPR-1A and BMPR-1B, and a non-

targeting control were purchased (Thermo Scientific). Plasmids contained 

constitutively active BMP receptors (BMPR-1A or ALK3QD and BMPR-1B or 

ALK6QD), Smad1 and Smad5 under pCMV promoter were acquired from Prof 

K Funa in Sweden; a pcDNA3 plasmid (empty vector) was used as a negative 

control. Plasmids were mutated to become constitutively active by substituting 

glutamic acid for aspartic acid in the GS domain to mimic phosphorylation by 

BMPR-II (Lin et al., 2002). Keratinocytes were grown in twelve-well culture 

plates for proliferation assay and scratch migration; those for flow cytometry 

were grown in P60 culture plates until 60% confluent; HaCaT cells underwent 

72 hours serum starvation prior to transfection to synchronise cell cycle entry. 

Transfection was performed for 4 hours using Lipofectamine RNAimax/2000 

(Invitrogen) according to the manufacturers’ protocol and incubating with sterile 

antibiotic-free media. All assays were performed in duplicate, and data was 

subsequently pooled for analysis.  

 

2.6 Cell proliferation assay 

To assess cell proliferation, HaCaT cells and PMEKs were cultured in twelve-

well culture plates containing sterile 15 x 15mm coverslips (Menzel Gläser) and 

1ml sterile DMEM/EMEM media respectively; coverslips were type 1 collagen-

coated prior to growing PMEKs.  Cells were seeded at 100,000cells/ml and 
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grown until 40% confluence was achieved. Following intervention (transfection, 

exogenous BMP ligand or Noggin treatment), cells were allowed to proliferate 

for 24 hours prior to fixation. Coverslips were incubated with antibodies directed 

against proliferation markers (Ki67 or phospho-histone H3 (Ser28); pH3 

(Ser28)) (Section 2.12). Cell nuclei were visualized using DAPI (Vector Labs). 

Image analysis was performed using a fluorescent microscope (Nikon Eclipse 

501) and Image Analysis software (Image Pro Express, Media Cybernetics). 

Images of coverslip-mounted cells were taken at x40 magnification (n = 20). 

The percentage of proliferating cells was calculated from the total number of 

cells. Means±SD was calculated from pooled data and statistical analysis 

performed using ANOVA analysis with subsequent unpaired Student’s t-test 

with Bonferroni correction; p<0.05 was deemed significant.   

 

 2.7 Flow cytometric cell cycle analysis  

Flow cytometry is a technique which permits the separation of populations of 

cells into groups with similar characteristics based on antibody binding. The 

cells are labelled with fluorescent-labelled chemical compounds and are 

subsequently passed through a narrow gauge needle to produce a stream of 

liquid. The liquid stream is passed through a scanning laser; several laser 

detectors are aimed at the point where the stream passes through the light 

beam: one is placed in line with the light beam (Forward Scatter/FSC) and 

several perpendicular to it (Side Scatter/SSC). Each cell passing through the 

beam scatters the ray, and fluorescent labels found in the particle or attached to 

the particle may be excited into emitting light at a longer wavelength than the 

light source. This combination of scattered and fluorescent light is picked up by 

http://en.wikipedia.org/wiki/Scattering
http://en.wikipedia.org/wiki/Fluorescent
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the detectors. FSC correlates with the cell volume and SSC depends on the 

inner complexity of the particle. 7-Aminoactinomycin D (7-AAD) (Applichem) is a 

fluorescent chemical with a strong affinity for DNA (Liu, 1991). Following 

combination with cells, the chemical intercalates with double-stranded DNA. 7-

AAD may be used as a cell cycle marker, as once it is combined with DNA, 

cycle profiles can be generated based on the volume of intracellular DNA. 

To perform flow cytometry, HaCaT keratinocytes and PMEKs were cultured in 

P60 cell culture dishes (Corning Life Sciences). Following intervention 

(siRNA/plasmid transfection, exogenous BMP ligand/antagonist treatment), 

cells were washed with sterile PBS before trypsinisation using TrypLE Express 

(Gibco). Following detachment, cells were centrifuged at 362g for 5 minutes, 

following which the supernatant was removed. Cells were subsequently fixed in 

sterile 70% ethanol for 30 minutes at -20oC and washed twice in sterile PBS, 

before filtering through a 50µm filter (BD Biosciences) and staining with 40µg/ml 

7-AAD for 20 minutes at room temperature in the dark. Cell samples were 

analysed using a CyAn™ ADP Analyser flow cytometer and Summit software, 

version 4.2 (Beckman Coulter).        

 

2.8 Transwell migration assay 

Transwell migration assay was performed as previously described (Merlo et al., 

2009; Yin et al., 2005). Briefly, 1x106 PMEKs were seeded onto 8µm pore size 

type 1 collagen-coated well inserts (Greiner BioOne) and were cultured in the 

upper chamber with 1ml serum-free EMEM media. The lower chamber 

contained 1ml complete EMEM medium supplemented with 4% FBS. Following 

24 hours to permit attachment, PMEKs were either transfected with mouse 

http://en.wikipedia.org/wiki/Cell_(biology)
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smartpool siRNAs directed against Bmpr-1A or Bmpr-1B and a non-targeting 

control (Thermo Scientific) using Lipofectamine RNAimax (Invitrogen) according 

to the manufacturers’ protocol, or treated with 500ng/ml recombinant BMP-4/7 

(R&D systems), 300ng/ml noggin (R&D systems), BMP-4/7 500ng/ml and 

noggin 300ng/ml combined or BSA control; all transfection and treatments were 

performed in duplicate. For comparison of K14-caSmad1 and WT PMEK 

migration, newborn mouse skins were harvested and prepared as described in 

section 2.2 and seeded at the same concentration described above onto 

collagen-coated well inserts and allowed to migrate over 48 hours. Transfected, 

treated and TG PMEKs were allowed to migrate over 48 hours through the 

insert membrane, after which cells adherent to the top surface of the membrane 

were removed with a cotton swab; cells that had migrated to the bottom surface 

were fixed in 4% paraformaldehyde (PFA) for 10 minutes and counterstained 

with DAPI (Vector Labs). For analysis, the number of DAPI-positive nuclei of 

migrated PMEKs per x40 microscopic field (10 randomly selected 

fields/transwell from two transwells per group) was counted and compared. 

Means±SD were calculated from pooled data and statistical analysis performed 

using ANOVA analysis with subsequent unpaired Student’s t-test with 

Bonferroni correction; differences were deemed significant if p<0.05.   

 

2.9 Mouse explant migration model 

In vivo wound models in rodent skin are typically hindered by panniculus 

carnosus-mediated wound contraction and epithelial fragility. An ex vivo assay, 

described here, has allowed the quantitative assessment of the epithelialization 

potential of PMEKs (Mazzalupo et al., 2002). Newborn mouse skins were 
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removed as previously described (Section 2.2), but the epidermis and dermis 

were left attached. A sterile 3mm punch biopsy (Miltex Integra) was used to 

remove full-thickness skin explants; these skin discs were placed on individual 

collagen type 1-coated glass coverslips (Menzel Gläser) in 12-well plates 

(Corning Life Sciences). After waiting 5 minutes for the skin to adhere to the 

well base, 200µl of sterile 50:50 DMEM (Gibco):F12 (Invitrogen) media was 

added containing 10% FBS, 100 units/ml penicillin & 100µg/ml streptomycin, 

2mM L-glutamine (all from Gibco), 0.1nM cholera toxin, 0.4µg/ml 

hydrocortisone, 5µg/ml bovine insulin, 5µg/ml bovine holotransferrin, 2nM T3 

(all from Sigma) and 10ng/ml EGF (Invitrogen) to maintain the epidermis at the 

air-liquid interface. Plates were incubated at 37oC with 5% CO2. After 24 hours, 

an additional 1.5ml of media was carefully added to each well to submerge the 

skin specimen; media was changed every 48 hours thereafter. To eliminate 

keratinocyte proliferation, explants were treated with 10µg mitomycin C (MMC), 

a DNA-crosslinking chemotherapeutic agent, for two hours after 24 hours 

incubation. Culture media was subsequently changed, and explants were 

treated daily with 500ng/ml recombinant BMP-4/7 (R&D systems), 300ng/ml 

Noggin (R&D systems), BMP-4/7 500ng/ml and Noggin 300ng/ml combined or 

BSA control; all treatments were performed in triplicate.   

Photographs were taken every 24 hours for 7 days using a light microscope 

(Leitz Labovert) at x4 magnification and a Nikon Coolpix camera. Image 

analysis was performed using the Visicam image analysis software; following 

calibration, measurements were made of the keratinocyte migratory area at the 

daily time points. Means±SD were calculated from pooled data and statistical 

analysis performed using ANOVA analysis with subsequent unpaired Student’s 

t-test with Bonferroni correction; differences were deemed significant if p<0.05.   
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2.10 Scratch migration assay 

The scratch assay represents a simple method of observing cell migration in 

vitro (Liang et al., 2007). The creation of a wound or ‘scratch’ in a confluent cell 

monolayer allows migration of those cells along the edge until cell-cell contact is 

re-established. Thus, the rate of cell migration can be compared between 

groups, for example following transfection, and is thought to resemble in vivo 

cell activity. Briefly, scratch assay was performed in twelve-well culture plates 

(Corning Life Sciences), with each biological group performed in duplicate. Prior 

to commencing, cells were seeded at a density of 100,000cells/well and 

incubated overnight at 37oC with 5% CO2 until adherent. Transfection with 

siRNA or plasmid was performed once cells were at 80% confluence (typically 

24-48 hours following seeding). To inhibit cell proliferation, cells were incubated 

with 10µg MMC for two hours at 37oC. A sterile P200 pipet tip was subsequently 

used to create a scratch across the cell monolayer; cells were washed three 

times with sterile PBS to remove both debris and remaining MMC, before media 

replacement.  

A reference point was made adjacent to the scratch to consistently capture the 

same visual field. Images were photographed using a Leitz Labovert light 

microscope and Nikon Coolpix camera at x4 magnification. Images were taken 

at 0, 12 and 24 hours. Following calibration, analysis was performed using 

ImageJ software (National Institutes of Health), whereby the distance between 

the scratch margins was measured (n = 20) and the percentage closure at time 

points calculated. Means±SD were calculated from pooled data and statistical 

analysis performed using ANOVA analysis with subsequent unpaired Student’s 

t-test with Bonferroni correction; differences were deemed significant if p<0.05.   
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2.11 Human ex vivo wound healing model 

Pre-auricular skin specimens were obtained from healthy patients undergoing 

elective rhytidectomy following informed consent and Ethics Committee 

Approval according to the Helsinki Ethical Guidelines for medical research 

involving human subjects. All surgical and consenting procedures were 

conducted by Professor David Sharpe (Consultant Plastic Surgeon). Under 

sterile conditions, subcutaneous fat was trimmed from the specimens. To 

simulate a partial-thickness cutaneous wound, two parallel incisions were made 

in the skin 1mm apart extending to the mid-dermis and the central strip was 

sharply excised using dissecting scissors to leave a wound of uniform width and 

depth (Rizzo et al., 2012) (Figure 2.3a).  

Punch biopsies with the linear partial-thickness wound in the centre were 

excised using a 5mm punch biopsy (Miltex Integra) (Figure 2.3b-c) and were 

placed onto a 24mm Netwell™ insert (Corning) with 440 µm mesh size 

polyester membrane in a twelve-well culture plate. 1.5ml of DMEM (Invitrogen) 

supplemented with 10% FBS, sodium pyruvate and Primocin antimicrobial 

(InvivoGen) was pipetted into the well base to maintain skin specimens at an 

air–liquid interface. Skin was incubated at 37°C in a humidified atmosphere of 

5% CO2 and culture media was renewed every 24 hours. This method provided 

a wound of uniform depth and width to allow characterisation of human wound 

repair (Figure 2.3d).  

Wounded skin discs were treated with 500ng/ml BMP-4/7 (R&D systems), 

300ng/ml Noggin (R&D systems), combined BMP-4/7 and Noggin or control 

media to ascertain the effect of BMPs on human cutaneous wound repair. 
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Figure 2.3 - Generation of a human ex vivo wound healing model (a-c)  

Partial thickness linear wounds are created and excised from pre-auricular skin 

specimens; (d) Cross-sectional illustration of skin specimen at air-liquid 

interface in tissue culture well; (e) Experiment timeline illustrating days when 

human wounds were treated with BMP ligands or Noggin.  
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Treatment was administered directly to the wound surface daily for 7 days 

(Figure 2.3e); all treatments were performed in duplicate. Samples were 

harvested at day 7 (Figure 2.3e) and were snap-frozen in liquid nitrogen and 

imbedded in OCT media (VWR) for cryo-sectioning. Untreated human ex vivo 

skin discs were harvested on days 0, 1, 3, 5 and 7 to assess wound healing 

dynamics in the absence of exogenous treatment; these samples were snap 

frozen in liquid nitrogen and imbedded in OCT media for cryo-sectioning.  

 

2.12 Immunohistochemistry 

Cryosections measuring 9µm thickness were briefly air-dried, prepared with 

ImmEdge hydrophobic barrier pen (Vector Labs) and fixed in acetone (10 

minutes at -20oC) or 4% PFA (10 minutes at room temperature) depending on 

the primary antibody and manufacturers guidelines. Slides to be stained with 

pH3 underwent additional permeabilization with 100% methanol for 10 minutes 

at -20oC. Sections were incubated in 5% BSA (Sigma) overnight at 4oC in 

conjunction with the primary antibody at the optimised dilution (Table 2.1); 

antibodies directed against intracellular antigens were additionally incubated 

with 0.1% triton X100 (Sigma) and 0.2% saponin (Fluka Biochemika).  

Sections were then incubated with corresponding Alexa-546 or Alexa-555-

labeled antibodies (Invitrogen) for one hour at 37oC. Cell nuclei were visualized 

using DAPI (Vector Labs). Image analysis was performed using a fluorescent 

microscope (Nikon Eclipse 501), EXi aqua digital camera (QImaging) and 

Image Pro Express software (Media Cybernetics).  
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Table 2.1 - Primary human & mouse antibodies with associated dilutions. 

Antigen Host Dilution Manufacturer 

Mouse antigens 

Active Caspase 3 Rabbit 1:200 Abcam 

BMPR-1A Rabbit 1:500 Abcam 

BMPR-1B Goat 1:200 Abcam 

CD4 Rat 1:100 Dako 

Keratin-14 Guinea Pig 1:200 Acris 

Keratin-16 Rabbit 1:100 Epitomics 

Keratin-17 Rabbit 1:5000 Epitomics 

Ki67 Rabbit 1:100 Santa Cruz Biotechnologies 

Phospho-histone H3  

(Ser28) 

Rabbit 1:400 Cell Signalling 

pSmad1/5/8 Rabbit 1:200 Millipore 

Smad1 Rabbit 1:200 Abcam 

Human antigens 

Active Caspase 3 Rabbit 1:200 Abcam 

BMPR-1A Rabbit 1:100 Abcam 

BMPR-1B Goat 1:100 Santa Cruz Biotechnologies 

Keratin-10 Rabbit 1:80 Abcam 

Keratin-17 Rabbit 1:5000 Epitomics 

Ki67 Rabbit 1:500 Abcam 

Phospho-histone H3 

(Ser28) 

Rabbit 1:400 Cell Signalling 

pSmad-1/5/8 Rabbit 1:100 Millipore 

 

2.13 Phalloidin staining 

Alexa Fluor® 488-phalloidin (Invitrogen) was utilised to detect the endogenous 

actin filament network within keratinocytes, which shows substantial re-

organization during migration (Lengsfeld et al., 1974; Meyer et al., 2012; Wulf et 

al., 1979). Mouse skin explants (following the treatments described in Section 

2.9) were washed twice in pre-warmed PBS and then fixed in 3.7% methanol-
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free formaldehyde in PBS for 10 minutes at room temperature. Following 

washing, skin explants were carefully removed from the coverslips leaving only 

the migrated keratinocytes attached. Each coverslip was covered with cold 

acetone and incubated at -200C for 5 minutes. After further washing in PBS, 5µl 

stock Phalloidin (Invitrogen) was diluted in 200µl PBS and incubated with each 

coverslip for 30 minutes at room temperature. Finally, the staining solution was 

washed from the coverslips with PBS and they were mounted using DAPI 

(Vector Labs). 

 

2.14 Alkaline phosphatase staining 

For morphological assessment of skin and wound histology sections, alkaline 

phosphatase (AP) staining was performed. In the skin, AP is strongly expressed 

by fibroblasts within the dermal papilla; hence, this is a useful tool to identify 

follicular development and cycling (Handjiski et al., 1994). 

Cryosections of 9µm thickness were fixed in 4% PFA for 10 minutes at room 

temperature. Following five minutes washing in PBS, slides were incubated in 

developing solution (100mM NaCl, 100mM Tris pH 9.5, 0.005% naphtol-ASBI 

phosphate, 0.5% dimethylformamide (DMF), 4% sodium nitrite, 5% new 

fuchsin) for 15 minutes at room temperature. Slides were washed for a further 

10 minutes in PBS before counter-staining with haematoxylin for 90 seconds 

and mounting. 
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2.15 Quantitative wound histomorphometry 

To measure the surface area of the wound proliferative epithelium between WT, 

K14-Noggin and K14-caSmad1 mice, AP-stained skin sections were analysed 

using the VisiCam (VWR) image analysis software. Following calibration, 

measurements were made of the proliferative epithelial tongue area (µm2) and 

tongue length (µm) at time-matched intervals (days 3 and 5 post-wounding). All 

sections were analysed at x20 magnification.  

To assess cell proliferation and apoptosis, the number of Ki-67 positive, active 

caspase-3 positive and DAPI positive cells was counted along the basal layer of 

the wound epithelial tongue or intact epidermis (n=10 from each strain) at time-

matched intervals (days 3 and 5 post-wounding) using ImageJ software 

(National Institutes of Health) and converted to a percentage. This is an 

established method for the quantitative assessment of both proliferation 

(Antsiferova et al., 2009; Bamberger et al., 2005) and apoptosis (Desmouliere 

et al., 1995) in both intact epidermis and wounds. To assess for differences in 

inflammatory cell infiltrate between the three mouse strains, the number of CD4 

positive cells was counted in 10 microscopic fields (x40 magnification)  of 4-5 

mice per strain around the wound at time-matched intervals (days 3 and 5 post-

wounding) (Mardaryev, 2011). For all quantitative wound measurements, 

means±SD were calculated from pooled data and statistical analysis performed 

using single-factor ANOVA testing with subsequent unpaired Students t-test 

with Bonferroni correction. Differences were deemed significant if p<0.05. 
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2.16 RNA isolation and cDNA synthesis 

WT and TG mouse skin and wounds encased in OCT media blocks were used 

as a source of RNA for complimentary DNA (cDNA) synthesis and quantitative 

PCR. Briefly, 10µm thick cryosections (n= 50) were cut; tissue samples were 

transferred to a sterile Eppendorf tube with 1ml of TRIzol (Invitrogen) reagent 

and stored at -80oC until required. When transfected/treated cells were 

harvested for RNA, 500µl TRIzol was added to each 12-well plate culture well 

and a cell scraper was used to disrupt the adherent cells before transfer to an 

Eppendorf tube. For RNA isolation, samples were defrosted for 5 minutes 

before 100µl bromochloropropane (BCP) was added, mixed and incubated at 

room temperature for 15 minutes. Samples were centrifuged at 12,000xg for 15 

minutes at 4oC, and then the aqueous phase was transferred to a new tube. 

500µl isopropanol and 1µl Glycoblue™ (Ambion) were added and incubated for 

5 minutes at room temperature. Samples were centrifuged at 12,000xg for 8 

minutes to pellet the RNA, before the addition of 75% ethanol and further 

centrifugation at 7500xg for 5 minutes. The supernatant was discarded and the 

RNA pellet was dissolved in sterile Tris-EDTA (TE) buffer. To reduce genomic 

DNA contamination, samples were treated with the Turbo DNA-free™ kit 

(Applied Biosystems) according to the manufacturers’ protocol before 

quantification. Isolated RNA samples were subsequently stored at -800C. 

First-strand cDNA synthesis was performed using the Reverse Transcription 

System (Promega) using random primers, according to the manufacturers’ 

protocol. RNA samples were heated to 70oC for 10 minutes, centrifuged and 

placed on ice. The reaction mixture was added to each RNA sample, and then 

incubated at room temperature for 10 minutes, followed by the following 
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temperatures: heated to 42oC for 15 minutes, 95oC for 5 minutes and 4oC for 5 

minutes. Once synthesised, samples were stored at -20oC until analysed.      

 

2.17 Quantitative real-time PCR (qRT-PCR) analysis   

PCR primers were designed with Beacon Designer software (Premier Biosoft 

International; Table 2.2) and synthesised by Sigma. All primers were optimised 

in conjunction with mouse or human reference cDNA at five temperatures; 

55oC, 57oC, 59oC, 61oC and 63oC. Melting curves were compared to establish 

optimal annealing temperatures for each primer. Reaction mixtures containing 

1x SYBR green master mix (Applied Biosystems), 1µM primers and 10ng cDNA 

were analysed using a StepOnePlus™ real-time PCR system (Applied 

Biosystems); each gene of interest was analysed in duplicate. Amplification was 

performed in the following conditions; initial denaturation (95oC for 20 seconds) 

followed by 40 cycles of denaturation (95oC for 3 seconds), annealing (30 

seconds at optimal temperature for each primer pair) and elongation (95oC for 

15 seconds). Following the amplification, a melting curve was created by 

gradual heating the PCR products from 63oC to 92oC. Expression of a 

housekeeping gene (Gapdh in mice/GAPDH in humans) was used for 

normalization. Differences between samples and controls were calculated using 

the Genex™ database software (Bio-Rad) based on the Ct (Ct) equitation 

method and normalized to Gapdh/GAPDH. Data from duplicates was pooled 

and statistical analysis was performed using unpaired Student's t-test within the 

Genex™ (Bio-Rad) software. 
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Table 2.2 - Mouse and human PCR primer sequences. 

Accession 
number 

Sequence 
definition 

Sense/anti-sense primers 

Mouse 
NM_001177696 Actin-binding LIM 

protein 2 (Ablim2) 
CCTCCTTCCTCTACCTACC 
TTGTCTTCTTCCTGCTGTC 

NM_009758 Bone morphogenetic 
protein receptor 1A 

(Bmpr-1A) 

GTGTAGCCCTTGTGGTAATG 
CCTTCCTGTCCTCTGTGG 

NM_007560 Bone morphogenetic 
protein receptor 1B 

(Bmpr-1B) 

CACGATGATAGAAGAAGATGAC 
TTGAGAGGAGGCAGAGTG 

NM_007561 Bone morphogenetic 
protein receptor 2 

(Bmpr-II) 

GCTCGCAGTGGAAGTGAC 
GTAGGTCTCTTAGGAAGGTTCTG 

NM_007553 Bone morphogenetic 
protein 2 (Bmp-2) 

TTGTATGTGGACTTCAGTGATGT 
AGTTCAGGTGGTCAGCAAGG 

NM_007554 Bone morphogenetic 
protein 4 (Bmp-4) 

GAGGAGGAGGAGGAAGAG 
ATGCTGCTGAGGTTGAAG 

NM_007556 Bone morphogenetic 
protein 6 (Bmp-6) 

GTGACGGCTGCTGAGTTC 
GATTGCTAGTTGCTGTGATGTC 

NM_007557 Bone morphogenetic 
protein 7 (Bmp-7) 

CAGCAGCAGTGACCAGAG 
ACAGTAGTAGGCAGCATAGC 

NM_016674 Claudin 1 (Cldn1) TTCATCCTGGCTTCTCTG 
ATGCCAATTACCATCAAGG 

NM_009902 Claudin 3 (Cldn3) GGCAGTTGATTCCCAGGT 
CCACGCAGTTCATCCACAG 

NM_008125 Gap junction protein 
beta 2 (Gjb2) 

GACCCATTTCGGACCAACC 
CTGGTGGAGTGTTTGTTGAC 

NM_008120 Gap junction protein 
alpha 4 (Gja4) 

GCTATTTAAGGCGTCCTG 
GTTAACCAGATCTTGCCCA 

NM_008084 Glyceraldehyde-3-
phosphate 

dehydrogenase 
(Gapdh) 

CAGTGAGCTTCCGGTTCA 
CTGCACCCAGAAG 

NM_008473 Keratin-1 (Krt1) CATATTAGTAGCAGTCTGA 
TGAAGTCCTCTTTGAAAT 

NM_008470 Keratin-16 (Krt16) GAGATCAAAGACTACAGCCC 
CATTCTCGTACTTGGTCCTG 

NM_010663 Keratin-17 (Krt17) CCGTACCAAGTTTGAGACAG 
TCAATCTGCATCTCCAGGT 

NM_010864 Myosin VA (Myo5a) ATCTCCTGCTACCTATGT 
CCACGAATACTCTGACTT 

NM_008711 Noggin (Nog) CGCCCAGACACTTGATGG 
AAACAGTGCATTACAGGAACC 

NM_011223 Paxillin (Pxn) TACTACTGCAACGGACCCA 
TCGTGGAAGCCTTCTGGAC 

NM_009007 Ras-related C3 
botulinum toxin 

substrate 1 (Rac1) 

GCCTGCTCATCAGTTACAC 
AAGAACACGTCTGTCTGC 

NM_008539 Smad1 AACTGTATGCTGGCTGTATTAC 
GCTTTACGGTATAGTCTACATTTG 

NM_001164041 Smad5 ACCTCCAGTATTAGTGCCTCGTC 
GTGCGGTTCATTGTGGCTCAG 

NM_026473 Tubulin beta 6 class V AATGAGTCATCCTCTAAGA 
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(Tubb6) CGAAGATGAAGTTGTCAG 

Human 
NM_004329 Bone morphogenetic 

protein receptor 1A 
(BMPR-1A) 

CGAAGATATGCGTGAGGTTGTG 
GTGAGTCTGGAGGCTGGATTG 

NM_001203 Bone morphogenetic 
protein receptor 1B 

(BMPR-1B) 

GTTGACATACCACCTAACACTC 
TTCCACTATACCTCCTGATACAC 

NM_002046 Glyceraldehyde-3-
phosphate 

dehydrogenase 
(GAPDH) 

TCTCTGCTCCTCCTGTTC 
ACCAAATCCGTTGACTCC 

NM_000421 Keratin-10 (KRT10) TTCGGGCTCTGGAAGAATCAAAC 
GCAGGATGTTGGCATTATCAGTTG 

NM_000526 Keratin-14 (KRT14) GCCTGTCTGTCTCATCCTC 
CTGAAGCCACCGCCATAG 

NM_005557 Keratin-16 (KRT16) GAACCACGAGGAGGAGGAGATG 
ATTCAGGATGCGGCTCAG 

NM_000427 Loricrin (LOR) ACGGAGGCGAAGGAGTTG 
CCAGGTAGGTTAAGACATGAAGG 

 

2.18 Microarray analysis 

For microarray analysis, total RNA was isolated from flow cytometry-sorted 

dissociated primary epidermal keratinocytes of P20 WT and K14-caSmad1 mice 

using RNeasy kit (Qiagen, UK), and processed for one-round RNA amplification 

using RiboAmp RNA Amplification Kit (Molecular Devices, USA). Gene 

expression array analysis was performed by Mogene LLC (St Louis, MO) using 

44K Whole Mouse Genome 60-mer oligo-microarray (Agilent Technologies).  

Functional annotation of the over- and under-represented genes was performed 

using the NIA Array Analysis software (http://lgsun.grc.nia.nih.gov/ANOVA/), 

and enrichment of the genes in different functional categories was assessed by 

using hypergeometric or Fisher’s exact tests by Dr K Poterlowicz at Bradford 

University. Microarray data have been deposited to the Gene Expression 

Omnibus (Accession Number GSE50578). The inherent advantages of the 

microarray approach include speed, specificity and reproducibility. Furthermore, 

this technique is both highly specific and reproducible. However, there are 
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several disadvantages to this method, including practical limitations in terms of 

affordability and flexibility. Microarray validation were performed by qRT-PCR 

analyses of RNA samples isolated from the epidermis of unwounded telogen 

skin by Dr A Sharov at Boston University. Subsequently, microarray data were 

extrapolated to WT and TG wound epithelium obtained 3 or 5 days after wound 

infliction (Mardaryev et al., 2011). Fold changes were determined as a ratio of 

normalized expression values.  
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III. Results 
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3.1 BMP pathway components display a dynamic expression 

profile during wound healing 

To understand the role of the BMP-Smad pathway in wound repair, the 

expressions of BMP ligands (Bmp-2, Bmp-4, Bmp-6, Bmp-7), their receptors 

(Bmpr-1A, Bmpr-1B, Bmpr-II), intracellular components of the BMP canonical 

pathway (Smad1 and Smad5) and BMP antagonist Noggin were examined by 

qRT-PCR analysis at different stages (days 3 and 5) after application of full-

thickness wounds to whole telogen mouse skin.  

Genex™ software analysis revealed significant (p<0.01) decreases in the 

expression of Bmp-2, Bmp-4, Bmp-6 and Bmp-7 transcripts on days 3 and 5 

after skin injury compared to telogen skin (Figure 3.1). Additionally, there was a 

significant decrease in transcripts for Bmpr-1A (p<0.01) and Bmpr-II (p<0.05), 

as well as the downstream signalling components Smad1 and Smad5 (p<0.01) 

and BMP antagonist Noggin (p<0.001) following skin injury. Interestingly, Bmpr-

1B transcript expression was significantly (p<0.01) increased in response to 

wounding (Figure 3.1).  
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Figure 3.1 - Quantitative RT-PCR of BMP pathway components during skin 

healing. RNA transcripts for Bmp-2, Bmp-4, Bmp-6, Bmp-7, Bmpr-1A, Bmpr-II, 

Smad proteins and Noggin were significantly decreased in response to full-

thickness skin injury; Bmpr-1B transcripts were significantly increased following 

skin injury; *p<0.05, **p<0.01, ***p<0.0001; error bars mean±SD, Students t-

test; sample PCR performed in duplicate, analysed with Genex™ (Bio-Rad) 

software using Ct equitation method .  
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To validate the expression patterns seen, immunofluorescence was employed 

to examine BMP signalling components in telogen skin and wounds at days 3, 5 

and 7 post-injury. In telogen skin, immunofluorescent analysis showed that 

BMPR-1A expression was restricted to the HF bulge (Figure 3.2a; arrowhead), 

which is consistent with previously published data (Botchkarev et al., 2001; 

Kobielak et al., 2003). BMPR-1B expression was found in the basal and 

suprabasal layers of the epidermis (Figure 3.2b; arrowheads) (Hwang et al., 

2001), but was not detected in the HF (Yu et al., 2010b) (data not shown). The 

expression of pSmad-1/5/8, a BMP-specific transcriptional regulator, was seen 

throughout the epidermis in telogen skin, being more prominent in the 

suprabasal layers in telogen skin (Figure 3.2c; arrowheads). 

During wound healing, strikingly different patterns of expression were observed. 

BMPR-1A expression was progressively decreased at day 3 (Figure 3.2d; 

arrows) followed by its disappearance from HFs immediately adjacent to the 

wound bed on day 5 and 7 after injury (Figure 3.2g & j; arrow), while it 

remained present in the bulge of HFs distant from the wound (Figure 3.2d, g’ & 

j’; arrowheads). In contrast, there was prominent expression of both BMPR-1B 

and p-Smad-1/5/8 in the wound epithelial tongue and in the adjacent 

unwounded epidermis at all three time points (Figure 3.2e-f, h-i & k-l; 

arrowed). Interestingly, the wound epithelial expression pattern of Bmpr-1B 

appeared to show cytoplasmic staining in the epithelial tongue keratinocytes 

(Figure 3.2e, h & k; arrowed), as opposed to that expected on the cell 

membrane, which was observed in unwounded epidermis (Figure 3.2b; 

arrowheads). 
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Thus, these data suggest that down-regulation of BMP ligands, Noggin and 

BMPR-1A accompanies wound healing. Additionally, the extensive expression 

of BMPR-1B and pSmad-1/5/8 in the wound epithelium implicates an 

involvement of BMP signalling in the control of skin repair. 
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Figure 3.2 - Expression of BMP pathway components during skin healing. 

BMPR-1A expression is restricted to the telogen HF bulge (a; arrowhead), 

BMPR-1B is seen in the basal and suprabasal epidermal layers (b; 

arrowheads); pSmad-1/5/8 is expressed in the basal and more prominently in 

suprabasal epidermal layers (c; arrowheads). On days 3, 5 and 7 post-

wounding, BMPR-1A expression is low in the HF bulges near the wound (d, g & 

j; arrowed) but remains strongly expressed in those further from the wound (d, 

g’ & j’; arrowhead); there is strong expression of BMPR-1B and pSmad-1/5/8 

in the wound epithelial tongue and the adjacent unwounded epidermis (e-f, h-i 

& k-l; arrows). Abbreviations: HF – hair follicle, SG - sebaceous gland, WE – 

wound epithelium, WM – wound margin, scale bar 100µm. 
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3.2 Histomorphological analysis of wound healing in WT, K14-

caSmad1 and K14-Noggin mouse models 

To elucidate a role for BMP signalling in skin healing, K14-caSmad1 and K14-

Noggin TG mice over-expressing a constitutively active form of Smad1 as a key 

component of the ‘canonical’ Bmp pathway or the BMP antagonist Noggin were 

employed, and a detailed morphological analysis of the wound epithelium was 

conducted. These TG constructs drive high-copy expression of mouse Noggin 

and Smad1 cDNA in Krt14 promoter-active cells. The Krt14 promoter becomes 

fully active by E14.5 in the basal layer of the epidermis and subsequently, in the 

ORS and sebaceous glands of developing HFs; high levels of expression are 

maintained throughout life (Byrne et al., 1994; Sharov et al., 2009; Wang et al., 

1997).  

K14-Noggin genotype was confirmed by Western blot detection of the 64 kDa 

Noggin protein in the skin of 9-week-old TG mice and the demonstration of 

transgene expression in the basal layer of the epidermis and ORS using in situ 

hybridization (for genotypic confirmation, see Sharov et al., 2009); these 

experiments were performed by Dr A Mardaryev prior to the current PhD project 

commencing. K14-caSmad1 mice were provided by Dr A Sharov at Boston 

University, and genotype was confirmed by Western blot detection of FLAG-tag 

expression in dorsal skin samples with actin utilised as a positive control.      

A histomorphological analysis of the wound epithelium was conducted to 

characterise the healing characteristics of TG and WT mice. Evaluation of 

wound epithelial tongue area and length provides information on keratinocyte 

proliferation and migration respectively, and are recognised methods for in vivo 

wound healing assessment (Antsiferova et al., 2009; Chmielowiec et al., 2007). 
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Initial ANOVA analysis illustrated that the area covered by hyper-proliferative 

epithelium was significantly different between the three mouse groups on day 3 

(F (2,24) = 26.6, p<0.001) and day 5 (F (2,24) = 30.9, p<0.001) post-wounding. 

Subsequent Student’s t-test analysis with Bonferroni correction found that in 

K14-caSmad1 mice, the epithelial tongue area was significantly smaller at day 3 

(33.9±10µm2 vs. 75.6±22µm2; p<0.01; Figure 3.3a, b & g) and day 5 

(97.6±21µm2 vs. 209.9±59µm2; p<0.05; Figure 3.3d, e & g) post-wounding than 

that of controls. No significant difference was seen between K14-Noggin and 

WT wound epithelium area at day 3 (111.4±42µm2 vs. 75.6±22µm2; p<0.3; 

Figure 3.3a, c & g); however, there was a significant increase in K14-Noggin 

wound epithelial area at day 5 versus WT (348.9±99µm2 vs. 209.9±59µm2; 

p<0.01; Figure 3.3d, f & g). 

The epithelial tongue length, measured to assess the effects of BMP 

antagonism or constitutive Smad activation on keratinocyte migration, was 

significantly different between the three mouse strains at days 3 (F (2,23) = 

17.13, p<0.001) and day 5 (F (2,25) = 14.6, p<0.001), as assessed by ANOVA 

analysis. Subsequent Student’s t-test analysis with Bonferroni correction 

illustrated that K14-caSmad1 epithelial tongue length was shorter at day 3 

(49.8±12µm vs. 72.4±13µm; p<0.01) and day 5 (84.1±15µm vs. 115.2±21µm; 

p<0.01) compared to controls (Figure 3.3h). No significant difference was seen 

between K14-Noggin and WT tongue length at day 3 (85.7±16µm vs. 

72.4±13µm; p<0.3); however, there was a significant increase in K14-Noggin 

epithelial tongue length at day 5 (190.9±66µm vs. 115.2 ±21µm; p<0.03) 

(Figure 3.3h). 
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Figure 3.3 – Histomorphological analysis of wound epithelium in wild-type 

and transgenic mice following skin injury. (a-f) Haematoxylin-stained 

sections of WT, K14-caSmad1 and K14-Noggin wounds; (g) reduced area of 

wound epithelium in K14-caSmad1 mice on days 3 and 5; K14-Noggin area is 

increased at day 5; (h) significantly reduced wound epithelial tongue length in 

K14-caSmad1 mice on days 3 and 5; K14-Noggin tongue length is significantly 

increased at day 5.  Abbreviations: WE – wound epithelium, GT – granulation 

tissue; scale bar 100µm; error bars mean±SD; *p<0.05; Student’s t-test with 

Bonferroni correction; n = 6 measurements per wound x 4 animals per group. 
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To ascertain whether changes in the dynamics of epithelial repair observed in 

K14-caSmad1 and K14-Noggin mice were associated with altered keratinocyte 

proliferation, a quantitative analysis of Ki-67 positive cells in unwounded 

epidermis and the wound epithelial tongue was performed. Significant 

differences were observed between the three mouse groups in unwounded skin 

(F (2,12) = 36.8, p<0.001) and at days 3 (F (2,9) = 17.1, p<0.001) and 5 (F 

(2,11) = 101, p<0.001) post-wounding using ANOVA analysis. Subsequent 

Student’s t-test analysis with Bonferroni correction showed that in K14-

caSmad1 telogen skin, the epidermis had significantly fewer Ki-67 positive 

keratinocytes (21.4±0.5% vs. 34.8±0.8%; p<0.001) than controls (Figure 3.4a-b 

& g; arrowheads). During healing, there was no difference in K14-caSmad1 

wound proliferation at day 3 (p<0.2; Figure 3.4g), but there was a significantly 

lower proportion of Ki-67 positive keratinocytes in K14-caSmad1 wound 

epithelium on day 5 compared to controls (44±3% vs. 61.5±7%; p<0.03; Figure 

3.4d-e & g). As previously described (Sharov et al., 2009), K14-Noggin mice 

demonstrated a significant increase in the number of Ki67 positive cells in intact 

epidermis (48.4±9% vs. 34.8±0.8%; p<0.02; Figure 3.4a, c & g; arrowheads). 

Furthermore, proliferation was significantly increased in K14-Noggin wounds on 

day 3 (69.3±6% vs. 54.3±3%; p<0.03; Figure 3.4g) and 5 (82.1±2% vs. 

61.5±7%; p<0.03; Figure 3.4d, f & g) wounds versus WTs.  
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Figure 3.4 – Quantitative analysis of proliferation in the wound epithelium 

of K14-caSmad1, K14-Noggin and wild-type mice. (a-f) Ki-67 positive cells 

(arrowheads) are seen in the basal layer of unwounded skin and in the wound 

epithelium on days 3 and 5 after injury; (g) significant reduction in Ki-67+ cells 

in K14-caSmad1 telogen skin and on day 5 after wounding; increased number 

of proliferating cells in K14-Noggin unwounded skin and days 3 and 5 post-

wounding versus WT controls; dash-dot line – dermal-epidermal junction; 

dashed line – wound margin; abbreviations: GT – granulation tissue; scale bar 

100µm; error bars mean±SD; *p<0.05, **p<0.001; Student’s t-test; n = 6 

measurements per wound x 4 animals per group. 
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As BMP signalling plays key roles in the regulation of cellular apoptosis (Sharov 

et al., 2003; Song et al., 1998; Wach et al., 2001; Yokouchi et al., 1996), the 

expression of active caspase-3 was evaluated in the wound epithelial tongue. 

Apoptosis plays a vital role in the wound healing response and by necessity, 

any increase in a responsive cell population must eventually decrease (Brown 

et al., 1997; Desmouliere et al., 1995; Garbin et al., 1996; Greenhalgh, 1998). 

Indeed, wound-induced apoptosis has been illustrated in neutrophils (Walzog et 

al., 1997), macrophages (Savill et al., 1990; Savill et al., 1992), fibroblasts 

(Green, 1997; Hueber et al., 1997) and keratinocytes (Sung et al., 1997). Once 

cell-specific staining was confirmed (Figure 3.5a-c inset) it was noted that 

there was a significant difference (p<0.001) in apoptosis between the three 

mouse strains when analysed using ANOVA testing. Following Student’s t-test 

with Bonferroni correction, it was noted that K14-caSmad1 mice displayed a 

higher proportion of active caspase-3 positive cells in the wound epithelium at 

both day 3 (18.8±5% vs. 6.1±2%; p<0.03; Figure 3.5a-b & g) and day 5 

(9.9±0.2% vs. 4.7±2%; p<0.03; Figure 3.5d-e & g) versus time-matched 

controls. Conversely, K14-Noggin wounds had consistently fewer apoptotic 

cells, both at day 3 (0.9±1% vs. 6.1±2%; p<0.04; Figure 3.5a, c & g) and day 5 

(1.9±0.6% vs. 4.7±2%; p<0.04; Figure 3.5d, f & g) post-wounding.  
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Figure 3.5 - Quantitative analysis of apoptosis in the wound epithelium of 

K14-caSmad1, K14-Noggin and wild-type mice. (a-f) Apoptotic active 

caspase-3 positive cells (arrowheads) are seen in the wound epithelium on 

days 3 and 5 following injury; inset illustrates cell-specific staining; (g) 

significant increase in caspase 3 positive cells in K14-caSmad1 at day 3 and 

day 5 after wounding; decreased number of apoptotic cells in K14-Noggin 

wounds versus time-matched WT controls; dashed line – wound epithelial 

tongue margin; abbreviations: GT – granulation tissue; scale bar 100µm; error 

bars mean±SD; Student’s t-test with Bonferroni correction; *p<0.05; n = 6 

measurements per wound x 4 animals per group. 

 



110 
 

To establish whether the differences in wound repair seen between the three 

mouse strains were due to alterations in inflammatory cell infiltrate, a 

quantitative analysis of cellular CD4 expression, a surface glycoprotein 

expressed on T-helper cells (Nakayamada et al., 2012), monocytes (Kazazi et 

al., 1989; Ziegler-Heitbrock et al., 2010) and dendritic cells (Vremec et al., 

2000), was performed (Figure 3.6a, arrowed). However, no significant 

difference in the number of CD4 positive cells was seen between all three 

mouse strains at day 3 (p<0.2) or day 5 (p<0.5) post-wounding compared to 

corresponding WT controls (Figure 3.6b), thus suggesting that wound closure 

was not assisted by alterations in inflammatory cell number between mouse 

strains.  

In summary, these data provide evidence that BMP/Smad1 signalling slows 

wound healing by attenuating keratinocyte proliferation and migration and 

augmenting wound epithelial apoptosis, while the BMP antagonist Noggin 

promotes wound repair by stimulating proliferation and migration and 

suppressing apoptosis. 
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Figure 3.6 – Quantification of CD4 positive inflammatory cell infiltrate in 

skin wounds. (a) CD4 positive cells (arrowheads) are seen in the dermis 

adjacent to the wound epithelium on day 5 after injury; (b) there is no significant 

difference in the number of CD4 positive cells observed in day 3 (p 0.2) or day 5 

(p 0.5) skin wounds between the three mouse strains (ANOVA analysis); scale 

bar 100µm; error bars mean±SD; Student’s t-test with Bonferroni correction; n = 

10 counts per wound x 4 animals per group. 
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3.3 Expression of injury-induced keratins and keratinocyte 

morphology in control and transgenic wounds 

 It is well established that injury-induced skin repair is associated with profound 

changes in cytoskeletal organization. Thus, Krt14, Krt16 and Krt17, whose 

expression is induced in response to wounding (Coulombe, 1997; Paladini et 

al., 1996; Patel et al., 2006) were studied by immunofluorescence. There was 

no difference in the epithelial expression of Krt14 between the three mouse 

strains (Figure 3.7a-f). However, Krt16 and Krt17 expressions were 

dramatically reduced in K14-caSmad1 mouse wounds compared to WT at days 

3 and 5 post-wounding, whilst expression was increased in K14-Noggin wounds 

(Figure 3.8a-f & 3.9a-f).  

Analysis of keratinocyte morphology revealed that the epithelial tongue of WT 

mice contained elongated keratinocytes (Figure 3.8a-b & 3.9a-b; arrows). This 

cellular polarisation is an important characteristic of actively migrating cells in 

the wound epithelial tongue, so that they can re-establish the epidermal barrier 

(Allard and Mogilner, 2013; Driscoll et al., 2012; Meyer et al., 2012). In contrast, 

epithelial cells in K14-caSmad1 mice lacked this polarised appearance and 

were cuboidal in shape (Figure 3.8c-d & 3.9c-d; arrowheads). Conversely, 

K14-Noggin wounds displayed visibly more polarised keratinocytes than in WT 

mice (Figure 3.8e-f & 3.9e-f; arrows) Thus, these data suggested that the 

delayed and enhanced wound healing seen in K14-caSmad1 and K14-Noggin 

mice respectively may also be caused by altered keratinocyte migration. 
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Figure 3.7 – Keratin-14 expression in wild-type and transgenic wounds. 

Krt14 expression was of a similar intensity in WT (a-b), K14-caSmad1 (c-d) and 

K14-Noggin wounds (e-f) at days 3 and 5 post-wounding. Abbreviations: GT – 

granulation tissue; dashed line – wound epithelial tongue; scale bar 100µm; 

arrow denotes direction of keratinocyte polarity and migration to close 

epidermal defect. 
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Figure 3.8 - Keratin-16 expression in WT and TG wounds. (a-f) Krt16 

expression was reduced in K14-caSmad1 and increased in K14-Noggin 

wounds; K14-caSmad1 keratinocytes were cuboidal (arrowheads), while those 

in WT and K14-Noggin mice were polarised (small arrows). Abbreviations: GT 

– granulation tissue; dashed line – wound epithelial tongue; scale bar 100µm; 

large arrow illustrates keratinocyte migratory direction towards wound. 
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Figure 3.9 - Keratin-17 expression in WT and TG wounds. (a-f) Krt17 

expression was visibly reduced in K14-caSmad1 and increased in K14-Noggin 

wounds compared to WTs; K14-caSmad1 keratinocytes were cuboidal 

(arrowheads), while those in WT and K14-Noggin mice were notably more 

polarised (small arrows). Dashed line – wound epithelial tongue; scale bar 

100µm; large arrow indicates direction of keratinocyte migration to wound. 
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3.4 Global microarray analysis reveals changes in expression 

of cytoskeletal and cell migration-associated genes in the 

epidermis of K14-caSmad1 mice  

To define the genetic program regulated by Smad1 in epidermal keratinocytes 

and understand the mechanisms underlying the retarded wound healing 

observed in K14-caSmad1 mice, global microarray analyses of flow cytometry-

sorted dissociated primary epidermal keratinocytes isolated from the telogen 

skin of post-natal day 20 WT and K14-caSmad1 mice were performed, as 

previously described (Fessing et al., 2010; Mardaryev et al., 2011). 

Bioinformatic analyses of the microarray data revealed two-fold and higher 

changes in expression of 1697 genes in the epidermis of K14-caSmad1 mice 

compared to WT controls (Figure 3.10). These genes belonged to different 

functional categories and encoded distinct adhesion/extracellular matrix 

molecules, cell cycle/apoptosis regulators, cytoskeletal/cell motility markers, 

metabolic enzymes and signalling/transcription regulators. Among these 

functional categories, significant enrichment (p<0.05) was found for the genes 

that encode cytoskeletal/cell motility-associated markers.  

These included the differentiation-specific cytokeratin Krt1 (Fuchs and Green, 

1980; Moll et al., 2008; Moll et al., 1982), injury-induced cytokeratins Krt16 and 

Krt17 (Coulombe, 1997; Paladini et al., 1996; Patel et al., 2006), Myosin VA 

(Myo5a) (an actin dependent motor protein required for cell motility) (Cao et al., 

2004; Lan et al., 2010; Sloane and Vartanian, 2007),  claudins Cldn1 and Cldn3 

(tight junction proteins involved in cell adhesion and motility) (Webb et al., 

2013), Ras-related C3 botulinum toxin substrate 1 (Rac1) (a GTPase involved 

in regulating motility) (Filic et al., 2012; Fukata et al., 2003), gap junction 
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proteins Gjb2 and Gja4 (transmembrane proteins involved in intercellular 

junction formation) (Scott and Kelsell, 2011; Xu and Nicholson, 2013), actin 

binding LIM protein family member 2 (Ablim2) (a scaffold protein that binds to 

actin) (Barrientos et al., 2007), tubulin beta 6 (Tubb6) (component of 

microtubules needed for migration) (Leandro-Garcia et al., 2010) and paxillin 

(Pxn) (a focal adhesion-associated adaptor protein) (Sattler et al., 2000; Turner, 

1998). 

qRT-PCR validation of microarray data was performed by Dr A Sharov at 

Boston University, which confirmed significant down-regulation of Tubb6, 

Ablim2, Shh and Tgf-α versus WT controls (data not shown). Subsequently, 

total RNA was isolated from snap-frozen samples of full-thickness wounds from 

8-week old WT and K14-caSmad1 mice followed by conversion into cDNA. This 

illustrated that Krt1, Krt16 and Krt17 transcripts were significantly down-

regulated in the wound epithelium of K14-caSmad1 mice compared to WT 

controls (Figure 3.11a-c). Furthermore, transcripts for Myo5a, Ablim2 and 

Tubb6 were significantly more strongly down-regulated in K14-caSmad1 mice in 

response to wounding than in WT controls (Figure 3.11d-f). 

Transcript expression of the cell adhesion proteins Rac1, Cldn3, Gjb2, Gja4 and 

Pxn were significantly down-regulated in K14-caSmad1 wound epithelium 

compared to controls (Figure 3.12a-f). Rac1 and Cldn3 transcripts were up-

regulated in response to wounding in WT mice; conversely in K14-caSmad1 

mice, expression of Rac1 and Cldn1 failed to show a response, whilst Cldn3 

was down-regulated following skin injury (Figure 3.12a-c). Additionally, 

transcripts for Gjb2, Gja4 and Pxn were increased following skin injury in WTs 

(Figure 3.12d-f). However, in K14-caSmad1 wounds, Gjb2 and Pxn failed to 



118 
 

show a defined response following wounding, whilst Gja4 transcript expression 

was decreased (Figure 3.12d-f). These data suggest that constitutive activation 

of canonical BMP-Smad signalling in epidermal keratinocytes inhibits wound 

healing, at least in part, via alterations in cytoskeletal organization and cell 

migration.    

 

Figure 3.10 – Functional annotation of up- and down-regulated genes in 

K14-caSmad1 epidermis. (a-b) Analysis of the microarray data showed two-

fold or higher changes in expression of 1697 genes encoding cell adhesion and 

extracellular matrix molecules, cell cycle and apoptosis regulators, cytoskeletal 

and cell motility markers, metabolic enzymes and transcription regulators 

(Figure prepared by Dr K Poterlowicz). 
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Figure 3.11 – Relative expression of cytokeratin, cell motility and 

cytoskeletal organisation genes in K14-caSmad1 versus wild-type full-

thickness skin wounds during healing and in whole telogen skin. (a-f) 

qRT-PCR: transcripts for Krt1, Krt16 and Krt17 were significantly down-

regulated in the wound epithelium of K14-caSmad1 mice compared to WT 

controls; transcripts for Myo5a, Ablim2 and Tubb6 were significantly more 

strongly down-regulated in K14-caSmad1 mice in response to wounding than in 

WT controls. Abbreviations: Tel – telogen; D3/5 – day 3/5; error bars mean±SD; 

*p<0.01, **p<0.0001; Student’s t-test; PCR samples performed in duplicate, 

analysed using Genex™ (Bio-Rad) software using Ct equitation method. 
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Figure 3.12 – Relative expression of cell adhesion genes in K14-caSmad1 

versus wild-type full-thickness skin wounds during healing and in whole 

telogen skin. (a-f) qRT-PCR: transcripts for Rac1, Cldn3, Gjb2, Gja4 and Pxn 

were significantly down-regulated in K14-caSmad1 wounds compared to 

controls; in TG skin, Rac1, Cldn1 Gjb2 and Pxn failed to show a defined 

response to skin injury, whilst Cldn3 and Gja4 expression was decreased. 

Abbreviations: Tel – telogen; D3/5 – day 3/5; error bars mean±SD; *p<0.05, 

**p<0.001; Student’s t-test; PCR samples performed in duplicate, analysed 

using Genex™ (Bio-Rad) software using Ct equitation method. 
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3.5 BMP signalling suppresses in vitro human and mouse 

keratinocyte proliferation  

To establish whether BMP signalling is capable of influencing proliferation, 

HaCaT keratinocytes and PMEKs were treated with BMP-4/7, BMP antagonist 

Noggin or a combination of both BMP-4/7 and Noggin and stained for a marker 

of proliferation (Ki67 antigen) (Figure 3.13a & 3.14a).   

ANOVA analysis confirmed that there was a significant difference between 

treatment groups in both HaCaT (p<0.001) keratinocytes and PMEKs (p<0.01). 

Subsequent Student’s t-test evaluation with Bonferroni correction identified that 

BMP-4/7 treatment suppressed proliferation both in HaCaT keratinocytes 

(51.3±7.4% vs. 42.6±5.6%; p<0.04; Figure 3.13a-b) and PMEKs (46.3±7.5% 

versus 32.3±11.1%; p<0.04; Figure 3.14a-b) compared to BSA-treated 

controls, suggesting that BMP ligands negatively regulate cellular proliferation. 

However, this negative effect was negated when Noggin was co-administered 

with BMP-4/7, returning the number of proliferating cells to that seen in the 

control group (Figure 3.13b). Interestingly, treatment with Noggin alone 

significantly increased the number of proliferating HaCaT cells (61.1±5.5% vs. 

51.3±7.4%; p<0.04; Figure 3.13b) and PMEKs (61±8% vs. 46.3±7.5%; p<0.04; 

Figure 3.14b) versus BSA-treated controls.  

To confirm these results, flow cytometry of HaCaT keratinocytes was performed 

following treatment with BMP-4/7, Noggin or a combination of both (Figure 

3.13c-d). As seen with Ki67 staining, BMP-4/7 treatment increased the 

proportion of cells in resting G0/G1 phases (54% vs. 47%) compared to BSA-

treated controls.  
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Noggin negated this effect when cells were exposed to both treatments, whilst 

solo Noggin treatment increased the proportion of S phase cells (30% vs. 17%) 

and reduced the proportion of quiescent G0/G1 cells compared to controls (33% 

vs. 47%) (Figure 3.13c-d). The sub G1 (apoptotic) population was lower in the 

BMP-4/7 treated group compared to other treatments. However, this effect may 

be due to subtle alterations in the population gating during the experiment. 
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Figure 3.13 – HaCaT keratinocyte proliferation in response to BMP 

pathway modulation. (a-b) BMP significantly reduced HaCaT cell proliferation 

as assessed by Ki67 staining; Noggin increases keratinocyte proliferation; (c) 

Flow cytometry of HaCaT keratinocytes following treatment. BMP-4/7 increased 

G0/G1 phase cells whilst Noggin increased those in S phase; (d) Flow cytometry 

data. Percentages correspond to keratinocytes in discrete cell cycle phases 

determined by flow cytometry. BMP-4/7 treatment increases the percentage of 

cells in G0/G1, whilst Noggin increases the proportion of cells in G2/M phases; 

error bars mean±SD; Student’s t-test with Bonferroni correction; *p<0.04; n = 20 

measurements per group. 
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Figure 3.14 – Primary mouse keratinocyte proliferation in response to 

BMP pathway modulation. (a) PMEK proliferation assessed by Ki67 

immunostaining and expression of positive green (Ki67 positive) nuclei as a 

percentage; (b) Exogenous BMP-4/7 significantly suppressed proliferation 

whilst it was significantly increased by Noggin treatment; error bars mean±SD; 

*p<0.04; Student’s t-test with Bonferroni correction; n = 20 measurements per 

group.  
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To further establish the negative effect of BMP signalling on proliferation, 

HaCaT keratinocytes were transfected with vectors containing one of the 

constitutively active BMP receptors (pALK3QD or pALK6QD), constitutively 

active down-stream Smad signalling components (pCMVSmad1 or 

pCMVSmad5) or an empty control plasmid (pCDNA) (Ishida, 2000). Cells were 

stained with pH3 (Ser28) antibody and the positive proliferating cells 

subsequently counted. Cell transfection with all vectors resulted in a 

significantly decreased number of pH3-positive proliferating cells compared to 

controls (Figure 3.15a-b). ANOVA testing confirmed that there was a significant 

(F (4,45) = 13.2, p<0.001) difference between the groups following plasmid 

transfection and proliferation assessment. Subsequent Student’s t-test analysis 

with Bonferroni correction identified that proliferation was decreased following 

transfection with pALK3/pCMVSmad5 (2.3±1.7% vs. 5.5±1.5%; p<0.001), 

pALK6/pCMVSmad1 (1.7±2% vs. 5.5±1.5%; p<0.001) and pALK6/pCMVSmad5 

(2.7±1.4% vs. 5.5±1.5%; p<0.001) compared to controls. Furthermore, the 

combined transfection with pALK3QD and pCMVSmad1 vectors resulted in a 

significantly greater decrease in pH3 expression than with other plasmids 

(5.5±1.5% vs. 0.65±1%; p<0.0001) (Figure 3.15b).  

To confirm these results, flow cytometry of HaCaT cells was performed 

following transfection with these plasmids (Figure 3.16a-b). As seen with pH3 

(Ser28) staining, transfection with all vectors resulted in a suppression of 

proliferation and indeed, a varying degree of apoptosis (sub G1 population), 

particularly following Smad5 transfection. The proportion of cells in G0/G1 was 

increased and in G2/M was decreased following transfection with 

pALK3/pCMVSmad1, pALK3/pCMVSmad5, pALK6/pCMVSmad1 and 

pALK6/pCMVSmad5 compared to controls (Figure 3.16a-b). These results 
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suggest that constitutive activation of BMP signalling, and in particular BMPR-

1A in conjunction with Smad1, results in attenuation of keratinocyte proliferation 

in vitro.   

 

Figure 3.15 – Proliferation after constitutive activation of BMP-Smad 

pathway in HaCaT keratinocytes. (a) Immunofluorescent staining of 

phosphor-histone H3 (ser28) as a marker of proliferation following constitutively 

activating BMPR plasmid transfection; (b) Constitutive activation of BMPRs and 

Smad proteins using plasmids significantly reduced HaCaT cell proliferation as 

assessed by phospho-histone H3 (ser28) staining; error bars mean±SD; 

*p<0.001; **p<0.0001; Student’s t-test with Bonferroni correction; n = 20 

measurements per group.  
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Figure 3.16 – Flow cytometric analysis of HaCaT keratinocytes following 

constitutive BMPR and Smad protein activation. (a-b) Numbers correspond 

to percentage of keratinocytes in discrete cell cycle phases determined by flow 

cytometry. Constitutive activation of BMPR-1A (pALK3) or BMPR-1B (pALK6) in 

combination with Smad1 (pSmad1) or Smad5 (pSmad5) decreased cell 

proliferation and simulated apoptosis (Sub G1 population). In particular, 

transfection of constitutively active pSmad5 increased the apoptotic Sub G1 

population.  
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To further delineate the effect of differential BMPRs on keratinocyte 

proliferation, PMEKs and HaCaT keratinocytes were transfected with siRNA 

directed against BMPR-1A or BMPR-1B and once gene silencing was 

confirmed (Figure 3.17a-b & Figure 3.18a-b), cells were harvested for flow 

cytometry to ascertain the effects of individual BMPRs on cell cycle progression 

(Figure 3.17c-d & Figure 3.18c-d).  

HaCaT cells transfected with BMPR-1A siRNA displayed a marginal decrease 

in the percentage of cells in G0/G1 phase compared to control (49% vs. 54%)  

and an increased proportion of cells in the S and G2M phases compared to 

control (20 and 27% vs. 19 and 25%). No effect was seen following BMPR-1B 

siRNA (Figure 3.17c-d). BMPR silencing in PMEKs showed similar results; 

Bmpr-1A silencing increased the percentage of cells in G2M compared to 

control (21% vs. 17%), whilst no effect was seen following Bmpr-1B silencing in 

PMEKs (Figure 3.18c-d). Thus, silencing of BMPR-1A caused a marginal 

increase in proliferation in both human and mouse keratinocytes, whilst BMPR-

1B had no effect. 
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Figure 3.17 – HaCaT keratinocyte BMPR silencing and flow cytometry. (a-

b) Confirmation of significant BMPR silencing following siRNA transfection prior 

to flow cytometry; (c-d) Flow cytometry data; numbers correspond to 

percentage of keratinocytes in discrete cell cycle phases determined by flow 

cytometry. BMPR-1A silencing stimulates a marginal increase in the proportion 

of proliferating cells in G2/M phases, whilst BMPR-1B silencing has no effect. 

Error bars mean±SD; *p<0.04, **p<0.001; Student’s t-test; PCR samples 

performed in triplicate, analysed using Genex™ (Bio-Rad) software. 
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Figure 3.18 – Primary mouse keratinocyte BMPR silencing & flow 

cytometry. (a-b) Confirmation of significant BMPR silencing following siRNA 

transfection; (c-d) Numbers correspond to percentage of keratinocytes in cell 

cycle phases determined by flow cytometry. Bmpr-1A silencing stimulates a 

marginal increase in the proportion of proliferating cells in G2/M phases; Bmpr-

1B silencing has no effect. Error bars mean±SD; *p<0.02, **p<0.001; Student’s 

t-test; PCR performed in triplicate, analysed using Genex™ (Bio-Rad) software. 
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3.6 BMP signalling slows in vitro and ex vivo keratinocyte 

migration 

Keratinocyte migration forms a fundamental part of cutaneous wound healing 

and to ascertain the effect of BMP signalling on in vitro migration, ‘scratch’ 

(Figure 3.19a-b) and transwell assays (Figure 3.19c-d) were employed using 

HaCaT keratinocytes and PMEKs respectively. In scratch assay, BMP-4/7 

significantly inhibited HaCaT keratinocyte migration compared to controls (24 

hour closure 32.1±19% vs. 22.6±9%; p<0.04) (Figure 3.19a-b). However, 

Noggin negated this BMP-induced effect when cells were treated with it in 

combination with BMP-4/7, returning migration rates back to that seen in the 

control group (43.1±17% vs. 32.1±19%; p 0.08). Interestingly when used alone, 

Noggin accelerated migration, significantly exceeding that seen in controls 

(51.8±11% vs. 32.1±19%; p<0.001) (Figure 3.19a-b).   

To confirm the inhibitory effects of BMP on cell migration seen in scratch assay, 

transwell assay with PMEKs was used (Merlo et al., 2009; Yin et al., 2005) 

(Figure 3.19c-d). BMP treatment significantly slowed (p<0.001) PMEK 

migration compared to control keratinocytes, and this effect was negated when 

BMPs were co-administered with their antagonist Noggin. Consistent with 

scratch assay, Noggin treatment significantly (p<0.04) accelerated migration 

compared to controls (Figure 3.19d). Furthermore, transwell assay was 

repeated using K14-caSmad1 PMEKs versus WT PMEKs (Figure 3.20), in 

which WT PMEKs migrated significantly (p<0.0001) faster than TG 

keratinocytes. Taken together, this suggests that BMP signalling indeed 

suppresses keratinocyte migration, whereas BMP antagonist Noggin promotes 

cell migration. 
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Figure 3.19 – Keratinocyte migration following modulation of BMP 

signalling. (a-b) Scratch migration assay; (c-d) Transwell assay; BMPs 

significantly attenuate keratinocyte migration; Noggin significantly accelerates 

cell movement. Error bars mean±SD; *p<0.05; **p<0.001; Student’s t-test with 

Bonferroni correction; n = 20 measurements per group. 
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Figure 3.20 – Transwell migration assay of wild-type and K14-caSmad1 

primary mouse keratinocytes. At 48 hours, migration was significantly 

reduced in K14-caSmad1 keratinocytes compared to WT counterparts. Error 

bars mean±SD; **p<0.0001; Student’s t-test with Bonferroni correction; n = 20 

measurements per group.  

 

To elucidate the effects of BMP signalling on keratinocyte migration in an ex 

vivo setting, mouse skin explants (Mazzalupo et al., 2002) were treated with 

Bmp-4/7, Noggin or their combination, and cell migratory area from the explants 

was measured at days 3, 5 and 7. Keratinocyte migration was significantly 

retarded by BMP-4/7 treatment at both day 5 (p<0.02) and day 7 (p<0.03) 

compared to control explants (Figure 3.21a-b). Noggin negated this BMP-

induced inhibition of migration when explants were exposed to both treatments 

and restored keratinocyte movement back to that seen in controls (Figure 

3.21a-b). When Noggin was administered alone, keratinocyte migration was 

significantly increased at days 5 (p<0.01) and 7 (p<0.05) compared to controls, 

suggesting that antagonism of BMP signalling accelerated cell migration in this 

model (Figure 3.21a-b). Thus, the ex vivo data supported that seen in vitro 

using HaCaT keratinocytes and PMEKs (Figure 3.19). 
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Figure 3.21 – Ex vivo mouse skin explant migration on type 1 collagen-

coated plates in response to BMP signalling pathway modulation. (a) 

Mouse skin explants following 7 days of treatment – the border of keratinocyte 

migration is marked by a dotted line; (b) Area of keratinocyte migration from the 

skin explants; BMP-4/7 significantly slowed ex vivo migration at days 5 and 7; 

Noggin in combination with BMP-4/7 negated this effect; Keratinocyte migration 

was significantly enhanced at days 5 and 7 when explants were treated with 

Noggin alone; Error bars mean±SD; *p<0.05; **p<0.01; Student’s t-test with 

Bonferroni correction; all treatments performed in triplicate. 
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To evaluate PMEK morphology following 7 days of BMP-4/7 or Noggin 

treatment, migrating keratinocytes from skin explants were stained with Alexa 

Fluor® 488-phalloidin to detect the endogenous actin filament network 

(Lengsfeld et al., 1974; Meyer et al., 2012; Wulf et al., 1979). In the control 

group, the majority of migrating keratinocytes displayed an elongated 

appearance with actin fibres seen across the cell body (Figure 3.22a). In 

marked contrast, the majority of cells migrating from BMP-4/7-treated explants 

had acquired a spherical shape (Figure 3.22b; arrowheads), and did not show 

a defined actin fibre network. In the samples co-treated with BMP-4/7 and 

Noggin, cell morphology was similar to that seen in control cells (Figure 3.22c). 

However, notably more polarised cell shapes were observed in Noggin-treated 

samples versus the control (Figure 3.22d), which may reflect the accelerated 

migration observed in explant migration assay (Figure 3.21). Thus, this data 

asserts that BMP signalling negatively regulates keratinocyte migration during 

wound repair.  
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Figure 3.22 – Phalloidin staining of endogenous actin filaments in mouse 

keratinocytes cultured on type 1 collagen-coated plates following BMP-4/7 

and/or Noggin treatment. (a) Control keratinocytes were elongated with actin 

fibres visible across the cell body; (b) BMP-4/7-treated keratinocytes were 

spherical and lacked defined actin fibres (arrowheads); (c) Cell morphology 

was restored to that seen in controls when keratinocytes were treated with both 

Noggin and BMP-4/7; (d) Noggin alone increased cell polarity and actin 

formation; scale bar 100µm. 
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3.7 BMP receptors differentially modulate keratinocyte 

migration in vitro  

To define the role that individual BMPRs play in keratinocyte migration, HaCaT 

keratinocytes were transfected with vectors containing one of the constitutively 

active BMP receptors (pALK3QD or pALK6QD), constitutively active down-

stream Smad signalling components (pCMVSmad1 or pCMVSmad5) or an 

empty control plasmid (pCDNA) (Ishida et al., 2000) (Figure 3.23a-b). Plasmid 

transfection resulted in significant (p<0.0001) slowing of migration at 12 and 24 

hours in all groups compared to controls (Figure 3.23b). There was, however, 

no discernible or statistical difference seen between the four BMPR/Smad 

protein groups, suggesting that global activation of the BMP-Smad pathway 

attenuates keratinocyte migration.    

Similarly, the effect of BMPR silencing on cell migration was examined in both 

HaCaT keratinocytes and PMEKs. In HaCaT cells, BMPR-1A silencing had no 

effect on migration, and the percentage wound closure at 24 hours was 

comparable to that seen in controls (56±6% vs. 59±6%; p 0.26; Figure 3.24a-

b). In contrast, BMPR-1B silencing significantly accelerated keratinocyte 

migration at both 12 hours (42±9% vs. 32±5%; p<0.01) and 24 hours (71±5% 

vs. 59±6%; p<0.01) compared to controls (Figure 3.24a-b). To confirm the 

results seen with HaCaT keratinocytes, BMPRs were silenced in PMEKs and 

transwell assay was performed (Figure 3.24c-d). In this model, silencing of 

Bmpr-1B significantly increased keratinocyte migration (194±23 PMEKs per 

microscopic field vs. 118±19 PMEKs per microscopic field; p<0.001); no effect 

was seen following Bmpr-1A silencing (109±14 PMEKs per microscopic field vs. 

118±19 PMEKs per microscopic field; p<0.2). 
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Figure 3.23 - Migration in response to constitutive activation of BMP-Smad 

pathway in HaCaT keratinocytes. (a-b) Constitutive activation of either 

BMPR-1A (pALK3) or BMPR-1B (pALK6) in combination with Smad1 or Smad5 

significantly slowed keratinocyte migration compared to empty vector controls 

(pCDNA); no significant difference was found between each treatment group. 

Error bars mean±SD; *p<0.0001; Student’s t-test with Bonferroni correction; n = 

20 measurements per group.  
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Figure 3.24 – Assessment of keratinocyte migration using scratch and 

transwell assays following BMPR silencing. (a-b) Scratch migration assay 

using HaCaT keratinocytes; BMPR-1B silencing significantly (p<0.01) 

accelerated scratch closure at 12 and 24 hours; (c) Photomicrograph images of 

migratory PMEKs following Bmpr silencing and transwell assay; (d) Bmpr-1B 

silencing significantly (p<0.001) increased PMEK migration in transwell assay. 

Error bars mean±SD; *p<0.01; **p<0.001; Student’s t-test with Bonferroni 

correction; n = 20 measurements per group in each experiment.  
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3.8 BMPR-1B signalling regulates expression of migration-

related genes   

In order to delineate which genes may be responsible for the Bmpr-1B-

mediated acceleration in migration, Bmpr-1B-silenced PMEKs were processed 

for qRT-PCR. Following confirmation of significant (p<0.001) Bmpr-1B silencing 

(Figure 3.25), increased transcript expression of Myo5a (p<0.02), Krt16 

(p<0.01) and Krt17 (p<0.001) was observed in Bmpr-1B-silenced keratinocytes 

compared to controls, all of which are involved in cell migration (Coulombe, 

1997; Paladini et al., 1996; Patel et al., 2006; Cao et al., 2004; Lan et al., 2010; 

Sloane and Vartanian, 2007). This suggests that BMP signalling can potentially 

delay re-epithelialization by inhibiting keratinocyte migration through BMPR-1B.  

 

Figure 3.25 – Bmpr-1B silencing increases migratory gene expression in 

primary mouse epidermal keratinocytes. Bmpr-1B was significantly down-

regulated in transfected PMEKs prior to further PCR analysis; Bmpr-1B 

silencing up-regulated transcript expression of Krt16, Krt17 and Myo5a, all of 

which are involved in keratinocyte migration and wound healing. Error bars 

mean±SD; *p<0.02; **p<0.01; ***p<0.001; Student’s t-test; PCR performed in 

duplicate.  
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3.9 Human skin heals and exhibits differentiation markers when 

cultured ex vivo at an air-liquid interface  

In order to establish the effect of BMP ligands and antagonists on human skin 

repair, an ex vivo wound healing model was designed (Section 2.10). Control 

wounds were cultured and harvested at days 1, 3 and 5 and stained with 

haematoxylin and AP (Figure 3.26). Wound histology demonstrated the 

presence of an epithelial tongue within 24 hours of injury (Figure 3.26; arrows), 

which progressively elongated across the exposed wound bed at day 3 (Figure 

3.26; arrows). By day 5, the wound was successfully closed, with evidence of a 

hyperproliferative epidermis and a contour defect due to dermal injury in the 

original wound location (Figure 3.26).  

To further delineate the dynamics of ex vivo human skin healing, Ki67 (Figure 

3.27a-d) and active caspase 3 (Figure 3.27e-h) immunostaining was performed 

to quantify proliferation and apoptosis in healing wounds. Initial ANOVA 

analysis indicated a significant difference in proliferation between time points (F 

(4,17) = 7.04, p<0.001). Proliferating Ki67+ keratinocytes were evident 

throughout the migrating epithelial tongue (Figure 3.27a-c), with a significantly 

increased proportion of positive cells detected at day 5 post-wounding 

(58.5±10% vs. 23.6±9%; p<0.05; Student’s t-test; Figure 3.27d) versus 

unwounded skin. Apoptotic cells detected by active caspase 3 were also seen 

in healing human wounds, with initial ANOVA testing indicating a significant 

difference between time points (F (4,21) = 19.8, p<0.001). Subsequent 

Student’s t-test analysis illustrated that apoptosis was significantly (p<0.001) 

increased on days 1 (4.4±0.9%), 3 (10.2±3%), 5 (18±4%) and 7 (14.7±4%) 

post-wounding versus unwounded skin (Figure 3.27e-h).  
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Figure 3.26 – Haematoxylin and alkaline phosphatase staining of human 

skin ex vivo wound healing model demonstrating healing over 5 days. A 

migrating epithelial tongue is visible on day 1 post-wounding, and is more 

pronounced at day 3. The wound is re-epithelialized at day 5, with evidence of a 

hyperproliferative epithelium and contour defect. Abbreviations: HF - hair 

follicle. 
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Figure 3.27 – Proliferation and apoptosis in human wound healing. (a-d) 

Proliferating cells seen in the wound tongue were significantly increased at day 

5 post-wounding; (e-h) Apoptotic cells were significantly increased on days 1, 3, 

5 and 7. *p<0.05; **p<0.001; error bars mean±SD; Student’s t-test with 

Bonferroni correction; n = 10 measurements per time point; scale bar 100µm. 
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To visualise the expression of differentiation-dependent and injury-induced 

keratins, ex vivo human skin wounds were stained for Krt10 (Fuchs and Green, 

1980; Moll et al., 2008; Moll et al., 1982) and Krt17 (Coulombe, 1997; Paladini 

et al., 1996; Patel et al., 2006) respectively. Expression of Krt10, which is a 

marker of terminal keratinocyte differentiation in the suprabasal epidermis 

(Fuchs and Green, 1980; Moll et al., 2008; Moll et al., 1982), was high in 

unwounded skin (Figure 3.28a). However, during day 3 of wound healing 

(Figure 3.28b) it was absent from the tip of the epithelial tongue, which contains 

relatively undifferentiated keratinocytes, whilst it remained highly expressed in 

the remainder of the migrating tongue. At day 5 post-wounding, Krt10 was 

highly expressed in the newly repaired epidermis as the keratinocytes 

differentiated (Figure 3.28c). As anticipated, Krt17 expression was absent in 

unwounded human skin samples (Figure 3.28d), but was dramatically 

increased at days 3 and 5 post-wounding (Figure 3.28e-f), illustrating that Krt17 

expression is induced following skin injury.  

Thus, these data illustrate that human wounds heal when cultured appropriately 

ex vivo and demonstrate proliferation, apoptosis, differentiation and inducible 

keratin expression during the repair process.  
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Figure 3.28 – Expression of Krt10 and Krt17 in healing human wounds.  (a-

c) Krt10 was highly expressed in unwounded suprabasal epidermis, but absent 

from the tip of the migrating epithelial tongue. However, it was highly expressed 

in the newly re-epithelialized epidermis; (d-f) Krt17 expression was absent from 

unwounded human skin but was strongly induced at days 3 and 5 post-

wounding. Dash-dot line – dermal-epidermal junction; dash line – wound 

epithelial tongue; scale bars 100µm. 
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3.10 BMP signalling components are expressed in healing 

human skin 

To begin to understand the involvement of BMP signalling in human skin repair, 

the expression of BMPR-1A, BMPR-1B and the downstream signalling 

component pSmad-1/5/8 were studied in unwounded human skin samples and 

ex vivo wounds at days 3 and 7 post-injury (Figures 3.29 & 3.30).  

A positive control illustrated that BMPR-1A was expressed in the HF bulge in 

unwounded human skin (Figure 3.29a; arrowed) but not in the wound 

epithelium (Figure 3.29b-c). Due to an absence of terminal hair in the skin 

specimens used for the ex vivo wound healing model, HF bulge-specific 

staining of BMPR-1A was not observed during wound healing.  

In unwounded skin, BMPR-1B was prominently expressed in the suprabasal 

epidermis (Figure 3.30a). Interestingly, BMPR-1B was expressed in the 

elongating epithelial tongue at day 3 post-wounding (Figure 3.30b), and was 

present in the newly re-epithelialized epidermis at day 7 (Figure 3.30c). P-

Smad-1/5/8 was prominently expressed throughout the unwounded epidermis 

(Figure 3.30d), as well as the migrating epithelial tongue at both days 3 and 7 

(Figure 3.30e-f; arrowheads), suggesting the involvement of BMP signalling in 

the skin healing response.  
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Figure 3.29 – Expression of BMPR-1A in the human hair follicle and during 

skin healing. (a) Positive control demonstrating BMPR-1A localisation to the 

HF bulge in an unwounded human HF skin sample (arrowed); (b-c) BMPR-1A 

is not expressed in the epithelial tongue during wound healing. Dashed line – 

wound epithelial tongue; scale bars 100µm. 
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Figure 3.30 – Expression of BMPR-1B and pSmad-1/5/8 in unwounded 

human skin and during healing. (a) BMPR-1B is expressed in the suprabasal 

layers of unwounded epidermis and is also seen in the (b) migrating epithelial 

tongue and (c) re-epithelialized epidermis; (d) pSmad-1/5/8 is expressed 

throughout the unwounded epidermis and the epithelial tongue at  day 3 (e; 

arrowheads) and day 7 (f; arrowheads) post wounding. Dash-dot line - 

dermal-epidermal junction; scale bars 100µm. 
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3.11 BMPs impair human wound closure by suppressing 

keratinocyte proliferation and potentiating apoptosis 

To characterise healing following BMP-4/7 or Noggin treatment, skin was 

harvested after 7 days treatment and a detailed morphological wound analysis 

performed (Figure 3.31a-e). Initial ANOVA analysis suggested a significant 

difference in wound healing between the four treatment groups (F (3,20) = 42.7, 

p<0.001). Subsequent Student’s t-test analysis illustrated that both untreated 

(control) (Figure 3.31a) and Noggin-treated (Figure 3.31d) wounds achieved 

100% closure following 7 days treatment (Figure 3.31e). In contrast, wound 

closure was significantly reduced in BMP-4/7-treated samples compared to 

controls (64±0.7% vs. 100%; p<0.01; Figure 3.31b). The combination of Noggin 

with BMP-4/7 increased wound closure compared to BMP-4/7 alone (88±12%; 

p<0.04; Figure 3.31c), negating the BMP-induced retardation of epidermal 

closure. To determine whether the impaired healing seen following treatment 

was due to alterations in proliferation or apoptosis, a quantitative analysis of 

epithelial tongue Ki67 and active caspase 3 positive cells was performed. Initial 

ANOVA analysis suggested a significant difference in proliferation (F (3,19) = 

15, p<0.001) between groups. Subsequent Student’s t-test analysis 

demonstrated that BMP-induced retardation of healing was associated with 

significantly reduced proliferation compared to controls (28±8% vs. 51±4%; 

p<0.01; Figure 3.32a-b & e; arrowed). However, Noggin negated this inhibitory 

effect of BMP-4/7 and proliferation was significantly increased in the skin co-

treated with Noggin and BMP-4/7 compared to BMP-4/7 alone (38±6% vs. 

28±8%; p<0.03) (Figure 3.32b-c & e; arrowed). Wounds treated solely with 
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Noggin did not display a significant increase in proliferation versus control 

(52±10% vs. 51±4%; p<0.8) (Figure 3.32d-e; arrowed).  

 

Figure 3.31 – Wound closure in human skin following BMP-4/7 or Noggin 

treatment. (a-d) Haematoxylin and AP-stained wound sections following 7 days 

of treatment - note evidence of incomplete epidermal closure in both BMP-4/7 

and BMP-4/7+Noggin treated wounds; (e) BMP-4/7 treatment significantly 

impaired wound closure, whilst combining Noggin with BMP-4/7 partially 

negated this effect; Noggin and control wounds were both completely healed at 

7 days. Error bars mean±SD; *p<0.04; **p<0.01; Student’s t-test with Bonferroni 

correction; n = 10 measurements per group; scale bars 100µm. 
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Figure 3.32 – Keratinocyte proliferation in human wounds following BMP 

pathway modulation. (a-d) Ki67 positive proliferating keratinocytes seen in the 

wound epithelial tongue of ex vivo human wounds following 7 days BMP-4/7 

and/or Noggin treatment; (e) BMP-4/7 significantly reduced the percentage of 

proliferating cells in the wound epithelium; Noggin negated this BMP-induced 

negative effect when wounds were treated with a combination of these agents; 

error bars mean±SD; *p<0.03; **p<0.001; Student’s t-test with Bonferroni 

correction; n = 10 measurements per group; scale bars 100µm. 
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Initial ANOVA analysis suggested a significant difference in apoptosis (F (3,17) 

= 25.2, p<0.001) between the four treatment groups. BMP-4/7 treatment 

significantly increased apoptosis in the wound bed compared to controls, as 

evidenced by active caspase 3 expression (13±2% vs. 9±1%; p<0.04; Figure 

3.33a-b & e; arrowed). In contrast, Noggin significantly reduced the proportion 

of apoptotic cells compared to control samples (3±0.7% vs. 9±1%; p<0.01; 

Figure 3.33d-e; arrowed). Apoptosis was also significantly reduced in wounds 

co-treated with Noggin and BMP-4/7 compared to BMP-4/7 treatment alone 

(8±3% vs. 13±2%; p<0.04; Figure 3.33c & e; arrowed). Combined, these data 

suggest that BMPs suppress keratinocyte proliferation and stimulate 

keratinocyte apoptosis in an ex vivo wound human wound healing model, 

effects which are overcome by antagonising BMP activity with Noggin. 
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Figure 3.33 - Keratinocyte apoptosis in human wounds following BMP 

pathway modulation. (a-d) Active caspase 3 positive apoptotic keratinocytes 

seen in the wound epithelial tongue of ex vivo human wounds following 7 days 

BMP-4/7 and/or Noggin treatment; (e) BMP-4/7 significantly increased 

apoptosis in the wound epithelium; Noggin negated this BMP-induced effect 

when wounds were treated with a combination of these agents; Noggin 

significantly reduced apoptosis when administered to wounds alone; error bars 

mean±SD; *p<0.04; **p<0.001; Student’s t-test with Bonferroni correction; n = 

10 measurements per group; scale bars 100µm. 
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3.12 Modulation of BMP activity in human ex vivo wounds 

alters the expression of genes involved in epidermal 

differentiation 

To further define the effects of BMP pathway modulation on wound healing and 

epidermal differentiation, mRNA transcript expression of genes involved in 

keratin reorganisation and epidermal cornification were determined by qRT-

PCR and compared following BMP-4/7 and/or Noggin treatment in human ex 

vivo wounds (Figure 3.34a-e). These genes included KRT14 (keratin 

expressed in mitotically-active basal layer keratinocytes) (Moll et al., 2008), 

KRT10 (differentiation-keratin expressed in the suprabasal epidermis) (Moll et 

al., 2008), KRT16 (injury-induced keratin) (Coulombe, 1997; Moll et al., 2008), 

and the predominant protein of the cornified cell envelope, loricrin (LOR) 

(Nemes and Steinert, 1999).  

BMP-4/7 treatment significantly (p<0.001) reduced LOR transcript expression 

and significantly (p<0.05) increased KRT10 expression (Figure 3.34a & d). 

Conversely, transcript expression of KRT10 (p<0.001), KRT14 (p<0.001), 

KRT16 (p<0.05) and LOR (p<0.001) (Figure 3.34a-d) were significantly up-

regulated following BMP antagonism with Noggin. Treatment with combined 

BMP-4/7 and Noggin significantly reduced expression of LOR (p<0.001) and 

KRT10 (p<0.01) compared to controls (Figure 3.34a & d). 

In conclusion, antagonism of BMP activity using Noggin increases proliferation- 

and differentiation-related keratin transcript expression, together with cornified 

cell envelope protein transcripts. This effect correlates with the accelerated 

wound repair seen in Noggin-treated ex vivo human wounds.   
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Figure 3.34 – Relative mRNA transcript expression of keratins and loricrin 

after 7 days of BMP pathway modulation in human ex vivo wounds. BMP-

4/7 treatment reduced LOR expression and increased KRT10 expression. 

Noggin increased KRT10, KRT14, KRT16 and LOR expression. Combined 

BMP-4/7 and Noggin treatment reduced expression of LOR and KRT10 versus 

controls. Error bars mean±SD; *p<0.05; **p<0.01; ***p<0.001; Student’s t-test; 

PCR samples performed in duplicate; analysed using Genex™ (Bio-Rad) 

software using Ct equitation method. 
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IV. Discussion 
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4.1 BMP signalling components are differentially expressed in 

the early stages of wound healing  

BMP signalling is involved in the regulation of a large number of biological 

processes including proliferation, differentiation, cell fate decision and apoptosis 

both in embryonic development and postnatal tissue remodelling (Botchkarev, 

2003; Botchkarev and Sharov, 2004; Kimura et al., 2000; Miyazono et al., 2010; 

Walsh et al., 2010). However, the role of BMP signalling cascades in cutaneous 

wound healing remains relatively unexplored. 

To begin to understand the role of BMP signalling in this process, the mRNA 

expression of BMP-Smad ‘canonical’ pathway components was examined in 

detail using qRT-PCR in 8 week-old WT telogen skin, and at days 3 and 5 post-

wounding. This revealed an almost global suppression of the BMP axis in 

response to skin injury (Mathura et al., 2000), with significantly decreased 

transcript expression of Bmp ligands, Bmpr-1A, Bmpr-II, Smad1, Smad5 and 

Noggin. Interestingly, Bmpr-1B expression was significantly increased following 

wounding.  

These data are supported by previous observations that BMP ligands are down-

regulated following injury. Indeed, both BMP-2 and -4 have been shown to be 

down-regulated in retinal epithelium in response to hypoxia-induced ischaemic 

retinopathy (Mathura et al., 2000). Furthermore, transcript expression of BMP-2, 

-4 and -7 have been shown to decline following skin injury, showing recovery 

towards the end of the proliferative phase of wound healing (Wankell et al., 

2001). 
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The immunofluorescent expression pattern of BMPRs observed in telogen skin 

was consistent with that previously described, with BMPR-1A localised to the 

HF bulge (Blanpain and Fuchs, 2006) and BMPR-1B in the suprabasal 

epidermis (Hwang et al., 2001; Sharov et al., 2003; Yu et al., 2010b), where 

they were both co-localised with the downstream signalling component pSmad-

1/5/8. The prominent expression of BMPR-1A was consistent with its role in 

maintaining stem cell quiescence in conjunction with BMP ligands (Blanpain 

and Fuchs, 2006; Blanpain et al., 2004; Fuchs, 2008; Kobielak et al., 2007; 

Zhang et al., 2006), whilst the suprabasal localisation of BMPR-1B correlated 

with its role in the control of cell differentiation of epidermal layers (Botchkarev 

and Sharov, 2004; Fessing et al., 2010; Pardali et al., 2005; Plikus et al., 2008). 

Skin injury induced a localised down-regulation of bulge BMPR-1A expression 

in those HFs immediately adjacent to the wound, suggesting a decrease in 

BMP-mediated inhibition of stem cell activity. Together with the qRT-PCR data, 

this suggests that down-regulation of both BMP ligands and BMPR-1A may 

potentially facilitate an increase in stimulatory (Wnt) signalling and subsequent 

HF stem cell activity, which accompanies wound healing (Botchkarev et al., 

1999; Cotsarelis, 2006; Hwang et al., 2001; Ito and Cotsarelis, 2008; Ito et al., 

2005; Kobielak et al., 2003; Plikus et al., 2008; Sharov et al., 2009; Wong and 

Reiter, 2011; Zhang et al., 2006). Further studies including stem cell lineage 

tracing in K14-Noggin and K14-caSmad1 mice would be useful to substantiate 

this theory.  

Furthermore, the extensive expression of BMPR-1B and pSmad-1/5/8 in the 

wound epithelium implicates an involvement of this receptor in the control of 

skin repair, together with the dynamic expression profile observed in qRT-PCR. 
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Interestingly, the wound epithelial expression pattern of BMPR-1B appeared to 

show cytoplasmic staining in the epithelial tongue keratinocytes, as opposed to 

that expected on the cell membrane, which was seen in unwounded epidermis. 

Intracellular localisation of both BMPR-1A and BMPR-1B has been described in 

human osteoblasts (Singhatanadgit et al., 2008), with BMPR-1B in particular 

found in the peri-nuclear region. This suggests that in the absence of an 

appropriate ligand, BMPR-1B undergoes internalisation; alternatively, 

intracellular BMPR-1B may represent newly synthesised receptors prior to their 

transport to the cell surface (Singhatanadgit et al., 2008) to play roles in wound 

repair and keratinocyte differentiation. Certainly, BMPR-1B is thought to 

modulate keratinocyte differentiation (Plikus et al., 2004), though BMP-

treatment has failed to illustrate changes in epidermal differentiation markers 

such as involucrin, loricrin or suprabasal keratins (Fessing et al., 2010), but 

follicular differentiation markers have been demonstrated (Sharov et al., 2006).   

The expression patterns seen in murine skin were complemented by those seen 

during human ex vivo skin repair. As expected, BMPR-1B and pSmad-1/5/8 

were prominently expressed in human suprabasal epidermis (Hwang et al., 

2001; Sharov et al., 2003; Yu et al., 2010b) and the migrating epithelial tongue. 

However, due to an absence of terminal hair in the skin specimen analysed, HF 

bulge-specific staining of this BMPR in relation to human skin wounding was not 

observed. Thus, the expression patterns observed in both murine and human 

skin illustrate the highly conserved nature of this signalling cascade. 
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4.2 BMP pathway modulation influences wound repair 

Two TG mouse models were employed to elucidate the role of BMP signalling 

on in vivo wound repair, these being the K14-caSmad1 and K14-Noggin 

models. Using these mice, a comprehensive histomorphological analysis of the 

wound epithelium was conducted, to establish the effect that constitutive BMP 

activation or antagonism has on skin repair. These data were supplemented 

with ex vivo human wound healing models and in vitro characterisation of BMP 

effects on HaCaT keratinocyte and PMEK proliferation. 

 

 4.2.1 In vivo alteration of BMP activity alters keratinocyte 

proliferation and apoptosis 

The K14-caSmad1 mouse model provided in vivo evidence that constitutive 

BMP signal activation delays wound healing by suppressing keratinocyte 

proliferation and potentiating apoptosis (Kimura et al., 2000). These data are 

consistent with previous studies showing that other components of the TGF-β 

signalling pathways, such as Smad2, Smad3 and Smad4 negatively regulate 

skin repair through alterations in proliferation (Ashcroft et al., 1999; Flanders et 

al., 2003; Hosokawa et al., 2005; Owens et al., 2010; Tomikawa et al., 2012; 

Yang et al., 2012). Furthermore, these data strongly support a role for BMP 

signalling in cutaneous wound repair, as Smad1 is specific to the BMP-Smad 

‘canonical’ pathway (Botchkarev, 2003; Botchkarev and Sharov, 2004; Sieber et 

al., 2009).  

Wound histomorphometry in K14-Noggin mice was markedly different from that 

seen in K14-caSmad1 mice, as the wound epithelial tongue area was 



161 
 

significantly larger and demonstrated increased proliferation and reduced 

apoptosis. These results fit with previous reports, whereby over-expression of 

the BMP antagonist Noggin results in epidermal hyperplasia due to 

hyperproliferation (Sharov et al., 2009), suppresses apoptosis (Sharov et al., 

2003) and prolongs anagen follicle growth (Plikus et al., 2004; Sharov et al., 

2006), whilst exogenous Noggin treatment stimulates epidermal proliferation 

(Botchkarev et al., 1999). Furthermore, Noggin has been shown to suppress 

apoptosis in other tissues, including teeth (Nadiri et al., 2007), the hard palate 

(He et al., 2010) and during limb development, where Noggin over-expression 

induces syndactyly (fused digits) (Guha et al., 2002).  

The role of BMP signalling in apoptosis has been illustrated in a number of 

studies (Sharov et al., 2003; Song et al., 1998; Trousse et al., 2001; Wach et 

al., 2001; Yokouchi et al., 1996), all of which support the results seen in the 

K14-caSmad1 model. Indeed, Smad2, -3 and -4 have previously been shown to 

induce apoptosis (Fujita et al., 2012; Yanagisawa et al., 1998; Yu et al., 2008) 

potentially in collaboration with p53 (Brash, 2006; Wang et al., 2006a). The 

differential apoptotic effect seen in K14-caSmad1 and K14-Noggin wounds may 

be due to the modulation of apoptosis regulators including cyclin-dependent 

kinase inhibitor p21 (Chang et al., 2009; Fessing et al., 2011; Franzen and 

Heldin, 2001; Jernvall et al., 1998; Sharov et al., 2006), the transcriptional 

activator Stat3 (Kawamura et al., 2000; Ying et al., 2003) or caspase-8 (Borrelli 

et al., 2009; Lagna et al., 2006). Additionally, the tumour suppressor p53 has 

been shown to interact with Smad1 (Chau et al., 2012) to induce DNA-binding 

protein inhibitor Id-1 and therefore regulate proliferation (Liu et al., 2013). 

Furthermore, BMP-treated pulmonary cells have been shown to express 

diminished levels of the anti-apoptotic factor Bcl-2 (Buckley et al., 2004), 
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supporting its possible involvement in this process. Combined, these results 

suggest that Smad1 has an important function in regulating epidermal 

homeostasis during skin repair, and may potentiate apoptosis through a variety 

of potential mechanisms. 

It has previously been shown that activation of BMP signalling slows 

keratinocyte proliferation (Ahmed et al., 2011; Blessing et al., 1996; D'Souza et 

al., 2001; Drozdoff et al., 1994; Kaiser et al., 1998; Mathura et al., 2000; 

McDonnell et al., 2001; Park and Morasso, 2002), whilst targeted over-

expression of BMP ligands results in a resistance to chemical-induced skin 

carcinogenesis (Blessing et al., 1995; Wach et al., 2001). Conversely, chemical-

induced carcinogenesis is accompanied by a down-regulation of both Smad1 

and Smad5 proteins (He et al., 2001), signifying their importance in regulating 

proliferation. Aside from the potential apoptotic targets described, studies have 

illustrated a number of regulatory pathways and transcription factors which may 

act as BMP targets to control epidermal proliferation during skin healing. These 

include Wnt (Di Pasquale and Brivanlou, 2009; Ishitani et al., 1999; Kamiya et 

al., 2008; Lintern et al., 2009; Piccolo et al., 1999; Sharov et al., 2009) and Shh 

(Laurikkala et al., 2003; Sharov et al., 2009; Zuniga et al., 1999), both of which 

are up-regulated in response to Noggin, and c-myc, which is downstream of 

BMP-Smad signalling (Holien et al., 2012; Kowalik, 2002; Seoane et al., 2001; 

Yagi et al., 2002).  Additionally, p63 has also been shown to be extensively 

expressed in the wound margin and epithelial tongue (Kurokawa et al., 2006), 

and represses transcription of Smad7 and activate BMP-7, thereby potentiating 

BMP signalling (De Rosa et al., 2009). A number of important growth factors 

have also been demonstrated to interact with BMP signalling, including EGF 

(Kretzschmar et al., 1997), GM-CSF (Montenegro et al., 2009), NGF (Schnitzler 
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et al., 2010), HGF (Gupta et al., 2000; Tsai et al., 2012) and vasoactive 

intestinal peptide (Pitts et al., 2001), suggesting a role.  

A quantitative analysis of CD4 positive cells in all three mouse strains was 

conducted to ensure that the differences seen in wound repair were not due to 

variations in inflammatory cell infiltrate (Mardaryev et al., 2011). This confirmed 

that there was no difference in CD4 positive cell numbers between the three 

groups.  Thus, the in vivo models provide strong evidence that Smad1, a crucial 

downstream regulator of the BMP-Smad pathway (Botchkarev and Sharov, 

2004), slows wound healing by attenuating keratinocyte proliferation and 

migration and augmenting wound epithelial apoptosis. Conversely, the BMP 

antagonist Noggin accelerates skin repair by augmenting epithelial tongue 

proliferation and suppressing apoptosis. In conjunction with the down-regulation 

of BMP ligands observed in WT mice, it is possible that if BMPs act as growth-

regulators in the skin, then their down-regulation may be part of the healing 

response, thereby allowing positive growth regulators to stimulate proliferation 

(Mathura et al., 2000).  

As alluded to before, BMPs influence angiogenesis which forms a vital part of 

skin repair. Different BMP ligands act as either pro or anti-angiogenic (David et 

al., 2009; Ramoshebi and Ripamonti, 2000; Sieber et al., 2009), whilst deletion 

of BMP-Smad down-stream components lead to defects in vasculogenesis and 

vessel wall anatomy (David et al., 2009; Gallione et al., 2006; Huang et al., 

2009; Morrell, 2006; Shintani et al., 2009; Yang et al., 1999). In particular, the 

BMP-7 component of the heterodimer used in this study (BMP-4/7) has been 

illustrated to be pro-angiogenic (David et al., 2009). Further studies to ascertain 

the effect of BMP-Smad pathway modulation on angiogenesis in K14-caSmad1 
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and K14-Noggin mice would be both novel and useful to further understand the 

role of BMPs on this vital part of skin repair.  

Fibrosis and scarring form an inevitable conclusion of cutaneous wounding and 

at its extreme, may develop into a hypertrophic or even a keloid scar. The TGF-

β family (Cowin et al., 2001), and in particular, BMPs are involved in the 

processes of late wound repair and cutaneous remodelling (Botchkarev, 2003). 

Foetal mammals heal wounds through the second trimester with no evidence of 

scarring (Stelnicki et al., 1998b), but when BMP-2 is applied to foetal wound 

beds, there is marked dermal and epidermal thickening, together with the 

deposition of irregular collagen bundles due to enhanced fibroblast activity 

(Stelnicki et al., 1998b). Similar results are found in the cornea; up-regulation of 

BMP-6 is associated with increased conjunctival scar tissue (Andreev et al., 

2006). In contrast, over-expression of the weak BMP antagonist follistatin 

reduces the volume of granulation tissue, delays re-epithelialization and 

reduces scarring (Wankell et al., 2001). Thus, antagonism of BMP ligands 

impedes scar tissue formation (Wankell et al., 2001). Whilst not performed in 

this study, examination of collagen fibrils in the two TG models used would 

provide some insight into the effect of BMP-pathway activation/antagonism on 

scar tissue formation. This would be relatively easy to perform using Picrosirius 

Red dye (Junqueira et al., 1979; Puchtler et al., 1973).     

A further facet of wound repair that would benefit investigation following BMP 

pathway modulation is inflammation. The TGF-β family as a whole is well 

established to play roles in immune suppression and T-cell regulation (Bierie 

and Moses, 2010). Indeed, absence of TGF-β1 leads to a propensity to develop 

autoimmune diseases due to T-cell over-activity (Gorelik and Flavell, 2000; 
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Kulkarni et al., 1993; Kulkarni and Karlsson, 1993), potentially due to the loss of 

p21Cip1 and p27Kip1 cell cycle regulators (Wolfraim et al., 2004). The present 

study suggested that BMP pathway modulation had no effect on the number of 

CD4 positive cells seen in the local wound environment. However, whilst this 

may be the case, further studies to establish T-cell activity rather than 

population size following BMP or Noggin treatment, as well as on other 

inflammatory cells, may be beneficial. Certainly, BMP signalling has been 

illustrated to stimulate both IL-2 and T-cell activity, whilst antagonism of the 

BMP axis using dorsomorphin and Noggin suppresses interleukin secretion and 

T-cell function (Cejalvo et al., 2007; Yoshioka et al., 2012). Furthermore, BMP 

signalling has been illustrated to play vital roles in natural killer cell (Hidalgo et 

al., 2012) B-cell (Passa et al., 2011) and T-cell development (Hager-

Theodorides et al., 2002; Varas et al., 2009). Thus, local antagonism of BMPs 

using Noggin may reduce local inflammatory cell infiltrate and could increase 

the propensity to develop subsequent wound infection. This represents an 

interesting area for future study.  

 

4.2.2 BMP pathways affect human skin repair by influencing 

keratinocyte proliferation, apoptosis and differentiation 

The ex vivo skin healing model was a useful model to study the effects of BMPs 

on human skin repair. When cultured correctly, these wounds re-stratified the 

epidermis and exhibited evidence of keratinocyte proliferation, keratin induction, 

epidermal differentiation and apoptosis (Rizzo et al., 2012).  Furthermore, this 

model demonstrated that BMP treatment inhibits epidermal closure, whilst 

Noggin accelerates skin repair. Clearly, these results support our in vivo data 
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and further suggest that the effects of this signalling cascade are highly 

conserved between murine and human skin.  

Interestingly, BMP pathway modulation led to a change in expression of 

keratins and loricrin, a constituting protein of the cell envelope (Hitomi, 2005; 

Hoffjan and Stemmler, 2007; Koch et al., 2000). BMP antagonism with Noggin 

dramatically increased transcript expression of KRT10, KRT14, KRT16 and 

loricrin (LOR). This effect could be explained by the accelerated wound healing 

dynamics observed in the Noggin-treated wounds, as Krt14 is expressed by 

proliferating basal epidermal keratinocytes (Moll et al., 1982), whilst Krt16 is 

injury-induced (Coulombe, 1997; Moll et al., 2008). Furthermore, the increased 

expression of KRT10 and LOR, both of which signify epidermal differentiation 

(Hitomi, 2005; Hoffjan and Stemmler, 2007; Koch et al., 2000; Moll et al., 2008; 

Nemes and Steinert, 1999), may be due to accelerated closure after Noggin 

treatment, as the epidermis re-stratified ahead of other treatment groups.  

Yu et al. (2010b) examined the expression of fillagrin in the stratum granulosum 

following BMP treatment, finding it to be reduced, whilst Sharov et al. (2003) 

found that Noggin overexpression attenuated involucrin and loricrin expression. 

GATA3 (a transcriptional regulator of EDC gene expression) may also play 

roles in this process, as it is expressed in the epidermis (Chikh et al., 2007; 

Kaufman et al., 2003) and displays a dynamic expression profile during skin 

morphogenesis (Sellheyer and Krahl, 2010), which is akin to wound healing 

(Martin and Parkhurst, 2004). Furthermore, a relationship between GATA3 and 

BMP signalling has been demonstrated in tissue development (Bonilla-Claudio 

et al., 2012). 



167 
 

Whilst some studies have been successful in identifying the effects of BMPs on 

epidermal differentiation, others have not. Fessing et al. (2010) and Gosselet et 

al. (2007) failed to show an effect of BMPs on suprabasal keratin or loricrin 

expression, potentially due to the presence of EGF in culture media. However, 

this was absent from the culture media for this experiment, and an increase in 

KRT10 and decrease in LOR expression was observed after BMP-4/7 

application. Thus, it appears that antagonism of BMP signalling increases 

keratin and differentiation marker expression in this human skin healing model.  

 

4.2.3 BMP signalling pathway modulation affects keratinocyte 

proliferation in vitro 

Whilst in vivo and ex vivo models clearly demonstrated the negative effect of 

BMP pathway signalling on epidermal proliferation and apoptosis (Plikus et al., 

2004; Sharov et al., 2009), it was important to demonstrate this in vitro using 

two keratinocyte sources. Treatment of HaCaT cells and PMEKs with BMP-4/7 

inhibited proliferation, as evidenced by Ki67 proliferation marker 

immunostaining. Furthermore, flow cytometry of HaCaT keratinocytes 

demonstrated a reduction in those undergoing mitosis. Clearly, the presence of 

BMP-4/7 suppresses active keratinocyte proliferation, and tends to induce cell 

cycle arrest, complimenting data that has been shown before (Ahmed et al., 

2011; Blessing et al., 1996; D'Souza et al., 2001; Drozdoff et al., 1994; Kaiser et 

al., 1998; Mathura et al., 2000; McDonnell et al., 2001; Park and Morasso, 

2002; Sharov et al., 2006). Furthermore, the anti-proliferative effect of the BMP 

pathway has been illustrated in numerous cancers, including osteosarcoma (Lv 
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et al., 2013), breast carcinoma (Chen et al., 2012; Wang et al., 2011; Ye et al., 

2013) and gastric carcinoma (Zhang et al., 2012). 

This suppressive effect was negated when BMP-4/7 was antagonised by 

Noggin, which is known to inhibit BMP-4 and -7 with high specificity (Botchkarev 

et al., 1999; Botchkarev, 2003; Krause et al., 2011). When administered alone, 

Noggin stimulated proliferation compared to controls. This, of course, is in 

keeping with previous observations (Botchkarev et al., 1999; Plikus et al., 2004; 

Sharov et al., 2006; Sharov et al., 2009), which describe epidermal hyperplasia 

in response to Noggin, both in K14-Noggin mice and ex vivo organ culture.  

To define the effect that specific BMPRs play in keratinocyte proliferation, 

keratinocytes were transfected with siRNA and QD plasmids for flow cytometry 

analysis. BMPR-1B silencing in both PMEKs and HaCaT cells had no definable 

effect on proliferation, whilst BMPR-1A silencing resulted in a minimal increase 

in cellular mitosis compared to controls. This failure to exert a dramatic effect on 

proliferation can perhaps in hindsight be anticipated for two reasons. Ideally, the 

time following siRNA transfection until analysis would have been 72 hours to 

permit full gene knockdown (Dalby et al., 2004; Zhao et al., 2008). This was 

limited to 48 hours due to the rapid rate of HaCaT cell growth and the relative 

fragility and susceptibility of PMEKs to cell death. Furthermore, HaCaT 

keratinocytes are immortalised and less likely to display any further increase in 

proliferative potential.  

Transfection of cells with constitutively active plasmids globally reduced 

proliferation, supporting previous evidence of the inhibitory action of BMP 

signalling. However, constitutive activation of BMPR-1A in conjunction with 
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Smad1 had the most notable effect with a four percent reduction in G2/M cells 

versus control.  

Taken together, these data suggest that BMPR-1A could possibly play a role in 

modulating keratinocyte proliferation, as has been suggested (Yamaguchi et al., 

1999; Panchision et al., 2001; Plikus et al., 2004), and supports a theory that 

BMPR-1A down-regulation in HFs may permit increased stem cell activity 

through stimulatory Wnt signalling (Sharov et al., 2009), resulting in progeny 

proliferation to close the skin defect. However, further data are required to fully 

understand the role of BMPR-1A in wound healing. Certainly, BMPs have been 

shown to induce cell cycle inhibitor activity, including p21Cip1 (Pardali et al., 

2005) and p27Kip1 (Sharov et al., 2006), further reinforcing this argument.  

These data, therefore, would be in keeping with the model described by Sharov 

et al. (2006).  

 

4.3 BMP pathway modulation affects keratin gene & protein 

expression 

Examination of the expression pattern of Krt16 and Krt17, which are induced in 

response to wounding (Coulombe, 1997; Paladini et al., 1996; Patel et al., 

2006) revealed significant differences between our TG models and WT mice. 

qRT-PCR illustrated dramatic down-regulation of Krt16 and Krt17 in K14-

caSmad1 mice compared to WT controls. Furthermore, immunostaining showed 

that both Krt16 and Krt17 were intensely reduced in K14-caSmad1 mouse 

wounds compared to WT controls whilst they were increased in K14-Noggin 

wounds. Analysis of keratinocyte morphology also revealed that the epithelial 
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tongue of WT and K14-Noggin mice contained polarised keratinocytes (Allard 

and Mogilner, 2013; Driscoll et al., 2012; Meyer et al., 2012). In contrast, K14-

caSmad1 wound epithelial keratinocytes had a cuboidal appearance, 

suggesting that the delayed wound healing observed in these mice may also be 

caused by impaired keratinocyte migration. 

The importance of both Krt16 and Krt17 in skin repair is well documented, as 

activated keratinocytes reorganise the intracellular keratin network in order to 

migrate (Wawersik et al., 2001). In particular, Krt16 and Krt17 are induced in 

activated keratinocytes (Machesney et al., 1998; Mansbridge and Knapp, 1987; 

McGowan and Coulombe, 1998; Paladini et al., 1996; Takahashi et al., 1998; 

Wawersik and Coulombe, 2000; Wawersik et al., 2001), principally in the 

migrating epithelial tongue (Wawersik et al., 2001). Deficiency of both Krt16 

(Wawersik et al., 2001) and Krt17 (Mazzalupo et al., 2003) is associated with 

impaired keratinocyte migration (Trost et al., 2010) and wound closure.  

A link between TGF-β family members and keratins has previously been 

illustrated, after Hosokawa et al. (2005) and Tomikawa et al. (2012) noted that 

over-expression of Smad2 inhibits Krt16 expression. Furthermore, knock-out of 

Smad4 leads to up-regulation of Krt17 expression (Yang et al., 2012). However, 

these Smads do not form part of the BMP-Smad pathway. Thus, the in vivo 

models utilised here provide strong and novel evidence that the BMP-Smad 

signalling pathway slows epithelial repair by altering the expression of specific 

keratin proteins. 
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4.4 Constitutive BMP activation in K14-caSmad1 epidermis 

down-regulates the expression of genes encoding cytoskeletal 

and migration-associated markers 

By employing a microarray approach, genome-wide gene expression profiles 

were compared between K14-caSmad1 and WT epidermis (deposited to the 

Gene Expression Omnibus - Accession Number GSE50578) and subsequently 

extrapolated to full thickness skin wounds. The microarray and qRT-PCR 

analyses demonstrated two-fold and higher changes in expression of 1697 

genes in the epidermis of TG versus WT mice. These encoded distinct 

cytoskeletal and cell motility-associated proteins, including keratins (Krt1, Krt10, 

Krt16 and Krt17) (Coulombe, 1997; Fuchs and Green, 1980; Moll et al., 2008; 

Moll et al., 1982; Paladini et al., 1996; Patel et al., 2006), Myo5a (Cao et al., 

2004; Lan et al., 2010; Sloane and Vartanian, 2007),  Cldn1 and Cldn3 (Webb 

et al., 2013), Rac1 (Filic et al., 2012; Fukata et al., 2003; Tscharntke et al., 

2007), Gjb2 and Gja4 (Xu and Nicholson, 2013; Scott and Kelsell, 2011), 

Ablim2 (Barrientos et al., 2007), Tubb6 (Brieher, 2013; Leandro-Garcia et al., 

2010) and Pxn (Ishibe et al., 2004; Meyer et al., 2012; Sattler et al., 2000; 

Turner, 1998). It is unlikely that all of these genes are direct targets of BMP 

signalling, as those genes representing direct targets for the BMP pathway may 

in turn regulate transcription of other indirect targets or interfere with 

components of other signalling pathways. However, the changes in transcription 

activity observed are likely to contribute to the retardation of wound healing 

observed in K14-caSmad1 mice.  

Previous microarray data (Fessing et al., 2010; Sharov et al., 2006) has 

illustrated a number of target genes involved in migration that are influenced by 



172 
 

BMP signalling. BMP-4/7 treatment of PMEKs has been shown to affect 

expression of MMP-3 and 10 (Fessing et al., 2010), both of which play 

important roles in matrix degradation during wound healing. Indeed, Smad4 

knock-out has been shown to increase MMP levels, potentially impacting on 

migration and wound remodelling (Owens et al., 2010). Additionally, periostin, a 

ligand known to support integrin-mediated epithelial cell migration (Gillan et al., 

2002), is down-regulated in both keratinocytes and fibroblasts (Fessing et al., 

2010). Hyaluronan synthase 1 (HAS1), an extracellular matrix polysaccharide 

required for migration and vessel ingrowth, is up-regulated in fibroblasts but not 

keratinocytes following BMP-4/7 treatment (Fessing et al., 2010).  

Importantly, the K14-caSmad1 epidermis showed a marked decrease in the 

expression of migration-related genes, some of which have been described to 

play direct roles in epidermal repair (Castilho et al., 2010; Hosokawa et al., 

2005; Mazzalupo et al., 2003; McGowan and Coulombe, 1998; Moll et al., 2008; 

Paladini et al., 1996; Patel et al., 2006; Tomic-Canic et al., 1998; Tscharntke et 

al., 2007; Wawersik and Coulombe, 2000; Wawersik et al., 2001). In 

conjunction with the in vivo data, which showed that the epithelial tongue was 

shorter and contained fewer polarised migratory keratinocytes in K14-caSmad1 

mice (Kurosaka and Kashina, 2008), this suggests that Smad1 constitutive 

activation slows keratinocyte migration.  
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4.5 BMP pathway modulation alters keratinocyte migration 

through BMPR-1B signalling 

Utilisation of ‘scratch’, transwell and ex vivo migration assays allowed the 

effects of BMPs and their antagonists on HaCaT keratinocyte and PMEK 

migration to be studied. In all of these models, BMP-4/7 consistently slowed 

keratinocyte migration, whilst Noggin treatment had a stimulatory effect and 

accelerated migration in excess of that seen in controls. Transwell assay also 

demonstrated that constitutive BMP pathway activation in K14-caSmad1 

keratinocytes slowed migration when studied in vitro (Ashcroft et al., 1999; 

Flanders et al., 2003; Hosokawa et al., 2005; Owens et al., 2010; Tomikawa et 

al., 2012; Yang et al., 2012).  

These data are consistent with previous results showing the inhibitory effects of 

the TGF-β family on cell migration during skin repair (Ashcroft et al., 1999; 

Hosokawa et al., 2005; Tsuboi et al., 1992), as well as with data demonstrating 

that Smad2 (Hosokawa et al., 2005), Smad3 (Ashcroft et al., 1999; Flanders et 

al., 2003) and Smad4 (Yang et al., 2012) inhibit cell movement in other models. 

Furthermore, these results suggest that BMP signalling negatively regulates 

keratinocyte migration (Ahmed et al., 2011).  

Consistent with these data, BMP-treated PMEKs lacked the defined cytoplasmic 

actin filament network required for movement, while Noggin-treated 

keratinocytes displayed an elongated polarised shape with endogenous actin 

filaments visible (Allard and Mogilner, 2013; Firat-Karalar and Welch, 2011; 

Fletcher and Mullins, 2010; Kurosaka and Kashina, 2008; Reymann et al., 

2012). Combined with microarray and qRT-PCR data, these results suggest 

that BMP signalling attenuates keratinocyte movement through alterations in 
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different proteins involved in varying facets of migration, including actin and 

myosin binding, adhesion, microtubule formation and cytoskeletal organisation. 

Thus, down-regulation of these protein groups may lead to the alterations in 

keratinocyte shape observed.  

Besides the direct effect of BMP ligands on migration, BMPR-1B silencing also 

consistently accelerated wound closure, though no discernible difference could 

be seen when QD plasmid transfection was performed to activate BMPR-1A or 

BMPR-1B. This may be due to the fact that constitutive activation of the BMP 

axis potentiates apoptosis (Sharov et al., 2003; Song et al., 1998; Wach et al., 

2001; Yokouchi et al., 1996), thus promoting global keratinocyte death and 

failing to illustrate a subtle distinction between BMPR-1A or BMPR-1B activation 

on keratinocyte migration. Furthermore, BMPR-1B knockdown in keratinocytes 

caused increased expression of Krt16, Krt17 (Hosokawa et al., 2005; 

Mazzalupo et al., 2003; McGowan and Coulombe, 1998; Moll et al., 2008; 

Paladini et al., 1996; Patel et al., 2006; Tomic-Canic et al., 1998; Wawersik and 

Coulombe, 2000; Wawersik et al., 2001) and Myo5a, an actin-dependent 

molecular motor involved in cell motility and metastasis (Cao et al., 2004; 

Eppinga et al., 2008; Kurosaka and Kashina, 2008; Lan et al., 2010).  

Previous studies have found BMPR-1B expression on endothelial cell filopodial 

tips (Pi et al., 2007; Sieber et al., 2009) and retinal axons (Liu et al., 2003; 

Yamauchi et al., 2008), where they have been suggested to play a role in cell 

guidance. Furthermore, Ror2, a BMPR-1B co-receptor (Sammar et al., 2004), 

has been shown to interact with Filamin A in filopodia and influence Wnt5a-

induced cell motility (Nishita et al., 2006; Sammar et al., 2009; Sieber et al., 

2009). In summation, this suggests that BMP signalling can cause delayed re-
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epithelialization by inhibiting keratinocyte cytoskeletal organization and 

migration, effects which are mediated, at least in part, through BMPR-1B. 

 

4.5.1 Model illustrating the involvement of BMP signalling in 

cutaneous wound repair 

Taken together, these data support a concept that the BMP signalling pathway 

is intrinsically involved in the negative regulation of cutaneous wound repair. 

Our data provides compelling evidence that BMPs negate keratinocyte 

proliferation, augment apoptosis and modulate keratinocyte migration through 

specific BMPRs (Figure 4.1). Thus, transient antagonism of BMP activity using 

specific BMP antagonists may provide a new set of tools to aid wound 

management in the future.  
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Figure 4.1 – Response of BMP pathway components to skin injury. The 

scheme illustrates the sequential reaction of the BMP pathway to tissue 

damage and potential downstream mechanisms.  
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Conclusions 
 

Based on the data shown, the following conclusions can be drawn: 

o Epidermal wounding results in marked alterations in BMPR expression and 

localisation in murine and human wounds, together with down-regulation of 

BMP ligands and Smad canonical pathway components.  

 

o Noggin over-expression in the epidermis and hair follicle stimulates 

keratinocyte proliferation and migration, and suppresses apoptosis in the 

wound epithelium. In contrast, potentiation of Smad1 activity in the 

epidermis and hair follicle inhibits keratinocyte proliferation and migration, 

and increases apoptosis.  

 

o Smad1 over-expression leads to marked alterations in gene expression 

programmes in keratinocytes, and is accompanied by altered expression of 

genes encoding selected migratory proteins (Krt1, Krt16, Krt17, Myo5a, 

Cldn1, Cldn3, Rac1, Gjb2, Gja4, Ablim2, Tubb6 and Pxn). These pathways 

are likely to contribute to the impaired healing response seen following 

Smad1 constitutive activation.   

 

o BMP treatment negatively regulates keratinocyte proliferation; this effect 

may be co-ordinated through BMPR-1A. However, BMP antagonists 

stimulate keratinocyte proliferation.  
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o BMP signalling negatively regulates keratinocyte migration, migratory gene 

expression and alters keratinocyte morphology, potentially through BMPR-

1B. Modulation of the BMP pathway with antagonists triggers keratinocyte 

polarisation and accelerates migration. 

 

o BMP treatment slows human wound repair through the same effects on 

keratinocyte proliferation, apoptosis and migration seen in murine skin. 

Modulation of BMP signalling using Noggin accelerates human skin healing 

and increases epidermal differentiation marker expression.  

 

o Taken together, global suppression of the BMP axis may facilitate 

keratinocyte migration and proliferation to close an epidermal defect 

following skin injury. Use of BMP antagonists may represent a novel 

therapeutic approach for the treatment of chronic wounds in the future. 
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Future Work 
 

To further elucidate the role of BMP signalling cascades in cutaneous wound 

repair, the following studies may be useful:  

 

o Genome wide gene expression profiling of proliferation, migration and 

differentiation markers in Alk3 (Bmpr-1A) and Alk6 (Bmpr-1B) homozygous 

mice to establish specific receptor targets.  

 

o Chromatin immunoprecipitation sequencing and reporter assay analyses to 

define the complete set of the downstream target genes that are regulated 

by the BMP-Smad pathway in keratinocytes during wound healing.  

 

o Design and use of small molecule inhibitors of BMP signalling as a novel 

approach for the treatment of chronic wounds. 

 

 
 

 
 
 
 
 



180 
 

Publications 
 

Lewis, C.J., Mardaryev, A.N., Sharova, T.Y., Poterlowicz, K., Sharpe, D.T., 

Botchkareva, N.V., Sharov, A.A. (2014). Bone morphogenetic protein signalling 

suppresses wound-induced skin repair by inhibiting keratinocyte proliferation 

and migration. J Invest Dermatol. 134, 827-837. PMID: 24126843. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



181 
 

Presentations 
 

o Bone morphogenetic protein signalling regulates keratinocyte proliferation 

and migration during wound healing in murine & human skin. Lewis CJ et al. 

Oral Presentation; International Investigative Dermatology Meeting, 2013 

 

o Bone morphogenetic proteins retard wound healing by inhibiting proliferation 

& potentiating apoptosis in a human ex vivo wound healing model. Lewis CJ 

et al. 

Oral Presentation; BAPRAS Winter Meeting, 2012 

 

o Bone morphogenetic protein signalling regulates keratinocyte proliferation 

and migration during wound healing. Lewis CJ et al. 

Poster Presentation; European Society of Dermatological Research 

Meeting, 2012 

 

o Bone morphogenetic protein signalling inhibits skin regeneration after injury 

via altering keratinocyte proliferation and migration. Lewis CJ et al. 

Poster Presentation; Society for Investigative Dermatology Meeting, 2012 

 

o Bone morphogenetic protein receptors are differentially expressed in 

wounded and intact skin and regulate cellular proliferation and migration in 

the early stages of wound healing. Lewis CJ et al. 

Oral Presentation; BAPRAS Winter Meeting, 2011 

 

 

 

 

 

 

 



182 
 

References 

 

Abe, R., Donnelly, S.C., Peng, T., Bucala, R., and Metz, C.N. (2001). Peripheral 

blood fibrocytes: differentiation pathway and migration to wound sites. J 

Immunol 166, 7556-7562. 

Abercrombie, M., James, D.W., and Newcombe, J.F. (1960). Wound contraction 

in rabbit skin, studied by splinting the wound margins. J Anat 94, 170-182. 

Ahmed, M.I., Mardaryev, A.N., Lewis, C.J., Sharov, A.A., and Botchkareva, N.V. 

(2011). MicroRNA-21 is an important downstream component of BMP signalling 

in epidermal keratinocytes. J Cell Sci 124, 3399-3404. 

Alcamo IE, K.B. (2004). Anatomy and Physiology the Easy Way, 2nd Edition 

edn (Barron). 

Allard, J., and Mogilner, A. (2013). Traveling waves in actin dynamics and cell 

motility. Curr Opin Cell Biol 25, 107-115. 

Alman, B.A., Li, C., Pajerski, M.E., Diaz-Cano, S., and Wolfe, H.J. (1997). 

Increased beta-catenin protein and somatic APC mutations in sporadic 

aggressive fibromatoses (desmoid tumors). Am J Pathol 151, 329-334. 

Alonso, L., and Fuchs, E. (2006). The hair cycle. J Cell Sci 119, 391-393. 

Andl, T., Ahn, K., Kairo, A., Chu, E.Y., Wine-Lee, L., Reddy, S.T., Croft, N.J., 

Cebra-Thomas, J.A., Metzger, D., Chambon, P., et al. (2004). Epithelial Bmpr1a 

regulates differentiation and proliferation in postnatal hair follicles and is 

essential for tooth development. Development 131, 2257-2268. 

Andreev, K., Zenkel, M., Kruse, F., Junemann, A., and Schlotzer-Schrehardt, U. 

(2006). Expression of bone morphogenetic proteins (BMPs), their receptors, 



183 
 

and activins in normal and scarred conjunctiva: role of BMP-6 and activin-A in 

conjunctival scarring? Exp Eye Res 83, 1162-1170. 

Angel, P., Szabowski, A., and Schorpp-Kistner, M. (2001). Function and 

regulation of AP-1 subunits in skin physiology and pathology. Oncogene 20, 

2413-2423. 

Ansell, D.M., Kloepper, J.E., Thomason, H.A., Paus, R., and Hardman, M.J. 

(2011). Exploring the "hair growth-wound healing connection": anagen phase 

promotes wound re-epithelialization. J Invest Dermatol 131, 518-528. 

Antsiferova, M., Klatte, J.E., Bodo, E., Paus, R., Jorcano, J.L., Matzuk, M.M., 

Werner, S., and Kogel, H. (2009). Keratinocyte-derived follistatin regulates 

epidermal homeostasis and wound repair. Lab Invest 89, 131-141. 

Asai, J., Takenaka, H., Kusano, K.F., Ii, M., Luedemann, C., Curry, C., Eaton, 

E., Iwakura, A., Tsutsumi, Y., Hamada, H., et al. (2006). Topical sonic 

hedgehog gene therapy accelerates wound healing in diabetes by enhancing 

endothelial progenitor cell-mediated microvascular remodeling. Circulation 113, 

2413-2424. 

Ashcroft, G.S., Yang, X., Glick, A.B., Weinstein, M., Letterio, J.L., Mizel, D.E., 

Anzano, M., Greenwell-Wild, T., Wahl, S.M., Deng, C., et al. (1999). Mice 

lacking Smad3 show accelerated wound healing and an impaired local 

inflammatory response. Nat Cell Biol 1, 260-266. 

Bamberger, C., Scharer, A., Antsiferova, M., Tychsen, B., Pankow, S., Muller, 

M., Rulicke, T., Paus, R., and Werner, S. (2005). Activin controls skin 

morphogenesis and wound repair predominantly via stromal cells and in a 

concentration-dependent manner via keratinocytes. Am J Pathol 167, 733-747. 

Barnes, P.J. (1997). Nuclear factor-kappa B. Int J Biochem Cell Biol 29, 867-

870. 



184 
 

Barrientos, T., Frank, D., Kuwahara, K., Bezprozvannaya, S., Pipes, G.C., 

Bassel-Duby, R., Richardson, J.A., Katus, H.A., Olson, E.N., and Frey, N. 

(2007). Two novel members of the ABLIM protein family, ABLIM-2 and -3, 

associate with STARS and directly bind F-actin. J Biol Chem 282, 8393-8403. 

Battegay, E.J., Rupp, J., Iruela-Arispe, L., Sage, E.H., and Pech, M. (1994). 

PDGF-BB modulates endothelial proliferation and angiogenesis in vitro via 

PDGF beta-receptors. J Cell Biol 125, 917-928. 

Baxter, R.M., and Brissette, J.L. (2002). Role of the nude gene in epithelial 

terminal differentiation. J Invest Dermatol 118, 303-309. 

Ben-Ezra, J., Sheibani, K., Hwang, D.L., and Lev-Ran, A. (1990). 

Megakaryocyte synthesis is the source of epidermal growth factor in human 

platelets. Am J Pathol 137, 755-759. 

Bhatia, N., Thiyagarajan, S., Elcheva, I., Saleem, M., Dlugosz, A., Mukhtar, H., 

and Spiegelman, V.S. (2006). Gli2 is targeted for ubiquitination and degradation 

by beta-TrCP ubiquitin ligase. J Biol Chem 281, 19320-19326. 

Bianchi, M.E. (2007). DAMPs, PAMPs and alarmins: all we need to know about 

danger. J Leukoc Biol 81, 1-5. 

Bielefeld, K.A., Amini-Nik, S., and Alman, B.A. (2013). Cutaneous wound 

healing: recruiting developmental pathways for regeneration. Cell Mol Life Sci 

70, 2059-2081. 

Bierie, B., and Moses, H.L. (2010). Transforming growth factor beta (TGF-beta) 

and inflammation in cancer. Cytokine Growth Factor Rev 21, 49-59. 

Bitgood, M.J., and McMahon, A.P. (1995). Hedgehog and Bmp genes are 

coexpressed at many diverse sites of cell-cell interaction in the mouse embryo. 

Dev Biol 172, 126-138. 



185 
 

Bitterman, P.B., Rennard, S.I., Adelberg, S., and Crystal, R.G. (1983). Role of 

fibronectin as a growth factor for fibroblasts. J Cell Biol 97, 1925-1932. 

Blanpain, C., and Fuchs, E. (2006). Epidermal stem cells of the skin. Annu Rev 

Cell Dev Biol 22, 339-373. 

Blanpain, C., and Fuchs, E. (2009). Epidermal homeostasis: a balancing act of 

stem cells in the skin. Nat Rev Mol Cell Biol 10, 207-217. 

Blanpain, C., Lowry, W.E., Geoghegan, A., Polak, L., and Fuchs, E. (2004). 

Self-renewal, multipotency, and the existence of two cell populations within an 

epithelial stem cell niche. Cell 118, 635-648. 

Blessing, M., Nanney, L.B., King, L.E., and Hogan, B.L. (1995). Chemical skin 

carcinogenesis is prevented in mice by the induced expression of a TGF-beta 

related transgene. Teratog Carcinog Mutagen 15, 11-21. 

Blessing, M., Nanney, L.B., King, L.E., Jones, C.M., and Hogan, B.L. (1993). 

Transgenic mice as a model to study the role of TGF-beta-related molecules in 

hair follicles. Genes Dev 7, 204-215. 

Blessing, M., Schirmacher, P., and Kaiser, S. (1996). Overexpression of bone 

morphogenetic protein-6 (BMP-6) in the epidermis of transgenic mice: inhibition 

or stimulation of proliferation depending on the pattern of transgene expression 

and formation of psoriatic lesions. J Cell Biol 135, 227-239. 

Blokhuis, T.J., Calori, G.M., and Schmidmaier, G. (2013). Autograft versus 

BMPs for the treatment of non-unions: what is the evidence? Injury 44 Suppl 1, 

S40-42. 

Boergermann, J.H., Kopf, J., Yu, P.B., and Knaus, P. (2010). Dorsomorphin and 

LDN-193189 inhibit BMP-mediated Smad, p38 and Akt signalling in C2C12 

cells. Int J Biochem Cell Biol 42, 1802-1807. 



186 
 

Bonilla-Claudio, M., Wang, J., Bai, Y., Klysik, E., Selever, J., and Martin, J.F. 

(2012). Bmp signaling regulates a dose-dependent transcriptional program to 

control facial skeletal development. Development 139, 709-719. 

Boras, K., and Hamel, P.A. (2002). Alx4 binding to LEF-1 regulates N-CAM 

promoter activity. J Biol Chem 277, 1120-1127. 

Borrelli, S., Candi, E., Alotto, D., Castagnoli, C., Melino, G., Vigano, M.A., and 

Mantovani, R. (2009). p63 regulates the caspase-8-FLIP apoptotic pathway in 

epidermis. Cell Death Differ 16, 253-263. 

Botchkarev, V.A. (2003). Bone morphogenetic proteins and their antagonists in 

skin and hair follicle biology. J Invest Dermatol 120, 36-47. 

Botchkarev, V.A., Botchkareva, N.V., Nakamura, M., Huber, O., Funa, K., 

Lauster, R., Paus, R., and Gilchrest, B.A. (2001). Noggin is required for 

induction of the hair follicle growth phase in postnatal skin. FASEB J 15, 2205-

2214. 

Botchkarev, V.A., Botchkareva, N.V., Roth, W., Nakamura, M., Chen, L.H., 

Herzog, W., Lindner, G., McMahon, J.A., Peters, C., Lauster, R., et al. (1999). 

Noggin is a mesenchymally derived stimulator of hair-follicle induction. Nat Cell 

Biol 1, 158-164. 

Botchkarev, V.A., Botchkareva, N.V., Sharov, A.A., Funa, K., Huber, O., and 

Gilchrest, B.A. (2002). Modulation of BMP signaling by noggin is required for 

induction of the secondary (nontylotrich) hair follicles. J Invest Dermatol 118, 3-

10. 

Botchkarev, V.A., Gdula, M.R., Mardaryev, A.N., Sharov, A.A., and Fessing, 

M.Y. (2012). Epigenetic regulation of gene expression in keratinocytes. J Invest 

Dermatol 132, 2505-2521. 



187 
 

Botchkarev, V.A., and Sharov, A.A. (2004). BMP signaling in the control of skin 

development and hair follicle growth. Differentiation 72, 512-526. 

Botchkarev, V.A., Yaar, M., Peters, E.M., Raychaudhuri, S.P., Botchkareva, 

N.V., Marconi, A., Raychaudhuri, S.K., Paus, R., and Pincelli, C. (2006). 

Neurotrophins in skin biology and pathology. J Invest Dermatol 126, 1719-1727. 

Boukamp, P., Petrussevska, R.T., Breitkreutz, D., Hornung, J., Markham, A., 

and Fusenig, N.E. (1988). Normal keratinization in a spontaneously 

immortalized aneuploid human keratinocyte cell line. J Cell Biol 106, 761-771. 

Boulais, N., and Misery, L. (2007). Merkel cells. J Am Acad Dermatol 57, 147-

165. 

Brash, D.E. (2006). Roles of the transcription factor p53 in keratinocyte 

carcinomas. Br J Dermatol 154 Suppl 1, 8-10. 

Braun, S., auf dem Keller, U., Steiling, H., and Werner, S. (2004). Fibroblast 

growth factors in epithelial repair and cytoprotection. Philos Trans R Soc Lond B 

Biol Sci 359, 753-757. 

Braun, S., Hanselmann, C., Gassmann, M.G., auf dem Keller, U., Born-Berclaz, 

C., Chan, K., Kan, Y.W., and Werner, S. (2002). Nrf2 transcription factor, a 

novel target of keratinocyte growth factor action which regulates gene 

expression and inflammation in the healing skin wound. Mol Cell Biol 22, 5492-

5505. 

Braunstein, S., Kaplan, G., Gottlieb, A.B., Schwartz, M., Walsh, G., Abalos, 

R.M., Fajardo, T.T., Guido, L.S., and Krueger, J.G. (1994). GM-CSF activates 

regenerative epidermal growth and stimulates keratinocyte proliferation in 

human skin in vivo. J Invest Dermatol 103, 601-604. 

Breathnach, A.S., Birbeck, M.S., and Everall, J.D. (1962). Observations on 

Langerhans cells in leprosy. Br J Dermatol 74, 243-253. 



188 
 

Brenner, M., and Hearing, V.J. (2008). The protective role of melanin against 

UV damage in human skin. Photochem Photobiol 84, 539-549. 

Brittan, M., Braun, K.M., Reynolds, L.E., Conti, F.J., Reynolds, A.R., Poulsom, 

R., Alison, M.R., Wright, N.A., and Hodivala-Dilke, K.M. (2005). Bone marrow 

cells engraft within the epidermis and proliferate in vivo with no evidence of cell 

fusion. J Pathol 205, 1-13. 

Brown, B. (2004). Michigan Manual of Plastic Surgery (Philiadelphia: Lippincott 

Williams & Wilkins). 

Brown, D.L., Kao, W.W., and Greenhalgh, D.G. (1997). Apoptosis down-

regulates inflammation under the advancing epithelial wound edge: delayed 

patterns in diabetes and improvement with topical growth factors. Surgery 121, 

372-380. 

Brown, J.B., and McDowell, F. (1942). Epithelial Healing and the 

Transplantation of Skin. Ann Surg 115, 1166-1181. 

Brown, S.J., Tilli, C.M., Jackson, B., Avilion, A.A., MacLeod, M.C., Maltais, L.J., 

Lovering, R.C., and Byrne, C. (2007). Rodent Lce gene clusters; new 

nomenclature, gene organization, and divergence of human and rodent genes. 

J Invest Dermatol 127, 1782-1786. 

Brunner, G., Nguyen, H., Gabrilove, J., Rifkin, D.B., and Wilson, E.L. (1993). 

Basic fibroblast growth factor expression in human bone marrow and peripheral 

blood cells. Blood 81, 631-638. 

Buckley, S., Shi, W., Driscoll, B., Ferrario, A., Anderson, K., and Warburton, D. 

(2004). BMP4 signaling induces senescence and modulates the oncogenic 

phenotype of A549 lung adenocarcinoma cells. Am J Physiol Lung Cell Mol 

Physiol 286, L81-86. 



189 
 

Butler, S.J., and Dodd, J. (2003). A role for BMP heterodimers in roof plate-

mediated repulsion of commissural axons. Neuron 38, 389-401. 

Byrne, A.M., Bouchier-Hayes, D.J., and Harmey, J.H. (2005). Angiogenic and 

cell survival functions of vascular endothelial growth factor (VEGF). J Cell Mol 

Med 9, 777-794. 

Byrne, C., Tainsky, M., and Fuchs, E. (1994). Programming gene expression in 

developing epidermis. Development 120, 2369-2383. 

Callahan, C.A., and Oro, A.E. (2001). Monstrous attempts at adnexogenesis: 

regulating hair follicle progenitors through Sonic hedgehog signaling. Curr Opin 

Genet Dev 11, 541-546. 

Cao, T.T., Chang, W., Masters, S.E., and Mooseker, M.S. (2004). Myosin-Va 

binds to and mechanochemically couples microtubules to actin filaments. Mol 

Biol Cell 15, 151-161. 

Caperuto, L.C., Anhe, G.F., Cambiaghi, T.D., Akamine, E.H., do Carmo 

Buonfiglio, D., Cipolla-Neto, J., Curi, R., and Bordin, S. (2008). Modulation of 

bone morphogenetic protein-9 expression and processing by insulin, glucose, 

and glucocorticoids: possible candidate for hepatic insulin-sensitizing 

substance. Endocrinology 149, 6326-6335. 

Castilho, R.M., Squarize, C.H., Leelahavanichkul, K., Zheng, Y., Bugge, T., and 

Gutkind, J.S. (2010). Rac1 is required for epithelial stem cell function during 

dermal and oral mucosal wound healing but not for tissue homeostasis in mice. 

PLoS One 5, e10503. 

Cejalvo, T., Sacedon, R., Hernandez-Lopez, C., Diez, B., Gutierrez-Frias, C., 

Valencia, J., Zapata, A.G., Varas, A., and Vicente, A. (2007). Bone 

morphogenetic protein-2/4 signalling pathway components are expressed in the 

human thymus and inhibit early T-cell development. Immunology 121, 94-104. 



190 
 

Celeste, A.J., Iannazzi, J.A., Taylor, R.C., Hewick, R.M., Rosen, V., Wang, E.A., 

and Wozney, J.M. (1990). Identification of transforming growth factor beta 

family members present in bone-inductive protein purified from bovine bone. 

Proc Natl Acad Sci U S A 87, 9843-9847. 

Chai, J., and Tarnawski, A.S. (2002). Serum response factor: discovery, 

biochemistry, biological roles and implications for tissue injury healing. J Physiol 

Pharmacol 53, 147-157. 

Chai, Y., Jiang, X., Ito, Y., Bringas, P., Jr., Han, J., Rowitch, D.H., Soriano, P., 

McMahon, A.P., and Sucov, H.M. (2000). Fate of the mammalian cranial neural 

crest during tooth and mandibular morphogenesis. Development 127, 1671-

1679. 

Chang, C., and Hemmati-Brivanlou, A. (1998). Cell fate determination in 

embryonic ectoderm. J Neurobiol 36, 128-151. 

Chang, H., Huylebroeck, D., Verschueren, K., Guo, Q., Matzuk, M.M., and 

Zwijsen, A. (1999). Smad5 knockout mice die at mid-gestation due to multiple 

embryonic and extraembryonic defects. Development 126, 1631-1642. 

Chang, S.F., Chang, T.K., Peng, H.H., Yeh, Y.T., Lee, D.Y., Yeh, C.R., Zhou, 

J., Cheng, C.K., Chang, C.A., and Chiu, J.J. (2009). BMP-4 induction of arrest 

and differentiation of osteoblast-like cells via p21 CIP1 and p27 KIP1 regulation. 

Mol Endocrinol 23, 1827-1838. 

Chau, J.F., Jia, D., Wang, Z., Liu, Z., Hu, Y., Zhang, X., Jia, H., Lai, K.P., 

Leong, W.F., Au, B.J., et al. (2012). A crucial role for bone morphogenetic 

protein-Smad1 signalling in the DNA damage response. Nat Commun 3, 836. 

Chen, A., Wang, D., Liu, X., He, S., Yu, Z., and Wang, J. (2012). Inhibitory 

effect of BMP-2 on the proliferation of breast cancer cells. Mol Med Rep 6, 615-

620. 



191 
 

Chen, H.Y., Shen, C.H., Tsai, Y.T., Lin, F.C., Huang, Y.P., and Chen, R.H. 

(2004). Brk activates rac1 and promotes cell migration and invasion by 

phosphorylating paxillin. Mol Cell Biol 24, 10558-10572. 

Cheon, S., Poon, R., Yu, C., Khoury, M., Shenker, R., Fish, J., and Alman, B.A. 

(2005). Prolonged beta-catenin stabilization and tcf-dependent transcriptional 

activation in hyperplastic cutaneous wounds. Lab Invest 85, 416-425. 

Cheon, S.S., Cheah, A.Y., Turley, S., Nadesan, P., Poon, R., Clevers, H., and 

Alman, B.A. (2002). beta-Catenin stabilization dysregulates mesenchymal cell 

proliferation, motility, and invasiveness and causes aggressive fibromatosis and 

hyperplastic cutaneous wounds. Proc Natl Acad Sci U S A 99, 6973-6978. 

Chigurupati, S., Arumugam, T.V., Son, T.G., Lathia, J.D., Jameel, S., Mughal, 

M.R., Tang, S.C., Jo, D.G., Camandola, S., Giunta, M., et al. (2007). 

Involvement of notch signaling in wound healing. PLoS One 2, e1167. 

Chikh, A., Sayan, E., Thibaut, S., Lena, A.M., DiGiorgi, S., Bernard, B.A., 

Melino, G., and Candi, E. (2007). Expression of GATA-3 in epidermis and hair 

follicle: relationship to p63. Biochem Biophys Res Commun 361, 1-6. 

Chmielowiec, J., Borowiak, M., Morkel, M., Stradal, T., Munz, B., Werner, S., 

Wehland, J., Birchmeier, C., and Birchmeier, W. (2007). c-Met is essential for 

wound healing in the skin. J Cell Biol 177, 151-162. 

Cho, M., Hunt, T.K., and Hussain, M.Z. (2001). Hydrogen peroxide stimulates 

macrophage vascular endothelial growth factor release. Am J Physiol Heart Circ 

Physiol 280, H2357-2363. 

Cole, J., Tsou, R., Wallace, K., Gibran, N., and Isik, F. (2001). Early gene 

expression profile of human skin to injury using high-density cDNA microarrays. 

Wound Repair Regen 9, 360-370. 



192 
 

Cooper, L., Johnson, C., Burslem, F., and Martin, P. (2005). Wound healing and 

inflammation genes revealed by array analysis of 'macrophageless' PU.1 null 

mice. Genome Biol 6, R5. 

Cormack, D. (1987). The integumentary system. In Ham's Histology 

(Philadelphia: J.B. Lippincott Company), pp. 450-474. 

Cotsarelis, G. (2006). Epithelial stem cells: a folliculocentric view. J Invest 

Dermatol 126, 1459-1468. 

Cotsarelis G, B.V. (2008). Biology of hair follicles. In Fitzpatrick’s Dermatology 

in General Medicine, L.A.G. K. Wollf, S.I. Katz, B.A. Gilchrest, A.S. Paller, and 

D.J. Leffell, ed. (New York: McGraw Hill), pp. 739-749. 

Cotsarelis, G., Sun, T.T., and Lavker, R.M. (1990). Label-retaining cells reside 

in the bulge area of pilosebaceous unit: implications for follicular stem cells, hair 

cycle, and skin carcinogenesis. Cell 61, 1329-1337. 

Coulombe, P.A. (1997). Towards a molecular definition of keratinocyte 

activation after acute injury to stratified epithelia. Biochem Biophys Res 

Commun 236, 231-238. 

Coulombe, P.A., Bravo, N.S., Paladini, R.D., Nguyen, D., and Takahashi, K. 

(1995). Overexpression of human keratin 16 produces a distinct skin phenotype 

in transgenic mouse skin. Biochem Cell Biol 73, 611-618. 

Cowin, A.J., Holmes, T.M., Brosnan, P., and Ferguson, M.W. (2001). 

Expression of TGF-beta and its receptors in murine fetal and adult dermal 

wounds. Eur J Dermatol 11, 424-431. 

Cross, M.J., and Claesson-Welsh, L. (2001). FGF and VEGF function in 

angiogenesis: signalling pathways, biological responses and therapeutic 

inhibition. Trends Pharmacol Sci 22, 201-207. 



193 
 

Cumberbatch, M., Dearman, R.J., Griffiths, C.E., and Kimber, I. (2000). 

Langerhans cell migration. Clin Exp Dermatol 25, 413-418. 

D'Souza, S.J., Pajak, A., Balazsi, K., and Dagnino, L. (2001). Ca2+ and BMP-6 

signaling regulate E2F during epidermal keratinocyte differentiation. J Biol 

Chem 276, 23531-23538. 

D'Souza, S.J., Vespa, A., Murkherjee, S., Maher, A., Pajak, A., and Dagnino, L. 

(2002). E2F-1 is essential for normal epidermal wound repair. J Biol Chem 277, 

10626-10632. 

Dalby, B., Cates, S., Harris, A., Ohki, E.C., Tilkins, M.L., Price, P.J., and 

Ciccarone, V.C. (2004). Advanced transfection with Lipofectamine 2000 

reagent: primary neurons, siRNA, and high-throughput applications. Methods 

33, 95-103. 

DasGupta, R., and Fuchs, E. (1999). Multiple roles for activated LEF/TCF 

transcription complexes during hair follicle development and differentiation. 

Development 126, 4557-4568. 

David, L., Feige, J.J., and Bailly, S. (2009). Emerging role of bone 

morphogenetic proteins in angiogenesis. Cytokine Growth Factor Rev 20, 203-

212. 

Dawber, R. (1997). Diseases of the hair and scalp, 3rd Edition edn (Oxford: 

Blackwell Science). 

De Rosa, L., Antonini, D., Ferone, G., Russo, M.T., Yu, P.B., Han, R., and 

Missero, C. (2009). p63 Suppresses non-epidermal lineage markers in a bone 

morphogenetic protein-dependent manner via repression of Smad7. J Biol 

Chem 284, 30574-30582. 



194 
 

Deonarine, K., Panelli, M.C., Stashower, M.E., Jin, P., Smith, K., Slade, H.B., 

Norwood, C., Wang, E., Marincola, F.M., and Stroncek, D.F. (2007). Gene 

expression profiling of cutaneous wound healing. J Transl Med 5, 11. 

Desmouliere, A., Redard, M., Darby, I., and Gabbiani, G. (1995). Apoptosis 

mediates the decrease in cellularity during the transition between granulation 

tissue and scar. Am J Pathol 146, 56-66. 

Di Pasquale, E., and Brivanlou, A.H. (2009). Bone morphogenetic protein 15 

(BMP15) acts as a BMP and Wnt inhibitor during early embryogenesis. J Biol 

Chem 284, 26127-26136. 

Dick, A., Risau, W., and Drexler, H. (1998). Expression of Smad1 and Smad2 

during embryogenesis suggests a role in organ development. Dev Dyn 211, 

293-305. 

Diegelmann, R.F., and Evans, M.C. (2004). Wound healing: an overview of 

acute, fibrotic and delayed healing. Front Biosci 9, 283-289. 

Dlugosz, A. (1999). The Hedgehog and the hair follicle: a growing relationship. J 

Clin Invest 104, 851-853. 

Dlugosz, A.A., Glick, A.B., Tennenbaum, T., Weinberg, W.C., and Yuspa, S.H. 

(1995). Isolation and utilization of epidermal keratinocytes for oncogene 

research. Methods Enzymol 254, 3-20. 

Dotto, G.P. (2000). p21(WAF1/Cip1): more than a break to the cell cycle? 

Biochim Biophys Acta 1471, M43-56. 

Dotto, G.P. (2009). Crosstalk of Notch with p53 and p63 in cancer growth 

control. Nat Rev Cancer 9, 587-595. 

Douglas, H.E. (2010). TGF-ss in wound healing: a review. J Wound Care 19, 

403-406. 



195 
 

Driscoll, M.K., McCann, C., Kopace, R., Homan, T., Fourkas, J.T., Parent, C., 

and Losert, W. (2012). Cell shape dynamics: from waves to migration. PLoS 

Comput Biol 8, e1002392. 

Drozdoff, V., Wall, N.A., and Pledger, W.J. (1994). Expression and growth 

inhibitory effect of decapentaplegic Vg-related protein 6: evidence for a 

regulatory role in keratinocyte differentiation. Proc Natl Acad Sci U S A 91, 

5528-5532. 

Dudley, A.T., Lyons, K.M., and Robertson, E.J. (1995). A requirement for bone 

morphogenetic protein-7 during development of the mammalian kidney and eye. 

Genes Dev 9, 2795-2807. 

Eckes, B., Dogic, D., Colucci-Guyon, E., Wang, N., Maniotis, A., Ingber, D., 

Merckling, A., Langa, F., Aumailley, M., Delouvee, A., et al. (1998). Impaired 

mechanical stability, migration and contractile capacity in vimentin-deficient 

fibroblasts. J Cell Sci 111 ( Pt 13), 1897-1907. 

Efron, J.E., Frankel, H.L., Lazarou, S.A., Wasserkrug, H.L., and Barbul, A. 

(1990). Wound healing and T-lymphocytes. J Surg Res 48, 460-463. 

Eming, S.A., Krieg, T., and Davidson, J.M. (2007). Inflammation in wound 

repair: molecular and cellular mechanisms. J Invest Dermatol 127, 514-525. 

Eming, S.A., Snow, R.G., Yarmush, M.L., and Morgan, J.R. (1996). Targeted 

expression of insulin-like growth factor to human keratinocytes: modification of 

the autocrine control of keratinocyte proliferation. J Invest Dermatol 107, 113-

120. 

Enoch, L. (2008). Basic science of wound healing. Surgery 26, 31-37. 

Eppinga, R.D., Peng, I.F., Lin, J.L., Wu, C.F., and Lin, J.J. (2008). Opposite 

effects of overexpressed myosin Va or heavy meromyosin Va on vesicle 



196 
 

distribution, cytoskeleton organization, and cell motility in nonmuscle cells. Cell 

Motil Cytoskeleton 65, 197-215. 

Ezhkova, E., Lien, W.H., Stokes, N., Pasolli, H.A., Silva, J.M., and Fuchs, E. 

(2011). EZH1 and EZH2 cogovern histone H3K27 trimethylation and are 

essential for hair follicle homeostasis and wound repair. Genes Dev 25, 485-

498. 

Ezhkova, E., Pasolli, H.A., Parker, J.S., Stokes, N., Su, I.H., Hannon, G., 

Tarakhovsky, A., and Fuchs, E. (2009). Ezh2 orchestrates gene expression for 

the stepwise differentiation of tissue-specific stem cells. Cell 136, 1122-1135. 

Falanga, V. (1993). Growth factors and wound healing. J Dermatol Surg Oncol 

19, 711-714. 

Falanga, V., Butmarc, J., Cha, J., Yufit, T., and Carson, P. (2007). Migration of 

the epidermal over the dermal component (epiboly) in a bilayered 

bioengineered skin construct. Tissue Eng 13, 21-28. 

Fan, Q., Yee, C.L., Ohyama, M., Tock, C., Zhang, G., Darling, T.N., and Vogel, 

J.C. (2006). Bone marrow-derived keratinocytes are not detected in normal skin 

and only rarely detected in wounded skin in two different murine models. Exp 

Hematol 34, 672-679. 

Fang, Z.H., and Han, Z.C. (2006). The transcription factor E2F: a crucial switch 

in the control of homeostasis and tumorigenesis. Histol Histopathol 21, 403-413. 

Fathke, C., Wilson, L., Hutter, J., Kapoor, V., Smith, A., Hocking, A., and Isik, F. 

(2004). Contribution of bone marrow-derived cells to skin: collagen deposition 

and wound repair. Stem Cells 22, 812-822. 

Ferone, G., Thomason, H.A., Antonini, D., De Rosa, L., Hu, B., Gemei, M., 

Zhou, H., Ambrosio, R., Rice, D.P., Acampora, D., et al. (2012). Mutant p63 



197 
 

causes defective expansion of ectodermal progenitor cells and impaired FGF 

signalling in AEC syndrome. EMBO Mol Med 4, 192-205. 

Ferrandiz, N., Caraballo, J.M., Garcia-Gutierrez, L., Devgan, V., Rodriguez-

Paredes, M., Lafita, M.C., Bretones, G., Quintanilla, A., Munoz-Alonso, M.J., 

Blanco, R., et al. (2012). p21 as a transcriptional co-repressor of S-phase and 

mitotic control genes. PLoS One 7, e37759. 

Fessing, M.Y., Atoyan, R., Shander, B., Mardaryev, A.N., Botchkarev, V.V., Jr., 

Poterlowicz, K., Peng, Y., Efimova, T., and Botchkarev, V.A. (2010). BMP 

signaling induces cell-type-specific changes in gene expression programs of 

human keratinocytes and fibroblasts. J Invest Dermatol 130, 398-404. 

Fessing, M.Y., Mardaryev, A.N., Gdula, M.R., Sharov, A.A., Sharova, T.Y., 

Rapisarda, V., Gordon, K.B., Smorodchenko, A.D., Poterlowicz, K., Ferone, G., 

et al. (2011). p63 regulates Satb1 to control tissue-specific chromatin 

remodeling during development of the epidermis. J Cell Biol 194, 825-839. 

Filic, V., Marinovic, M., Faix, J., and Weber, I. (2012). A dual role for Rac1 

GTPases in the regulation of cell motility. J Cell Sci 125, 387-398. 

Firat-Karalar, E.N., and Welch, M.D. (2011). New mechanisms and functions of 

actin nucleation. Curr Opin Cell Biol 23, 4-13. 

Flanders, K.C., Kim, E.S., and Roberts, A.B. (2001). Immunohistochemical 

expression of Smads 1-6 in the 15-day gestation mouse embryo: signaling by 

BMPs and TGF-betas. Dev Dyn 220, 141-154. 

Flanders, K.C., Major, C.D., Arabshahi, A., Aburime, E.E., Okada, M.H., Fujii, 

M., Blalock, T.D., Schultz, G.S., Sowers, A., Anzano, M.A., et al. (2003). 

Interference with transforming growth factor-beta/ Smad3 signaling results in 

accelerated healing of wounds in previously irradiated skin. Am J Pathol 163, 

2247-2257. 



198 
 

Fletcher, D.A., and Mullins, R.D. (2010). Cell mechanics and the cytoskeleton. 

Nature 463, 485-492. 

Franzen, A., and Heldin, N.E. (2001). BMP-7-induced cell cycle arrest of 

anaplastic thyroid carcinoma cells via p21(CIP1) and p27(KIP1). Biochem 

Biophys Res Commun 285, 773-781. 

Fuchs, E. (1993). Epidermal differentiation and keratin gene expression. J Cell 

Sci Suppl 17, 197-208. 

Fuchs, E. (2007). Scratching the surface of skin development. Nature 445, 834-

842. 

Fuchs, E. (2008). Skin stem cells: rising to the surface. J Cell Biol 180, 273-284. 

Fuchs, E. (2009). Finding one's niche in the skin. Cell Stem Cell 4, 499-502. 

Fuchs, E., and Green, H. (1980). Changes in keratin gene expression during 

terminal differentiation of the keratinocyte. Cell 19, 1033-1042. 

Fuchs, E., Merrill, B.J., Jamora, C., and DasGupta, R. (2001). At the roots of a 

never-ending cycle. Dev Cell 1, 13-25. 

Fuchs, E., and Raghavan, S. (2002). Getting under the skin of epidermal 

morphogenesis. Nat Rev Genet 3, 199-209. 

Fuentealba, L.C., Eivers, E., Ikeda, A., Hurtado, C., Kuroda, H., Pera, E.M., and 

De Robertis, E.M. (2007). Integrating patterning signals: Wnt/GSK3 regulates 

the duration of the BMP/Smad1 signal. Cell 131, 980-993. 

Fujita, T., Alotaibi, M., Kitase, Y., Kota, Y., Ouhara, K., Kurihara, H., and Shuler, 

C.F. (2012). Smad2 is involved in the apoptosis of murine gingival junctional 

epithelium associated with inhibition of Bcl-2. Arch Oral Biol 57, 1567-1573. 

Fukata, M., Nakagawa, M., and Kaibuchi, K. (2003). Roles of Rho-family 

GTPases in cell polarisation and directional migration. Curr Opin Cell Biol 15, 

590-597. 



199 
 

Gabbiani, G., Le Lous, M., Bailey, A.J., Bazin, S., and Delaunay, A. (1976). 

Collagen and myofibroblasts of granulation tissue. A chemical, ultrastructural 

and immunologic study. Virchows Arch B Cell Pathol 21, 133-145. 

Gallione, C.J., Richards, J.A., Letteboer, T.G., Rushlow, D., Prigoda, N.L., 

Leedom, T.P., Ganguly, A., Castells, A., Ploos van Amstel, J.K., Westermann, 

C.J., et al. (2006). SMAD4 mutations found in unselected HHT patients. J Med 

Genet 43, 793-797. 

Gamer, L.W., Nove, J., Levin, M., and Rosen, V. (2005). BMP-3 is a novel 

inhibitor of both activin and BMP-4 signaling in Xenopus embryos. Dev Biol 285, 

156-168. 

Gangnuss, S., Cowin, A.J., Daehn, I.S., Hatzirodos, N., Rothnagel, J.A., 

Varelias, A., and Rayner, T.E. (2004). Regulation of MAPK activation, AP-1 

transcription factor expression and keratinocyte differentiation in wounded fetal 

skin. J Invest Dermatol 122, 791-804. 

Garbin, S., Pittet, B., Montandon, D., Gabbiani, G., and Desmouliere, A. (1996). 

Covering by a flap induces apoptosis of granulation tissue myofibroblasts and 

vascular cells. Wound Repair Regen 4, 244-251. 

Garrison, K.R., Shemilt, I., Donell, S., Ryder, J.J., Mugford, M., Harvey, I., 

Song, F., and Alt, V. (2010). Bone morphogenetic protein (BMP) for fracture 

healing in adults. Cochrane Database Syst Rev, CD006950. 

Gerhart, J., Pfautz, J., Neely, C., Elder, J., DuPrey, K., Menko, A.S., Knudsen, 

K., and George-Weinstein, M. (2009). Noggin producing, MyoD-positive cells 

are crucial for eye development. Dev Biol 336, 30-41. 

Ghazizadeh, S., and Taichman, L.B. (2001). Multiple classes of stem cells in 

cutaneous epithelium: a lineage analysis of adult mouse skin. EMBO J 20, 

1215-1222. 



200 
 

Gill, S.E., and Parks, W.C. (2008). Metalloproteinases and their inhibitors: 

regulators of wound healing. Int J Biochem Cell Biol 40, 1334-1347. 

Gillan, L., Matei, D., Fishman, D.A., Gerbin, C.S., Karlan, B.Y., and Chang, D.D. 

(2002). Periostin secreted by epithelial ovarian carcinoma is a ligand for 

alpha(V)beta(3) and alpha(V)beta(5) integrins and promotes cell motility. 

Cancer Res 62, 5358-5364. 

Gillard, G.C., Reilly, H.C., Bell-Booth, P.G., and Flint, M.H. (1977). A 

comparison of the glycosaminoglycans of weight-bearing and non-weight-

bearing human dermis. J Invest Dermatol 69, 257-261. 

Goliger, J.A., and Paul, D.L. (1995). Wounding alters epidermal connexin 

expression and gap junction-mediated intercellular communication. Mol Biol Cell 

6, 1491-1501. 

Gong, Y., Krakow, D., Marcelino, J., Wilkin, D., Chitayat, D., Babul-Hirji, R., 

Hudgins, L., Cremers, C.W., Cremers, F.P., Brunner, H.G., et al. (1999). 

Heterozygous mutations in the gene encoding noggin affect human joint 

morphogenesis. Nat Genet 21, 302-304. 

Gorelik, L., and Flavell, R.A. (2000). Abrogation of TGFbeta signaling in T cells 

leads to spontaneous T cell differentiation and autoimmune disease. Immunity 

12, 171-181. 

Gospodarowicz, D., Plouet, J., and Malerstein, B. (1990). Comparison of the 

ability of basic and acidic fibroblast growth factor to stimulate the proliferation of 

an established keratinocyte cell line: modulation of their biological effects by 

heparin, transforming growth factor beta (TGF beta), and epidermal growth 

factor (EGF). J Cell Physiol 142, 325-333. 

Gosselet, F.P., Magnaldo, T., Culerrier, R.M., Sarasin, A., and Ehrhart, J.C. 

(2007). BMP2 and BMP6 control p57(Kip2) expression and cell growth 



201 
 

arrest/terminal differentiation in normal primary human epidermal keratinocytes. 

Cell Signal 19, 731-739. 

Goulas, S., Conder, R., and Knoblich, J.A. (2012). The Par complex and 

integrins direct asymmetric cell division in adult intestinal stem cells. Cell Stem 

Cell 11, 529-540. 

Govender, S., Csimma, C., Genant, H.K., Valentin-Opran, A., Amit, Y., Arbel, 

R., Aro, H., Atar, D., Bishay, M., Borner, M.G., et al. (2002). Recombinant 

human bone morphogenetic protein-2 for treatment of open tibial fractures: a 

prospective, controlled, randomized study of four hundred and fifty patients. J 

Bone Joint Surg Am 84-A, 2123-2134. 

Grainger, D.J., Wakefield, L., Bethell, H.W., Farndale, R.W., and Metcalfe, J.C. 

(1995). Release and activation of platelet latent TGF-beta in blood clots during 

dissolution with plasmin. Nat Med 1, 932-937. 

Green, D.R. (1997). A Myc-induced apoptosis pathway surfaces. Science 278, 

1246-1247. 

Greenhalgh, D.G. (1998). The role of apoptosis in wound healing. Int J Biochem 

Cell Biol 30, 1019-1030. 

Grinnell, F., Billingham, R.E., and Burgess, L. (1981). Distribution of fibronectin 

during wound healing in vivo. J Invest Dermatol 76, 181-189. 

Groppe, J., Greenwald, J., Wiater, E., Rodriguez-Leon, J., Economides, A.N., 

Kwiatkowski, W., Affolter, M., Vale, W.W., Izpisua Belmonte, J.C., and Choe, S. 

(2002). Structural basis of BMP signalling inhibition by the cystine knot protein 

Noggin. Nature 420, 636-642. 

Guha, U., Gomes, W.A., Kobayashi, T., Pestell, R.G., and Kessler, J.A. (2002). 

In vivo evidence that BMP signaling is necessary for apoptosis in the mouse 

limb. Dev Biol 249, 108-120. 



202 
 

Guha, U., Mecklenburg, L., Cowin, P., Kan, L., O'Guin, W.M., D'Vizio, D., 

Pestell, R.G., Paus, R., and Kessler, J.A. (2004). Bone morphogenetic protein 

signaling regulates postnatal hair follicle differentiation and cycling. Am J Pathol 

165, 729-740. 

Guo, X., Keyes, W.M., Papazoglu, C., Zuber, J., Li, W., Lowe, S.W., Vogel, H., 

and Mills, A.A. (2009). TAp63 induces senescence and suppresses 

tumorigenesis in vivo. Nat Cell Biol 11, 1451-1457. 

Gupta, I.R., Macias-Silva, M., Kim, S., Zhou, X., Piscione, T.D., Whiteside, C., 

Wrana, J.L., and Rosenblum, N.D. (2000). BMP-2/ALK3 and HGF signal in 

parallel to regulate renal collecting duct morphogenesis. J Cell Sci 113 Pt 2, 

269-278. 

Gurtner, G.C., Werner, S., Barrandon, Y., and Longaker, M.T. (2008). Wound 

repair and regeneration. Nature 453, 314-321. 

Haegerstrand, A., Jonzon, B., Dalsgaard, C.J., and Nilsson, J. (1989). 

Vasoactive intestinal polypeptide stimulates cell proliferation and adenylate 

cyclase activity of cultured human keratinocytes. Proc Natl Acad Sci U S A 86, 

5993-5996. 

Hager-Theodorides, A.L., Outram, S.V., Shah, D.K., Sacedon, R., Shrimpton, 

R.E., Vicente, A., Varas, A., and Crompton, T. (2002). Bone morphogenetic 

protein 2/4 signaling regulates early thymocyte differentiation. J Immunol 169, 

5496-5504. 

Han, G., Li, F., Ten Dijke, P., and Wang, X.J. (2011). Temporal smad7 

transgene induction in mouse epidermis accelerates skin wound healing. Am J 

Pathol 179, 1768-1779. 



203 
 

Handjiski, B.K., Eichmuller, S., Hofmann, U., Czarnetzki, B.M., and Paus, R. 

(1994). Alkaline phosphatase activity and localization during the murine hair 

cycle. Br J Dermatol 131, 303-310. 

Hansen, L.A., Alexander, N., Hogan, M.E., Sundberg, J.P., Dlugosz, A., 

Threadgill, D.W., Magnuson, T., and Yuspa, S.H. (1997). Genetically null mice 

reveal a central role for epidermal growth factor receptor in the differentiation of 

the hair follicle and normal hair development. Am J Pathol 150, 1959-1975. 

Hassel, S., Schmitt, S., Hartung, A., Roth, M., Nohe, A., Petersen, N., Ehrlich, 

M., Henis, Y.I., Sebald, W., and Knaus, P. (2003). Initiation of Smad-dependent 

and Smad-independent signaling via distinct BMP-receptor complexes. J Bone 

Joint Surg Am 85-A Suppl 3, 44-51. 

Hay, E., Lemonnier, J., Fromigue, O., Guenou, H., and Marie, P.J. (2004). Bone 

morphogenetic protein receptor IB signaling mediates apoptosis independently 

of differentiation in osteoblastic cells. J Biol Chem 279, 1650-1658. 

He, F., Xiong, W., Wang, Y., Matsui, M., Yu, X., Chai, Y., Klingensmith, J., and 

Chen, Y. (2010). Modulation of BMP signaling by Noggin is required for the 

maintenance of palatal epithelial integrity during palatogenesis. Dev Biol 347, 

109-121. 

He, W., Cao, T., Smith, D.A., Myers, T.E., and Wang, X.J. (2001). Smads 

mediate signaling of the TGFbeta superfamily in normal keratinocytes but are 

lost during skin chemical carcinogenesis. Oncogene 20, 471-483. 

Hell, E., and Lawrence, J.C. (1979). The initiation of epidermal wound healing in 

cuts and burns. Br J Exp Pathol 60, 171-179. 

Henke, C., Marineili, W., Jessurun, J., Fox, J., Harms, D., Peterson, M., Chiang, 

L., and Doran, P. (1993). Macrophage production of basic fibroblast growth 



204 
 

factor in the fibroproliferative disorder of alveolar fibrosis after lung injury. Am J 

Pathol 143, 1189-1199. 

Hidalgo, L., Martinez, V.G., Valencia, J., Hernandez-Lopez, C., Vazquez, M.N., 

Nunez, J.R., Zapata, A.G., Sacedon, R., Varas, A., and Vicente, A. (2012). 

Expression of BMPRIA on human thymic NK cell precursors: role of BMP 

signaling in intrathymic NK cell development. Blood 119, 1861-1871. 

Hinz, B. (2007). Formation and function of the myofibroblast during tissue 

repair. J Invest Dermatol 127, 526-537. 

Hinz, B., Phan, S.H., Thannickal, V.J., Galli, A., Bochaton-Piallat, M.L., and 

Gabbiani, G. (2007). The myofibroblast: one function, multiple origins. Am J 

Pathol 170, 1807-1816. 

Hirsiger, S., Simmen, H.P., Werner, C.M., Wanner, G.A., and Rittirsch, D. 

(2012). Danger signals activating the immune response after trauma. Mediators 

Inflamm 2012, 315941. 

Hitomi, K. (2005). Transglutaminases in skin epidermis. Eur J Dermatol 15, 313-

319. 

Hodges, A. (2008). A-Z of Plastic Surgery (Oxford: Oxford University Press). 

Hoffjan, S., and Stemmler, S. (2007). On the role of the epidermal differentiation 

complex in ichthyosis vulgaris, atopic dermatitis and psoriasis. Br J Dermatol 

157, 441-449. 

Holien, T., Vatsveen, T.K., Hella, H., Rampa, C., Brede, G., Groseth, L.A., 

Rekvig, M., Borset, M., Standal, T., Waage, A., et al. (2012). Bone 

morphogenetic proteins induce apoptosis in multiple myeloma cells by Smad-

dependent repression of MYC. Leukemia 26, 1073-1080. 



205 
 

Hosokawa, R., Urata, M.M., Ito, Y., Bringas, P., Jr., and Chai, Y. (2005). 

Functional significance of Smad2 in regulating basal keratinocyte migration 

during wound healing. J Invest Dermatol 125, 1302-1309. 

Huang, C., Jacobson, K., and Schaller, M.D. (2004). A role for JNK-paxillin 

signaling in cell migration. Cell Cycle 3, 4-6. 

Huang, C., Rajfur, Z., Borchers, C., Schaller, M.D., and Jacobson, K. (2003). 

JNK phosphorylates paxillin and regulates cell migration. Nature 424, 219-223. 

Huang, K.K., Shen, C., Chiang, C.Y., Hsieh, Y.D., and Fu, E. (2005a). Effects of 

bone morphogenetic protein-6 on periodontal wound healing in a fenestration 

defect of rats. J Periodontal Res 40, 1-10. 

Huang, Y.C., Simmons, C., Kaigler, D., Rice, K.G., and Mooney, D.J. (2005b). 

Bone regeneration in a rat cranial defect with delivery of PEI-condensed 

plasmid DNA encoding for bone morphogenetic protein-4 (BMP-4). Gene Ther 

12, 418-426. 

Huang, Z., Wang, D., Ihida-Stansbury, K., Jones, P.L., and Martin, J.F. (2009). 

Defective pulmonary vascular remodeling in Smad8 mutant mice. Hum Mol 

Genet 18, 2791-2801. 

Hueber, A.O., Zornig, M., Lyon, D., Suda, T., Nagata, S., and Evan, G.I. (1997). 

Requirement for the CD95 receptor-ligand pathway in c-Myc-induced apoptosis. 

Science 278, 1305-1309. 

Huelsken, J., Vogel, R., Erdmann, B., Cotsarelis, G., and Birchmeier, W. (2001). 

beta-Catenin controls hair follicle morphogenesis and stem cell differentiation in 

the skin. Cell 105, 533-545. 

Hwang, E.A., Lee, H.B., and Tark, K.C. (2001). Comparison of bone 

morphogenetic protein receptors expression in the fetal and adult skin. Yonsei 

Med J 42, 581-586. 



206 
 

Icre, G., Wahli, W., and Michalik, L. (2006). Functions of the peroxisome 

proliferator-activated receptor (PPAR) alpha and beta in skin homeostasis, 

epithelial repair, and morphogenesis. J Investig Dermatol Symp Proc 11, 30-35. 

Ihrie, R.A., Marques, M.R., Nguyen, B.T., Horner, J.S., Papazoglu, C., Bronson, 

R.T., Mills, A.A., and Attardi, L.D. (2005). Perp is a p63-regulated gene 

essential for epithelial integrity. Cell 120, 843-856. 

Ince, T.A., Cviko, A.P., Quade, B.J., Yang, A., McKeon, F.D., Mutter, G.L., and 

Crum, C.P. (2002). p63 Coordinates anogenital modeling and epithelial cell 

differentiation in the developing female urogenital tract. Am J Pathol 161, 1111-

1117. 

Ingham, P.W., and McMahon, A.P. (2001). Hedgehog signaling in animal 

development: paradigms and principles. Genes Dev 15, 3059-3087. 

Ishibe, S., Joly, D., Liu, Z.X., and Cantley, L.G. (2004). Paxillin serves as an 

ERK-regulated scaffold for coordinating FAK and Rac activation in epithelial 

morphogenesis. Mol Cell 16, 257-267. 

Ishida-Yamamoto, A., Yamauchi, T., Tanaka, H., Nakane, H., Takahashi, H., 

and Iizuka, H. (1999). Electron microscopic in situ DNA nick end-labeling in 

combination with immunoelectron microscopy. J Histochem Cytochem 47, 711-

717. 

Ishida, W., Hamamoto, T., Kusanagi, K., Yagi, K., Kawabata, M., Takehara, K., 

Sampath, T.K., Kato, M., and Miyazono, K. (2000). Smad6 is a Smad1/5-

induced smad inhibitor. Characterization of bone morphogenetic protein-

responsive element in the mouse Smad6 promoter. J Biol Chem 275, 6075-

6079. 



207 
 

Ishida, Y., Kondo, T., Takayasu, T., Iwakura, Y., and Mukaida, N. (2004). The 

essential involvement of cross-talk between IFN-gamma and TGF-beta in the 

skin wound-healing process. J Immunol 172, 1848-1855. 

Ishitani, T., Ninomiya-Tsuji, J., Nagai, S., Nishita, M., Meneghini, M., Barker, N., 

Waterman, M., Bowerman, B., Clevers, H., Shibuya, H., et al. (1999). The 

TAK1-NLK-MAPK-related pathway antagonizes signalling between beta-catenin 

and transcription factor TCF. Nature 399, 798-802. 

Israel, D.I., Nove, J., Kerns, K.M., Kaufman, R.J., Rosen, V., Cox, K.A., and 

Wozney, J.M. (1996). Heterodimeric bone morphogenetic proteins show 

enhanced activity in vitro and in vivo. Growth Factors 13, 291-300. 

Ito, M., and Cotsarelis, G. (2008). Is the hair follicle necessary for normal wound 

healing? J Invest Dermatol 128, 1059-1061. 

Ito, M., Liu, Y., Yang, Z., Nguyen, J., Liang, F., Morris, R.J., and Cotsarelis, G. 

(2005). Stem cells in the hair follicle bulge contribute to wound repair but not to 

homeostasis of the epidermis. Nat Med 11, 1351-1354. 

Jahoda, C.A., and Reynolds, A.J. (2001). Hair follicle dermal sheath cells: 

unsung participants in wound healing. Lancet 358, 1445-1448. 

Jaks, V., Kasper, M., and Toftgard, R. (2010). The hair follicle-a stem cell zoo. 

Exp Cell Res 316, 1422-1428. 

Jamora, C., DasGupta, R., Kocieniewski, P., and Fuchs, E. (2003). Links 

between signal transduction, transcription and adhesion in epithelial bud 

development. Nature 422, 317-322. 

Jerabkova, B., Marek, J., Buckova, H., Kopeckova, L., Vesely, K., Valickova, J., 

Fajkus, J., and Fajkusova, L. (2010). Keratin mutations in patients with 

epidermolysis bullosa simplex: correlations between phenotype severity and 



208 
 

disturbance of intermediate filament molecular structure. Br J Dermatol 162, 

1004-1013. 

Jernvall, J., Aberg, T., Kettunen, P., Keranen, S., and Thesleff, I. (1998). The 

life history of an embryonic signaling center: BMP-4 induces p21 and is 

associated with apoptosis in the mouse tooth enamel knot. Development 125, 

161-169. 

Jiang, J., Zhang, J., Wang, X., Xue, L., Song, H., and Zhang, X. (2011). [Effects 

of bone morphogenetic protein-2 on proliferation of tongue cancer Tca8113]. 

Hua Xi Kou Qiang Yi Xue Za Zhi 29, 546-549. 

Johnson, J.M., and Kellogg, D.L., Jr. (2010). Thermoregulatory and thermal 

control in the human cutaneous circulation. Front Biosci (Schol Ed) 2, 825-853. 

Junqueira, L.C., Bignolas, G., and Brentani, R.R. (1979). Picrosirius staining 

plus polarization microscopy, a specific method for collagen detection in tissue 

sections. Histochem J 11, 447-455. 

Kaiser, S., Schirmacher, P., Philipp, A., Protschka, M., Moll, I., Nicol, K., and 

Blessing, M. (1998). Induction of bone morphogenetic protein-6 in skin wounds. 

Delayed reepitheliazation and scar formation in BMP-6 overexpressing 

transgenic mice. J Invest Dermatol 111, 1145-1152. 

Kalinin, A.E., Kajava, A.V., and Steinert, P.M. (2002). Epithelial barrier function: 

assembly and structural features of the cornified cell envelope. Bioessays 24, 

789-800. 

Kamiya, N., Ye, L., Kobayashi, T., Mochida, Y., Yamauchi, M., Kronenberg, 

H.M., Feng, J.Q., and Mishina, Y. (2008). BMP signaling negatively regulates 

bone mass through sclerostin by inhibiting the canonical Wnt pathway. 

Development 135, 3801-3811. 



209 
 

Kandyba, E., Leung, Y., Chen, Y.B., Widelitz, R., Chuong, C.M., and Kobielak, 

K. (2013). Competitive balance of intrabulge BMP/Wnt signaling reveals a 

robust gene network ruling stem cell homeostasis and cyclic activation. Proc 

Natl Acad Sci U S A 110, 1351-1356. 

Kane, C.J., Hebda, P.A., Mansbridge, J.N., and Hanawalt, P.C. (1991). Direct 

evidence for spatial and temporal regulation of transforming growth factor beta 

1 expression during cutaneous wound healing. J Cell Physiol 148, 157-173. 

Kangsamaksin, T., and Morris, R.J. (2011). Bone morphogenetic protein 5 

regulates the number of keratinocyte stem cells from the skin of mice. J Invest 

Dermatol 131, 580-585. 

Kanitakis, J. (2002). Anatomy, histology and immunohistochemistry of normal 

human skin. Eur J Dermatol 12, 390-399; quiz 400-391. 

Kasper, M., Jaks, V., Are, A., Bergstrom, A., Schwager, A., Svard, J., Teglund, 

S., Barker, N., and Toftgard, R. (2011). Wounding enhances epidermal 

tumorigenesis by recruiting hair follicle keratinocytes. Proc Natl Acad Sci U S A 

108, 4099-4104. 

Kaufman, C.K., Zhou, P., Pasolli, H.A., Rendl, M., Bolotin, D., Lim, K.C., Dai, X., 

Alegre, M.L., and Fuchs, E. (2003). GATA-3: an unexpected regulator of cell 

lineage determination in skin. Genes Dev 17, 2108-2122. 

Kawamura, C., Kizaki, M., Yamato, K., Uchida, H., Fukuchi, Y., Hattori, Y., 

Koseki, T., Nishihara, T., and Ikeda, Y. (2000). Bone morphogenetic protein-2 

induces apoptosis in human myeloma cells with modulation of STAT3. Blood 

96, 2005-2011. 

Kazazi, F., Mathijs, J.M., Foley, P., and Cunningham, A.L. (1989). Variations in 

CD4 expression by human monocytes and macrophages and their relationships 



210 
 

to infection with the human immunodeficiency virus. J Gen Virol 70 ( Pt 10), 

2661-2672. 

Kessler, E., Takahara, K., Biniaminov, L., Brusel, M., and Greenspan, D.S. 

(1996). Bone morphogenetic protein-1: the type I procollagen C-proteinase. 

Science 271, 360-362. 

Kim, M., and Choe, S. (2011). BMPs and their clinical potentials. BMB Rep 44, 

619-634. 

Kim, M.H., Liu, W., Borjesson, D.L., Curry, F.R., Miller, L.S., Cheung, A.L., Liu, 

F.T., Isseroff, R.R., and Simon, S.I. (2008). Dynamics of neutrophil infiltration 

during cutaneous wound healing and infection using fluorescence imaging. J 

Invest Dermatol 128, 1812-1820. 

Kim, S., Garcia, A., Jackson, S.P., and Kunapuli, S.P. (2007). Insulin-like 

growth factor-1 regulates platelet activation through PI3-Kalpha isoform. Blood 

110, 4206-4213. 

Kimura, K., Teranishi, S., Yamauchi, J., and Nishida, T. (2008). Role of JNK-

dependent serine phosphorylation of paxillin in migration of corneal epithelial 

cells during wound closure. Invest Ophthalmol Vis Sci 49, 125-132. 

Kimura, N., Matsuo, R., Shibuya, H., Nakashima, K., and Taga, T. (2000). 

BMP2-induced apoptosis is mediated by activation of the TAK1-p38 kinase 

pathway that is negatively regulated by Smad6. J Biol Chem 275, 17647-17652. 

King, G.N., King, N., Cruchley, A.T., Wozney, J.M., and Hughes, F.J. (1997). 

Recombinant human bone morphogenetic protein-2 promotes wound healing in 

rat periodontal fenestration defects. J Dent Res 76, 1460-1470. 

Kinsella, C.R., Jr., Bykowski, M.R., Lin, A.Y., Cray, J.J., Durham, E.L., Smith, 

D.M., DeCesare, G.E., Mooney, M.P., Cooper, G.M., and Losee, J.E. (2011). 



211 
 

BMP-2-mediated regeneration of large-scale cranial defects in the canine: an 

examination of different carriers. Plast Reconstr Surg 127, 1865-1873. 

Kirsner, R.S., and Eaglstein, W.H. (1993). The wound healing process. 

Dermatol Clin 11, 629-640. 

Kischer, C.W., and Hendrix, M.J. (1983). Fibronectin (FN) in hypertrophic scars 

and keloids. Cell Tissue Res 231, 29-37. 

Klapholz-Brown, Z., Walmsley, G.G., Nusse, Y.M., Nusse, R., and Brown, P.O. 

(2007). Transcriptional program induced by Wnt protein in human fibroblasts 

suggests mechanisms for cell cooperativity in defining tissue 

microenvironments. PLoS One 2, e945. 

Kloepper, J.E., Tiede, S., Brinckmann, J., Reinhardt, D.P., Meyer, W., Faessler, 

R., and Paus, R. (2008). Immunophenotyping of the human bulge region: the 

quest to define useful in situ markers for human epithelial hair follicle stem cells 

and their niche. Exp Dermatol 17, 592-609. 

Knaus, P., and Sebald, W. (2001). Cooperativity of binding epitopes and 

receptor chains in the BMP/TGFbeta superfamily. Biol Chem 382, 1189-1195. 

Kobayashi, H., Aiba, S., Yoshino, Y., and Tagami, H. (2003). Acute cutaneous 

barrier disruption activates epidermal p44/42 and p38 mitogen-activated protein 

kinases in human and hairless guinea pig skin. Exp Dermatol 12, 734-746. 

Kobielak, K., Pasolli, H.A., Alonso, L., Polak, L., and Fuchs, E. (2003). Defining 

BMP functions in the hair follicle by conditional ablation of BMP receptor IA. J 

Cell Biol 163, 609-623. 

Kobielak, K., Stokes, N., de la Cruz, J., Polak, L., and Fuchs, E. (2007). Loss of 

a quiescent niche but not follicle stem cells in the absence of bone 

morphogenetic protein signaling. Proc Natl Acad Sci U S A 104, 10063-10068. 



212 
 

Koch, P.J., de Viragh, P.A., Scharer, E., Bundman, D., Longley, M.A., 

Bickenbach, J., Kawachi, Y., Suga, Y., Zhou, Z., Huber, M., et al. (2000). 

Lessons from loricrin-deficient mice: compensatory mechanisms maintaining 

skin barrier function in the absence of a major cornified envelope protein. J Cell 

Biol 151, 389-400. 

Koenig, B.B., Cook, J.S., Wolsing, D.H., Ting, J., Tiesman, J.P., Correa, P.E., 

Olson, C.A., Pecquet, A.L., Ventura, F., Grant, R.A., et al. (1994). 

Characterization and cloning of a receptor for BMP-2 and BMP-4 from NIH 3T3 

cells. Mol Cell Biol 14, 5961-5974. 

Kondo, T., and Ishida, Y. (2010). Molecular pathology of wound healing. 

Forensic Sci Int 203, 93-98. 

Kondo, T., Ohshima, T., Sato, Y., Mayama, T., and Eisenmenger, W. (2000). 

Immunohistochemical study on the expression of c-Fos and c-Jun in human 

skin wounds. Histochem J 32, 509-514. 

Kopan, R., and Weintraub, H. (1993). Mouse notch: expression in hair follicles 

correlates with cell fate determination. J Cell Biol 121, 631-641. 

Kopecki, Z., Luchetti, M.M., Adams, D.H., Strudwick, X., Mantamadiotis, T., 

Stoppacciaro, A., Gabrielli, A., Ramsay, R.G., and Cowin, A.J. (2007). Collagen 

loss and impaired wound healing is associated with c-Myb deficiency. J Pathol 

211, 351-361. 

Koster, M.I. (2010). p63 in skin development and ectodermal dysplasias. J 

Invest Dermatol 130, 2352-2358. 

Koster, M.I., Kim, S., Huang, J., Williams, T., and Roop, D.R. (2006). 

TAp63alpha induces AP-2gamma as an early event in epidermal 

morphogenesis. Dev Biol 289, 253-261. 



213 
 

Koster, M.I., and Roop, D.R. (2007). Mechanisms regulating epithelial 

stratification. Annu Rev Cell Dev Biol 23, 93-113. 

Kowalik, T.F. (2002). Smad about E2F. TGFbeta repressionof c-Myc via a 

Smad3/E2F/p107 complex. Mol Cell 10, 7-8. 

Krause, C., Guzman, A., and Knaus, P. (2011). Noggin. Int J Biochem Cell Biol 

43, 478-481. 

Kretzschmar, M., Doody, J., and Massague, J. (1997). Opposing BMP and EGF 

signalling pathways converge on the TGF-beta family mediator Smad1. Nature 

389, 618-622. 

Kulessa, H., Turk, G., and Hogan, B.L. (2000). Inhibition of Bmp signaling 

affects growth and differentiation in the anagen hair follicle. EMBO J 19, 6664-

6674. 

Kulkarni, A.B., Huh, C.G., Becker, D., Geiser, A., Lyght, M., Flanders, K.C., 

Roberts, A.B., Sporn, M.B., Ward, J.M., and Karlsson, S. (1993). Transforming 

growth factor beta 1 null mutation in mice causes excessive inflammatory 

response and early death. Proc Natl Acad Sci U S A 90, 770-774. 

Kulkarni, A.B., and Karlsson, S. (1993). Transforming growth factor-beta 1 

knockout mice. A mutation in one cytokine gene causes a dramatic 

inflammatory disease. Am J Pathol 143, 3-9. 

Kunkel, S.L., Standiford, T., Kasahara, K., and Strieter, R.M. (1991). Stimulus 

specific induction of monocyte chemotactic protein-1 (MCP-1) gene expression. 

Adv Exp Med Biol 305, 65-71. 

Kurata, S., Itami, S., Terashi, H., and Takayasu, S. (1994). Successful 

transplantation of cultured human outer root sheath cells as epithelium. Ann 

Plast Surg 33, 290-294. 



214 
 

Kurokawa, I., Mizutani, H., Kusumoto, K., Nishijima, S., Tsujita-Kyutoku, M., 

Shikata, N., and Tsubura, A. (2006). Cytokeratin, filaggrin, and p63 expression 

in reepithelialization during human cutaneous wound healing. Wound Repair 

Regen 14, 38-45. 

Kurosaka, S., and Kashina, A. (2008). Cell biology of embryonic migration. Birth 

Defects Res C Embryo Today 84, 102-122. 

Kwak, M.K., Itoh, K., Yamamoto, M., Sutter, T.R., and Kensler, T.W. (2001). 

Role of transcription factor Nrf2 in the induction of hepatic phase 2 and 

antioxidative enzymes in vivo by the cancer chemoprotective agent, 3H-1, 2-

dimethiole-3-thione. Mol Med 7, 135-145. 

Kypriotou, M., Huber, M., and Hohl, D. (2012). The human epidermal 

differentiation complex: cornified envelope precursors, S100 proteins and the 

'fused genes' family. Exp Dermatol 21, 643-649. 

Lagna, G., Nguyen, P.H., Ni, W., and Hata, A. (2006). BMP-dependent 

activation of caspase-9 and caspase-8 mediates apoptosis in pulmonary artery 

smooth muscle cells. Am J Physiol Lung Cell Mol Physiol 291, L1059-1067. 

Lan, L., Han, H., Zuo, H., Chen, Z., Du, Y., Zhao, W., Gu, J., and Zhang, Z. 

(2010). Upregulation of myosin Va by Snail is involved in cancer cell migration 

and metastasis. Int J Cancer 126, 53-64. 

Langton, A.K., Herrick, S.E., and Headon, D.J. (2008). An extended epidermal 

response heals cutaneous wounds in the absence of a hair follicle stem cell 

contribution. J Invest Dermatol 128, 1311-1318. 

Laplante, A.F., Germain, L., Auger, F.A., and Moulin, V. (2001). Mechanisms of 

wound reepithelialization: hints from a tissue-engineered reconstructed skin to 

long-standing questions. FASEB J 15, 2377-2389. 



215 
 

Lau, K., Paus, R., Tiede, S., Day, P., and Bayat, A. (2009). Exploring the role of 

stem cells in cutaneous wound healing. Exp Dermatol 18, 921-933. 

Laurikkala, J., Kassai, Y., Pakkasjarvi, L., Thesleff, I., and Itoh, N. (2003). 

Identification of a secreted BMP antagonist, ectodin, integrating BMP, FGF, and 

SHH signals from the tooth enamel knot. Dev Biol 264, 91-105. 

Lavker, R.M., and Sun, T.T. (2000). Epidermal stem cells: properties, markers, 

and location. Proc Natl Acad Sci U S A 97, 13473-13475. 

Lavoie, A., Fugere, C., Fradette, J., Larouche, D., Paquet, C., Beauparlant, A., 

Gauvin, R., Tetu, F.A., Roy, A., Bouchard, M., et al. (2011). Considerations in 

the choice of a skin donor site for harvesting keratinocytes containing a high 

proportion of stem cells for culture in vitro. Burns 37, 440-447. 

Le, H., Kleinerman, R., Lerman, O.Z., Brown, D., Galiano, R., Gurtner, G.C., 

Warren, S.M., Levine, J.P., and Saadeh, P.B. (2008). Hedgehog signaling is 

essential for normal wound healing. Wound Repair Regen 16, 768-773. 

Leandro-Garcia, L.J., Leskela, S., Landa, I., Montero-Conde, C., Lopez-

Jimenez, E., Leton, R., Cascon, A., Robledo, M., and Rodriguez-Antona, C. 

(2010). Tumoral and tissue-specific expression of the major human beta-tubulin 

isotypes. Cytoskeleton (Hoboken) 67, 214-223. 

Lechleider, R.J., Ryan, J.L., Garrett, L., Eng, C., Deng, C., Wynshaw-Boris, A., 

and Roberts, A.B. (2001). Targeted mutagenesis of Smad1 reveals an essential 

role in chorioallantoic fusion. Dev Biol 240, 157-167. 

Lechler, T., and Fuchs, E. (2005). Asymmetric cell divisions promote 

stratification and differentiation of mammalian skin. Nature 437, 275-280. 

Lee, K.B., Taghavi, C.E., Murray, S.S., Song, K.J., Keorochana, G., and Wang, 

J.C. (2012). BMP induced inflammation: a comparison of rhBMP-7 and rhBMP-

2. J Orthop Res 30, 1985-1994. 



216 
 

Lengsfeld, A.M., Low, I., Wieland, T., Dancker, P., and Hasselbach, W. (1974). 

Interaction of phalloidin with actin. Proc Natl Acad Sci U S A 71, 2803-2807. 

Lerner, A.B., and Fitzpatrick, T.B. (1950). Biochemistry of melanin formation. 

Physiol Rev 30, 91-126. 

Levy, V., Lindon, C., Harfe, B.D., and Morgan, B.A. (2005). Distinct stem cell 

populations regenerate the follicle and interfollicular epidermis. Dev Cell 9, 855-

861. 

Levy, V., Lindon, C., Zheng, Y., Harfe, B.D., and Morgan, B.A. (2007). 

Epidermal stem cells arise from the hair follicle after wounding. FASEB J 21, 

1358-1366. 

Li, G., Gustafson-Brown, C., Hanks, S.K., Nason, K., Arbeit, J.M., Pogliano, K., 

Wisdom, R.M., and Johnson, R.S. (2003). c-Jun is essential for organization of 

the epidermal leading edge. Dev Cell 4, 865-877. 

Li, J., Chen, J., and Kirsner, R. (2007). Pathophysiology of acute wound 

healing. Clin Dermatol 25, 9-18. 

Liang, C.C., Park, A.Y., and Guan, J.L. (2007). In vitro scratch assay: a 

convenient and inexpensive method for analysis of cell migration in vitro. Nat 

Protoc 2, 329-333. 

Lichti, U., Anders, J., and Yuspa, S.H. (2008). Isolation and short-term culture of 

primary keratinocytes, hair follicle populations and dermal cells from newborn 

mice and keratinocytes from adult mice for in vitro analysis and for grafting to 

immunodeficient mice. Nat Protoc 3, 799-810. 

Lim, J.Y., Choi, B.H., Lee, S., Jang, Y.H., Choi, J.S., and Kim, Y.M. (2013). 

Regulation of wound healing by granulocyte-macrophage colony-stimulating 

factor after vocal fold injury. PLoS One 8, e54256. 



217 
 

Lin, M.H., Leimeister, C., Gessler, M., and Kopan, R. (2000). Activation of the 

Notch pathway in the hair cortex leads to aberrant differentiation of the adjacent 

hair-shaft layers. Development 127, 2421-2432. 

Lin, Y., Martin, J., Gruendler, C., Farley, J., Meng, X., Li, B.Y., Lechleider, R., 

Huff, C., Kim, R.H., Grasser, W.A., et al. (2002). A novel link between the 

proteasome pathway and the signal transduction pathway of the bone 

morphogenetic proteins (BMPs). BMC Cell Biol 3, 15. 

Lindner, G., Botchkarev, V.A., Botchkareva, N.V., Ling, G., van der Veen, C., 

and Paus, R. (1997). Analysis of apoptosis during hair follicle regression 

(catagen). Am J Pathol 151, 1601-1617. 

Lintern, K.B., Guidato, S., Rowe, A., Saldanha, J.W., and Itasaki, N. (2009). 

Characterization of wise protein and its molecular mechanism to interact with 

both Wnt and BMP signals. J Biol Chem 284, 23159-23168. 

Lippens, S., Hoste, E., Vandenabeele, P., Agostinis, P., and Declercq, W. 

(2009). Cell death in the skin. Apoptosis 14, 549-569. 

Lips, P. (2006). Vitamin D physiology. Prog Biophys Mol Biol 92, 4-8. 

Lissenberg-Thunnissen, S.N., de Gorter, D.J., Sier, C.F., and Schipper, I.B. 

(2011). Use and efficacy of bone morphogenetic proteins in fracture healing. Int 

Orthop 35, 1271-1280. 

Liu, H., Jia, D., Li, A., Chau, J., He, D., Ruan, X., Liu, F., Li, J., He, L., and Li, B. 

(2013). p53 regulates neural stem cell proliferation and differentiation via BMP-

Smad1 signaling and Id1. Stem Cells Dev 22, 913-927. 

Liu, J., Wilson, S., and Reh, T. (2003). BMP receptor 1b is required for axon 

guidance and cell survival in the developing retina. Dev Biol 256, 34-48. 

Luis, N.M., Morey, L., Mejetta, S., Pascual, G., Janich, P., Kuebler, B., Cozutto, 

L., Roma, G., Nascimento, E., Frye, M., et al. (2011). Regulation of human 



218 
 

epidermal stem cell proliferation and senescence requires polycomb- 

dependent and -independent functions of Cbx4. Cell Stem Cell 9, 233-246. 

Luo, J.D., Hu, T.P., Wang, L., Chen, M.S., Liu, S.M., and Chen, A.F. (2009). 

Sonic hedgehog improves delayed wound healing via enhancing cutaneous 

nitric oxide function in diabetes. Am J Physiol Endocrinol Metab 297, E525-531. 

Luscher, B. (2001). Function and regulation of the transcription factors of the 

Myc/Max/Mad network. Gene 277, 1-14. 

Lv, Z., Yang, D., Li, J., Hu, M., Luo, M., Zhan, X., Song, P., Liu, C., Bai, H., Li, 

B., et al. (2013). Bone morphogenetic protein 9 overexpression reduces 

osteosarcoma cell migration and invasion. Mol Cells. 

Lyle, S., Christofidou-Solomidou, M., Liu, Y., Elder, D.E., Albelda, S., and 

Cotsarelis, G. (1998). The C8/144B monoclonal antibody recognizes cytokeratin 

15 and defines the location of human hair follicle stem cells. J Cell Sci 111 ( Pt 

21), 3179-3188. 

Lyons, K.M., Pelton, R.W., and Hogan, B.L. (1989). Patterns of expression of 

murine Vgr-1 and BMP-2a RNA suggest that transforming growth factor-beta-

like genes coordinately regulate aspects of embryonic development. Genes Dev 

3, 1657-1668. 

Lyons, K.M., Pelton, R.W., and Hogan, B.L. (1990). Organogenesis and pattern 

formation in the mouse: RNA distribution patterns suggest a role for bone 

morphogenetic protein-2A (BMP-2A). Development 109, 833-844. 

Ma, J., Chen, T., Mandelin, J., Ceponis, A., Miller, N.E., Hukkanen, M., Ma, 

G.F., and Konttinen, Y.T. (2003). Regulation of macrophage activation. Cell Mol 

Life Sci 60, 2334-2346. 

MacDonald, B.T., Tamai, K., and He, X. (2009). Wnt/beta-catenin signaling: 

components, mechanisms, and diseases. Dev Cell 17, 9-26. 



219 
 

Machesney, M., Tidman, N., Waseem, A., Kirby, L., and Leigh, I. (1998). 

Activated keratinocytes in the epidermis of hypertrophic scars. Am J Pathol 152, 

1133-1141. 

Mack, J.A., Abramson, S.R., Ben, Y., Coffin, J.C., Rothrock, J.K., Maytin, E.V., 

Hascall, V.C., Largman, C., and Stelnicki, E.J. (2003). Hoxb13 knockout adult 

skin exhibits high levels of hyaluronan and enhanced wound healing. FASEB J 

17, 1352-1354. 

Magerl, M., Tobin, D.J., Muller-Rover, S., Hagen, E., Lindner, G., McKay, I.A., 

and Paus, R. (2001). Patterns of proliferation and apoptosis during murine hair 

follicle morphogenesis. J Invest Dermatol 116, 947-955. 

Mahajan, M.A., Das, S., Zhu, H., Tomic-Canic, M., and Samuels, H.H. (2004). 

The nuclear hormone receptor coactivator NRC is a pleiotropic modulator 

affecting growth, development, apoptosis, reproduction, and wound repair. Mol 

Cell Biol 24, 4994-5004. 

Malaviya, R., Ikeda, T., Ross, E., and Abraham, S.N. (1996). Mast cell 

modulation of neutrophil influx and bacterial clearance at sites of infection 

through TNF-alpha. Nature 381, 77-80. 

Mansbridge, J.N., and Knapp, A.M. (1987). Changes in keratinocyte maturation 

during wound healing. J Invest Dermatol 89, 253-263. 

Marcelino, J., Sciortino, C.M., Romero, M.F., Ulatowski, L.M., Ballock, R.T., 

Economides, A.N., Eimon, P.M., Harland, R.M., and Warman, M.L. (2001). 

Human disease-causing NOG missense mutations: effects on noggin secretion, 

dimer formation, and bone morphogenetic protein binding. Proc Natl Acad Sci U 

S A 98, 11353-11358. 

Mardaryev, A.N., Meier, N., Poterlowicz, K., Sharov, A.A., Sharova, T.Y., 

Ahmed, M.I., Rapisarda, V., Lewis, C., Fessing, M.Y., Ruenger, T.M., et al. 



220 
 

(2011). Lhx2 differentially regulates Sox9, Tcf4 and Lgr5 in hair follicle stem 

cells to promote epidermal regeneration after injury. Development 138, 4843-

4852. 

Maria, A., and Rajnikanth, K. (2010). Cervical necrotizing fasciitis caused by 

dental infection: A review and case report. Natl J Maxillofac Surg 1, 135-138. 

Marinari, B., Ballaro, C., Koster, M.I., Giustizieri, M.L., Moretti, F., Crosti, F., 

Papoutsaki, M., Karin, M., Alema, S., Chimenti, S., et al. (2009). IKKalpha is a 

p63 transcriptional target involved in the pathogenesis of ectodermal 

dysplasias. J Invest Dermatol 129, 60-69. 

Martin, P., and Nobes, C.D. (1992). An early molecular component of the 

wound healing response in rat embryos--induction of c-fos protein in cells at the 

epidermal wound margin. Mech Dev 38, 209-215. 

Martin, P., and Parkhurst, S.M. (2004). Parallels between tissue repair and 

embryo morphogenesis. Development 131, 3021-3034. 

Martinot, V., Mitchell, V., Fevrier, P., Duhamel, A., and Pellerin, P. (1994). 

Comparative study of split thickness skin grafts taken from the scalp and thigh 

in children. Burns 20, 146-150. 

Massague, J. (1998). TGF-beta signal transduction. Annu Rev Biochem 67, 

753-791. 

Massague, J. (2003). Integration of Smad and MAPK pathways: a link and a 

linker revisited. Genes Dev 17, 2993-2997. 

Massague, J., and Chen, Y.G. (2000). Controlling TGF-beta signaling. Genes 

Dev 14, 627-644. 

Massague, J., Seoane, J., and Wotton, D. (2005). Smad transcription factors. 

Genes Dev 19, 2783-2810. 



221 
 

Mathura, J.R., Jr., Jafari, N., Chang, J.T., Hackett, S.F., Wahlin, K.J., Della, 

N.G., Okamoto, N., Zack, D.J., and Campochiaro, P.A. (2000). Bone 

morphogenetic proteins-2 and -4: negative growth regulators in adult retinal 

pigmented epithelium. Invest Ophthalmol Vis Sci 41, 592-600. 

Matoltsy, A.G., and Matoltsy, M.N. (1970). The chemical nature of keratohyalin 

granules of the epidermis. J Cell Biol 47, 593-603. 

Mazzalupo, S., Wawersik, M.J., and Coulombe, P.A. (2002). An ex vivo assay 

to assess the potential of skin keratinocytes for wound epithelialization. J Invest 

Dermatol 118, 866-870. 

Mazzalupo, S., Wong, P., Martin, P., and Coulombe, P.A. (2003). Role for 

keratins 6 and 17 during wound closure in embryonic mouse skin. Dev Dyn 226, 

356-365. 

McDonnell, M.A., Law, B.K., Serra, R., and Moses, H.L. (2001). Antagonistic 

effects of TGFbeta1 and BMP-6 on skin keratinocyte differentiation. Exp Cell 

Res 263, 265-273. 

McGowan, K., and Coulombe, P.A. (1998). The wound repair-associated 

keratins 6, 16, and 17. Insights into the role of intermediate filaments in 

specifying keratinocyte cytoarchitecture. Subcell Biochem 31, 173-204. 

McMahon, J.A., Takada, S., Zimmerman, L.B., Fan, C.M., Harland, R.M., and 

McMahon, A.P. (1998). Noggin-mediated antagonism of BMP signaling is 

required for growth and patterning of the neural tube and somite. Genes Dev 

12, 1438-1452. 

Meigel, W.N., Gay, S., and Weber, L. (1977). Dermal architecture and collagen 

type distribution. Arch Dermatol Res 259, 1-10. 



222 
 

Mejetta, S., Morey, L., Pascual, G., Kuebler, B., Mysliwiec, M.R., Lee, Y., 

Shiekhattar, R., Di Croce, L., and Benitah, S.A. (2011). Jarid2 regulates mouse 

epidermal stem cell activation and differentiation. EMBO J 30, 3635-3646. 

Merlo, S., Frasca, G., Canonico, P.L., and Sortino, M.A. (2009). Differential 

involvement of estrogen receptor alpha and estrogen receptor beta in the 

healing promoting effect of estrogen in human keratinocytes. J Endocrinol 200, 

189-197. 

Messadi, D.V., and Bertolami, C.N. (1993). CD44 and hyaluronan expression in 

human cutaneous scar fibroblasts. Am J Pathol 142, 1041-1049. 

Meyer, M., Muller, A.K., Yang, J., Moik, D., Ponzio, G., Ornitz, D.M., Grose, R., 

and Werner, S. (2012). FGF receptors 1 and 2 are key regulators of 

keratinocyte migration in vitro and in wounded skin. J Cell Sci 125, 5690-5701. 

Michalik, L., Desvergne, B., Tan, N.S., Basu-Modak, S., Escher, P., Rieusset, 

J., Peters, J.M., Kaya, G., Gonzalez, F.J., Zakany, J., et al. (2001). Impaired 

skin wound healing in peroxisome proliferator-activated receptor (PPAR)alpha 

and PPARbeta mutant mice. J Cell Biol 154, 799-814. 

Millar, S.E. (2002). Molecular mechanisms regulating hair follicle development. 

J Invest Dermatol 118, 216-225. 

Mills, A.A., Zheng, B., Wang, X.J., Vogel, H., Roop, D.R., and Bradley, A. 

(1999). p63 is a p53 homologue required for limb and epidermal 

morphogenesis. Nature 398, 708-713. 

Mimoun, M., Chaouat, M., Picovski, D., Serroussi, D., and Smarrito, S. (2006). 

The scalp is an advantageous donor site for thin-skin grafts: a report on 945 

harvested samples. Plast Reconstr Surg 118, 369-373. 

Min, L.J., Cui, T.X., Yahata, Y., Yamasaki, K., Shiuchi, T., Liu, H.W., Chen, R., 

Li, J.M., Okumura, M., Jinno, T., et al. (2004). Regulation of collagen synthesis 



223 
 

in mouse skin fibroblasts by distinct angiotensin II receptor subtypes. 

Endocrinology 145, 253-260. 

Mishina, Y., Suzuki, A., Ueno, N., and Behringer, R.R. (1995). Bmpr encodes a 

type I bone morphogenetic protein receptor that is essential for gastrulation 

during mouse embryogenesis. Genes Dev 9, 3027-3037. 

Mitchison, T.J., and Cramer, L.P. (1996). Actin-based cell motility and cell 

locomotion. Cell 84, 371-379. 

Miyazono, K., Kamiya, Y., and Morikawa, M. (2010). Bone morphogenetic 

protein receptors and signal transduction. J Biochem 147, 35-51. 

Moll, R., Divo, M., and Langbein, L. (2008). The human keratins: biology and 

pathology. Histochem Cell Biol 129, 705-733. 

Moll, R., Franke, W.W., Schiller, D.L., Geiger, B., and Krepler, R. (1982). The 

catalog of human cytokeratins: patterns of expression in normal epithelia, 

tumors and cultured cells. Cell 31, 11-24. 

Montenegro, D.E., Franklin, T., Moscinski, L.C., Zuckerman, K.S., and Hu, X.T. 

(2009). TGFbeta inhibits GM-CSF-induced phosphorylation of ERK and MEK in 

human myeloid leukaemia cell lines via inhibition of phosphatidylinositol 3-

kinase (PI3-k). Cell Prolif 42, 1-9. 

Moretti, F., Marinari, B., Lo Iacono, N., Botti, E., Giunta, A., Spallone, G., 

Garaffo, G., Vernersson-Lindahl, E., Merlo, G., Mills, A.A., et al. (2010). A 

regulatory feedback loop involving p63 and IRF6 links the pathogenesis of 2 

genetically different human ectodermal dysplasias. J Clin Invest 120, 1570-

1577. 

Mori, R., Shaw, T.J., and Martin, P. (2008). Molecular mechanisms linking 

wound inflammation and fibrosis: knockdown of osteopontin leads to rapid 

repair and reduced scarring. J Exp Med 205, 43-51. 



224 
 

Morita, K., Shimizu, M., Shibuya, H., and Ueno, N. (2001). A DAF-1-binding 

protein BRA-1 is a negative regulator of DAF-7 TGF-beta signaling. Proc Natl 

Acad Sci U S A 98, 6284-6288. 

Morrell, N.W. (2006). Pulmonary hypertension due to BMPR2 mutation: a new 

paradigm for tissue remodeling? Proc Am Thorac Soc 3, 680-686. 

Morris, R.J., and Potten, C.S. (1999). Highly persistent label-retaining cells in 

the hair follicles of mice and their fate following induction of anagen. J Invest 

Dermatol 112, 470-475. 

Morrison, I., Loken, L.S., and Olausson, H. (2010). The skin as a social organ. 

Exp Brain Res 204, 305-314. 

Moura, J., da Silva, L., Cruz, M.T., and Carvalho, E. (2013). Molecular and 

cellular mechanisms of bone morphogenetic proteins and activins in the skin: 

potential benefits for wound healing. Arch Dermatol Res 305, 557-569. 

Muller-Rover, S., Peters, E.J., Botchkarev, V.A., Panteleyev, A., and Paus, R. 

(1998). Distinct patterns of NCAM expression are associated with defined 

stages of murine hair follicle morphogenesis and regression. J Histochem 

Cytochem 46, 1401-1410. 

Munz, B., Smola, H., Engelhardt, F., Bleuel, K., Brauchle, M., Lein, I., Evans, 

L.W., Huylebroeck, D., Balling, R., and Werner, S. (1999). Overexpression of 

activin A in the skin of transgenic mice reveals new activities of activin in 

epidermal morphogenesis, dermal fibrosis and wound repair. EMBO J 18, 5205-

5215. 

Myers, S.R., Leigh, I.M., and Navsaria, H. (2007). Epidermal repair results from 

activation of follicular and epidermal progenitor keratinocytes mediated by a 

growth factor cascade. Wound Repair Regen 15, 693-701. 



225 
 

Nadiri, A., Kuchler-Bopp, S., Mjahed, H., Hu, B., Haikel, Y., Schaaf, P., Voegel, 

J.C., and Benkirane-Jessel, N. (2007). Cell apoptosis control using BMP4 and 

noggin embedded in a polyelectrolyte multilayer film. Small 3, 1577-1583. 

Nakayamada, S., Takahashi, H., Kanno, Y., and O'Shea, J.J. (2012). Helper T 

cell diversity and plasticity. Curr Opin Immunol 24, 297-302. 

Natesan, S., Wrice, N.L., Baer, D.G., and Christy, R.J. (2011). Debrided skin as 

a source of autologous stem cells for wound repair. Stem Cells 29, 1219-1230. 

Navsaria, H.A., Ojeh, N.O., Moiemen, N., Griffiths, M.A., and Frame, J.D. 

(2004). Reepithelialization of a full-thickness burn from stem cells of hair 

follicles micrografted into a tissue-engineered dermal template (Integra). Plast 

Reconstr Surg 113, 978-981. 

Nemes, Z., and Steinert, P.M. (1999). Bricks and mortar of the epidermal 

barrier. Exp Mol Med 31, 5-19. 

Nguyen, B.C., Lefort, K., Mandinova, A., Antonini, D., Devgan, V., Della Gatta, 

G., Koster, M.I., Zhang, Z., Wang, J., Tommasi di Vignano, A., et al. (2006). 

Cross-regulation between Notch and p63 in keratinocyte commitment to 

differentiation. Genes Dev 20, 1028-1042. 

Nguyen, B.P., Gil, S.G., and Carter, W.G. (2000). Deposition of laminin 5 by 

keratinocytes regulates integrin adhesion and signaling. J Biol Chem 275, 

31896-31907. 

Nishita, M., Yoo, S.K., Nomachi, A., Kani, S., Sougawa, N., Ohta, Y., Takada, 

S., Kikuchi, A., and Minami, Y. (2006). Filopodia formation mediated by receptor 

tyrosine kinase Ror2 is required for Wnt5a-induced cell migration. J Cell Biol 

175, 555-562. 

Nohe, A., Hassel, S., Ehrlich, M., Neubauer, F., Sebald, W., Henis, Y.I., and 

Knaus, P. (2002). The mode of bone morphogenetic protein (BMP) receptor 



226 
 

oligomerization determines different BMP-2 signaling pathways. J Biol Chem 

277, 5330-5338. 

Noramly, S., Freeman, A., and Morgan, B.A. (1999). beta-catenin signaling can 

initiate feather bud development. Development 126, 3509-3521. 

Nurden, A.T., Nurden, P., Sanchez, M., Andia, I., and Anitua, E. (2008). 

Platelets and wound healing. Front Biosci 13, 3532-3548. 

Obert, L., Lepage, D., Gindraux, F., and Garbuio, P. (2009). Bone 

morphogenetic proteins in soft-tissue reconstruction. Injury 40 Suppl 3, S17-20. 

Odland, G.F., and Holbrook, K. (1981). The lamellar granules of epidermis. Curr 

Probl Dermatol 9, 29-49. 

Oh, I.H., and Reddy, E.P. (1999). The myb gene family in cell growth, 

differentiation and apoptosis. Oncogene 18, 3017-3033. 

Ohyama, M. (2007). Hair follicle bulge: a fascinating reservoir of epithelial stem 

cells. J Dermatol Sci 46, 81-89. 

Okuse, T., Chiba, T., Katsuumi, I., and Imai, K. (2005). Differential expression 

and localization of WNTs in an animal model of skin wound healing. Wound 

Repair Regen 13, 491-497. 

Onichtchouk, D., Chen, Y.G., Dosch, R., Gawantka, V., Delius, H., Massague, 

J., and Niehrs, C. (1999). Silencing of TGF-beta signalling by the 

pseudoreceptor BAMBI. Nature 401, 480-485. 

Oro, A.E., and Higgins, K. (2003). Hair cycle regulation of Hedgehog signal 

reception. Dev Biol 255, 238-248. 

Oshima, H., Rochat, A., Kedzia, C., Kobayashi, K., and Barrandon, Y. (2001). 

Morphogenesis and renewal of hair follicles from adult multipotent stem cells. 

Cell 104, 233-245. 



227 
 

Osterlund, T., Everman, D.B., Betz, R.C., Mosca, M., Nothen, M.M., Schwartz, 

C.E., Zaphiropoulos, P.G., and Toftgard, R. (2004). The FU gene and its 

possible protein isoforms. BMC Genomics 5, 49. 

Outtz, H.H., Wu, J.K., Wang, X., and Kitajewski, J. (2010). Notch1 deficiency 

results in decreased inflammation during wound healing and regulates vascular 

endothelial growth factor receptor-1 and inflammatory cytokine expression in 

macrophages. J Immunol 185, 4363-4373. 

Owens, P., Engelking, E., Han, G., Haeger, S.M., and Wang, X.J. (2010). 

Epidermal Smad4 deletion results in aberrant wound healing. Am J Pathol 176, 

122-133. 

Page, M.E., Lombard, P., Ng, F., Gottgens, B., and Jensen, K.B. (2013). The 

epidermis comprises autonomous compartments maintained by distinct stem 

cell populations. Cell Stem Cell 13, 471-482. 

Paladini, R.D., Takahashi, K., Bravo, N.S., and Coulombe, P.A. (1996). Onset 

of re-epithelialization after skin injury correlates with a reorganization of keratin 

filaments in wound edge keratinocytes: defining a potential role for keratin 16. J 

Cell Biol 132, 381-397. 

Panchision, D.M., Pickel, J.M., Studer, L., Lee, S.H., Turner, P.A., Hazel, T.G., 

and McKay, R.D. (2001). Sequential actions of BMP receptors control neural 

precursor cell production and fate. Genes Dev 15, 2094-2110. 

Papini, R. (2004). Management of burn injuries of various depths. BMJ 329, 

158-160. 

Pardali, K., Kowanetz, M., Heldin, C.H., and Moustakas, A. (2005). Smad 

pathway-specific transcriptional regulation of the cell cycle inhibitor 

p21(WAF1/Cip1). J Cell Physiol 204, 260-272. 



228 
 

Park, G.T., and Morasso, M.I. (2002). Bone morphogenetic protein-2 (BMP-2) 

transactivates Dlx3 through Smad1 and Smad4: alternative mode for Dlx3 

induction in mouse keratinocytes. Nucleic Acids Res 30, 515-522. 

Parks, W.C. (1999). Matrix metalloproteinases in repair. Wound Repair Regen 

7, 423-432. 

Passa, O., Tsalavos, S., Belyaev, N.N., Petryk, A., Potocnik, A.J., and Graf, D. 

(2011). Compartmentalization of bone morphogenetic proteins and their 

antagonists in lymphoid progenitors and supporting microenvironments and 

functional implications. Immunology 134, 349-359. 

Pastore, S., Mascia, F., Mariani, V., and Girolomoni, G. (2008). The epidermal 

growth factor receptor system in skin repair and inflammation. J Invest Dermatol 

128, 1365-1374. 

Patel, G.K., Wilson, C.H., Harding, K.G., Finlay, A.Y., and Bowden, P.E. (2006). 

Numerous keratinocyte subtypes involved in wound re-epithelialization. J Invest 

Dermatol 126, 497-502. 

Patel, K. (1998). Follistatin. Int J Biochem Cell Biol 30, 1087-1093. 

Paus, R., and Cotsarelis, G. (1999). The biology of hair follicles. N Engl J Med 

341, 491-497. 

Paus, R., Luftl, M., and Czarnetzki, B.M. (1994). Nerve growth factor modulates 

keratinocyte proliferation in murine skin organ culture. Br J Dermatol 130, 174-

180. 

Paus, R., Peters, E.M., Eichmuller, S., and Botchkarev, V.A. (1997). Neural 

mechanisms of hair growth control. J Investig Dermatol Symp Proc 2, 61-68. 

Pecina, M., and Vukicevic, S. (2007). Biological aspects of bone, cartilage and 

tendon regeneration. Int Orthop 31, 719-720. 



229 
 

Pedersen, T.X., Leethanakul, C., Patel, V., Mitola, D., Lund, L.R., Dano, K., 

Johnsen, M., Gutkind, J.S., and Bugge, T.H. (2003). Laser capture 

microdissection-based in vivo genomic profiling of wound keratinocytes 

identifies similarities and differences to squamous cell carcinoma. Oncogene 

22, 3964-3976. 

Penn, J.W., Grobbelaar, A.O., and Rolfe, K.J. (2012). The role of the TGF-beta 

family in wound healing, burns and scarring: a review. Int J Burns Trauma 2, 18-

28. 

Peters, E.M., Botchkarev, V.A., Muller-Rover, S., Moll, I., Rice, F.L., and Paus, 

R. (2002). Developmental timing of hair follicle and dorsal skin innervation in 

mice. J Comp Neurol 448, 28-52. 

Petitjean, A., Ruptier, C., Tribollet, V., Hautefeuille, A., Chardon, F., Cavard, C., 

Puisieux, A., Hainaut, P., and Caron de Fromentel, C. (2008). Properties of the 

six isoforms of p63: p53-like regulation in response to genotoxic stress and 

cross talk with DeltaNp73. Carcinogenesis 29, 273-281. 

Pi, X., Ren, R., Kelley, R., Zhang, C., Moser, M., Bohil, A.B., Divito, M., Cheney, 

R.E., and Patterson, C. (2007). Sequential roles for myosin-X in BMP6-

dependent filopodial extension, migration, and activation of BMP receptors. J 

Cell Biol 179, 1569-1582. 

Piccolo, S., Agius, E., Leyns, L., Bhattacharyya, S., Grunz, H., Bouwmeester, 

T., and De Robertis, E.M. (1999). The head inducer Cerberus is a 

multifunctional antagonist of Nodal, BMP and Wnt signals. Nature 397, 707-710. 

Piccolo, S., Agius, E., Lu, B., Goodman, S., Dale, L., and De Robertis, E.M. 

(1997). Cleavage of Chordin by Xolloid metalloprotease suggests a role for 

proteolytic processing in the regulation of Spemann organizer activity. Cell 91, 

407-416. 



230 
 

Pierce, G.F., Mustoe, T.A., Lingelbach, J., Masakowski, V.R., Gramates, P., 

and Deuel, T.F. (1989). Transforming growth factor beta reverses the 

glucocorticoid-induced wound-healing deficit in rats: possible regulation in 

macrophages by platelet-derived growth factor. Proc Natl Acad Sci U S A 86, 

2229-2233. 

Pilcher, B.K., Wang, M., Qin, X.J., Parks, W.C., Senior, R.M., and Welgus, H.G. 

(1999). Role of matrix metalloproteinases and their inhibition in cutaneous 

wound healing and allergic contact hypersensitivity. Ann N Y Acad Sci 878, 12-

24. 

Pitts, R.L., Wang, S., Jones, E.A., and Symes, A.J. (2001). Transforming growth 

factor-beta and ciliary neurotrophic factor synergistically induce vasoactive 

intestinal peptide gene expression through the cooperation of Smad, STAT, and 

AP-1 sites. J Biol Chem 276, 19966-19973. 

Plikus, M., Wang, W.P., Liu, J., Wang, X., Jiang, T.X., and Chuong, C.M. 

(2004). Morpho-regulation of ectodermal organs: integument pathology and 

phenotypic variations in K14-Noggin engineered mice through modulation of 

bone morphogenic protein pathway. Am J Pathol 164, 1099-1114. 

Plikus, M.V., Gay, D.L., Treffeisen, E., Wang, A., Supapannachart, R.J., and 

Cotsarelis, G. (2012). Epithelial stem cells and implications for wound repair. 

Semin Cell Dev Biol 23, 946-953. 

Plikus, M.V., Mayer, J.A., de la Cruz, D., Baker, R.E., Maini, P.K., Maxson, R., 

and Chuong, C.M. (2008). Cyclic dermal BMP signalling regulates stem cell 

activation during hair regeneration. Nature 451, 340-344. 

Polakowska, R.R., Piacentini, M., Bartlett, R., Goldsmith, L.A., and Haake, A.R. 

(1994). Apoptosis in human skin development: morphogenesis, periderm, and 

stem cells. Dev Dyn 199, 176-188. 



231 
 

Posnett, J., and Franks, P.J. (2008). The burden of chronic wounds in the UK. 

Nurs Times 104, 44-45. 

Postlethwaite, A.E., and Kang, A.H. (1976). Collagen-and collagen peptide-

induced chemotaxis of human blood monocytes. J Exp Med 143, 1299-1307. 

Potten, C.S. (1974). The epidermal proliferative unit: the possible role of the 

central basal cell. Cell Tissue Kinet 7, 77-88. 

Potti, T.A., Petty, E.M., and Lesperance, M.M. (2011). A comprehensive review 

of reported heritable noggin-associated syndromes and proposed clinical utility 

of one broadly inclusive diagnostic term: NOG-related-symphalangism spectrum 

disorder (NOG-SSD). Hum Mutat 32, 877-886. 

Proksch, E., Brandner, J.M., and Jensen, J.M. (2008). The skin: an 

indispensable barrier. Exp Dermatol 17, 1063-1072. 

Puchtler, H., Waldrop, F.S., and Valentine, L.S. (1973). Polarization microscopic 

studies of connective tissue stained with picro-sirius red FBA. Beitr Pathol 150, 

174-187. 

Raj, D., Brash, D.E., and Grossman, D. (2006). Keratinocyte apoptosis in 

epidermal development and disease. J Invest Dermatol 126, 243-257. 

Ramoshebi, L.N., and Ripamonti, U. (2000). Osteogenic protein-1, a bone 

morphogenetic protein, induces angiogenesis in the chick chorioallantoic 

membrane and synergizes with basic fibroblast growth factor and transforming 

growth factor-beta1. Anat Rec 259, 97-107. 

Rao, K.S., Babu, K.K., and Gupta, P.D. (1996). Keratins and skin disorders. Cell 

Biol Int 20, 261-274. 

Ratanavaraporn, J., Furuya, H., and Tabata, Y. (2012). Local suppression of 

pro-inflammatory cytokines and the effects in BMP-2-induced bone 

regeneration. Biomaterials 33, 304-316. 



232 
 

Rendl, M., Polak, L., and Fuchs, E. (2008). BMP signaling in dermal papilla cells 

is required for their hair follicle-inductive properties. Genes Dev 22, 543-557. 

Rennard, S.I., Hunninghake, G.W., Bitterman, P.B., and Crystal, R.G. (1981). 

Production of fibronectin by the human alveolar macrophage: mechanism for 

the recruitment of fibroblasts to sites of tissue injury in interstitial lung diseases. 

Proc Natl Acad Sci U S A 78, 7147-7151. 

Renner, R., Harth, W., and Simon, J.C. (2009). Transplantation of chronic 

wounds with epidermal sheets derived from autologous hair follicles--the Leipzig 

experience. Int Wound J 6, 226-232. 

Reymann, A.C., Boujemaa-Paterski, R., Martiel, J.L., Guerin, C., Cao, W., Chin, 

H.F., De La Cruz, E.M., Thery, M., and Blanchoin, L. (2012). Actin network 

architecture can determine myosin motor activity. Science 336, 1310-1314. 

Rhee, H., Polak, L., and Fuchs, E. (2006). Lhx2 maintains stem cell character in 

hair follicles. Science 312, 1946-1949. 

Riley, J.F. (1953). Histamine in tissue mast cells. Science 118, 332. 

Rinne, T., Brunner, H.G., and van Bokhoven, H. (2007). p63-associated 

disorders. Cell Cycle 6, 262-268. 

Rizzo, A.E., Beckett, L.A., Baier, B.S., and Isseroff, R.R. (2012). The linear 

excisional wound: an improved model for human ex vivo wound epithelialization 

studies. Skin Res Technol 18, 125-132. 

Rochat, A., Kobayashi, K., and Barrandon, Y. (1994). Location of stem cells of 

human hair follicles by clonal analysis. Cell 76, 1063-1073. 

Romano, R.A., Ortt, K., Birkaya, B., Smalley, K., and Sinha, S. (2009). An active 

role of the DeltaN isoform of p63 in regulating basal keratin genes K5 and K14 

and directing epidermal cell fate. PLoS One 4, e5623. 



233 
 

Romano, R.A., Solomon, L.W., and Sinha, S. (2012). Tp63 in oral development, 

neoplasia, and autoimmunity. J Dent Res 91, 125-132. 

Rosenquist, T.A., and Martin, G.R. (1996). Fibroblast growth factor signalling in 

the hair growth cycle: expression of the fibroblast growth factor receptor and 

ligand genes in the murine hair follicle. Dev Dyn 205, 379-386. 

Roy, S., Khanna, S., Rink, C., Biswas, S., and Sen, C.K. (2008). 

Characterization of the acute temporal changes in excisional murine cutaneous 

wound inflammation by screening of the wound-edge transcriptome. Physiol 

Genomics 34, 162-184. 

Salgado, R., Benoy, I., Bogers, J., Weytjens, R., Vermeulen, P., Dirix, L., and 

Van Marck, E. (2001). Platelets and vascular endothelial growth factor (VEGF): 

a morphological and functional study. Angiogenesis 4, 37-43. 

Sammar, M., Sieber, C., and Knaus, P. (2009). Biochemical and functional 

characterization of the Ror2/BRIb receptor complex. Biochem Biophys Res 

Commun 381, 1-6. 

Sammar, M., Stricker, S., Schwabe, G.C., Sieber, C., Hartung, A., Hanke, M., 

Oishi, I., Pohl, J., Minami, Y., Sebald, W., et al. (2004). Modulation of 

GDF5/BRI-b signalling through interaction with the tyrosine kinase receptor 

Ror2. Genes Cells 9, 1227-1238. 

Sampson, P.M., Rochester, C.L., Freundlich, B., and Elias, J.A. (1992). 

Cytokine regulation of human lung fibroblast hyaluronan (hyaluronic acid) 

production. Evidence for cytokine-regulated hyaluronan (hyaluronic acid) 

degradation and human lung fibroblast-derived hyaluronidase. J Clin Invest 90, 

1492-1503. 

Sano, S., Chan, K.S., Carbajal, S., Clifford, J., Peavey, M., Kiguchi, K., Itami, 

S., Nickoloff, B.J., and DiGiovanni, J. (2005). Stat3 links activated keratinocytes 



234 
 

and immunocytes required for development of psoriasis in a novel transgenic 

mouse model. Nat Med 11, 43-49. 

Sato, C., Tsuboi, R., Shi, C.M., Rubin, J.S., and Ogawa, H. (1995). 

Comparative study of hepatocyte growth factor/scatter factor and keratinocyte 

growth factor effects on human keratinocytes. J Invest Dermatol 104, 958-963. 

Sato, K., and Urist, M.R. (1985). Induced regeneration of calvaria by bone 

morphogenetic protein (BMP) in dogs. Clin Orthop Relat Res, 301-311. 

Sattler, M., Pisick, E., Morrison, P.T., and Salgia, R. (2000). Role of the 

cytoskeletal protein paxillin in oncogenesis. Crit Rev Oncog 11, 63-76. 

Savill, J., Dransfield, I., Hogg, N., and Haslett, C. (1990). Vitronectin receptor-

mediated phagocytosis of cells undergoing apoptosis. Nature 343, 170-173. 

Savill, J., Hogg, N., Ren, Y., and Haslett, C. (1992). Thrombospondin 

cooperates with CD36 and the vitronectin receptor in macrophage recognition of 

neutrophils undergoing apoptosis. J Clin Invest 90, 1513-1522. 

Schafer, M., and Werner, S. (2007). Transcriptional control of wound repair. 

Annu Rev Cell Dev Biol 23, 69-92. 

Schallreuter, K., Slominski, A., Pawelek, J.M., Jimbow, K., and Gilchrest, B.A. 

(1998). What controls melanogenesis? Exp Dermatol 7, 143-150. 

Schallreuter, K.U., Kothari, S., Chavan, B., and Spencer, J.D. (2008). 

Regulation of melanogenesis--controversies and new concepts. Exp Dermatol 

17, 395-404. 

Schneider, M.R., Schmidt-Ullrich, R., and Paus, R. (2009). The hair follicle as a 

dynamic miniorgan. Curr Biol 19, R132-142. 

Schnitzler, A.C., Mellott, T.J., Lopez-Coviella, I., Tallini, Y.N., Kotlikoff, M.I., 

Follettie, M.T., and Blusztajn, J.K. (2010). BMP9 (bone morphogenetic protein 



235 
 

9) induces NGF as an autocrine/paracrine cholinergic trophic factor in 

developing basal forebrain neurons. J Neurosci 30, 8221-8228. 

Scholzen, T., Armstrong, C.A., Bunnett, N.W., Luger, T.A., Olerud, J.E., and 

Ansel, J.C. (1998). Neuropeptides in the skin: interactions between the 

neuroendocrine and the skin immune systems. Exp Dermatol 7, 81-96. 

Schreml, S., Szeimies, R.M., Karrer, S., Heinlin, J., Landthaler, M., and Babilas, 

P. (2010). The impact of the pH value on skin integrity and cutaneous wound 

healing. J Eur Acad Dermatol Venereol 24, 373-378. 

Scott, C.A., and Kelsell, D.P. (2011). Key functions for gap junctions in skin and 

hearing. Biochem J 438, 245-254. 

Sellheyer, K., and Krahl, D. (2010). Expression pattern of GATA-3 in embryonic 

and fetal human skin suggests a role in epidermal and follicular morphogenesis. 

J Cutan Pathol 37, 357-361. 

Sen, G.L., Boxer, L.D., Webster, D.E., Bussat, R.T., Qu, K., Zarnegar, B.J., 

Johnston, D., Siprashvili, Z., and Khavari, P.A. (2012). ZNF750 is a p63 target 

gene that induces KLF4 to drive terminal epidermal differentiation. Dev Cell 22, 

669-677. 

Sen, G.L., Reuter, J.A., Webster, D.E., Zhu, L., and Khavari, P.A. (2010). 

DNMT1 maintains progenitor function in self-renewing somatic tissue. Nature 

463, 563-567. 

Seoane, J., Pouponnot, C., Staller, P., Schader, M., Eilers, M., and Massague, 

J. (2001). TGFbeta influences Myc, Miz-1 and Smad to control the CDK inhibitor 

p15INK4b. Nat Cell Biol 3, 400-408. 

Sharov, A.A., Mardaryev, A.N., Sharova, T.Y., Grachtchouk, M., Atoyan, R., 

Byers, H.R., Seykora, J.T., Overbeek, P., Dlugosz, A., and Botchkarev, V.A. 

(2009). Bone morphogenetic protein antagonist noggin promotes skin 



236 
 

tumorigenesis via stimulation of the Wnt and Shh signaling pathways. Am J 

Pathol 175, 1303-1314. 

Sharov, A.A., Sharova, T.Y., Mardaryev, A.N., Tommasi di Vignano, A., Atoyan, 

R., Weiner, L., Yang, S., Brissette, J.L., Dotto, G.P., and Botchkarev, V.A. 

(2006). Bone morphogenetic protein signaling regulates the size of hair follicles 

and modulates the expression of cell cycle-associated genes. Proc Natl Acad 

Sci U S A 103, 18166-18171. 

Sharov, A.A., Weiner, L., Sharova, T.Y., Siebenhaar, F., Atoyan, R., Reginato, 

A.M., McNamara, C.A., Funa, K., Gilchrest, B.A., Brissette, J.L., et al. (2003). 

Noggin overexpression inhibits eyelid opening by altering epidermal apoptosis 

and differentiation. EMBO J 22, 2992-3003. 

Shaw, T.J., and Martin, P. (2009). Wound repair at a glance. J Cell Sci 122, 

3209-3213. 

Sherry, B., Tekamp-Olson, P., Gallegos, C., Bauer, D., Davatelis, G., Wolpe, 

S.D., Masiarz, F., Coit, D., and Cerami, A. (1988). Resolution of the two 

components of macrophage inflammatory protein 1, and cloning and 

characterization of one of those components, macrophage inflammatory protein 

1 beta. J Exp Med 168, 2251-2259. 

Shimasaki, S., Moore, R.K., Otsuka, F., and Erickson, G.F. (2004). The bone 

morphogenetic protein system in mammalian reproduction. Endocr Rev 25, 72-

101. 

Shimokado, K., Raines, E.W., Madtes, D.K., Barrett, T.B., Benditt, E.P., and 

Ross, R. (1985). A significant part of macrophage-derived growth factor 

consists of at least two forms of PDGF. Cell 43, 277-286. 



237 
 

Shintani, M., Yagi, H., Nakayama, T., Saji, T., and Matsuoka, R. (2009). A new 

nonsense mutation of SMAD8 associated with pulmonary arterial hypertension. 

J Med Genet 46, 331-337. 

Shirakata, Y. (2010). Regulation of epidermal keratinocytes by growth factors. J 

Dermatol Sci 59, 73-80. 

Sieber, C., Kopf, J., Hiepen, C., and Knaus, P. (2009). Recent advances in 

BMP receptor signaling. Cytokine Growth Factor Rev 20, 343-355. 

Simpson, C.L., Patel, D.M., and Green, K.J. (2011). Deconstructing the skin: 

cytoarchitectural determinants of epidermal morphogenesis. Nat Rev Mol Cell 

Biol 12, 565-580. 

Simpson, D.M., and Ross, R. (1972). The neutrophilic leukocyte in wound repair 

a study with antineutrophil serum. J Clin Invest 51, 2009-2023. 

Singer, A.J., and Clark, R.A. (1999). Cutaneous wound healing. N Engl J Med 

341, 738-746. 

Singh, M., Pierpoint, M., Mikos, A.G., and Kasper, F.K. (2011). Chondrogenic 

differentiation of neonatal human dermal fibroblasts encapsulated in alginate 

beads with hydrostatic compression under hypoxic conditions in the presence of 

bone morphogenetic protein-2. J Biomed Mater Res A 98, 412-424. 

Singhatanadgit, W., Mordan, N., Salih, V., and Olsen, I. (2008). Changes in 

bone morphogenetic protein receptor-IB localisation regulate osteogenic 

responses of human bone cells to bone morphogenetic protein-2. Int J Biochem 

Cell Biol 40, 2854-2864. 

Sipe, J.B., Zhang, J., Waits, C., Skikne, B., Garimella, R., and Anderson, H.C. 

(2004). Localization of bone morphogenetic proteins (BMPs)-2, -4, and -6 within 

megakaryocytes and platelets. Bone 35, 1316-1322. 



238 
 

Sirard, C., de la Pompa, J.L., Elia, A., Itie, A., Mirtsos, C., Cheung, A., Hahn, S., 

Wakeham, A., Schwartz, L., Kern, S.E., et al. (1998). The tumor suppressor 

gene Smad4/Dpc4 is required for gastrulation and later for anterior development 

of the mouse embryo. Genes Dev 12, 107-119. 

Sloane, J.A., and Vartanian, T.K. (2007). Myosin Va controls oligodendrocyte 

morphogenesis and myelination. J Neurosci 27, 11366-11375. 

Slominski, A., Paus, R., Plonka, P., Chakraborty, A., Maurer, M., Pruski, D., and 

Lukiewicz, S. (1994). Melanogenesis during the anagen-catagen-telogen 

transformation of the murine hair cycle. J Invest Dermatol 102, 862-869. 

Smith, L.T., and Holbrook, K.A. (1986). Embryogenesis of the dermis in human 

skin. Pediatr Dermatol 3, 271-280. 

Snippert, H.J., Haegebarth, A., Kasper, M., Jaks, V., van Es, J.H., Barker, N., 

van de Wetering, M., van den Born, M., Begthel, H., Vries, R.G., et al. (2010). 

Lgr6 marks stem cells in the hair follicle that generate all cell lineages of the 

skin. Science 327, 1385-1389. 

Son, J.W., Jang, E.H., Kim, M.K., Baek, K.H., Song, K.H., Yoon, K.H., Cha, 

B.Y., Son, H.Y., Lee, K.W., Jo, H., et al. (2011). Serum BMP-4 levels in relation 

to arterial stiffness and carotid atherosclerosis in patients with Type 2 diabetes. 

Biomark Med 5, 827-835. 

Song, K., Krause, C., Shi, S., Patterson, M., Suto, R., Grgurevic, L., Vukicevic, 

S., van Dinther, M., Falb, D., Ten Dijke, P., et al. (2010). Identification of a key 

residue mediating bone morphogenetic protein (BMP)-6 resistance to noggin 

inhibition allows for engineered BMPs with superior agonist activity. J Biol Chem 

285, 12169-12180. 



239 
 

Song, Q., Mehler, M.F., and Kessler, J.A. (1998). Bone morphogenetic proteins 

induce apoptosis and growth factor dependence of cultured sympathoadrenal 

progenitor cells. Dev Biol 196, 119-127. 

Sorrell, J.M., and Caplan, A.I. (2004). Fibroblast heterogeneity: more than skin 

deep. J Cell Sci 117, 667-675. 

Spector, J.A., and Glat, P.M. (2007). Hair-bearing scalp reconstruction using a 

dermal regeneration template and micrograft hair transplantation. Ann Plast 

Surg 59, 63-66. 

St-Jacques, B., Dassule, H.R., Karavanova, I., Botchkarev, V.A., Li, J., 

Danielian, P.S., McMahon, J.A., Lewis, P.M., Paus, R., and McMahon, A.P. 

(1998). Sonic hedgehog signaling is essential for hair development. Curr Biol 8, 

1058-1068. 

Stelnicki, E.J., Arbeit, J., Cass, D.L., Saner, C., Harrison, M., and Largman, C. 

(1998a). Modulation of the human homeobox genes PRX-2 and HOXB13 in 

scarless fetal wounds. J Invest Dermatol 111, 57-63. 

Stelnicki, E.J., Longaker, M.T., Holmes, D., Vanderwall, K., Harrison, M.R., 

Largman, C., and Hoffman, W.Y. (1998b). Bone morphogenetic protein-2 

induces scar formation and skin maturation in the second trimester fetus. Plast 

Reconstr Surg 101, 12-19. 

Stenn, K.S., and Paus, R. (2001). Controls of hair follicle cycling. Physiol Rev 

81, 449-494. 

Stojadinovic, O., Ito, M., and Tomic-Canic, M. (2011). Hair cycling and wound 

healing: to pluck or not to pluck? J Invest Dermatol 131, 292-294. 

Su, X., Cho, M.S., Gi, Y.J., Ayanga, B.A., Sherr, C.J., and Flores, E.R. (2009). 

Rescue of key features of the p63-null epithelial phenotype by inactivation of 

Ink4a and Arf. EMBO J 28, 1904-1915. 



240 
 

Sultan, S.M., Barr, J.S., Butala, P., Davidson, E.H., Weinstein, A.L., Knobel, D., 

Saadeh, P.B., Warren, S.M., Coleman, S.R., and Hazen, A. (2012). Fat grafting 

accelerates revascularisation and decreases fibrosis following thermal injury. J 

Plast Reconstr Aesthet Surg 65, 219-227. 

Sung, H.M., Suh, I.S., Lee, H.B., Tak, K.S., Moon, K.M., and Jung, M.S. (2012). 

Case Reports of Adipose-derived Stem Cell Therapy for Nasal Skin Necrosis 

after Filler Injection. Arch Plast Surg 39, 51-54. 

Sung, K.J., Paik, E.M., Jang, K.A., Suh, H.S., and Choi, J.H. (1997). Apoptosis 

is induced by anti-Fas antibody alone in cultured human keratinocytes. J 

Dermatol 24, 427-434. 

Szpaderska, A.M., Egozi, E.I., Gamelli, R.L., and DiPietro, L.A. (2003). The 

effect of thrombocytopenia on dermal wound healing. J Invest Dermatol 120, 

1130-1137. 

Takahashi, H., and Ikeda, T. (1996). Transcripts for two members of the 

transforming growth factor-beta superfamily BMP-3 and BMP-7 are expressed 

in developing rat embryos. Dev Dyn 207, 439-449. 

Takahashi, K., Nakanishi, S., and Imamura, S. (1993). Direct effects of 

cutaneous neuropeptides on adenylyl cyclase activity and proliferation in a 

keratinocyte cell line: stimulation of cyclic AMP formation by CGRP and 

VIP/PHM, and inhibition by NPY through G protein-coupled receptors. J Invest 

Dermatol 101, 646-651. 

Takahashi, K., Yan, B., Yamanishi, K., Imamura, S., and Coulombe, P.A. 

(1998). The two functional keratin 6 genes of mouse are differentially regulated 

and evolved independently from their human orthologs. Genomics 53, 170-183. 

Tan, N.S., Michalik, L., Desvergne, B., and Wahli, W. (2005). Genetic- or 

transforming growth factor-beta 1-induced changes in epidermal peroxisome 



241 
 

proliferator-activated receptor beta/delta expression dictate wound repair 

kinetics. J Biol Chem 280, 18163-18170. 

Tan, N.S., Michalik, L., Noy, N., Yasmin, R., Pacot, C., Heim, M., Fluhmann, B., 

Desvergne, B., and Wahli, W. (2001). Critical roles of PPAR beta/delta in 

keratinocyte response to inflammation. Genes Dev 15, 3263-3277. 

Tanaka, T., Danno, K., Ikai, K., and Imamura, S. (1988). Effects of substance P 

and substance K on the growth of cultured keratinocytes. J Invest Dermatol 90, 

399-401. 

Tausche, A.K., Skaria, M., Bohlen, L., Liebold, K., Hafner, J., Friedlein, H., 

Meurer, M., Goedkoop, R.J., Wollina, U., Salomon, D., et al. (2003). An 

autologous epidermal equivalent tissue-engineered from follicular outer root 

sheath keratinocytes is as effective as split-thickness skin autograft in 

recalcitrant vascular leg ulcers. Wound Repair Regen 11, 248-252. 

Taylor, G., Lehrer, M.S., Jensen, P.J., Sun, T.T., and Lavker, R.M. (2000). 

Involvement of follicular stem cells in forming not only the follicle but also the 

epidermis. Cell 102, 451-461. 

Thelu, J., Rossio, P., and Favier, B. (2002). Notch signalling is linked to 

epidermal cell differentiation level in basal cell carcinoma, psoriasis and wound 

healing. BMC Dermatol 2, 7. 

Thorey, I.S., Roth, J., Regenbogen, J., Halle, J.P., Bittner, M., Vogl, T., Kaesler, 

S., Bugnon, P., Reitmaier, B., Durka, S., et al. (2001). The Ca2+-binding 

proteins S100A8 and S100A9 are encoded by novel injury-regulated genes. J 

Biol Chem 276, 35818-35825. 

Tiedemann, K., Malmstrom, A., and Westergren-Thorsson, G. (1997). Cytokine 

regulation of proteoglycan production in fibroblasts: separate and synergistic 

effects. Matrix Biol 15, 469-478. 



242 
 

Tobin, D.J. (2008). Human hair pigmentation--biological aspects. Int J Cosmet 

Sci 30, 233-257. 

Tomic-Canic, M., Komine, M., Freedberg, I.M., and Blumenberg, M. (1998). 

Epidermal signal transduction and transcription factor activation in activated 

keratinocytes. J Dermatol Sci 17, 167-181. 

Tomikawa, K., Yamamoto, T., Shiomi, N., Shimoe, M., Hongo, S., Yamashiro, 

K., Yamaguchi, T., Maeda, H., and Takashiba, S. (2012). Smad2 decelerates 

re-epithelialization during gingival wound healing. J Dent Res 91, 764-770. 

Tonnesen, M.G., Feng, X., and Clark, R.A. (2000). Angiogenesis in wound 

healing. J Investig Dermatol Symp Proc 5, 40-46. 

Trempus, C.S., Morris, R.J., Bortner, C.D., Cotsarelis, G., Faircloth, R.S., 

Reece, J.M., and Tennant, R.W. (2003). Enrichment for living murine 

keratinocytes from the hair follicle bulge with the cell surface marker CD34. J 

Invest Dermatol 120, 501-511. 

Trost, A., Desch, P., Wally, V., Haim, M., Maier, R.H., Reitsamer, H.A., Hintner, 

H., Bauer, J.W., and Onder, K. (2010). Aberrant heterodimerization of keratin 16 

with keratin 6A in HaCaT keratinocytes results in diminished cellular migration. 

Mech Ageing Dev 131, 346-353. 

Trousse, F., Esteve, P., and Bovolenta, P. (2001). Bmp4 mediates apoptotic cell 

death in the developing chick eye. J Neurosci 21, 1292-1301. 

Tsai, S.Y., Huang, Y.L., Yang, W.H., and Tang, C.H. (2012). Hepatocyte growth 

factor-induced BMP-2 expression is mediated by c-Met receptor, FAK, JNK, 

Runx2, and p300 pathways in human osteoblasts. Int Immunopharmacol 13, 

156-162. 

Tscharntke, M., Pofahl, R., Chrostek-Grashoff, A., Smyth, N., Niessen, C., 

Niemann, C., Hartwig, B., Herzog, V., Klein, H.W., Krieg, T., et al. (2007). 



243 
 

Impaired epidermal wound healing in vivo upon inhibition or deletion of Rac1. J 

Cell Sci 120, 1480-1490. 

Tsiridis, E., Upadhyay, N., and Giannoudis, P. (2007). Molecular aspects of 

fracture healing: which are the important molecules? Injury 38 Suppl 1, S11-25. 

Tsuboi, K., Yamaoka, S., Maki, M., Ohshio, G., Tobe, T., and Hatanaka, M. 

(1990). Soluble factors including proteinases released from damaged cells may 

trigger the wound healing process. Biochem Biophys Res Commun 168, 1163-

1170. 

Tsuboi, R., Sato, C., Shi, C.M., Nakamura, T., Sakurai, T., and Ogawa, H. 

(1994). Endothelin-1 acts as an autocrine growth factor for normal human 

keratinocytes. J Cell Physiol 159, 213-220. 

Tsuji, K., Bandyopadhyay, A., Harfe, B.D., Cox, K., Kakar, S., Gerstenfeld, L., 

Einhorn, T., Tabin, C.J., and Rosen, V. (2006). BMP2 activity, although 

dispensable for bone formation, is required for the initiation of fracture healing. 

Nat Genet 38, 1424-1429. 

Tu, C.X., Jin, W.W., Lin, M., Wang, Z.H., and Man, M.Q. (2011). Levels of TGF-

beta(1) in serum and culture supernatants of CD4(+)CD25 (+) T cells from 

patients with non-segmental vitiligo. Arch Dermatol Res 303, 685-689. 

Tucker, A.S., Headon, D.J., Courtney, J.M., Overbeek, P., and Sharpe, P.T. 

(2004). The activation level of the TNF family receptor, Edar, determines cusp 

number and tooth number during tooth development. Dev Biol 268, 185-194. 

Tucker, A.S., Matthews, K.L., and Sharpe, P.T. (1998). Transformation of tooth 

type induced by inhibition of BMP signaling. Science 282, 1136-1138. 

Tumbar, T., Guasch, G., Greco, V., Blanpain, C., Lowry, W.E., Rendl, M., and 

Fuchs, E. (2004). Defining the epithelial stem cell niche in skin. Science 303, 

359-363. 



244 
 

Turner, C.E. (1998). Paxillin. Int J Biochem Cell Biol 30, 955-959. 

Tylzanowski, P., Mebis, L., and Luyten, F.P. (2006). The Noggin null mouse 

phenotype is strain dependent and haploinsufficiency leads to skeletal defects. 

Dev Dyn 235, 1599-1607. 

Urist, M.R. (1965). Bone: formation by autoinduction. Science 150, 893-899. 

Valladeau, J., Ravel, O., Dezutter-Dambuyant, C., Moore, K., Kleijmeer, M., Liu, 

Y., Duvert-Frances, V., Vincent, C., Schmitt, D., Davoust, J., et al. (2000). 

Langerin, a novel C-type lectin specific to Langerhans cells, is an endocytic 

receptor that induces the formation of Birbeck granules. Immunity 12, 71-81. 

van Genderen, C., Okamura, R.M., Farinas, I., Quo, R.G., Parslow, T.G., Bruhn, 

L., and Grosschedl, R. (1994). Development of several organs that require 

inductive epithelial-mesenchymal interactions is impaired in LEF-1-deficient 

mice. Genes Dev 8, 2691-2703. 

Van Keymeulen, A., Mascre, G., Youseff, K.K., Harel, I., Michaux, C., De Geest, 

N., Szpalski, C., Achouri, Y., Bloch, W., Hassan, B.A., et al. (2009). Epidermal 

progenitors give rise to Merkel cells during embryonic development and adult 

homeostasis. J Cell Biol 187, 91-100. 

Van Mater, D., Kolligs, F.T., Dlugosz, A.A., and Fearon, E.R. (2003). Transient 

activation of beta -catenin signaling in cutaneous keratinocytes is sufficient to 

trigger the active growth phase of the hair cycle in mice. Genes Dev 17, 1219-

1224. 

Vanbokhoven, H., Melino, G., Candi, E., and Declercq, W. (2011). p63, a story 

of mice and men. J Invest Dermatol 131, 1196-1207. 

Varas, A., Sacedon, R., Hidalgo, L., Martinez, V.G., Valencia, J., Cejalvo, T., 

Zapata, A., Hernandez-Lopez, C., and Vicente, A. (2009). Interplay between 

BMP4 and IL-7 in human intrathymic precursor cells. Cell Cycle 8, 4119-4126. 



245 
 

Varghese, S., and Canalis, E. (1997). Regulation of collagenase-3 by bone 

morphogenetic protein-2 in bone cell cultures. Endocrinology 138, 1035-1040. 

Vremec, D., Pooley, J., Hochrein, H., Wu, L., and Shortman, K. (2000). CD4 

and CD8 expression by dendritic cell subtypes in mouse thymus and spleen. J 

Immunol 164, 2978-2986. 

Vukicevic, S., Stavljenic, A., and Pecina, M. (1995). Discovery and clinical 

applications of bone morphogenetic proteins. Eur J Clin Chem Clin Biochem 33, 

661-671. 

Wach, S., Schirmacher, P., Protschka, M., and Blessing, M. (2001). 

Overexpression of bone morphogenetic protein-6 (BMP-6) in murine epidermis 

suppresses skin tumor formation by induction of apoptosis and downregulation 

of fos/jun family members. Oncogene 20, 7761-7769. 

Waikel, R.L., Kawachi, Y., Waikel, P.A., Wang, X.J., and Roop, D.R. (2001). 

Deregulated expression of c-Myc depletes epidermal stem cells. Nat Genet 28, 

165-168. 

Wall, N.A., Blessing, M., Wright, C.V., and Hogan, B.L. (1993). Biosynthesis 

and in vivo localization of the decapentaplegic-Vg-related protein, DVR-6 (bone 

morphogenetic protein-6). J Cell Biol 120, 493-502. 

Walsh, D.W., Godson, C., Brazil, D.P., and Martin, F. (2010). Extracellular 

BMP-antagonist regulation in development and disease: tied up in knots. 

Trends Cell Biol 20, 244-256. 

Walzog, B., Jeblonski, F., Zakrzewicz, A., and Gaehtgens, P. (1997). Beta2 

integrins (CD11/CD18) promote apoptosis of human neutrophils. FASEB J 11, 

1177-1186. 



246 
 

Wang, A., Pan, D., Lee, Y.H., Martinez, G.J., Feng, X.H., and Dong, C. (2013). 

Cutting edge: Smad2 and Smad4 regulate TGF-beta-mediated Il9 gene 

expression via EZH2 displacement. J Immunol 191, 4908-4912. 

Wang, C.L., Wan, Y.L., Liu, Y.C., and Huang, Z.Q. (2006a). Apoptosis of human 

hepatoma cell lines induced by transforming growth factor beta 1 (TGF-beta1) 

correlates with p53 and Smad4 activation. Beijing Da Xue Xue Bao 38, 176-

178. 

Wang, K., Feng, H., Ren, W., Sun, X., Luo, J., Tang, M., Zhou, L., Weng, Y., 

He, T.C., and Zhang, Y. (2011). BMP9 inhibits the proliferation and 

invasiveness of breast cancer cells MDA-MB-231. J Cancer Res Clin Oncol 

137, 1687-1696. 

Wang, R., Ghahary, A., Shen, Q., Scott, P.G., Roy, K., and Tredget, E.E. 

(2000). Hypertrophic scar tissues and fibroblasts produce more transforming 

growth factor-beta1 mRNA and protein than normal skin and cells. Wound 

Repair Regen 8, 128-137. 

Wang, X., Bolotin, D., Chu, D.H., Polak, L., Williams, T., and Fuchs, E. (2006b). 

AP-2alpha: a regulator of EGF receptor signaling and proliferation in skin 

epidermis. J Cell Biol 172, 409-421. 

Wang, X., Pasolli, H.A., Williams, T., and Fuchs, E. (2008). AP-2 factors act in 

concert with Notch to orchestrate terminal differentiation in skin epidermis. J 

Cell Biol 183, 37-48. 

Wang, X., Zinkel, S., Polonsky, K., and Fuchs, E. (1997). Transgenic studies 

with a keratin promoter-driven growth hormone transgene: prospects for gene 

therapy. Proc Natl Acad Sci U S A 94, 219-226. 



247 
 

Wankell, M., Munz, B., Hubner, G., Hans, W., Wolf, E., Goppelt, A., and 

Werner, S. (2001). Impaired wound healing in transgenic mice overexpressing 

the activin antagonist follistatin in the epidermis. EMBO J 20, 5361-5372. 

Wardle, F.C., Welch, J.V., and Dale, L. (1999). Bone morphogenetic protein 1 

regulates dorsal-ventral patterning in early Xenopus embryos by degrading 

chordin, a BMP4 antagonist. Mech Dev 86, 75-85. 

Waters, J.M., Richardson, G.D., and Jahoda, C.A. (2007). Hair follicle stem 

cells. Semin Cell Dev Biol 18, 245-254. 

Watt, F.M., Frye, M., and Benitah, S.A. (2008). MYC in mammalian epidermis: 

how can an oncogene stimulate differentiation? Nat Rev Cancer 8, 234-242. 

Wawersik, M., and Coulombe, P.A. (2000). Forced expression of keratin 16 

alters the adhesion, differentiation, and migration of mouse skin keratinocytes. 

Mol Biol Cell 11, 3315-3327. 

Wawersik, M.J., Mazzalupo, S., Nguyen, D., and Coulombe, P.A. (2001). 

Increased levels of keratin 16 alter epithelialization potential of mouse skin 

keratinocytes in vivo and ex vivo. Mol Biol Cell 12, 3439-3450. 

Webb, P.G., Spillman, M.A., and Baumgartner, H.K. (2013). Claudins play a 

role in normal and tumor cell motility. BMC Cell Biol 14, 19. 

Wei, S., Cai, X., Huang, J., Xu, F., Liu, X., and Wang, Q. (2012). Recombinant 

human BMP-2 for the treatment of open tibial fractures. Orthopedics 35, e847-

854. 

Weinstein, G.D., and Boucek, R.J. (1960). Collagen and elastin of human 

dermis. J Invest Dermatol 35, 227-229. 

Weiss, L.W., and Zelickson, A.S. (1975). Embryology of the epidermis: 

ultrastructural aspects. III. Maturation and primary appearance of dendritic cells 

in the mouse with mammalian comparisons. Acta Derm Venereol 55, 431-442. 



248 
 

Welch, M.P., Odland, G.F., and Clark, R.A. (1990). Temporal relationships of F-

actin bundle formation, collagen and fibronectin matrix assembly, and 

fibronectin receptor expression to wound contraction. J Cell Biol 110, 133-145. 

Werner, S., Beer, H.D., Mauch, C., Luscher, B., and Werner, S. (2001). The 

Mad1 transcription factor is a novel target of activin and TGF-beta action in 

keratinocytes: possible role of Mad1 in wound repair and psoriasis. Oncogene 

20, 7494-7504. 

Werner, S., and Grose, R. (2003). Regulation of wound healing by growth 

factors and cytokines. Physiol Rev 83, 835-870. 

Westfall, M.D., Mays, D.J., Sniezek, J.C., and Pietenpol, J.A. (2003). The Delta 

Np63 alpha phosphoprotein binds the p21 and 14-3-3 sigma promoters in vivo 

and has transcriptional repressor activity that is reduced by Hay-Wells 

syndrome-derived mutations. Mol Cell Biol 23, 2264-2276. 

Weyandt, G.H., Bauer, B., Berens, N., Hamm, H., and Broecker, E.B. (2009). 

Split-skin grafting from the scalp: the hidden advantage. Dermatol Surg 35, 

1873-1879. 

White, A.P., Vaccaro, A.R., Hall, J.A., Whang, P.G., Friel, B.C., and McKee, 

M.D. (2007). Clinical applications of BMP-7/OP-1 in fractures, nonunions and 

spinal fusion. Int Orthop 31, 735-741. 

Williams, S.E., Beronja, S., Pasolli, H.A., and Fuchs, E. (2011). Asymmetric cell 

divisions promote Notch-dependent epidermal differentiation. Nature 470, 353-

358. 

Wilson, C., Cotsarelis, G., Wei, Z.G., Fryer, E., Margolis-Fryer, J., Ostead, M., 

Tokarek, R., Sun, T.T., and Lavker, R.M. (1994). Cells within the bulge region of 

mouse hair follicle transiently proliferate during early anagen: heterogeneity and 

functional differences of various hair cycles. Differentiation 55, 127-136. 



249 
 

Winnier, G., Blessing, M., Labosky, P.A., and Hogan, B.L. (1995). Bone 

morphogenetic protein-4 is required for mesoderm formation and patterning in 

the mouse. Genes Dev 9, 2105-2116. 

Wolfraim, L.A., Walz, T.M., James, Z., Fernandez, T., and Letterio, J.J. (2004). 

p21Cip1 and p27Kip1 act in synergy to alter the sensitivity of naive T cells to 

TGF-beta-mediated G1 arrest through modulation of IL-2 responsiveness. J 

Immunol 173, 3093-3102. 

Wong, S.Y., and Reiter, J.F. (2011). Wounding mobilizes hair follicle stem cells 

to form tumors. Proc Natl Acad Sci U S A 108, 4093-4098. 

Wong, V.W., Sorkin, M., Glotzbach, J.P., Longaker, M.T., and Gurtner, G.C. 

(2011). Surgical approaches to create murine models of human wound healing. 

J Biomed Biotechnol 2011, 969618. 

Wu, Y., Chen, L., Scott, P.G., and Tredget, E.E. (2007a). Mesenchymal stem 

cells enhance wound healing through differentiation and angiogenesis. Stem 

Cells 25, 2648-2659. 

Wu, Y., Wang, J., Scott, P.G., and Tredget, E.E. (2007b). Bone marrow-derived 

stem cells in wound healing: a review. Wound Repair Regen 15 Suppl 1, S18-

26. 

Wu, Y., Zhao, R.C., and Tredget, E.E. (2010). Concise review: bone marrow-

derived stem/progenitor cells in cutaneous repair and regeneration. Stem Cells 

28, 905-915. 

Wulf, E., Deboben, A., Bautz, F.A., Faulstich, H., and Wieland, T. (1979). 

Fluorescent phallotoxin, a tool for the visualization of cellular actin. Proc Natl 

Acad Sci U S A 76, 4498-4502. 



250 
 

Xing, Q., Su, H., Cui, J., and Wang, B. (2012). Role of Treg cells and TGF-

beta1 in patients with systemic lupus erythematosus: a possible relation with 

lupus nephritis. Immunol Invest 41, 15-27. 

Xu, J., and Nicholson, B.J. (2013). The role of connexins in ear and skin 

physiology - functional insights from disease-associated mutations. Biochim 

Biophys Acta 1828, 167-178. 

Yagi, K., Furuhashi, M., Aoki, H., Goto, D., Kuwano, H., Sugamura, K., 

Miyazono, K., and Kato, M. (2002). c-myc is a downstream target of the Smad 

pathway. J Biol Chem 277, 854-861. 

Yamaguchi, K., Nagai, S., Ninomiya-Tsuji, J., Nishita, M., Tamai, K., Irie, K., 

Ueno, N., Nishida, E., Shibuya, H., and Matsumoto, K. (1999). XIAP, a cellular 

member of the inhibitor of apoptosis protein family, links the receptors to TAB1-

TAK1 in the BMP signaling pathway. EMBO J 18, 179-187. 

Yamauchi, K., Phan, K.D., and Butler, S.J. (2008). BMP type I receptor 

complexes have distinct activities mediating cell fate and axon guidance 

decisions. Development 135, 1119-1128. 

Yanagisawa, K., Osada, H., Masuda, A., Kondo, M., Saito, T., Yatabe, Y., 

Takagi, K., Takahashi, T., and Takahashi, T. (1998). Induction of apoptosis by 

Smad3 and down-regulation of Smad3 expression in response to TGF-beta in 

human normal lung epithelial cells. Oncogene 17, 1743-1747. 

Yang, L., Chan, T., Demare, J., Iwashina, T., Ghahary, A., Scott, P.G., and 

Tredget, E.E. (2001). Healing of burn wounds in transgenic mice 

overexpressing transforming growth factor-beta 1 in the epidermis. Am J Pathol 

159, 2147-2157. 



251 
 

Yang, L., Li, W., Wang, S., Wang, L., Li, Y., Yang, X., and Peng, R. (2012). 

Smad4 disruption accelerates keratinocyte reepithelialization in murine 

cutaneous wound repair. Histochem Cell Biol 138, 573-582. 

Yang, X., Castilla, L.H., Xu, X., Li, C., Gotay, J., Weinstein, M., Liu, P.P., and 

Deng, C.X. (1999). Angiogenesis defects and mesenchymal apoptosis in mice 

lacking SMAD5. Development 126, 1571-1580. 

Yano, F., Kugimiya, F., Ohba, S., Ikeda, T., Chikuda, H., Ogasawara, T., Ogata, 

N., Takato, T., Nakamura, K., Kawaguchi, H., et al. (2005). The canonical Wnt 

signaling pathway promotes chondrocyte differentiation in a Sox9-dependent 

manner. Biochem Biophys Res Commun 333, 1300-1308. 

Yano, S., Komine, M., Fujimoto, M., Okochi, H., and Tamaki, K. (2004). 

Mechanical stretching in vitro regulates signal transduction pathways and 

cellular proliferation in human epidermal keratinocytes. J Invest Dermatol 122, 

783-790. 

Ye, S., Park, B.H., Song, K.J., Kim, J.R., Jang, K.Y., Park, H.S., Bae, J.S., 

Brochmann, E.J., Wang, J.C., Murray, S.S., et al. (2013). In vivo inhibition of 

bone morphogenetic protein-2 on breast cancer cell growth. Spine (Phila Pa 

1976) 38, E143-150. 

Yi, S.E., Daluiski, A., Pederson, R., Rosen, V., and Lyons, K.M. (2000). The 

type I BMP receptor BMPRIB is required for chondrogenesis in the mouse limb. 

Development 127, 621-630. 

Yin, T., Getsios, S., Caldelari, R., Kowalczyk, A.P., Muller, E.J., Jones, J.C., 

and Green, K.J. (2005). Plakoglobin suppresses keratinocyte motility through 

both cell-cell adhesion-dependent and -independent mechanisms. Proc Natl 

Acad Sci U S A 102, 5420-5425. 



252 
 

Ying, Q.L., Nichols, J., Chambers, I., and Smith, A. (2003). BMP induction of Id 

proteins suppresses differentiation and sustains embryonic stem cell self-

renewal in collaboration with STAT3. Cell 115, 281-292. 

Yokouchi, Y., Sakiyama, J., Kameda, T., Iba, H., Suzuki, A., Ueno, N., and 

Kuroiwa, A. (1996). BMP-2/-4 mediate programmed cell death in chicken limb 

buds. Development 122, 3725-3734. 

Yoshioka, Y., Ono, M., Osaki, M., Konishi, I., and Sakaguchi, S. (2012). 

Differential effects of inhibition of bone morphogenic protein (BMP) signalling on 

T-cell activation and differentiation. Eur J Immunol 42, 749-759. 

Yu, H., Fang, D., Kumar, S.M., Li, L., Nguyen, T.K., Acs, G., Herlyn, M., and Xu, 

X. (2006). Isolation of a novel population of multipotent adult stem cells from 

human hair follicles. Am J Pathol 168, 1879-1888. 

Yu, H., Kumar, S.M., Kossenkov, A.V., Showe, L., and Xu, X. (2010a). Stem 

cells with neural crest characteristics derived from the bulge region of cultured 

human hair follicles. J Invest Dermatol 130, 1227-1236. 

Yu, J., Zhang, L., Chen, A., Xiang, G., Wang, Y., Wu, J., Mitchelson, K., Cheng, 

J., and Zhou, Y. (2008). Identification of the gene transcription and apoptosis 

mediated by TGF-beta-Smad2/3-Smad4 signaling. J Cell Physiol 215, 422-433. 

Yu, X., Espinoza-Lewis, R.A., Sun, C., Lin, L., He, F., Xiong, W., Yang, J., 

Wang, A., and Chen, Y. (2010b). Overexpression of constitutively active BMP-

receptor-IB in mouse skin causes an ichthyosis-vulgaris-like disease. Cell 

Tissue Res 342, 401-410. 

Zanet, J., Pibre, S., Jacquet, C., Ramirez, A., de Alboran, I.M., and Gandarillas, 

A. (2005). Endogenous Myc controls mammalian epidermal cell size, 

hyperproliferation, endoreplication and stem cell amplification. J Cell Sci 118, 

1693-1704. 



253 
 

Zawacki, B.E., and Jones, R.J. (1967). Standard depth burns in the rat: the 

importance of the hair growth cycle. Br J Plast Surg 20, 347-354. 

Zhang, H., and Bradley, A. (1996). Mice deficient for BMP2 are nonviable and 

have defects in amnion/chorion and cardiac development. Development 122, 

2977-2986. 

Zhang, J., Ge, Y., Sun, L., Cao, J., Wu, Q., Guo, L., and Wang, Z. (2012). Effect 

of bone morphogenetic protein-2 on proliferation and apoptosis of gastric 

cancer cells. Int J Med Sci 9, 184-192. 

Zhang, J., He, X.C., Tong, W.G., Johnson, T., Wiedemann, L.M., Mishina, Y., 

Feng, J.Q., and Li, L. (2006). Bone morphogenetic protein signaling inhibits hair 

follicle anagen induction by restricting epithelial stem/progenitor cell activation 

and expansion. Stem Cells 24, 2826-2839. 

Zhang, Q., Raoof, M., Chen, Y., Sumi, Y., Sursal, T., Junger, W., Brohi, K., 

Itagaki, K., and Hauser, C.J. (2010). Circulating mitochondrial DAMPs cause 

inflammatory responses to injury. Nature 464, 104-107. 

Zhao, M., Yang, H., Jiang, X., Zhou, W., Zhu, B., Zeng, Y., Yao, K., and Ren, C. 

(2008). Lipofectamine RNAiMAX: an efficient siRNA transfection reagent in 

human embryonic stem cells. Mol Biotechnol 40, 19-26. 

Zhao, Y., Samal, E., and Srivastava, D. (2005). Serum response factor 

regulates a muscle-specific microRNA that targets Hand2 during cardiogenesis. 

Nature 436, 214-220. 

Zhou, P., Byrne, C., Jacobs, J., and Fuchs, E. (1995). Lymphoid enhancer 

factor 1 directs hair follicle patterning and epithelial cell fate. Genes Dev 9, 700-

713. 



254 
 

Zhu, H., Kavsak, P., Abdollah, S., Wrana, J.L., and Thomsen, G.H. (1999). A 

SMAD ubiquitin ligase targets the BMP pathway and affects embryonic pattern 

formation. Nature 400, 687-693. 

Ziegler-Heitbrock, L., Ancuta, P., Crowe, S., Dalod, M., Grau, V., Hart, D.N., 

Leenen, P.J., Liu, Y.J., MacPherson, G., Randolph, G.J., et al. (2010). 

Nomenclature of monocytes and dendritic cells in blood. Blood 116, e74-80. 

Zuniga, A., Haramis, A.P., McMahon, A.P., and Zeller, R. (1999). Signal relay 

by BMP antagonism controls the SHH/FGF4 feedback loop in vertebrate limb 

buds. Nature 401, 598-602. 

 

 

 

 

 

 

 


	cover_sheet_thesis.pdf
	University of Bradford eThesis


