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ABSTRACT 

Treatment of cancer patients with epidermal growth factor receptor (EGFR) inhibitors 

causes perifollicular inflammation in the skin. Mouse models with EGFR deficiency 

predicted this folliculitis and revealed that abrogation of EGFR disrupts hair follicle 

cycling. Hair follicles transition between the anagen growth phase, a transitional catagen 

phase, and the dormant phase of telogen throughout life. We hypothesized that the defect 

in progression through catagen resulting from EGFR deficiency causes cutaneous 

inflammation. EGFR regulation of the hair cycle and inflammation was investigated 

using a skin-targeted deletion of Egfr (Krt14-Cre+/Egfrfl/fl mice). Dorsal hair follicles of 

control mice synchronously entered catagen at P17. In contrast, Egfr mutant follicles 

asynchronously entered catagen after P18 with some follicles remaining in aberrant 

anagen through P28. Mast cells were examined because follicular mast cell precursors 

can facilitate the transition into catagen after their maturation and degranulation. Failed 

catagen progression preceded an inflammatory response in the mutant skin, which was 

characterized by an increase in mast cell numbers beginning at P21. Neutrophils and 

macrophages increased in mutant skin by P28. Transcriptional profiling using follicular 

RNA was performed at normal catagen onset to identify EGFR-regulated mediators of 

the inflammatory response. In silico analyses of these data identified increased expression 

of 12 immune function genes in mutant hair follicles including the mast cell proteases 

Chymase and Tryptase and class I and II MHC molecules, consistent with a role for both 

innate and adaptive immunity in cutaneous inflammation following asynchronous 

catagen. The mitotic regulators Rcc2 and Sfi1 were increased correlating with our 

observation of G2-M accumulation in controls prior to catagen and sustained proliferation 

in mutants. Sixteen hair keratins and keratin-associated protein genes were decreased in 

mutants, which was associated with wavy hair and follicular abnormalities. Because 

chemotherapeutics like cyclophosphamide induce dystrophic catagen and alopecia, we 

hypothesized Egfr mutants would be resistant to alopecia. Mutants arrested in early 

catagen following cyclophosphamide, sustained less apoptosis, had less p53, and did not 

undergo alopecia in contrast to cyclophosphamide-treated controls. These results 

document pleiotropic roles for EGFR in follicular hair cycling, proliferation, 

differentiation and suppression of inflammation.  
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Epidermal growth factor receptor (EGFR) structure and signaling 
 

 Signaling through the epidermal growth factor receptor (EGFR) and its family 

members has been extensively studied in both mice and humans and has been implicated 

in control of cellular functions including cell division, cell survival, apoptosis and 

differentiation. EGFR is a member of the Erbb (HER) receptor family that gets its name 

from the avian erythroblastoma tumor virus, which encodes a mutant form of the human 

EGFR. Erbb is used to denote murine members of the family, while HER (human 

epidermal growth factor receptor) is used to distinguish the human receptors (Yarden & 

Sliwkowski, 2001). The murine family members are: Erbb1/EGFR, Erbb2, Erbb3 and 

Erbb4 (Table 1). All ligands that bind to Erbb family members contain an EGF-like -

domain, composed of 6 cysteine residues in a beta sheet structure, and 3 disulfide bonded 

intramolecular loops	  (Yarden & Sliwkowski, 2001). EGF ligands are separated into 3 

groups based on receptor specificities	  (Table 1).  

 

Table 1. Ligands have specificity for Erbb receptors 

Group Receptor 
(*ErbB2: no known ligand) 

Ligand 

1 EGFR Epidermal growth factor, 
Transforming growth factor 

α, Amphiregulin 
2 EGFR, Erbb4 Betacellulin, Heparin 

binding-epidermal growth 
factor, Epiregulin 

3a Erbb3, Erbb4 Neuregulin1 (Heregulin), 
Neuregulin2 

3b Erbb4 Neuregulin3, Neuregulin4 
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EGFR is synthesized as a 1,210-amino acid polypeptide that is subsequently 

cleaved at the N terminus to an 1,186 amino acid polypeptide	  (Jorissen et al., 2003). The 

170-kDa receptor contains three distinct domains: the extracellular ligand-binding 

domain, the hydrophobic transmembrane domain and the intracellular domain, which 

contains the tyrosine kinase (Cohen et al., 1982) (Graus-Porta et al., 1997)	  (Jorissen et al., 

2003). EGFR family members exhibit protein sequence homologies above 50% with the 

similarity of EGFR to Erbb2 at 64% and EGFR to Erbb3 at 53%	  (Jorissen et al., 2003).  

The structure of the extracellular domain of each receptor determines ligand-binding 

specificity (Table 1) (Normanno et al., 2006). Following binding of ligand, EGFR 

dimerizes with either another EGFR monomer or another Erbb family member through a 

conformational change in the dimerization arm on the extracellular side (Ward et al., 

2007)(Hackel et al., 1999). Ligand binding induces dimerization and orients the 

intracellular domains of the receptor resulting in phosphorylation of intracellular tyrosine 

residues and an active kinase (Jorissen et al., 2003). EGFR has 20 tyrosines that can be 

phosphorylated to initiate signal transduction. Phosphotyrosine residues form docking 

sites for Src homology 2 (SH2) and phosphotyrosine binding (PTB) domains present on 

docking proteins	  (Graus-Porta et al., 1997)(Yaffe, 2002). The identity of the docking 

proteins recruited depends upon ligand bound, components of the signaling dimer, and 

the residues phosphorylated (Yarden & Sliwkowski, 2001). The pathways activated 

following phosphorylation of EGFR are diverse and complex and result in multiple, 

sometimes-opposing cellular responses (Fig. 1). The most studied pathway associated 

with EGFR activation is the Ras/MAPK pathway, acting in response to phospho-receptor 

association with Shc, Grb, and Sos. Activation of the GTPase Ras results in signaling 
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through Raf, mitogen activated protein kinase/ERK kinase (MEK), and extracellular 

signal-regulated kinase 1/2 (ERK1/2) (Fig. 1). This pathway contributes to oncogenesis 

through increased proliferation and survival (McCubrey et al., 2007). The cell cycle 

regulator, cyclin D1, is activated by the Ras/MAPK pathway resulting in progression 

from G1 to S and cell division (Ciardiello & Tortora, 2001). ERK phosphorylation and 

inactivation of apoptotic proteins such as Bad, Bim, and Caspase 9 contributes to survival	  

(McCubrey et al., 2007). Cellular senescence or apoptosis can result following EGFR 

activation through c-Jun N-terminal kinase (JNK) and p38 kinase signaling. A change in 

mitochondrial membrane permeability mediated by p38 leads to apoptosis in cells treated 

with EGF (Tikhomirov & Carpenter, 2004). Treatment of fibroblasts and A431 cells with 

p38 inhibitors prevents EGF-induced upregulation of p21 and apoptosis (Tikhomirov & 

Carpenter, 2004). In addition EGF treatment of squamous cell carcinoma cells results in 

decreased cell attachment and apoptosis. Detachment of cells from the extracellular 

matrix results in decreased expression of Cyclin A, Cyclin D1, and pRb that is dependent 

on integrin signaling (Cao et al., 2000). Activation of EGFR by EGF can also induce 

apoptosis through the Tec family kinase, Etk through STAT1 (Chen et al., 2004). 

Reactive oxygen species, ultraviolet radiation, and chemotherapeutics commonly induce 

these apoptotic pathways (McCubrey et al., 2007)(Seo et al., 2007)	  (Rodust et al., 

2009)(Maruyama et al., 2009). The phosphorylation of c-Src can also initiate the same 

MAPK pathway through the phosphorylation of Raf	  (McCubrey et al., 2007). 

Additionally c-Src can phosphorylate phospholipase C γ (PLCγ) and increase 

intracellular calcium and protein kinase C, which contributes to decreased adhesion, 

increased invasion and proliferation (Fig. 1) (Xie et al., 2010). Phosphorylation of the  
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Figure 1. EGFR activation results in multiple signaling events. EGFR activation and the 
subsequent signaling cascades result in diverse cellular responses. Numbers for receptor dimers 
represent Erbb designation (1= EGFR, 2= Erbb2, 3= Erbb3, 4= Erbb4 and dimerization partner	  
(Yarden & Sliwkowski, 2001).  
 
phosphotidyl inositol 3-kinase (PI3-K) by EGFR results in Akt phosphorylation and 

inactivation of pro-apoptotic factors Bad, Bim, and Procaspase 9 (Fig. 1), resulting in cell 

survival. EGFR can indirectly influence gene expression through transactivation from G-

protein coupled receptors or through Src kinase (Fig. 1)	  (Liebmann, 2011). The cytokine 

initiated janus kinase/signal transducer and activator (Jak/STAT) pathway can also 

participate in MAPK signaling (Fig. 1). Initiation of the Jak pathway results in STAT 

phosphorylation and increased proliferation and decreased apoptosis. EGFR can also 

activate STAT3 independently of Jak	  (Lai & Johnson, 2010). Activation of these 

pathways influences gene expression through activation of transcription factors including 

NFκB, c-Jun, c-fos, AP-1, c-myc, Ets family, STAT, Elk, Egr1 and Sp1 (Fig. 1)(Biswas 

et al., 2000)(Quantin & Breathnach, 1988)(Olayioye et al., 1999)	  (Yarden & Sliwkowski, 
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2001)(Hackel et al., 1999). Each step in the signaling pathway from ligand binding, 

receptor dimerization, to the initiation of downstream signaling allows for specificity of 

signaling in response to various stimuli. Unsurprisingly, given the central role of EGFR-

activated signaling in a variety of critical cell functions, attenuation of these signaling 

events is also highly regulated. 

The principal mechanism for EGFR downregulation is through a reduction in the 

number of receptors on the cell surface. Ligand binding triggers the assembly of clathrin-

coated vesicles containing EGFR followed by the GTPase dynamin separating the vesicle 

from the membrane. Separation of the vesicle from the membrane leads to either 

lysosomal degradation or receptor recycling (Marmor et al., 2004)	  (Chi et al., 2011). 

EGFR, but not other family members, bind c-Cbl, an E3 ubiquitin ligase that facilitates 

the degradation of activated receptors (Hackel et al., 1999)(Marmor et al., 2004). 

Signaling pathways regulated by the epidermal growth factor receptor family coordinate 

mechanisms of proliferation, differentiation, and apoptosis in keratinocytes of the 

epidermis and hair follicles.  

Skin and hair morphogenesis 

 The skin is the largest organ of the body and is made up of both the dermis and 

epidermis. The murine epidermis is a stratified structure with four well-defined layers; a 

fifth layer is present only in the thick skin of the palm and footpad. The epidermis is 

made up primarily of keratinocytes whose primary function is protection from 

environmental damage and prevent water loss. Keratinocytes proliferate and differentiate  
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apically to make the multilayered structure. The layer in contact with the basement 

membrane is known as the basal layer or the stratum basale; it is characterized by large 

cuboidal or cylindrical keratinocytes (Fig. 2). Cells in the basal layer are bound to the 

basement membrane by hemidesmosomes and to each other by desmosomes. The 

intermediate filaments Keratin 5 and Keratin 14 are expressed in the basal layer	  (BL,	  Fig.	  

2)(Fuchs, 1990). This layer is populated by rarely dividing stem cells and transit-

amplifying cells that frequently undergo mitosis to renew the suprabasal layers of the      

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Differentiation of the hair follicle and skin. The epidermis and hair follicle are 
multilayered structures made up of differentiating keratinocytes. StC: Stratum corneum, Gr: 
Stratum granulosum, Sp: Stratum spinosum, BL: Basal layer, ORS: Outer root sheath, IRS: Inner 
root sheath, HS: Hair shaft, DP: Dermal papilla	  (Fuchs & Horsley, 2008). 
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epidermis (Koster, 2009)(Fig. 2). The next layer is called the spinous layer or the stratum 

spinosum (Sp, Fig. 2). It is made up of keratinocytes with large oval nuclei that express 

Keratin 1 and Keratin 10. This layer is characterized by cytoplasmic spiny protrusions, 

tonofilaments, filled with keratin proteins that form the desmosomes and give the layer its 

name. The next apical layer in the mouse is known as the granular layer or stratum 

granulosum (Gr, Fig. 2). This layer houses more flattened or polygonal keratinocytes and 

is characterized by expression of loricrin and filaggrin. These keratinocytes are more 

basophilic because of keratohyalin granules that are located in the cytoplasm. The most 

important function of the granular layer is formation of the skin’s barrier. Lamellar 

granules housed in this layer move to the cell membrane and excrete their contents into 

the extracellular environment. This produces a lipid-like seal that provides protection 

from microorganisms and promotes moisture retention (Gibbs, 1942). The stratum 

lucidum is present between the granulosum and the corneum in the epidermis of thick 

skin in the palms and footpads. The outermost layer, the stratum corneum, is made up of 

terminally differentiated keratinocytes that further protect the layers below and form an 

insoluble tightly packed seal	  (Fuchs, 1990)(StC, Fig. 2). 

Although keratinocytes comprise approximately 90-95% of the cells of the 

epidermis, several other epidermal cell types have important functions (Freinkel & 

Woodley, 2001). Melanocytes present in the human epidermis are pigment-producing 

cells that also reside in the hair follicle and eye of humans and other species (Goding, 

2007). Langerhans cells are specialized dendritic cells that function in the immune 

response in the epidermis (Clausen & Kel, 2010). Merkel cells are neuroendocrine cells 

that are found mainly in the basal layer of epidermis in touch sensitive areas, consistent 
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with their function in mechanoreception (Boulais & Misery, 2007). The dermis is 

separated from the epidermis by the basement membrane, which functions as an 

anchoring point for the epidermis to the loose connective tissue of the dermis. The dermis 

is mostly composed of collagens, elastins, and a number of other glycoproteins secreted 

by the fibroblast, the primary cell type of the dermis. The dermis is composed of reticular 

and papillary layers. The papillary dermis underlying the basement membrane has 

smaller bundles of collagen and elastic fibers as well as a higher proportion of fibroblasts 

than the reticular dermis. This type of dermis surrounds blood vessels and hair follicles. 

The reticular dermis below the papillary dermis forms interwoven collagen and elastic 

fibers that provide mechanical strength (Freinkel & Woodley, 2001). Below the dermis 

and dermal adipose lies a layer of striated muscle in the mouse, the panniculus carnosus 

(Freinkel & Woodley, 2001)(Hellmann, 1963).  

The hair follicles in mammalian skin serve multiple purposes including 

protection, insulation, and specialized sensation. Hair development in the mouse begins at 

embryonic day 14 (E14) and continues until postnatal day 9 (P9) (Mann, 1962)	  (Paus et 

al., 1999)	  (Fuchs, 2008). The first step in hair follicle morphogenesis begins with the 

clustering of mesodermal precursors into a dermal condensate. This process is mediated 

by WNT and β-catenin (Schmidt-Ullrich & Paus, 2005). The clusters signal the overlying 

keratinocytes to begin proliferating and for the hair placode to form (Fuchs, 2008). 

Formation of the placode relies on EDAR/NFκB and NOGGIN/Lef-1 signaling/activation 

(Schmidt-Ullrich & Paus, 2005). Further proliferation results in the hair peg by 

expression of SHH/Gli2 with a mature dermal papilla at the base of the follicle. In order 

to maintain the polarity necessary for down growth of the follicle, Noggin/Lef1 activity is 
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required (Jamora et al., 2003)(Schmidt-Ullrich & Paus, 2005). Two types of hair develop, 

one being the pelage hairs that make up the coat of mammals and second the tactile hairs 

or vibrissae, which provide sensory information	  (Stenn & Paus, 2001). Among pelage 

hairs mice have four types of variable shapes: awl-like, auchene, guard and zig-zag 

(Schmidt-Ullrich & Paus, 2005).  

 The hair is a structurally complex organ made up of multiple structures and layers 

(Fig. 2). The follicle is continuous with the epidermis (Montagna, 1962). The sebaceous 

gland, which occurs just above the bulge region, provides an oily substance called sebum 

to smooth and insulate the follicle from physical disruption (Gibbs, 1942)(Fig. 2). The 

stem cells of the hair follicle and epidermis reside in the bulge region, positioned just 

below the sebaceous gland. These bulge cells can contribute to epidermal regeneration 

following injury (Ito et al., 2005)	  (Levy et al., 2005)(Fig. 2). As in the epidermis the hair 

follicle stem cells give rise to transit-amplifying cells that form the hair follicle (Trempus 

et al., 2003). Seven layers make up the mature hair follicle; the least differentiated layer 

is the outer root sheath (ORS, Fig. 2), which is characterized by expression of keratins 5, 

6, 14, 16, and 17. Differentiation of ORS keratinocytes gives rise to the inner root sheath 

(IRS, Fig. 2), which expresses keratins 71-74	  (Langbein & Schweizer, 2005)	  (Schweizer 

et al., 2006). The hair itself arises from the rapidly dividing matrix cells in the bulb 

region. Differentiation of matrix cells results in formation of the hair shaft including the 

medulla, cortex, and cuticle of the cortex. The cortex is formed from matrix cells that are 

shaped into the form of the hair by the inner root sheath and is largely composed of 

tightly packed intermediate filaments like keratins 31-39 and 81-86 and keratin-

associated proteins (Montagna, 1962; Chase, 1954)	  (Langbein et al., 2010)(Paus & 
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Cotsarelis, 1999). Much like the epidermis, follicular differentiation requires tightly 

coordinated signaling. The transcription factor LEF1, activated through the WNT 

pathway, has been shown to bind 15 hair keratin genes inducing their transcription 

(Rogers, 2004). Formation of the layers of the follicle is dependent on bone morphogenic 

protein (BMP) signaling as evidenced by impaired cortex and cuticle formation in 

NOGGIN overexpressing follicles (Kulessa et al., 2000)(Rogers, 2004). Increased 

NOGGIN expression and decreased expression of BMP receptor results in 

downregulation of homeobox genes: Msx1, Msx2, Foxn1, and Hoxc13	  (Cai et al., 2009). 

Msx2 knockout mice show defective hair follicle differentiation and cyclic alopecia (Ma 

et al., 2003). Deletion of other homeobox genes, Hoxc13 and the nude gene, Foxn1 result 

in keratinization defects and broken hair shafts that fail to erupt from the skin surface 

(Cai et al., 2009) (Potter et al., 2011).  

The Notch pathway is also important for cell fate specification and differentiation 

in the hair follicle. Either decreased or increased Notch results in differentiation defects 

in the hair follicle (Lin et al., 2000)(Pan et al., 2004). Increased signaling through Notch 

causes abnormal differentiation of the medulla and cuticle leading to a wavy hair 

phenotype and alopecia	  (Lin et al., 2000). Loss of Notch signaling leads to a failure to 

maintain IRS cells and the ORS taking on an epidermal cell fate resulting in cyst 

formation	  (Pan et al., 2004). Signaling molecules expressed in the dermal papilla also 

control follicular differentiation. Fibroblast growth factor receptor 2 (Fgfr2) loss of 

function mutations lead to disrupted formation of the medulla (Schlake, 2005)(Cai et al., 

2009). The complexity of the hair follicle and its ability to cyclically regenerate, as 

discussed in the next section, necessitate equally complex and sophisticated signaling. 
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Mammalian hair follicles cycle through growth and resting phases 

Hair follicles are unique appendages in that they cycle through phases of active 

growth and rest, generating a new hair shaft with each cycle throughout the life of the 

organism. Early in life the cycling is well defined and quite synchronous in the mouse 

albeit with a complex pattern over the surface of the skin (Plikus & Chuong, 2008)	  

(Plikus et al., 2009). However, each cycle becomes less predictable.	  In the mouse, hair 

follicles enter the first cycle with catagen onset around P17 (Paus et al., 1999)(Fuchs, 

2008) (Fig.3). Catagen, which lasts only 3 days, is characterized by termination of cell 

division in the matrix and controlled apoptosis and involution of the lower follicle. 

During this transitional stage, the follicular keratinocytes undergo tightly regulated mass 

apoptosis in the proximal hair follicle, beginning with the matrix. The total thickness of 

the skin also decreases by two-thirds, due to a loss of adipose cells and decreased fluid in 

the tissue (Chase et al., 1953). Each of the catagen substages, from catagen I to catagen 

VIII is characterized by specific changes in the number of apoptotic cells in the hair 

follicle as well as their positioning and the extent of remodeling of the whole follicle. 

Catagen I is distinguished from anagen by the presence of more than 2 apoptotic cells in 

the bulb (Muller-Rover et al., 2001). The first morphological change occurring during 

catagen is the detachment of the dermal papilla from the basement membrane in catagen 

II. The loss of cytoskeletal-associated proteins such as trichohyalin, transglutaminase I, 

and desmoglein between catagen III and catagen VIII result in the lower follicle 

becoming increasingly smaller until it completely withdraws (Commo & Bernard, 1997) 

(Stenn & Paus, 2001). The final transformation, known as telogen, occurs when the 

dermal papilla repositions itself at the base of the club hair. The club hair is defined as a 
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resting hair shaft that retains a small number of terminally differentiated keratinocytes at 

the base, which forms an attachment to the cortex of the hair shaft. In telogen, the entire 

follicle resides in the upper dermis; there is no hair growth and little proliferation. The 

telogen follicle contains no inner root sheath and the dermal papilla is a compact round 

structure at the base of the hair. The first telogen lasts less than a week in mice, while 

subsequent telogen phases in older mice can last for 5 weeks (Muller-Rover et al., 2001).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Mammalian hair cycle. The mammalian hair cycle begins following morphogenesis 
with catagen and progresses through telogen until regeneration of the follicle with a new anagen 
(Paus & Cotsarelis, 1999). 
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The anagen growth phase follows telogen, and is characterized by increased proliferation 

of transit amplifying cells in the bulge region of the follicle. Initiation of anagen begins 

with upregulation of WNT and Sonic hedgehog (SHH) along with TGFβ2 and the 

inhibition of bone morphogenetic proteins (Alonso & Fuchs, 2006). Growth factors such 

as insulin-like growth factor (IGF) and fibroblast growth factor 7 (FGF7) upregulated by 

the dermal papilla are essential for the expansion of the anagen follicle	  (Stenn & Paus, 

2001)	  (Muller-Rover et al., 2001). Proliferation in the matrix of the hair follicles drives 

hair growth. The anagen follicle is characterized histologically by regrowth of the lower 

portion of the follicle below the bulge (Fig. 3). Multiple substages of this anagen phase 

have been described, each distinguished by different morphological characteristics 

(Chase, 1954) (Muller-Rover et al., 2001)	  (Stenn & Paus, 2001). A number of mutant 

mouse lines have been described with hair follicle phenotypes that have provided insights 

into the regulation of hair follicle differentiation and cycling. Prominent among these are 

EGFR mutants, as described below. 

Spontaneous Egfr mutations and generation of mutants 

 In 1933 Francis Crew described a spontaneously occurring waved hair phenotype 

in the mouse. It was later discovered that this line contained a point mutation in the gene 

encoding the EGFR ligand TGFα	  (Crew, 1933). This line became known as waved-1 

(wa-1)	  (Crew, 1933)	  (Schneider et al., 2008). In 1935 Clyde Keeler described a similarly 

affected independent mouse line, waved-2 (wa-2), with a more prominent waved 

appearance compared to the wa-1	  (Keeler, 1935). Many years later it was discovered that 

wa-2 mice harbored a point mutation in Egfr	  (Luetteke et al., 1994)	  (Schneider et al., 

2008). From both lines many fundamental functions of EGFR signaling have been 
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elucidated. EGFR ligands activating their receptors result in proliferation of keratinocytes 

and fibroblasts through both autocrine and paracrine signaling mechanisms. Pathologies 

associated with high levels of EGFR expression include psoriasis, squamous cell 

carcinoma, melanoma, and non-melanoma skin cancers (Schneider et al., 2008).  

Since spontaneous mutants of EGFR and TGFα were described, other models 

with genetically modified EGFR have been developed. Egfr null mice generated by 3 

independent groups revealed many similar deficiencies although perinatal lethality 

limited their utility	  (Threadgill et al., 1995)	  (Sibilia & Wagner, 1995)	  (Miettinen et al., 

1995). Egfr null mice are born with open eyelids and delayed hair follicle development 

along with defective hair follicle differentiation. Egfr null mice have decreased epidermal 

proliferation and decreased growth of benign skin tumors	  (Threadgill et al., 1995)	  

(Dlugosz et al., 1997)	  (Hansen et al., 2000).  Similar to the phenotypes observed with 

TGFα mutants	  (Luetteke et al., 1993)	  (Mann et al., 1993), overexpression of EGFR 

ligands amphiregulin, betacellulin and epidermal growth factor or deletions of epiregulin 

and heparin binding-epidermal growth factor result in hair and skin deficits including 

impaired wound healing, chronic dermatitis, delayed hair cycle and psoriasis-like 

phenotypes	  (reviewed	  in	  Schneider et al., 2008). The complex role of EGFR in the skin 

and hair follicles can also underlie complications that arise upon inhibition of the receptor 

in cancer patients. 

Clinical implications of EGFR inhibition 

 Over-expression of EGFR and its family members has been shown to occur in a 

number of different cancers (Gullick, 1991). Due to the prevalence of EGFR over-

expression in human solid tumors, EGFR has been the target for two types of therapies, 
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mainly for the treatment of non-small cell lung cancer, head and neck cancer, ovarian 

cancer, and colorectal cancer	  (Baselga, 2006). EGFR targeted therapies are either small 

molecule tyrosine kinase inhibitors (TKIs) or monoclonal antibodies targeting EGFR 

(Baselga, 2006)	  (Scaltriti & Baselga, 2006). The small molecule therapies like erlotinib 

and gefitinib are orally administered and subsequently bind to the ATP binding site, 

preventing activation of downstream effectors (Arteaga, 2001). Conversely, monoclonal 

antibodies like cetuximab and panitumumab target the extracellular ligand-binding 

domain and inhibit activation and signaling by competing with ligands	  (Mendelsohn & 

Baselga, 2000) (Lynch et al., 2007)	  (Vivanco & Mellinghoff, 2010). Both tyrosine kinase 

inhibitors and antibody based therapy result in similar anti-tumor effects. Both effectively 

attenuate downstream signaling pathways initiated by EGFR including MAPK pathways, 

the PI3K/Akt pathway and Jak/STAT signaling. Both of these types of drugs share one 

commonality; they induce a number of unpleasant cutaneous toxicities including a severe 

skin rash	  (Lacouture, 2006). Most patients of EGFR-targeted therapy report a condition 

resembling a rash and between 60-80% of patients will experience side effects 

characterized by severe erythroderma with eruptions of the skin covering more than 50% 

of the body and painful acneiform eruptions. Induction of the eruption usually occurs 

within a few days of the first treatment and in some cases can result in termination of 

treatment because of sustained irritation (Lynch et al., 2007). Histological examination of 

the lesions reveals T lymphocyte infiltration followed by neutrophilic folliculitis as well 

as perifolliculitis, which is defined as neutrophils surrounding the hair follicle. A 

hyperkeratotic appearance of the follicular infundibula and intraepidermal acantholysis	  

follows	  infiltration	  of	  inflammatory	  cells	  (Busam et al., 2001). The efficacy of EGFR-
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targeted therapy especially in the case of erlotinib can be predicted based on the 

appearance and severity of the rash. Patients being treated for non-small cell lung cancer 

who did not experience a rash had a median survival of 1.5 months. A mild rash severity 

resulted in median survival time rising to 8.5 months. Patients who reported moderate to 

severe toxicities had the highest median survival time at 19.6 months in this study	  (Pérez-

Soler et al., 2004)(Lynch et al., 2007). Similar effects were observed in patients with 

head and neck cancers or ovarian cancer treated with erlotinib (Clarke, 2003)(Lynch et 

al., 2007).     

 EGFR inhibitors can increase time of tumor progression and increase overall 

survival due to their ability to attenuate growth, induce apoptosis, and decrease cell 

migration. EGFR regulates a diversity of events in the skin and its role changes 

depending on cellular context. EGFR signaling results in diverse downstream signaling 

and much of its activity is incompletely understood. The rationale for the study of EGFR 

function in the skin is to both understand the role of EGFR in basic biological processes 

of hair follicle development and cycling and to advance clinical applications to prevent 

side effects.     

Significance 

 Hair follicle biology and homeostasis is determined by a complex system of 

signaling where both cellular context and timing are important. EGFR, its ligands and 

dimerization partners influence multiple events associated with the hair follicle. Because 

of these complex interactions it is as yet unknown how EGFR influences the hair cycling 

and differentiation on a molecular level. It is also unknown how the inflammatory 

response propagates in response to failed hair cycling in mammalian skin.    
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I hypothesized that EGFR is necessary for both spontaneous and chemotherapy-

induced catagen, and I predicted that the failure of hair follicles to undergo catagen 

would result in inflammation. Additionally, I hypothesized EGFR regulation of 

transcription of differentiation genes leads to defective hair follicle differentiation. To test 

these hypotheses we investigated the following specific aims: 

1) Determine the mechanism of epithelial EGFR regulation of catagen and its 

influence on inflammation (Chapter 2). 

2) Determine the role of EGFR in chemotherapy-induced catagen and alopecia 

(Chapter 3). 

3) Determine the role of EGFR in hair follicle differentiation (Chapter 4). 

Through investigation of these aims, we have demonstrated a role for EGFR in mediating 

both a cell cycle accumulation prior to spontaneous catagen, sustained stabilization of 

p53 and progression through the hair cycle following chemotherapy administration, and 

EGFR regulated gene transcription of differentiation-associated hair follicle genes.  
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Chapter 2: Defective catagen entry in EGFR deficient skin is 

associated with altered cell cycle regulation and cutaneous 

inflammation 
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ABSTRACT 
 
Treatment of cancer patients with epidermal growth factor receptor (EGFR) inhibitors causes 

perifollicular inflammation in the skin. Mouse models with EGFR deficiency predicted this 

folliculitis and revealed that abrogation of EGFR disrupts hair follicle cycling. We hypothesized 

that the catagen defect resulting from EGFR deficiency causes cutaneous inflammation. EGFR 

regulation of the hair cycle and inflammation was investigated using a model with skin-targeted 

deletion of Egfr (Krt14-Cre+/Egfrfl/fl mice). Hair cycle stage was assessed using histological 

criteria, analysis of follicular apoptosis and the position of the dermal papillae. Dorsal hair 

follicles of control mice synchronously entered catagen at P17 and progressed to telogen by P21. 

In contrast, Egfr mutant follicles asynchronously entered catagen, with some follicles beginning 

catagen at P18 or later, and others remaining in aberrant anagen through P28. Failed catagen 

progression preceded an inflammatory response in the mutant skin, which was characterized by a 

40% or more increase in mast cell numbers beginning at P21. Mast cells in mutant skin were 

more likely to be degranulated as well. Neutrophils and macrophages increased in mutant skin by 

P28, subsequent to the increase in mast cells. Transcriptional profiling was performed at P17, 

using follicular RNA obtained from laser capture microdissection. In silico analysis of the data 

identified increased expression of 12 immune function genes in mutant hair follicles including the 

mast cell proteases Chymase and Tryptase along with 2 mitotic regulatory genes, Rcc2, and Sfi1. 

Phospho-Ser10 histone H3 and tubulin immunofluorescence indicated bulb cells of control mice 

accumulated in late G2/M phases prior to catagen. This accumulation occurred prior to the 

cessation of DNA synthesis as measured by BrDU incorporation in control but not mutant mice. 

Thus, EGFR dependent cell cycle regulation led to defective catagen in mutant hair follicles and 

resulted in cutaneous inflammation. 
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INTRODUCTION 

Epidermal growth factor receptor (EGFR) is upregulated in many cancers. 

Because elevated EGFR contributes to tumor progression it has recently become a target 

for intervention. EGFR inhibitors frequently cause side effects characterized by 

perifollicular inflammation (Lacouture, 2006) (Van Doorn et al., 2002) (Busam et al., 

2001) (Lenz, 2006). Inflammation surrounding the hair follicles has been documented in 

Egfr null skin, although perinatal lethality of the mice limits their utility (Hansen et al., 

1997). EGFR and its ligands have been implicated in hair cycle control (Murillas et al., 

1995) (Hansen et al., 1997) (Mann et al., 1993) (Schneider et al., 2008) (Mak & Chan, 

2003), although EGFR regulation of both the hair cycle and inflammation are not fully 

understood. Here we describe a viable skin-targeted mouse model of EGFR deficiency 

that mimics the null skin phenotype and allows for analysis of the hair cycle and 

inflammation.  

Hair follicles cycle from a growth to a resting state throughout life in both mice 

and humans, although the mouse differs in that hair follicles cycle synchronously early in 

life. In the mouse, the first hair cycle begins at approximately post-natal day (P) 16.5-

17.5 (Schmidt-Ullrich & Paus, 2005) (Alonso & Fuchs, 2006). During the first hair cycle 

stage known as catagen, cell division in the bulb and hair growth cease, while 

coordinated follicular apoptosis begins, resulting in involution of the lower follicle 

(Lindner et al., 1997). The resulting dormant stage is known as telogen (Cotsarelis et al., 

1990). Growth is reinitiated by signals from the dermal papilla and epithlelial cells of the 

outer root sheath (ORS) that cause rapid proliferation and regeneration of the follicle 

(Jahoda et al., 1984) (Legué & Nicolas, 2005). During this regenerative stage known as 
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anagen, the hair follicle extends deeper into the dermis and hair growth begins anew 

(Chase, 1954). Many of the signals important for hair follicle cycling have been 

identified using mouse models, although the mechanisms of catagen initiation are still 

largely unknown. 

The phenotypes of Egfr mutant mice predict the side effects subsequently 

observed in cancer patients treated with EGFR targeted therapies. Cutaneous 

inflammation results from Egfr deletion in mouse models and in cancer patients treated 

with EGFR inhibitors (Mascia et al., 2003)(Pastore et al., 2008)(Rodeck, 

2009)(Lacouture, 2006)(Lynch et al., 2007). The use of tyrosine kinase inhibitors and 

monoclonal antibodies targeting EGFR for the treatment of colorectal cancer, head and 

neck cancer, pancreatic cancer and non-small-cell lung cancer commonly result in a 

papulopustular or acneiform eruption	  (Vivanco & Mellinghoff, 2010). These lesions, 

which are normally confined to the skin of the upper trunk and face, can be severe 

enough for the patient to request cessation of treatment (Perez-Soler & Saltz, 2005) 

(Agero et al., 2006) (Hu et al., 2007). Histopathologic analysis of the lesions reveals a 

neutrophilic association with follicles in affected patients (Lacouture, 2006). This 

association between loss of EGFR signaling and immune response in patients and animal 

models points to a role for EGFR in suppressing cutaneous inflammation. Given the 

influence of EGFR on both hair follicle cycling and inflammation, we hypothesized that 

the defect in hair follicle cycling in EGFR deficient skin leads to cutaneous inflammation.  

 Here we show that EGFR is necessary for initiation of synchronous spontaneous 

catagen. Disruption of EGFR signaling resulted in sustained proliferation and decreased 

apoptosis associated with asynchronous and delayed catagen. Increased follicular 
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expression of proinflammatory genes and mast cell markers was observed at P17 in Egfr 

mutant mice. The inflammatory reaction following failed catagen entry in Egfr mutant 

mice shared many features with the responses to EGFR-targeted therapies in cancer 

patients, including sustained mast cell infiltration and activation, neutrophil recruitment, 

and macrophage accumulation. Our data suggest that failed catagen in Egfr mutant skin 

triggers increased inflammation in the skin. 
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RESULTS 

Genetic deletion of Egfr results in wavy hair and disorganized follicles. In order to 

investigate our hypothesis that defective hair follicle cycling in EGFR deficient skin leads 

to cutaneous inflammation, we characterized the phenotype of skin-targeted Egfr mutant 

mice. These mice were generated by breeding Keratin 14 (Krt14) promoter-driven Cre 

recombinase mice with transgenic mice containing LoxP sites flanking exon 3 of Egfr. 

The result of the cross was a frame shift mutation and the introduction of a stop codon 

causing truncation of the transcript and a nonfunctional receptor. EGFR protein was 

decreased by 90% in Egfr mutant (Egfrfl/fl/Cre+) mouse epidermis, as previously 

described	  (Maklad et al., 2009). Grossly, the skin and hair phenotype of the skin-targeted 

Egfr mutant mice mimicked that of Egfr null mice, including wavy whiskers and a wavy 

hair coat (Fig. 1a-c) (Threadgill et al., 1995). The skin-targeted mutants did not exhibit 

the same perinatal lethality, however, with most of them surviving well into adulthood. 

Variability of coat coverage existed among mutants with some exhibiting partial alopecia 

while others maintained a full coat (Fig. 1b-c). Histological analysis of dorsal skin at P8 

revealed the mutant follicles were less evenly spaced than control follicles and showed 

out-of-register bulbs (Fig. 1e, thick arrow). Control hair follicles displayed clearly 

defined bulb structures with uniform placement in the subcutis above the panniculus 

carnosus and spindle shaped dermal papilla, characteristic of anagen (Fig.1d, arrowhead). 

Mutant hair follicles often extended too deeply into the subcutaneous tissue and showed 

improper orientation (Fig. 1e). However, mutants also showed characteristic spindle 

shaped dermal papillae (Fig. 1e, arrowhead). 
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Figure 1.  Egfr mutants have wavy hair coats and follicular disorganization. P16 Egfr control 
(a) and mutant mice with mild phenotype characterized by wavy hair (b) or severe Egfr mutant 
phenotype with partial alopecia (c). Histologic analysis was performed by hematoxylin and eosin 
staining in dorsal skin at P8 in control (d), arrowhead indicates spindle shaped dermal papilla, and 
mutant (e), thick arrow is out-of-register bulb and arrowhead is spindle shaped dermal papilla. 
Scale bar = 50 µm. 
  
 
Egfr mutants had a defective anagen to catagen transition. Hair cycling in mutant and 

control mice was examined at multiple time points within the first 4 weeks using 

morphologic criteria including dermal papilla placement in the bulb and bulb shape, as 

previously described (Muller-Rover et al., 2001), and analysis of apoptosis. Consistent 
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with morphogenic anagen, spindle-shaped dermal papilla and clearly defined bulbs along 

with no TUNEL positive cells were identified in P15 or P16 hair follicles from both 

genotypes (Fig. 2a,c and not shown). In controls, the earliest identifiable histological 

changes indicating entry into catagen included thinning of follicular bulbs (Fig. 2a, small 

arrow). Consistent with early catagen, 10% of the follicular bulb cells were TUNEL 

positive (Fig. 2b-c, P17 control, arrow). Both the morphologic changes and TUNEL 

analysis indicated control mice at P17 were in catagen I-III (Table 1). Histologically at 

P18 control follicles had condensed dermal papilla and the follicle continued to shorten 

(Fig. 2a, P18 control, arrow). The percentage of cells undergoing apoptosis at P18 in the 

controls increased to 12% associated with progression to mid-late catagen (catagen IV-

VI) (Fig. 2b-c, P18 control, arrow). These observations are consistent with catagen IV-VI 

at P18 in controls. The final stages of catagen (catagen VII-VIII) occurred at P18 and P19 

in control hair follicles, with a visible epithelial strand between the distal follicle and the 

dermal papilla (Fig. 2a, P18 control, small arrow). At P20, the number of apoptotic cells 

in the controls declined to 0% as the follicles entered telogen (Fig. 2a, c, P20 control). At 

P21, Egfr control hair follicles were in telogen (Table 1) (Muller-Rover et al., 2001). At 

the end of telogen, the dermal papilla signals follicular keratinocytes to reinitiate cell 

division and thus inducing regeneration of the lower follicle (Muller-Rover et al., 2001). 

By P28 histology revealed the control mice had reinitiated a second anagen with 

elongated follicles and spindle shaped dermal papilla (Fig. 3a)(Table 1). Thus, Egfr 

control hair follicles progressed through catagen between P17 and P19, entering telogen 

by P20 (Table 1).  
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Figure 2. Mutant hair follicles did not synchronously progress into catagen and had 
decreased apoptosis in the matrix.  
Hematoxylin and eosin staining of dorsal skin of controls and mutants at P16, 17, 18, 20. 
Arrowhead: anagen follicle, small arrow: catagen follicle, thick arrow: telogen follicle b) TUNEL 
assay was performed in mutant and control skin at P16, 17, and 18 as indicated. DAPI is depicted 
in gray and green is TUNEL labeling (arrows). c) Quantification of TUNEL labeling in the 
bulb/matrix cells calculated as % TUNEL positive bulb cells. N = 3 mice per genotype per time 
point. Two-way ANOVA was performed for significance, where * p ≤ 0.05. Scale bars = 50 µm. 
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Egfr mutant follicles had delayed and asynchronous catagen. In contrast to 

controls, at P17, the mutant follicles retained the placement of the dermal papilla inside 

the bulb with no apparent thinning of the bulb or remodeling of the lower follicle (Fig. 

2a, P17 mutant, arrowhead). The mutants had significantly fewer apoptotic cells with 

only 1% of cells undergoing apoptosis at P17 (Fig. 2b-c, P17 mutant), consistent with 

continued anagen. In contrast to the normal control mice the mutant hair follicles 

asynchronously entered catagen only after P17. At P18 Egfr mutants had mostly anagen 

follicles with spindle shaped dermal papilla enclosed by matrix keratinocytes with a few 

catagen follicles and only 3% of cells undergoing apoptosis (Fig. 2a-c, P18 mutant).  At 

P19 and P20, mutants had a mixture of follicles in all three phases: anagen, catagen, and 

telogen. Often catagen follicles would be very near follicles in anagen (Fig. 2a, P20 

mutant). Mutant follicular apoptosis increased to 6% of the total bulb cells at P20 (Figure 

2c). At P19 and P20, populations of follicles progressed through catagen, while others 

remained in an aberrant anagen phase (Table 1). Many Egfr mutant follicles did not 

progress into telogen at P21 and retained the characteristics of an anagen follicle, 

including retention of the bulb deep in the subcutis (Table 1). While controls reinitiated a 

second anagen by P28, mutants retained anagen-like elongated follicles and continued 

having follicles in catagen and telogen (Fig. 3b)(Table 1). Between P17 and P28 Egfr 

controls successfully completed the first hair cycle and reinitiated a second. Mutant hair 

follicles did not synchronously complete the hair cycle and retained a number of 

defective hair follicles that were unable to reinitiate a new cycle (Fig. 2a, 3b, 

arrowhead)(Table 1). These analyses confirmed that Egfr mutant mice exhibited 
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Table 1.  Analysis of hair cycling in Egfr controls and mutants  
 
 Age Egfr Control Egfr Mutant 
14 Days Anagen Anagen 
15 Days Anagen Anagen 
16 Days Anagen Anagen 
17 Days Early Catagen (I-III) Anagen 
18 Days Mid-Late Catagen (IV-VI) Anagen/Catagen mix 
19 Days Late Catagen (VII-VIII)-Telogen Anagen/Catagen/Telogen mix 
20 Days Telogen Anagen/Catagen/Telogen mix 
21 Days Telogen Anagen/Catagen/Telogen mix 
28 Days Anagen Anagen/Catagen/Telogen mix 
 

asynchronous and delayed catagen, with some follicles failing to progress to telogen 

entirely. 

Cutaneous inflammation follows defects in catagen entry in Egfr mutant skin. 

Histological analysis of mutant skin at P28 revealed increased dermal cellularity (Fig. 3b, 

b’, thick arrow) and epidermal hyperplasia (Fig. 3b, small arrows) compared to controls, 

suggesting an inflammatory response. Mast cells accumulate prior to catagen 

 
Figure 3. Cutaneous inflammation results following defective hair cycling. Hematoxylin and 
eosin staining of dorsal skin of controls (a) and mutants (b, b’) at P28. Magnification of (b) is 
denoted b’. Arrowhead: anagen follicle, small arrows: epidermal hyperplasia, thick arrow: dermal 
infiltrate. Scale bars = 50 µm. 
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and degranulate to induce the transition into telogen, which is necessary for the transition 

through catagen (Maurer et. al. 1997). Because of the dual role of mast cells in hair 

follicle cycling and inflammation, we hypothesized that Egfr mutant skin may have 

increased numbers of mast cells that trigger further inflammation. To investigate this 

hypothesis, toluidine blue staining was used to identify intact (Fig. 4a, arrow) and 

degranulated (Fig. 4a, arrowhead) mast cells in the skin of Egfr controls and mutants. As 

expected, we observed an increase in mast cell numbers in control skin associated with  

Figure 4. Egfr mutant skin 
had increased mast cell 
numbers following 
asynchronous catagen and a 
higher percentage of 
degranulated mast cells. a-c) 
Histochemical staining of 
mutant and control skin was 
performed for mast cells using 
toluidine blue with eosin as a 
counterstain. a) Representative 
image of blue stained mast 
cells (intact, small arrow) 
(degranulated, arrowhead). 
Mast cells were counted per 
20x field (~800 μm) at the 
indicated ages (b). N=3 mice 
per genotype per timepoint, 
Two-way ANOVA was 
performed for significance, 
where * p ≤ 0.05. Mast cell 
degranulation as a measure of 
activation was assessed 
utilizing toluidine blue 
staining (c). Mast cells were 
classified as degranulated with 
≥ 5 granules outside cell. N=3 
mice per genotype per time 
point. * A Student’s T-test 
was performed for 
significance, where p ≤ 0.05.   
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catagen at P17. Between P15 and P18 mast cell numbers increased by 50% in control 

skin (Fig. 4b). During this period, mast cell numbers increased by 43% in mutant skin 

(Fig. 4b). Following the transition into telogen at P21, mast cell numbers in control skin 

decreased and by P28 reached a value 50% lower than at P18 (Fig. 4b). These results 

were consistent with previous reports (Maurer et al., 1997). Conversely, mast cell 

numbers increased in Egfr mutant skin between P18 and P21 to approximately 42 mast 

cells per field, significantly higher than in control skin at this timepoint (Fig. 3b). Egfr 

mutant mast cell numbers decreased somewhat, but remained between 55 and 29% higher 

than controls between P21 and P56, respectively (Fig. 4b).  

Due to the observed difference in mast cell numbers and their ability to recruit 

other cell types necessary for an immune response	  (Metcalfe et al., 1997), mast cell 

activation was assessed. Microscopic examination of mast cells revealed an increased 

percentage of degranulated mast cells in Egfr mutant skin between P15 and P28 (Fig. 4c). 

Thus, Egfr mutant skin contained a higher number of mast cells that were more likely to 

be degranulated when compared to controls.  

 Increased neutrophils and macrophages were present in mutant skin following 

mast cell accumulation. Mast cell release of granules can cause the initiation of an 

adaptive immune response (Metz & Maurer, 2009) and/or recruit polymorphonuclear 

cells along with macrophages. Following asynchronous catagen in Egfr mutant skin, an 

increase in inflammatory cell types occurred. At P15, prior to initiation of catagen in 

control mice, the numbers of neutrophils in control and mutant skin were comparable, as 

assessed by Ly6G, a cell surface marker of neutrophils (Fig. 5a,b). By P20 control skin 
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with telogen follicles and mutant skin with a mix of follicles had few neutrophils (Fig. 

5c,d, arrows). Following the defective catagen transition, Egfr mutant skin had more   

Figure 5. Increased 
neutrophil and 
macrophage 
infiltration occurred 
in mutant skin 
following the hair 
cycle defect. 
Immunofluorescence 
for neutrophils was 
performed in control 
(a,c,e) and mutant skin 
(b,d,f) at P15 (a,b), 
P20 (c,d) and P28 (e,f) 
using Ly6G. Blue 
depicts DAPI labeled 
nuclei and neutrophils 
are green (arrows). 
Immunofluorescence 
for macrophages was 
performed in control 
(g,i,k) and mutant skin 
(h,j,l) at P15 (g,h), 
P20 (i,j) and P28 (k,l) 
using F4/80. Blue 
depicts DAPI labeled 
nuclei and 
macrophages are 
shown in green 
(arrows). Scale bar = 
50 µm. N≥2 mice per 
genotype. 
  

 
 

 

 

 

 

 



 33 

 

Ly6G-positive cells throughout the dermis compared to controls whose hair follicles 

cycled into the second anagen phase (Fig. 5e,f).  

As observed for neutrophils, mutants and controls had similar numbers of 

macrophages prior to catagen induction at P15. Macrophages were detected utilizing the 

F4/80 cell surface marker (Fig. 5g,h). By P20 when control follicles had progressed into 

telogen, few macrophages were observed (Fig. 5i). At P20 mutants had macrophages 

present near follicles that did not undergo the transition into telogen (Fig. 5j, arrow). At 

P28 macrophage numbers increased still more in the dermis in Egfr mutants compared to 

controls with macrophages surrounding defective hair follicles (Fig. 5l, arrow), while 

controls were similar to earlier time points (Fig. 5k).  

To determine potential mechanisms resulting in the recruitment of these immune 

cell types to the hair follicles, we examined cytokine and chemokine production by the 

skin. Analysis of cytokine levels in Egfr mutant and control skin revealed no elevation in 

the pro-inflammatory cytokines IL-1, TNF-α, or Keratinocyte Cytokine (CXCL1) at P8, 

P15, or P28 (Fig. 6a). Similarly, inflammatory mediators secreted into culture media were 

not increased from mutant keratinocytes compared to controls (Fig. 6b).  
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Figure 6. Cytokines are 
not significantly 
increased in Egfr mutant 
skin or isolated 
keratinocytes.  Luminex 
cytokine assay was 
performed using the 
Beadlyte 21-plex mouse 
cytokine system, a) 
Protein isolated from 
whole skin. *A two-way 
ANOVA was used to test 
for significance, where p ≤ 
0.05. b) Selected cytokines 
measured from media of 
cultured keratinocytes. *A 
Student’s T test was 
performed for 
significance, where p ≤ 
0.05. N≥3 for each group. 

 

 

 

 

 

Transcriptional profiling revealed EGFR-regulated inflammatory gene expression. 

To investigate the mechanisms for defective catagen and increased inflammation in Egfr 

mutant skin at P17, the time of normal catagen entry, hair follicles were obtained from 

the surrounding skin for RNA extraction and transcriptional profiling using laser-capture 

microdissection (Fig. 7a-c). The expression of 117 genes were significantly altered in 

Egfr mutant hair follicles using a cutoff of at least a 50% change in expression and a p 

value of ≤ 0.05 (Appendix A). Gene ontology databases were used to identify thirteen 

categories regulated by EGFR in the hair follicle including: differentiation, metabolism, 

immune function, proliferation, and apoptosis (Fig. 7d-e)(Table 2). Metabolic genes were 



 35 

among the most frequently represented in both the upregulated and downregulated data 

sets (Fig. 7d-e)(Table 2). Strikingly, 40% of the genes downregulated were associated 

with hair follicle differentiation (Fig. 7d)(Table 2). Investigation of these genes could 

provide useful information about the mechanisms leading to the wavy hair phenotype in 

the mutant mouse. Genes with functions integral to hair follicle cycling, proliferation and 

apoptosis, were represented. Curiously, the expression of 3 proapoptotic genes were 

increased in the Egfr mutants despite little apoptosis occurring in the hair follicles at this 

time point (Fig. 7e)(Table 2). The expression of 4 proliferation-supporting genes was also 

increased in mutant hair follicles suggesting a potential mechanism for the prolonged 

anagen observed in these mice (Fig. 7e)(Table 2).  

Analysis of the transcriptional profiling also revealed a number of immune 

function genes regulated by EGFR. Immune function was the second largest category to 

be upregulated in Egfr mutant hair follicles with 15% of all upregulated genes belonging 

to this category. This data was consistent with our hypothesis that inflammation results 

from a defect in the hair follicles. The mast cell proteases Tryptase and Chymase, which 

make up granules of the mast cell that when released act as activators and recruiters of 

inflammatory neutrophils and eosinophils (Harvima & Nilsson, 2011), were upregulated 

by 2.2 fold and 1.9 fold respectively. Other upregulated genes include major 

histocompatibility complex (MHC) members, such as H2-Q6, H2-Q7, H2-Eb-1, H2-

DMb1, H2-DMb1/2, and H2-D1 that aid in immune recognition and response (Table 2). 

MHC molecules present antigen to T cells and B cells making them integral to adaptive 

immunity	  (Goldsby et al., 2000). MHC class I molecules are normally absent from the 
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Table 2. Skin-targeted deletion of Egfr alters gene expression in the hair follicle at 
catagen. 

 

Category Gene symbol Change in Egfr mutant 

Proliferation Rcc2, Sfi1, Jag1, Fgfr1 Increased 
Apoptosis Cidea, Casp8, Nupr1 Increased 
Differentiation Krt 33a, Krt 34, Krt 39, Krt 85, Krt86, 

Krtap 4-2, Krtap 4-6, Krtap 4-7, Krtap 
4-13, Krtap 4-16, Krtap family 4, Krtap 
5-1, Krtap 5-4, Krtap family 9, Krtap 13-
1, Krt protein domain  

Decreased 

Immune function Cma1, Tpsab1, Ear1, Klrb1b, Bcl11b, 
F3, H2-Q6, H2-Q7, H2-Eb1, H2-DMb1, 
H2-DMb1/2, H2-D1 

Increased 

Metabolism Aldh3a1, Fa2h, Pdss1, Elovl6, Elovl4, 
Stk25, Scd1, Hdc, Bcat2, Lass4,  
Dhrs 7, Echdc2, Sc4mol, Acaa1a/b, 
Aox4, Akr1c18, Dnajc6, Ugcg, Pla2g3, 
Upp1, Hao1, Otub2 

Either increased or 
decreased 

 

(Goldsby et al., 2000) hair follicle making it a site of immune privilege	  (Christoph et al., 

2000). Ear1, an eosinophil-associated ribonuclease that activates eosinophils to release 

their granules (Kapp, 1993), was increased by 1.76 fold. Bcl11b is increased by 2.3 fold 

in mutant hair follicles and is involved in antigen presentation by thymocytes and 

maturation of natural killer cells (Albu et al., 2011). Klrb1b mediates natural killer cell 

cytotoxicity (Aust et al., 2009), and was increased 2.0 fold in mutant follicles. F3 

expression promotes neutrophil activation and expression of CD11b (Luyendyk et al., 

2011), and was increased by 1.96 fold. Strikingly, the increased expression of these 

immune function genes at P17 precedes  any infiltration of inflammatory cells to the skin. 

Consistent, with our cytokine analysis, no cytokines or chemokines were regulated by 

EGFR in the hair follicle. 
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Figure 7.Transcriptional profiling following laser capture microdissection reveals EGFR 
regulated processes in the hair follicle at catagen initiation.  
a) Dorsal skin sections were stained with cresyl violet (a) prior to removal of the hair follicle (red 
outline) by laser capture microdissection (LCM) (b) hair follicle upon lifting of the cap (c). Scale 
bar = 50 µm. Significantly altered genes separated into categories based on function (d) 
downregulated (e) upregulated. N=3 mice per genotype.  
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Table 3. Significantly altered genes share transcription factor binding sequences 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
In an effort to identify transcriptional elements that mediate upregulation of these 

genes in mutant skin we performed PAINT analysis to identify common transcription 

factor binding sequences (Vadigepalli et al., 2003). AP-1 response elements were found 

in 75% of upregulated immune function genes, suggesting a mechanism for this 

regulation. FoxD3, Oct-1, HNF-4, Pax-6 and Pax-4 binding sequences were also found in 

half of genes involved in immune function that were upregulated in mutant hair follicles 

(Table 3).  

Transcriptional profiling revealed EGFR-regulated proliferation and cell cycle gene 

expression. As shown in Table 2, several genes important for proliferation and cell cycle 

control were upregulated upon deletion of Egfr. Consequently, an analysis of the effect of 

EGFR deficiency on cell cycle and proliferation were undertaken. Matrix keratinocytes at 

P15 of both genotypes contained a BrDU labeling index of more than 50% in the matrix 

(Fig. 8g), consistent with previous reports (Stenn & Paus, 2001). By P16, BrDU labeling 

decreased to less than 40% in control and 42% in mutant matrix cells (Fig. 8a,b,g).  By 

P17 the proliferation rate fell to less than 10% in the controls with some follicles lacking 

any BrDU positive cells (Fig. 8c,g). Mutant matrix cells continued proliferating at P17 at 

Gene Transcription factor binding sequence 
 FOXD3 Pax-4 Oct-1 Pax-6 AP-1 HNF-4 
H2-Eb1 X X  X X X 
H2-Q7 X X   X  
Tpsab1     X X 
Cma1   X  X  
H2-D1 X X X X  X 
Bcl11b   X    
F3 X X  X X X 
Klrb1b   X X X  
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a rate of approximately 20% (Fig. 8d,g). By P18 the controls had entered catagen and 

matrix proliferation ceased entirely (Fig. 8e,g), while the mutants had 25% BrDU-

positivity in the matrix (Fig. 8f,g). Proliferation in Egfr mutant follicles continued to 

decrease with only 3% of cells BrDU positive at P21 (Fig.8g). 

  

Figure 8. Egfr mutants maintain matrix proliferation at catagen. a-f) BrDU 
immunofluorescence was performed in mutant (b,d,f) and control (a,c,e) skin sections at P16 (a,b) 
P17 (c,d) and P18 (e,f). BrDU cells are labeled red and gray is DAPI. Scale bar = 50 µm. g) 
Quantification of BrDU labeling in matrix cells calculated as % BrDU positive cells. N=3 mice 
per genotype per timepoint. * Two-way ANOVA was performed for significance, where p ≤ 0.05. 

 

Of the up-regulated genes in mutant hair follicles that are relevant to cell 

proliferation, two, Rcc2 and Sfi1, are involved in formation and maintenance of the 

mitotic spindle during cell division	  (Mollinari et al., 2003)	  (Salisbury, 2004). Real time 

RT-PCR confirmed increased Rcc2 and Sfi1 in EGFR deficient hair follicles (Fig. 9a). 

SFI1 functions to reorient centrioles to direct chromosomal movement and RCC2 

regulates chromosome segregation and cytokinesis	  (Salisbury, 2004)	  (Mollinari et al., 

2003). RCC2 can also function as a guanine nucleotide exchange factor for Rac1 and 

initiate a signaling cascade upstream of another microtubule binding protein, Stathmin1. 

Stathmin1 functions to bind and release tubulin regulating the amount of tubulin available 
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for microtubule growth and catastrophe	  (Vagnarelli & Earnshaw, 2004). In an effort to 

elucidate the mechanism of EGFR regulated mitotic progression, Stathmin1 expression 

was assessed. At P17, during the initial stages of catagen in control skin, there was 

Figure 9. Transcriptional 
profiling is validated by 
real-time RT-PCR and 
the microtubule 
organizer Stathmin1 is 
downregulated during 
catagen and maintained 
in Egfr mutant hair 
follicles. a) The 
expression of selected 
genes was confirmed by 
real time RT-PCR, N≥2 
mice per genotype. * 
Student’s T-test was 
performed for significance 
where p ≤ 0.05. Stathmin1 
immunochemistry was 
performed in mutant 
(c,e,g) and control skin 
(b,d,f) at P17 (b,c), P18 
(d,e) and P19 (f,g). Scale 
bar = 50 µm, N≥2 mice 
per genotype.  

 

 

no difference in Stathmin1 localization in the bulb of controls and mutants (Fig. 9b,c). 

However, progression through catagen was accompanied by decreased Stathmin1 

expression in control, but not mutant hair follicles at P18 (Fig. 9d,e). Less Stathmin1 was 

also observed as controls progressed into late-catagen and telogen compared to mutants 

that remained in anagen at P19 (Fig. 9f,g). Because of EGFR regulation of mitotic 

regulators Rcc2, Sfi1 and Stathmin1, mitotic progression was further examined. Histone 

phosphorylation at serine 10 occurs during late G2 and promotes progression into mitosis 

(Hendzel et al., 1997). Egfr controls and mutants each had similar numbers of phospho-
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histone H3 immunopositive cells at P15 (Fig. 10a). Control matrix cells accumulated in 

G2 -M phase 1 day prior to catagen at P16. At the initiation of catagen at P17 the Egfr 

controls had 3.5% of matrix cells positive for phospho-histone H3 (Fig. 10a). Egfr 

mutants exhibited fewer matrix cells in G2-M than controls at P16 and P17 with 

approximately 1.5% of matrix cells positive (Fig. 10a). Egfr mutants  

continued to have immunopositive cells in the matrix at P18, while the controls 

progressed through catagen (Fig. 10a).  

Figure 10. Egfr control follicular keratinocytes accumulate at G2 –M at catagen a) 
Quantification of phospho-Ser10 histone H3 labeling in the matrix cells calculated as % phospho- 
Ser10 histone H3 positive. *A two-way ANOVA was used to test for significance, where p ≤ 0.05. 
b) Confocal microscopic analysis of mitoses by tubulin immunofluorescence in control (top 
panels) and mutant (lower panels) matrix cells at P16 (left panels) and P17 (right panels) 
calculated as % of total mitoses. 
 

To further analyze the cell cycle we assessed tubulin immunofluorescence and 

mitotic staging. Confocal microscopy revealed mitotic matrix keratinocytes in prophase, 

pro-metaphase/metaphase, anaphase, and telophase. No difference between mutants and 

controls was observed at P16, but Egfr mutants had a decreased percentage of pro-

metaphase/metaphase cells compared to controls at P17 (Fig. 10b). These data suggest a 

cell cycle accumulation occurs at catagen onset, a topic requiring further research.  
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DISCUSSION 

The importance of EGFR and its ligands in hair cycle control has been well 

documented, but the molecular signals that mediate the transition from anagen to catagen 

are not well understood. Here we provide evidence of the role of EGFR mediated 

signaling in the anagen to catagen transition and provide possible downstream targets that 

initiate an immune response towards defective hair follicles. Our experiments utilized 

laser-capture microdissection to assess the gene expression profiles of Egfr mutants and 

controls at the initiation of catagen. We identified 117 genes that were increased or 

decreased at catagen in Egfr mutants. The most relevant categories included immune 

function and proliferation. Focusing on these categories led to observations of 

inflammatory cell infiltration following defective catagen. This hair cycle defect in EGFR 

deficient mice was characterized by mast cells, neutrophils and macrophages being 

recruited to the site of defective hair follicles. Previously, EGFR has been implicated in 

hair cycle control and cutaneous inflammation in experiments using null mouse models 

or following pharmacological inhibition. Here for the first time we describe a mechanism 

linking these two events, where failed synchronous catagen results in cutaneous 

inflammation in EGFR deficient skin. 

The cutaneous inflammation we observed resembles side effects associated with 

EGFR inhibitors during chemotherapy. Prior to failed catagen there were no differences 

in the number of immune cells present in mutant and control skin. Disruption of the hair 

cycle in mutant skin was characterized by an accumulation of mast cells as well as 

increased degranulation/activation of those mast cells. Mast cells play an integral role in 

the transition into catagen. Mast cell deficient mice and the use of pharmacological mast 



 43 

cell stabilizers results in delayed catagen	  (Maurer et al., 1997). Mast cells also mediate 

the recruitment of neutrophils, eosinophils and other immune cells through the release of 

prostaglandins, leukotrienes, and cytokines	  (Metcalfe et al., 1997). Infiltration of 

neutrophils and macrophages was evident at P28 following failed entry into catagen in 

mutants. These cells were not present prior to catagen indicating that the immune 

response occurred subsequently to the hair cycle defect. Mast cell precursors are present 

in the hair follicle	  (Kumamoto et al., 2003). The mast cell proteases Chymase and 

Tryptase were increased in mutant hair follicles, suggesting increased numbers or 

maturation of these precursors in mutant hair follicles. 

Several histocompatibility genes were also increased in EGFR deficient hair 

follicles. MHC molecules are essential for the immune recognition of “self.” The hair 

follicle has been characterized as an immune privileged appendage, which is 

characterized by a lack of MHC class I molecules and the ability to tolerate introduction 

of antigen without eliciting an immune response	  (Rückert et al., 1998)	  (Christoph et al., 

2000). Breakdown of this immune privilege and increased MHC gene expression could 

result in the immune reaction directed against the hair follicles that we report here.  

EGFR has been previously reported to modulate expression of genes regulating 

immune response in the skin through regulation of cytokines and chemokines 

(Woodworth et al., 2005)(Mascia et al., 2003)	  (Mascia et al., 2010). Surprisingly, 

however, we found no evidence of increased cytokines in Egfr mutant skin, hair follicles 

or cultured keratinocytes. The reason for these differences in our models is not clear. 

However, our data suggest defective hair cycle progression as an additional mechanism 

for increased inflammation upon EGFR deficiency. 
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Loss of EGFR activity in the epidermis results in decreased proliferation 

(Threadgill et al., 1995). In the hair follicle, however, loss of EGFR did not result in 

decreased proliferation. EGFR deficient hair follicles had approximately 25% of matrix 

keratinocytes in S-phase following the induction of catagen in control bulbs. Mutant hair 

follicles did not synchronously enter catagen as evidenced by TUNEL-positivity. 

Furthermore, we provide evidence for a G2-M accumulation that precedes catagen 

induction in control hair follicles that does not occur in mutants. Increased numbers of 

phospho-Ser10 histone H3 positive cells as well as accumulation of follicular 

keratinocytes in pro-metaphase/metaphase was observed prior to the earliest stages of 

catagen at P16 in control hair follicles signaling a G2-M accumulation in advance of 

apoptosis induction. This is the earliest reported change for catagen and requires further 

investigation. Associated with decreased phospho-Ser10 histone H3 in mutant skin was 

increased expression of mitotic regulators Rcc2 and Sfi1. RCC2, also known as TD-60, is 

involved in mitosis at the centromere by localizing and activating the kinase Aurora B 

(Rosasco-Nitcher et al., 2008). Aurora B then phosphorylates multiple substrates 

including HistoneH3 at serine 10 and facilitates mitotic progression. Decreased RCC2 

results in failure to properly align the mitotic spindle and apoptosis (Rosasco-Nitcher et 

al., 2008). RCC2 is essential for proper chromosome segregation and completion of the 

cleavage furrow during cytokinesis (Martineau-Thuillier et al., 1998)	  (Mollinari et al., 

2003). SFI1 binds centrin molecules and reorients centrioles to alter chromosome 

structure during mitosis (Salisbury, 2004). Stathmin1, also a microtubule organizer	  (Iancu 

et al., 2001), was decreased during catagen indicating a possible role for it in signaling 

the apoptosis necessary for catagen. Rcc2, Stathmin1, and Sfi1 were increased in mutant 
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follicles and therefore could represent a cause for stabilized mitosis and continued 

proliferation rather than the induction of apoptosis at catagen. Further study into the 

dynamics of this interaction is required.  

 Mechanisms of EGFR activity regulating microtubule dynamics and cell cycle 

accumulation come from studies linking RCC2 and Stathmin1 through the activity of 

Rac1.	  EGFR has been shown to activate Rac1 in keratinocytes as well as colonic 

epithelium (Patel et al., 2007)	  (Dise et al., 2008). Due to the interaction between RCC2 

and Rac1, RCC2 may act as a guanine nucleotide exchange factor (GEF) for the GTPase. 

Rac1 activates p65PAK (Vagnarelli & Earnshaw, 2004), which in turn activates 

Stathmin1 as well as CLIP170 and mediates microtubule binding and mitotic spindle 

formation	  (Vagnarelli & Earnshaw, 2004). RCC2 is a member of a class of proteins 

known as chromosomal passenger proteins. This class of proteins coordinates cell 

division at all stages of mitosis. During prophase the complex is involved in 

phosphorylation of histone H3 at Ser10 and Ser28. The mislocalization of passenger 

proteins, Aurora B and Survivin, was not detected with decreased Rcc2 expression in 

control hair follicles (Fig. 11a-h) (Mollinari et al., 2003) (Rosasco-Nitcher et al., 2008)). 

Furthermore, failed spindle formation did not occur with decreased Rcc2 (Fig. 11i-j). 

In summary, we have described that a failure to successfully complete the hair 

cycle in Egfr mutants was followed by an inflammatory reaction triggered by mast cell 

upregulation. Furthermore, transcriptional profiling of isolated hair follicles revealed  
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Figure 11. Mislocalization of passenger 
proteins or mitotic spindle aberrations did 
not occur in matrix keratinocytes. 
Dorsal skin was isolated from mutants and 
controls and immunofluorescence was 
performed for passenger proteins. At P17 
phospho-Aurora B (green) colocalized with 
tubulin (red) in both mutants (c,d) and control 
hair follicle matrix (a,b). Images without nuclear 
DAPI (blue) shown in (b,d). At P17 Survivin 
(green) colocalized with tubulin (red) in both 
mutants (g,h) and control hair follicle matrix 
(e,f). Images without nuclear Dapi (blue) shown 
in (f,h). Similarly, at P17 RCC2 (green) 
colocalized with tubulin (red) in both mutants 
(k,l) and control hair follicle matrix (i,j). Images 
without nuclear DAPI (blue) shown in (j,l). N=3 
mice per genotype. 
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upregulation of multiple genes associated with immune function and microtubule 

organization in mutant hair follicles at catagen. The inability to transition into catagen 

preceded activation of the immune system from follicular upregulation of genes 

responsible for recruiting immune cells to the skin. The resulting cutaneous inflammation 

resembles side effects experienced by patients administered EGFR inhibitors. We also 

demonstrate that continued expression of microtubule organizers in EGFR deficient hair 

follicles led to sustained aberrant anagen and failure to undergo synchronous catagen. We 

describe an animal model that could be used to further study the mechanisms of EGFR 

inhibitor induced inflammation and how EGFR controls hair follicle cycling.   
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MATERIALS AND METHODS 

Animals. Egfr mutant (Egfrfl/fl/Krt14 Cre recombinase +) and control mice 

(Egfrwt/wt/Krt14 Cre recombinase + or Krt14 Cre recombinase -) were genotyped as in 

Lee & Threadgill, 2009. Mice were injected with 250 mg/g body weight BrDU in PBS 1 

h prior to euthanasia. Dorsal skin samples from the mid-back were obtained and fixed in 

70% ethanol or 10% neutral buffered formalin prior to paraffin embedding or were 

embedded in OCT (Sakura Finetek, Torrance, CA). Mice were euthanized at the 

indicated ages between P8 and P28. 

Histological examination. Hair cycle staging and morphological analyses were 

performed using previously described morphological markers (Muller-Rover et al., 2001) 

(Hendrix et al., 2005) including hair follicle size and shape and the position of the dermal 

papilla using hematoxylin and eosin stained sections (American Histolabs, Gaithersburg, 

MD). Hair follicles were assessed for their depth in the skin as well as the shape of the 

bulb. The dermal papilla was examined for characteristics of condensation and its 

position in relationship to the bulb structure. Due to thinning of the skin during telogen, 

skin thickness was used as an auxiliary criterion when comparing control and mutant hair 

cycle stages. 

Immunofluorescence. Immunofluorescence was performed in paraffin-embedded skin 

sections fixed in either ethanol or formalin using standard techniques. Briefly, sections 

were deparaffinized and rehydrated, blocked with 10% normal goat serum (Vector 

Laboratories, Burlingame, CA) and incubated overnight with primary antibody: BrDU 

(1:5 in 3% BSA/PBS, BD Pharmingen, San Diego, CA), Phospho-Histone H3ser10 (1:750 

in 3% BSA/PBS, Upstate, Lake Placid, NY), tubulin (1:50 in 3% BSA/PBS, Cell 
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Signaling, Danvers, MA), Ly6G (1:100 in 3% BSA/PBS, Hycult, Plymouth Meeting, 

PA), and F4/80 (1:100 in 3% BSA/PBS, Hycult), RCC2 (1:50 in 3% BSA/PBS, Bethyl 

Laboratories, Montgomery, TX), phospho-Aurora B (1:100 in 3% BSA/PBS, Rockland 

Immunochemicals, Gilberstville, PA), and Survivin (1:50 in 3% BSA/PBS, Cell 

Signaling, Danvers, MA). Appropriate secondary reagents were applied following 

primary antibody, species-specific biotin (Jackson Immunoresearch, West Grove, PA) 

and streptavidin-Texas red (Vector Labs, Burlingame, CA). Alternatively, species-

specific secondary antibody AlexaFluor 488 (Invitrogen, Carlsbad, CA) was used as 

appropriate. Negative controls included sections lacking primary antibody. Labeled cells 

were quantified in images from each of at least 3 mice per group with the investigator 

blinded as to the identity of the samples. Nuclei were visualized using 4’, 6-diamidino-2-

phenylindole (DAPI). For example, percent positivity was calculated as BrDU positive 

divided by DAPI positive multiplied by 100. Mitotic stage was determined by confocal 

microscopy utilizing 3 dimensional reconstructions of sections 10 µm thick, (LSM image 

software, Zeiss, Thornwood, NY) where each mitotic cell was identified by tubulin.  

Immunohistochemistry. Tissue sections were deparaffinized in xylenes, and rehydrated 

through graded ethanols to Tris-Buffered Saline with 0.1% Triton-X-100 (TBST). Slides 

were then subjected to antigen retrieval using an antigen decloaker and 1X Antigen 

Decloaker solution (Biocare Medical, Concord, CA). Non-specific protein was blocked 

for 1 h at RT in diluent (TBST supplemented with 1% BSA and 1% milk) plus serum 

(Vectastain Rabbit IgG kit, Vector Laboratories, Burlingame, CA), then slides incubated 

overnight at 4oC with rabbit anti-stathmin antibody (1:50 in diluent supplemented with 

serum, Cell Signaling Technology, Danvers, MA). Negative control was rabbit IgG 
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(Dako Corporation) diluted to same protein concentration as the primary antibody. Signal 

was detected using the Vectastain kit, following the manufacturer’s directions, and 

diaminobenzidine (DAB; Sigma-Aldrich, St. Louis, MO) as chromogen. Coverslips were 

affixed with permanent mounting medium (Vector) after counterstaining with Harris 

Hematoxylin (Sigma-Aldrich).   

TUNEL assays. Apoptotic cells were identified using the DeadEnd Fluorometric 

TUNEL system according to the manufacturers directions (Promega, Madison, WI). 

Quantification of TUNEL-positive cells was performed with the investigator blinded as 

to the identity of the samples utilizing DAPI to identify nuclei.  

Histochemistry. Toluidine blue staining was performed to identify mast cells in the skin 

and their degranulation status, as previously described	  (Ito et al., 2010). Briefly, ethanol 

fixed sections were immersed in 0.1% toluidine blue solution (Sigma, St. Louis, MO) for 

45 minutes followed by destaining in phospho-buffered saline. Slides were then briefly 

immersed in eosin to counterstain and cover slipped. Mast cells were quantified at 20x 

magnification in each of 3 samples per group, area of field was ~800 µm. Degranulation 

was assessed by counting granules outside the cell body and were classified as 

degranulated when ≥ 5 granules were outside the cell body. 

Laser capture microdissection. Hair follicles were isolated from frozen dorsal skin 

sections embedded in optimal cutting temperature medium using an Arcturus Pixcell II 

laser microscope onto CapSure LCM Caps (Applied Biosystems, Carlsbad, CA). Sections 

were briefly stained with cresyl violet and dehydrated through graded alcohols and 

xylene from the Histogene frozen section LCM kit (Applied Biosystems). 

Microdissections were performed less than 30 minutes from dehydration for all samples. 
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RNA was extracted using the PicoPure RNA isolation kit (Applied Biosystems) 

according to manufacturer protocol. RNA integrity and quantity was determined with a 

Bioanalyzer (Agilent, Santa Clara, CA) utilizing the RNA 6000 Pico kit according to 

manufacturers directions (Agilent, Santa Clara, CA). 

Microarray. Follicular RNA isolated from Egfr mutants and controls (N=3) was 

amplified using two cycle amplification and hybridized to Affymetrix mouse 430 2.0 

arrays. Data were analyzed using Affymetrix GeneChip Command Console (Affymetrix, 

Santa Clara, CA) and Robust Multiarray Average Express (Irizarry et al., 2003)(Bolstad 

et al., 2003). Significance was determined using at least 1.5 fold change and a p-value of 

less than 0.05 by Students t-test. Three algorithms were used to determine gene 

expression: robust multiarray average (RMA), MAS5, and PLIER. Each gene had to 

satisfy those criteria in all 3 algorithms used to be included in the list of EGFR-regulated 

genes. To aid in the interpretation of the data, gene ontology (GO) analysis, using the 

PANTHER database was performed (Thomas et al., 2003). Literature searches were also 

used to assign each gene a functional category based on biological process. PAINT 

analysis was performed on significantly altered gene sets to identify common 

transcription factor binding sites up to 2 kilobases upstream of each gene (Vadigepalli et 

al., 2003)(Daniel Baugh Institute, Philadelphia, PA).  

Real time RT-PCR. Follicular RNA (0.1ng) was converted to cDNA using SuperScript 

III kit (Invitrogen, Carlsbad, CA) using random hexamers following the manufacturer’s 

instructions. The cDNA was amplified in quadruplicate using the 7500 Real-Time PCR 

system (Perkin-Elmer, Foster City, CA) and detected using the Sybr Green PCR master 

mix (Applied Biosystems). Primers included forward (5’-GCCATGGGCTA 
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TTCAGACTC-3’) and reverse (5’-TGAGGTAGCCTCTGCAGC-3’) for Rcc2, forward 

(5’-GAAAGAAGCTTGCTCAGCAGCT-3’) and reverse (5’-TCTCCTCCC 

TCTGCTCAATTC-3’) for Sfi1 and forward 5’- GAAACCTGCCAAGTATGATGAC-3’ 

and reverse 5’- ACCTGGTCCTCAGTGTAGC-3’ for GAPDH. Fold expression relative 

to controls was determined after normalization to GAPDH expression. 

Luminex cytokine assay. Dorsal skin was isolated from mutants and controls and flash 

frozen before homogenization in lysis buffer. Keratinocytes were grown to confluence 

and the media was removed. Lysis buffer containing 10 mmol/L Tris (pH 7.4), 150 

mmol/L NaCl, 10% glycerol, 1% Triton X-100, 1 mmol/L EDTA, Protease Inhibitor 

Cocktail (Sigma, St. Louis, MO, 1 mmol/L Na3VO41.5 µmol/L EGTA, and 10 µmol/L 

NaF, Protein was measured using a BioRad assay (Sigma, St. Louis, MO) and equal 

amounts of protein used in the procedure. The Luminex multiple cytokine detection 

(Upstate, Lake Placid, NY) protocol was performed according to the manufacturer 

protocol. Briefly, protein sample or media from mutants and controls was incubated with 

21-plex multi cytokine beads (Upstate) overnight on a plate shaker at 4°C. Samples were 

then washed and incubated with anti-mouse cytokine biotin (Upstate) followed by 

Beadlyte streptavidin-phycoerythrin (Upstate). Results were obtained from the Luminex 

instrument and data analysis was performed using the Beadview software. N≥3 for each 

group. 
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ABSTRACT 

Treatment of cancer patients with chemotherapeutics like cyclophosphamide causes 

alopecia as a result of premature and aberrant catagen. Because the epidermal growth 

factor receptor (EGFR) signals anagen hair follicles to enter catagen, we hypothesized 

that EGFR signaling may be necessary for cyclophosphamide-induced alopecia. This 

hypothesis was investigated using skin-targeted Egfr mutant mice, generated by crossing 

floxed Egfr and Keratin 14 promoter-driven Cre recombinase mice. As expected, 

cyclophosphamide treatment of control mice resulted in alopecia within 5-6 d of 

treatment. Egfr mutant skin was resistant to alopecia, retaining its hair through 15 d post-

cyclophosphamide. Analysis of hair cycle stage using histological criteria, alkaline 

phosphatase localization, and assessment of follicular proliferation and apoptosis 

revealed that control mice entered catagen by 1-2 d and progressed to late catagen by 4 d 

after cyclophosphamide. Egfr mutant skin entered catagen, indicated by dermal papilla 

condensation and decreased follicular proliferation, but did not progress through catagen 

to telogen. Egfr mutant follicles responded with less apoptosis after cyclophosphamide. 

Cyclophosphamide increased follicular p53-positive cells, necessary for apoptosis during 

catagen, to a lesser extent than in the mutants. Taken together, these data revealed EGFR 

was necessary for alopecia and catagen progression in response to cyclophosphamide 

through a mechanism involving p53-induced apoptosis. 
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INTRODUCTION 
 

Chemotherapeutic drugs used for the treatment of many types of cancer can result in 

adverse side effects due to the death of highly proliferative cells. The nitrogen mustard 

phosphamide ester, cyclophosphamide, is an alkylating agent that induces apoptosis in 

rapidly dividing cell populations, leading to alopecia (Anders & Kemp, 1961). During a 

clinical trial of 76 patients to determine the efficacy of cyclophosphamide treatment, 60% 

of patients experienced alopecia of the head. Furthermore, 25% experienced complete 

baldness (Anders & Kemp, 1961). Chemotherapy-induced alopecia can cause much 

anguish among patients, with the majority reporting at least mild distress over their 

alopecia (Macquart-Moulin et al., 1997). The severity of hair loss depends on the dosage, 

duration and class of chemotherapeutic. Drugs with high potential to induce 

chemotherapy-induced alopecia include alkylating agents such as cyclophosphamide, 

anthracyclines like doxorubicin, and topoisomerase inhibitors such as etoposide (Hussein, 

1993)(Botchkarev, 2003).  

The sensitivity of the hair follicle to chemotherapeutics is a consequence of the 

high rate of cell division in matrix keratinocytes during hair growth. Hair follicles are 

unique in that they cycle through phases of active proliferation and hair growth (anagen), 

apoptotic involution (catagen), and a resting stage (telogen). During anagen the follicular 

keratinocytes in the matrix divide rapidly to produce the growing hair shaft (Stenn & 

Paus, 2001). Keratinocytes comprising the matrix compartment of the hair follicle are 

some of the most rapidly dividing cells in the body during the anagen growth phase. 

During anagen, as many as 60% of the matrix cells are in S-phase at any given time 

(Stenn & Paus, 2001). By targeting dividing cells, chemotherapy-induced apoptosis 
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causes aberrant and premature involution of the hair follicle, mimicking spontaneous 

catagen. This response to chemotherapeutic agents is similar in humans and animal 

models. For example, cyclophosphamide triggers apoptosis leading to the induction of 

catagen in both patients and mice, although the process occurs more rapidly in the mouse 

(Anders & Kemp, 1961)	  (Paus et al., 1994)(Bodó et al., 2007). Despite progress in 

identifying the histological changes of chemotherapy-induced alopecia, our 

understanding of its molecular mechanisms has limited the development of therapies 

alleviating this side effect. Identification of new targets that provide protection to the hair 

follicle without interfering with the anti-cancer benefits of chemotherapy is needed. 

Our research and that of other labs (Threadgill et al., 1995)(Sibilia and Wagner 

1995)(Murillas et al., 1995)(Hansen et al., 1997)(Schneider et al., 2008) suggests that 

elucidation of follicular EGFR signaling may lead to the identification of new strategies 

for the prevention of chemotherapy-induced alopecia. Given its mitogenic effects in most 

cell types, EGFR signaling has surprising effects on the hair follicle. EGFR signaling is 

not required for follicular proliferation in anagen although it contributes to follicular 

differentiation such that its absence leads to wavy hair and other structural defects 

(Threadgill et al., 1995)(Murillas et al., 1995). In addition, Egfr deficient mice have hair 

cycle defects including a delayed and defective catagen (Murillas et al., 1995)(Hansen et 

al., 1997). Because of EGFR’s role in catagen we hypothesized that EGFR signaling is 

necessary for cyclophosphamide-induced catagen and alopecia by upregulating p53-

mediated apoptosis in hair follicles. 

Here, we show that EGFR was necessary for cyclophosphamide-induced alopecia. 

While the initial events of cyclophosphamide-induced catagen occurred independently of 
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EGFR, the receptor was necessary for progression through catagen to telogen. Our data 

are consistent with a role for stabilization of p53 as a mechanism through which EGFR 

promotes catagen. We propose that targeting of signaling pathways downstream from 

EGFR may be a potential strategy for prevention of cyclophosphamide-induced alopecia.  
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RESULTS 
 

EGFR was necessary for alopecia and progression through catagen after 

cyclophosphamide administration. In order to investigate the influence of EGFR on 

cyclophosphamide-induced alopecia, mice with skin-targeted deletion of the receptor 

were generated by crossing Keratin 14 (Krt14)-Cre Recombinase transgenic mice 

(Vasioukhin et al., 1999) with a line where LoxP sites flank exon 3 of the Egfr (Lee & 

Threadgill, 2009). The result of the cross was a frame shift mutation and the introduction 

of a stop codon causing truncation of the transcript and a nonfunctional receptor. EGFR 

protein was reduced in Egfrfl/fl/Cre+ mutant epidermis by approximately 90%, as shown 

by densitometry of multiple immunoblots (Maklad et al., 2009 and Fig.1). EGFR 

deficient mice displayed a hair phenotype characterized by short, wavy hairs covering 

the body and curly vibrissae (Fig. 2a-b), similar to other models of EGFR deficiency 

exhibiting fragile hair (Threadgill et al., 1995)(Hansen et al., 1997)(Schneider et al., 

2008).  

Figure 1. Egfr mutants exhibit 
decreased EGFR protein compared 
to controls.  Densitometry of 
immunoblots (N=9 mice/group) 
using epidermal protein was 
averaged and the mean graphed. 
*Indicates a significant difference 
using a Student’s t-test, where p ≤ 
0.05.  
 

 
 

 



 59 

 

 

Figure 2. Egfr mutant hair follicles were resistant to cyclophosphamide-induced alopecia. 
Egfr mutant (b,d,f) and control mice (a,c,e) were injected with cyclophosphamide (c-f) or the 
vehicle (a,b) alone at P12 and photographed at euthanasia 8 d (a-d) or 15 d (e-f) following 
treatment. Insets are magnification of dorsal skin, with scale bar indicating 5 mm. 
 

Groups of 12 d (P12) Egfr mutant and control mice were injected once with 

vehicle alone or with 150 mg/kg cyclophosphamide, a dose that was previously 

documented to result in alopecia in a wax depilation mouse model (Paus et al., 1994). 

Egfr control mice exhibited hair loss beginning 5-6 d post-cyclophosphamide (data not 

shown), resulting in complete alopecia over the dorsal region between the neck and just 

proximal to the tail by 8 d (Fig. 2c and inset). In contrast, Egfr mutant mice retained their 

short, wavy coat at 8 d (Fig. 2d and inset) as well as throughout the 15 d observation 

period (Fig. 2f and inset). Hair began regrowing in the cyclophosphamide treated Egfr 

controls by 15 d (Fig. 2e and inset).  
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Figure 3. Egfr mutant follicles did 
not progress through catagen 
following cyclophosphamide. 
Hematoxylin and eosin stained 
sections from Egfr mutant (b,d,f,h) and 
control (a,c,e,g) mice after 
cyclophosphamide (c-h) or the vehicle 
alone (a,b). Vehicle injected mice 
displayed anagen 2 d post-injection, 
with dermal papillae enclosed by 
matrix keratinocytes (a-b, 
arrowheads). Egfr controls (c) 
exhibited follicular distortion 
(arrowhead) and regression by 2 d 
after cyclophosphamide. Egfr mutants 
had some follicular distortion at 2 d 
after cyclophosphamide (d, 
arrowhead). By 4 d, Egfr controls (e) 
displayed late dystrophic catagen, 
while mutants (f) maintained elongated 
follicles (arrowhead). Controls had 
begun secondary recovery with a new 
anagen 8 d post-cyclophosphamide 
(g), as indicated by the position of the 
bulb at the border between dermis and 
subcutis (arrowhead). Mutant follicles 
retained hair at 8 d (h, arrowhead). 
Scale bar indicates 50 µm. 

 

 
 
 
 
 

 
Histological examination of skin sections revealed fully elongated hair follicles 

with the spindle-shaped dermal papilla fully enclosed by the matrix keratinocytes in the 

vehicle treated control and mutant mice at 2 d post-injection (Fig. 3a,b, arrowheads), 

indicative of anagen VI (Muller-Rover et al., 2001)(Hendrix et al., 2005).  

Consistent with previous reports of Egfr null mice (Threadgill et al., 1995)(Murillas et 

al., 1995)(Hansen et al., 1997), Egfr mutant skin displayed follicular disorganization with 

erratic follicle placement (Fig. 3b). Mutant follicles were crowded with out-of-register 
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bulbs (Fig. 3b and not shown). Two days following cyclophosphamide, a majority of Egfr 

control hair follicles were in mid-dystrophic catagen with the follicular distortion (Fig. 

3c, arrowhead) and marked follicular regression (Fig. 3c, note hair follicle length 

compared to Fig. 3a) characteristic of cyclophosphamide treatment (Paus et al., 

1994)(Hendrix et al., 2005). Late-dystrophic catagen predominated in the Egfr control 

skin by 4 d post-cyclophosphamide with regression nearly completed (Fig. 3e). By 8 d 

post-cyclophosphamide secondary recovery of a new anagen phase had begun as 

indicated by proliferation-dependent elongation of the region between the club hair and 

the dermal papilla and the bulb positioned at the border between the dermis and the 

subcutis (Fig. 3g, arrowhead). Egfr mutant hair follicles failed to complete catagen. At 2 

d post-administration mutants had sustained subtle changes associated with catagen 

initiation with some follicular distortion (Fig. 3d, arrowhead). However, the mutant hair 

follicles remained elongated. By 4 d post-cyclophosphamide Egfr mutant follicles 

remained in the deep subcutis (Fig. 3f, arrowhead) and, unlike the Egfr controls, did not 

progress into the later stages of catagen. Eight days following cyclophosphamide the 

mutant hair shafts remained in the follicle (Fig. 3h, arrowhead). No characteristics of 

progression to late catagen were observed, with hair follicles still extended into the 

subcutis with decreasing cellularity in the proximal hair follicle (Fig. 3h).  
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Additional analyses assessing the position of the dermal papilla after 

cyclophosphamide treatment were undertaken to further characterize the hair cycle stage 

of Egfr mutant follicles. As described in (Muller-Rover et al., 2001)(Hendrix et al., 

2005), the dermal papillae of control hair follicles transitioned from an elongated spindle 

shape surrounded by matrix keratinocytes to a more ball or onion-like shape as the hair 

follicles move from anagen to early- and mid-catagen in response to cyclophosphamide 

treatment (Fig. 4a,c, ovals). Egfr mutants similarly transitioned to a condensed dermal 

papilla (Fig. 4b,d, ovals). Endogenous alkaline phosphatase histochemistry confirmed the 

position and shape changes of the dermal papillae of Egfr controls and mutants after  

Figure 4. Cyclophosphamide-
treated Egfr mutants displayed 
characteristics of early catagen 
with dermal papilla condensation 
2 d post administration. a-d) 
Hematoxylin and eosin stained 
sections are shown. Vehicle treated 
controls (a) and mutants (b) 
displayed characteristic anagen 
dermal papilla with elongated 
spindle shapes (ovals) surrounded 
by matrix keratinocytes. Control (c) 
and mutant (d) dermal papilla 
condensed to a ball-shape and 
moved to the base of the hair 
follicle by 2 d following 
cyclophosphamide (ovals). 
Endogenous alkaline phosphatase 
confirmed dermal papilla position 
in control (e, oval) and mutant (f, 
oval) hair follicles at 2 d following 
cyclophosphamide. Scale bar 
indicates 50 µm. 
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cyclophosphamide (Fig. 4e,f, ovals). These analyses confirmed catagen entry in Egfr 

mutant hair follicles after cyclophosphamide. 

Proliferation in Egfr mutant follicles was decreased following cyclophosphamide 

consistent with catagen entry. To determine whether EGFR deficiency blocked 

cyclophosphamide-induced alopecia by preventing cell cycle exit, we examined 

proliferation in the follicles of both genotypes following cyclophosphamide. Analysis of 

bromodeoxyuridine (BrDU) incorporation revealed most matrix cells were in S-phase in 

vehicle treated mutant and control at 2 d (Fig. 5a,b, arrowheads), consistent with anagen 

VI (Stenn & Paus, 2001). Following cyclophosphamide administration, the number of  

 

Figure 5. Proliferation in Egfr controls and mutants was decreased following 
cyclophosphamide. BrDU immunofluorescence was performed in vehicle (a-b) and 
cyclophosphamide (c-f) treated control (a,c,e) and mutant (b,d,f) skin euthanized at 2 (a-d) or 4 d 
(e,f). Control (c) and mutant (d) hair follicles displayed decreased BrDU incorporation in the hair 
bulb (arrowheads) 2 d following cyclophosphamide when compared to the vehicle controls (a,b 
arrowheads). At 4 d, Egfr control late-catagen and mutant mid-catagen hair follicles had few 
BrDU positive cells (e-f, arrowheads and fat arrow). Arrowheads indicate BrDU-labeled hair 
follicle matrix keratinocytes, thin arrows indicate BrDU positive epidermal keratinocytes and fat 
arrows indicate BrDU positive keratinocytes in the distal follicle. BrDU positive cells are shown 
in red with nuclear DAPI in blue. Scale bar indicates 50 µm. 
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BrDU positive keratinocytes in the hair bulb was strikingly reduced in both controls and 

mutants (Fig. 5c-d arrowheads). However, BrDU positive cells remained in the distal hair 

follicle and epidermis of both genotypes (Fig. 5c-d, fat arrow and thin arrows, 

respectively). Progression to the late stages of catagen by 4 d post-cyclophosphamide in 

the control skin was associated with the near cessation of proliferation in the hair follicle 

(Fig. 5e, thick arrow). Proliferation in the hair follicle did not resume until the initiation 

of secondary recovery and a new anagen at 8 d (data not shown). Mutant hair follicles 

that remained in mid-catagen retained a small number of BrDU positive cells 4 d 

following cyclophosphamide (Fig. 5f, arrowhead), although fewer than at 2 d. The 

decrease in proliferation at 2 d is consistent with catagen entry in cyclophosphamide 

treated Egfr mutant skin. Since the decrease in proliferation in cyclophosphamide treated 

Egfr control and mutant hair follicles was similar, a role for EGFR in proliferation was 

not responsible for the resistance of Egfr mutant mice to alopecia. 

Egfr deficient follicles were resistant to cyclophosphamide-induced follicular 

apoptosis. Completion of catagen requires apoptosis of the lower portion of the hair 

follicle to allow for hair follicle involution. The vehicle treated mice of both genotypes at 

2 d post-injection did not have detectable apoptotic cells, as assayed by TUNEL (Fig. 6a-

b). Cyclophosphamide increased apoptosis in the matrix of hair follicles of both 

genotypes that peaked at 2 d (Fig. 6c-d arrowheads). Quantification of apoptotic cells in 

the hair follicle bulb at 2 d in the cyclophosphamide treated skin revealed twice as much 

apoptosis in follicles expressing EGFR compared to the mutants. Approximately 28% of 

EGFR proficient follicular matrix cells were TUNEL positive at this time point, with only 

14% TUNEL-positive in the mutant follicles (Fig. 6c,d,g). Catagen progression in 
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controls was accompanied by fewer TUNEL-positive cells at 4 d compared to 2 d (Fig. 6e 

arrowhead compared to 6c). The number of TUNEL-positive cells also declined still 

lower in mutant follicles after 2 d without progression to telogen or follicle shortening 

(Fig. 6f and Fig. 3f,h). Thus, loss of EGFR suppressed cyclophosphamide-induced 

apoptosis and caused resistance to alopecia, suggesting a pro-apoptotic mechanism for 

EGFR during chemotherapy-induced alopecia.  

Fewer p53 positive cells were detected in cyclophosphamide-treated Egfr mutants 

compared to Egfr controls. p53 stabilization triggers apoptosis following DNA damage 

caused by agents like cyclophosphamide (Bitomsky & Hofmann, 2009). Mice deficient in 

p53 are resistant to chemotherapy-induced apoptosis, catagen and alopecia (Botchkarev 

et al., 2000)	  (Botchkarev, 2003). Accordingly, we hypothesized that EGFR may be 

necessary for p53 upregulation during cyclophosphamide-induced alopecia. As expected, 

anagen hair follicles of vehicle treated mice of both genotypes were negative for p53 in 

the hair bulb (Fig. 6h,j). Two days following cyclophosphamide administration, many 

p53-positive cells were localized to the hair follicle of Egfr controls (Fig. 6i). In contrast 

to the controls, the mutants displayed fewer p53 positive cells at 2 d post-

cyclophosphamide (Fig. 6k). p53 was localized to the outer root sheath of mutant follicles 

with fewer p53 positive cells in the lower hair follicle in mutant follicles when compared 

to controls (Fig. 6i,k). p53 positivity declined in both genotypes at later time points (data 

not shown). Thus, deletion of EGFR led to resistance to alopecia associated with fewer 

p53-positive follicular cells. 
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Figure 6. Genetic deletion of Egfr suppressed cyclophosphamide-induced follicular 
apoptosis and p53 immunopositivity. Control (a,c,e,h,i) or mutant (b,d,f,j,k) skin 2 (a-d,g-k) or 
4 d (e,f) after vehicle (a,b,h,j) or cyclophosphamide (c-g,i,k) labeled for TUNEL (a-g) or p53 (h-
k) in green with DAPI in blue. Control (c) and mutant (d) follicles exhibited TUNEL-positive 
cells in the matrix 2 d after cyclophosphamide (arrowheads). TUNEL-positive cells were 
observed in the follicles of controls 4 d after cyclophosphamide (e, arrowhead). TUNEL-
positivity in the mutants decreased to still lower levels at 4 compared to 2 d (d,f). g) 
Quantification of TUNEL-positive bulb cells at 2 d post-cyclophosphamide (N=3 mice). 
*Significantly different using a Student’s t-test, where p ≤ 0.05. p53 was localized to the hair bulb 
of controls (i) and mutants (k) 2 d following cyclophosphamide (arrowheads). Scale bars indicate 
50 µm. 
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DISCUSSION 

Our data demonstrate that EGFR signaling was necessary for cyclophosphamide-induced 

alopecia in the mouse. The earliest events after cyclophosphamide treatment, including 

dermal papilla condensation and decreased matrix cell proliferation, occurred 

independently of EGFR. However, loss of EGFR resulted in a partial resistance to 

cyclophosphamide-induced apoptosis, fewer p53 positive cells, and an inability to 

progress through catagen to telogen. Thus, EGFR contributed to apoptosis during 

cyclophosphamide-induced hair follicle involution. We further propose EGFR 

stabilization of p53 as a possible mechanism for apoptosis initiation in hair follicle 

keratinocytes after cyclophosphamide.  

 EGFR deficient hair follicles do not enter catagen spontaneously but instead have 

continued BrDU positivity in the hair bulb and remain in anagen while control animals 

progress through catagen to telogen (Murillas et al., 1995). In contrast, in response to the 

chemotherapeutic agent cyclophosphamide Egfr mutant hair follicles entered catagen, as 

shown by histologic changes and decreased proliferation, but did not progress further. 

This result indicates that decreased proliferation and catagen entry following 

cyclophosphamide were independent of EGFR status. Our data are consistent with a 

primary role for EGFR in apoptosis and hair follicle shortening during 

cyclophosphamide-induced alopecia.   

Alopecia resulting from cyclophosphamide is the result of rapid apoptosis 

following up-regulation of p53 protein levels that leads to catagen (Botchkarev et al., 

2000). Following chemotherapy, cells of the digestive tract and hematopoietic cells also 

undergo apoptosis using a p53 dependent mechanism (Komarova et al., 1997)(Komarov 
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et al., 1999). Utilization of mice lacking p53 has allowed the mechanism for 

cyclophosphamide-induced apoptosis in the hair follicle to be explored. p53 null mice do 

not respond to cyclophosphamide and do not undergo apoptosis; normal anagen-like 

proliferation continues in the proximal hair follicle (Botchkarev et al., 2000). p53 induces 

apoptosis through activation of the Fas receptor, cleavage of procaspase-8 and finally 

activation of caspase-3. Similar to loss of p53 activity, neutralizing antibodies directed 

toward Fas are sufficient to at least partially inhibit the hair follicle response to 

cyclophosphamide (Sharov et al., 2004). Fewer p53-positive cells, and fewer apoptotic 

cells, were detected in the EGFR deficient hair follicles compared to control follicles 

following cyclophosphamide treatment. We propose a mechanism of cyclophosphamide-

induced alopecia where initial apoptosis resulting from DNA damage is independent of 

EGFR, but the sustained induction of apoptosis necessary for hair follicle involution 

depends on EGFR. Alternatively, inefficiency of Egfr deletion using the Cre/LoxP 

system (Figure 1) may have allowed some cells with intact Egfr to undergo apoptosis 

after exposure to cyclophosphamide.  

Our data are consistent with a role for EGFR up-regulation of p53 in 

cyclophosphamide-induced apoptosis and alopecia. p53 can be activated by multiple 

pathways after cellular stress, including through the mitogen-activated protein kinase 

(MAPK) p38 kinase. P38 kinase phosphorylates p53 at serine 33 and serine 46, to 

activate pro-apoptotic pathways (Milne et al., 1994). Thus, a potential mechanism for 

EGFR regulation of p53 is through activation of p38 kinase. Examples of apoptosis 

resulting from activation of p38 kinase have been provided in several systems. Seo and 

colleagues report that EGFR activation of p38 kinase increases apoptosis in HaCaT cells 
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following ultraviolet B radiation (Seo et al., 2007). Phosphorylation of p53 by p38 kinase 

and Janus kinase (JNK) delays degradation of p53 in the proteasome, prolonging its half-

life and allowing for sustained pro-apoptotic signaling (Rodust et al., 2009). p38 kinase-

dependent activation of p53 triggers apoptosis in cancer cells (Shimada et al., 

2003)(Kwon et al., 2002). Similar to our results, p38 kinase signaling is particularly 

important in apoptosis at later time points in response to DNA damage (Kwon et al., 

2002). Although p38 kinase is detectable in hair follicles, its involvement in EGFR-

dependent, cyclophosphamide-induced alopecia is currently unknown (Mill et al., 2009). 

Since p38 kinase inhibitors are readily available, investigation of p38 kinase inhibition as 

a method for the prevention of cyclophosphamide-induced alopecia may be warranted. 

An alternative explanation for the catagen defect in cyclophosphamide treated 

Egfr mutant mice could be simply that they fail to shed the hair following 

cyclophosphamide. Structural defects resulting from differences in differentiation could 

impede signaling associated with chemotherapy-induced apoptosis and cause retention of 

the hair. In contravention to this alternative hypothesis, however, were the histological 

and immunofluorescence-based observations of arrested catagen in the mutant skin. 

In summary, we found that hair follicles deficient in EGFR were resistant to 

cyclophosphamide-induced alopecia. Resistance to hair loss appeared to result from a 

failure to sustain apoptosis until hair follicle involution. We propose a mechanism in 

which EGFR is necessary for sustained p53 upregulation leading to apoptosis, hair 

follicle involution, catagen progression, and finally, to hair loss. Our results document the 

importance of EGFR signaling in chemotherapy-induced alopecia and suggest that 
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investigation of EGFR-dependent pathways may provide insights for alleviation of 

unwanted alopecia following chemotherapy.  
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MATERIALS AND METHODS 

Animals. Egfr mutant (Egfrfl/fl/Krt14 Cre recombinase +) and control (Egfrwt/wt/Krt14 Cre 

recombinase + or Krt14 Cre recombinase -) mice were injected intraperitoneally with 150 

mg/kg cyclophosphamide (EMD Chemicals, Gibbstown, NJ) or with the vehicle (water) 

alone at P12. Mice were injected with 250 mg/g body weight BrDU 1 h prior to 

euthanasia. Dorsal skin samples from the mid-back were obtained 2, 4, 8 or 15 days later, 

fixed in 70% ethanol or 10% neutral buffered formalin prior to paraffin embedding or 

were embedded in OCT (Sakura Finetek, Torrance, CA). Three mice per genotype were 

treated with cyclophosphamide while 2-3 mice per time point and genotype were treated 

with the vehicle alone and euthanized 2 d, 4, or 8 d later. One or 2 control and mutant 

mice, respectively, were treated with cyclophosphamide and euthanized 15 d later. All 

animal procedures were performed in accordance with the institutional animal care and 

use committee. 

Histological examination. Hair cycle staging and morphological analyses were 

performed using previously described morphological markers (Muller-Rover et al., 

2001)(Hendrix et al., 2005) including hair follicle size and shape and the position of the 

dermal papilla using hematoxylin and eosin stained sections (American Histolabs, 

Gaithersburg, MD). Hair follicles were assessed for their depth in the skin as well as the 

shape of the bulb. The dermal papilla was examined for characteristics of condensation 

and its position in relationship to the bulb structure. Due to thinning of the skin during 

telogen, skin thickness was used as an auxiliary criterion when comparing control and 

mutant hair cycle stages.  
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Endogenous alkaline phosphatase activity. Alkaline phosphatase activity was assessed 

in cryosections following incubation with 5-bromo-4-chloro-3-indolyl phosphate/p-

nitroblue tetrazolium chloride (Sigma, St. Louis, MO), as previously described (Handjiski 

et al., 1994). Sections were counterstained with nuclear fast red compound (Sigma, St. 

Louis, MO) and alkaline phosphatase was visualized by light microscopy in the dermal 

papilla and outer root sheath of hair follicles. 

TUNEL assays. Apoptotic cells were identified using the DeadEnd Fluorometric 

TUNEL system according to the manufacturer’s directions (Promega, Madison, WI). 

Nuclei were labeled with 4’,6-diamidino-2-phenylindole (DAPI). Quantification of 

TUNEL-positive follicular cells was performed on at least 7 hair follicles per mouse with 

N=3 mice for each genotype. Matrix keratinocytes were counted in the proximal hair 

follicle using DAPI along with quantification of TUNEL+ nuclei in the corresponding 

region. 

Immunofluorescence. Localization of p53 protein was assessed in cryosections using a 

rabbit polyclonal antibody against murine p53 (1:5,000 in 3% BSA/PBS, Santa Cruz, 

Santa Cruz, CA) and the Tyramide Signal Amplification (Promega, Madison, WI) kit as 

was described in (Botchkarev et al., 1999). Briefly, cryosections were post-fixed in cold 

acetone, blocked with avidin/biotin (Vector Labs, Burlingame, CA), and 10% normal 

goat serum (Vector Labs, Burlingame, CA), incubated with anti-rabbit biotin (Jackson 

Immunoresearch, West Grove, PA) followed by streptavidin-horseradish peroxidase 

(Promega, Madison, WI) and application of the tyramide amplification reagent. Sections 

were incubated overnight in anti-BrDU antibody (1:5 in 3% BSA/PBS, BD Pharmingen, 

San Diego, CA) followed by secondary anti-mouse biotin (Jackson Immunoresearch, 
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West Grove, PA) and streptavidin-Texas red (Vector Labs, Burlingame, CA). Nuclei 

were visualized using DAPI.  

Immunoblotting. The epidermis was separated from the skin by the heat shock method 

as previously described (Hansen et. al., 1990), before homogenization in lysis buffer 

containing 10 mmol/L Tris (pH 7.4), 150 mmol/L NaCl, 10% glycerol, 1% Triton X-100, 

1 mmol/L EDTA, Protease Inhibitor Cocktail (Sigma, St. Louis, MO), 1 mmol/L 

Na3VO4, 1.5 µmol/L EGTA, and 10 µmol/L NaF. Protein was measured using a BioRad 

assay (Sigma, St. Louis, MO) and equal amounts of protein run on SDS-polyacrylamide 

gel electrophoresis and transferred to nitrocellulose. Equal loading and transfer were 

confirmed using Ponceau S staining (Sigma, St. Louis, MO). Membranes were 

immunoblotted with antibodies recognizing actin (Sigma, St. Louis, MO) or EGFR (Cell 

Signaling, Danvers, MA), followed by incubation with horseradish peroxidase-

conjugated secondary antibodies (Cell Signaling, Danvers, MA), and visualization using 

chemiluminescent reagents (Pierce, Rockford, IL). Densitometry was performed using 

1DScan software (Scanalytics, Fairfax, VA). 
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ABSTRACT 

Trichothiodystrophy (TTD) is a brittle hair and neuroectodermal autosomal recessive 

disease. It is characterized by decreased sulfur content in the hair as well as ichthyosis, 

and premature aging. We have discovered that a skin-targeted epidermal growth factor 

receptor (EGFR) deletion mimics many of the characteristics of trichothiodystrophy 

(TTD) including decreased expression of high sulfur containing proteins, brittle hair and 

decreased subcutaneous fat. We hypothesized that EGFR signaling was necessary for 

transcription of genes coding for high cysteine containing keratins in the hair follicle 

through the TFIIH complex. Transcriptional profiling revealed that sixteen high sulfur 

differentiation-associated hair keratin (Krt) and keratin-associated protein (Krtap) genes 

were significantly reduced in Egfr mutant hair follicles. Immunofluorescence of 

cytokeratins localized to the hair follicle cortex revealed reduced expression in Egfr 

mutant hair follicles at P28 compared to the controls. The four murine hair types were 

present in mutant skin albeit with a waved appearance. The waved appearance results 

from defective hair differentiation in the mutants characterized by premature 

keratinization and separation of the hair shafts from the inner root sheath. In contrast, 

normal barrier function and epidermal differentiation was achieved in the dorsal skin of 

Egfr mutant and control epidermis prior to birth. EGFR regulation of Krt and Krtap gene 

expression through TFIIH during follicular differentiation may be involved in TTD. 

Phenotypic similarities could point to a role for EGFR in the basal transcription of 

multiple genes regulated by TFIIH activity. 
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INTRODUCTION 

Trichothiodystrophy, also known as Tay Syndrome, is a brittle 

hair/neuroectodermal disease that results from decreased sulfur content (Stefanini et al., 

2010). Trichothiodystrophy patients exhibit short and unruly hair, ichthyosis, and 

decreased subcutaneous fat (Lambert et al., 2010). Trichothiodystrophy results from 

mutations in at least one of several DNA repair genes that make up the TFIIH complex 

including XPB, XPD, TTDA and TTDN1 (Faghri et al., 2008).  

Many disorders resulting in brittle hair and/or alopecia result from defective 

morphogenesis and differentiation of the follicle, which occurs late in embryogenesis and 

soon after birth in the mouse. The complex follicular structure begins to develop at 

embryonic day 14 (E14) and is complete by postnatal day 9 (P9)	  (Paus et al., 1999)	  

(Fuchs, 2008). Seven layers of keratinocytes make up the fully formed hair follicle. The 

multilayered follicular structure	  and	  the	  hair	  it	  produces	  arise	  from	  the	  rapidly	  

dividing	  matrix	  cells	  in	  the	  bulb	  (Rogers, 2004). Matrix cells terminally differentiate as 

they move upward and inward resulting in the formation of the outer root sheath (ORS), 

the layer continuous with the basal layer of the epidermis, and the multilayered inner root 

sheath (IRS). The IRS is composed of the Henle’s layer, Huxley’s layer, and the cuticle 

(Montagna, 1962)(Chase, 1954). The innermost layers of the hair follicle differentiate 

from the matrix cells of the bulb to form the hair shaft. The cortex of the hair is made up 

primarily of intermediate filaments (Paus & Cotsarelis, 1999). Intermediate filaments 

composed of type I acidic and type II basic/neutral keratins provide the backbone of the 

hair (Langbein & Schweizer, 2005). Keratin-associated proteins form the matrix in which 

the intermediate filaments are embedded. There are approximately 100 different keratin-
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associated proteins in humans, separated into groups based on amino acid content. The 

glycine and tyrosine groups are made up of approximately 35-60 mol % glycine and 

tyrosine. The high and ultra-high sulfur keratin-associated proteins contain less than and 

above 30 mol % cysteine, respectively (Rogers, 2004). The amount of cysteine present in 

the hair shaft directly affects the strength of the hair itself (Boer et al., 1998). Cysteine 

residues in the hair keratins regulate binding to other intermediate filaments and the 

keratin-associated proteins (Langbein & Schweizer, 2005). 

Mouse mutants with reduced EGFR activity, including the spontaneous wa-2, as 

well as a number of EGFR deficient lines consistently produce a phenotype of wavy hair 

with similarities to the hair of TTD patients (Crew, 1933) (Hansen et al., 1996). EGFR 

null mice display curled vibrissae with follicular disorganization, where hair follicles are 

unevenly placed and crowded within the skin (Threadgill et al., 1995) (Sibilia & Wagner, 

1995) (Murillas et al., 1995). Scanning electron microscopy of Egfr null hairs revealed a 

cuticular scaling in comparison to control cuticles that were smooth in appearance 

(Hansen et al., 1997). This disruption in the hair structure could be the cause for the 

waved appearance of EGFR deficient follicles. The molecular mechanisms regulating the 

processes of hair differentiation in these models of EGFR deficiency have not been 

described. 

This report documents defective follicular differentiation in a mouse model with a 

deletion of EGFR targeted to the cutaneous epithelium. These mice displayed a wavy hair 

phenotype and other features similar to the TTD phenotype including decreased 

subcutaneous fat, resulting from loss of EGFR in the epithelial cells of the skin. 

Transcriptional profiling of isolated hair follicles from the skin-targeted Egfr mutant mice 
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revealed more than 40% of genes downregulated in Egfr mutant hair follicles were 

ultrahigh/high cysteine containing hair structural proteins. These included 6 keratins and 

10 keratin-associated proteins, all of which were decreased by at least 60% at the mRNA 

level. These results document a role for epithelial EGFR in both follicular differentiation 

and maintenance of subcutaneous fat, and suggest that further investigation of EGFR-

dependent signaling may improve our understanding of the molecular mechanisms 

underlying cutaneous pathologies like TTD.  
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RESULTS 

Genetic deletion of Egfr resulted in wavy hair and disorganized follicles. In order to 

examine the molecular mechanisms through which EGFR acts, we developed a skin 

targeted Egfr mutant mouse using the Cre/lox system. Mice expressing Cre recombinase 

driven by a Keratin 14 promoter were crossed with mice that had exon 3 of Egfr flanked 

by LoxP sites. The resulting skin-targeted Egfr mutants (Egfrfl/fl /Cre+) had a 90% 

decrease in epidermal EGFR when compared to (Egfrfl/fl /Cre- and Egfrwt/wt /Cre+) 

littermate controls (Maklad et al., 2009). The skin-targeted Egfr mutants exhibited wavy 

hair of the whiskers and coat, similar to that of other EGFR deficient mouse models. In 

contrast to Egfr null mice, the skin-targeted mutants had much improved survival, with 

most of the animals surviving well into adulthood. 

In order to understand the mechanisms by which EGFR contributes to normal hair 

growth and follicular differentiation, an analysis of hair in EGFR mutants was 

undertaken. Analysis of plucked dorsal hairs from Egfr mutant and control mice 

documented the existence and similar abundance of all four hair types; awl, auchene, 

guard, and zig-zag (Sharov et al., 2006)(Fig. 1a-i). Microscopic analysis revealed that 

each of the mutant hair types exhibited multiple kinks compared to control hairs of the 

same type (Fig. 1a-h).   
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Figure 1. Skin-
targeted deletion of 
Egfr results in 
wavy and fragile 
hair. a-h)Hair type 
analysis was 
performed at P28 in 
Egfr controls 
(a,c,e,g) and 
mutants (b,d,f,h). i) 
One hundred hairs 
per mouse were 
characterized as 1 of 
4 hair types. * 
Student’s T-test was 
used for 
significance where p	 
≤ 0.05. Hair from 3 
mice per genotype 
was analyzed. 
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Similar to other models of EGFR deficiency, histological examination of mutant 

skin revealed follicular misalignment and crowding. EGFR mutants also displayed 

structural differences within the hair shaft. Among them, EGFR mutant hair shafts 

displayed hair keratinization of the matrix region (Fig. 2a,b, arrows) and separation from 

the inner root sheath (Fig. 2c,d, arrows).  

 
Figure 2. Egfr mutant 
hair follicles display 
structural defects along 
with aberrant 
organization. Histological 
analysis of mutant (b,d) 
and control (a,c) follicles  
at P16 was performed in 
hematoxylin and eosin 
stained sections. a,b) 
premature keratinization 
(arrows) of the lower hair 
follicle. c,d) Hair shaft 
separated from the inner 
root sheath (arrows). Scale 
bar indicates 50 µ m. 
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EGFR regulates multiple differentiation-associated genes in the hair follicle. To 

identify potential mechanisms of EGFR regulated gene transcription in the hair follicle, 

transcriptional profiling of hair follicles isolated using laser capture microdissection was 

performed. Analyses of the data revealed 41% of genes significantly downregulated upon 

deletion of Egfr were structural proteins, either hair keratins or keratin-associated 

proteins. Six hair keratins included Krt 33a, Krt 34 and Krt39 all of which were 

decreased by 56-66% at the transcript level (Table 1). The expression of 10 Krtap 

were decreased by 56-84% in mutant follicles (Table 1). 

Table 1. Structural and TTD associated genes are downregulated in Egfr mutant 

hair follicles. 

Gene Fold Change P-value 
Krt 33a 0.34 0.02 
Krt 34 0.38 0.01 
Krt 39 0.33 0.04 
Krt 85 0.42 0.04 
Krt 86 0.44 0.01 
Krt protein domain 0.36 0.04 
Krtap 4-2 0.32 0.02 
Krtap 4-6 0.4 0.03 
Krtap 4-13 0.16 0.01 
Krtap 4-16 0.44 0.002 
Krtap family 4 0.37 0.04 
Krtap 5-1 0.25 0.04 
Krtap 5-4 0.29 0.03 
Krtap family 9  0.33 0.0008 
Krtap 13-1 0.33 0.04 
Krtap 4-7 0.42 0.003 
Cdk7 0.58 0.01 
 

Egfr mutant skin mimics trichothiodystrophy with decreased Cdk7 expression and 

decreased subcutaneous adipose. Transcriptional profiling of isolated hair follicles 

revealed a 42% decrease in Cdk7 expression in Egfr mutant hair follicles compared to 



 83 

controls at P17 (Table 1). Similarities with TTD mice and patients were expanded to 

include measurements of subcutaneous fat. At P14 the amount of subcutaneous fat was 

similar (Fig. 3a,b). However a decrease in adipose was observed at P20 in mutant skin 

(Fig 3d). The number of adipocytes between the upper dermis and the muscle had 

decreased in mutant skin compared to controls. The number of adipocytes between hair 

follicles is also decreased. The normal transition into telogen in the controls also results 

in decreased thickness of the skin (Fig. 3c). The mutants displayed loss of adipocytes 

despite having hair follicles extend to near the muscular layer (Fig. 3d). 

Figure 3. Subcutaneous adipose 
decreases with age in Egfr 
mutants Similar adipose 
thicknesses were observed at P14 
(a,b) in mutant (b) and control skin 
(a). c,d) Decreased adipose was 
observed in Egfr mutants (d) 
compared to control (c) at P20 
(c,d). Scale bar indicates 50 µm. 
 

 

 

 

 

 

 

 

Cluster analysis reveals differentiation genes were in 2 major groups. Generation of a 

heat map from the profiling data illustrated the decreased hair follicle associated keratins 

in comparison to the epidermis-associated keratins (Fig. 4a). In contrast to the effects of 
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EGFR on the hair keratins, markers of epidermal differentiation including, Keratin 5 and 

Loricrin were generally increased in Egfr mutant hair follicles (Fig. 4a). Thus, loss of 

EGFR shifted the differentiation program in the hair follicle towards a more epidermal-

like pattern. 

a                                                                                        b 

 

Figure 4. Significantly downregulated hair keratin genes are clustered distinctly from 
epidermal keratins. a) Hierarchical clustering of Egfr mutants and controls based on mRNA 
expression levels. Each row represents a gene and each column an individual mouse. Red and 
green colors indicate expression levels above and below the median. Variation in shades of color 
represents the magnitude of deviation from the median. The dendrogram of genes represents 
similarities of genes. b) Chromosome map of a portion of chromosome 11D. * indicates 
significantly different according to transcriptional profiling. 
 

The dendrogram for differentiation-associated genes revealed clustering of the 

hair-associated genes into 2 main clusters. These clusters comprised the ultrahigh sulfur 

containing Krtaps (families 4&9) on chromosome 11 and another containing ultrahigh 

sulfur containing Krtaps (family 5) on chromosome 15 in mice (Fig. 4a). Mapping the D 
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region of chromosome 11 revealed that clustering of keratins and their associated proteins 

occurred in a region approximately 500 kilobases long (Fig. 4b). Krt33a, Krt34 and Krt 

39 are all found on chromosome 11, but are more closely related on the dendrogram to 

Krtap family 5 located on chromosome 15.  

Hair keratins decrease with age in Egfr mutants. Similar to the keratinocytes of the 

epidermis the undifferentiated follicular keratinocytes in the matrix change their pattern 

of hair keratin expression as they differentiate to form the keratinized hair shaft. In order 

to validate the transcriptional profiling results and further investigate the influence of 

EGFR on follicular differentiation, immunofluorescence for type I and type II hair 

keratins identified by microarray analysis was performed. The type I cytokeratin Keratin 

33a, also known as Ha3-I is normally expressed by the cells of the hair cortex and is 

spatially restricted to the mid-cortex of the hair follicles. The cortex of the follicle is 

separated into the precortex, which is located proximally towards the bulb and the mid-

cortex and the upper cortex located in the distal follicle (Langbein & Schweizer, 2005). 

Expression of Keratin 33a is a late-differentiation event indicating a terminal step in hair 

shaft formation. At P15 Egfr mutants and controls exhibited similar localization of 

Keratin 33a to the mid-cortex. However decreased intensity of immunofluorescence for 

Keratin 33a was evident in mutants (Fig. 5a-b). At P28 localization of Keratin 33a in the 

mid-cortex was clear in control follicles as well (Fig. 5c). However, by P28, Keratin 33a 

expression was undetectable in defective hair follicles (Fig. 5d); consistent with a loss of 

cortical cell expression in defective Egfr mutant hair follicles. The type II hair keratin, 

Keratin 85, also known as Hb5, is normally expressed in the matrix region and continues 

to the upper cortex and the hair cuticle (Moll et al., 2008). Similar to Keratin 33a 
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expression, Keratin 85 expression represents a late stage differentiation event in follicular 

differentiation. Egfr mutant and control hair follicles were Keratin 85 positive in the mid 

Figure 5. The type I 
cytokeratin Keratin 33a 
was decreased in the 
mid-cortex of mutant 
hair follicles. 
Immunofluorescence was 
performed for Keratin 
33a in control (a,c) and 
mutant (b,d) skin at P15 
(a,b) and P28 (c,d). Blue 
depicts DAPI labeled 
nuclei and Krt33a is 
shown in green. N ≥ 2 
mice. Scale bar indicates 
50 µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

to upper cortex at P15, although little matrix immunofluorescence was observed at this 

time point for either genotype (Fig. 6a,b). The antibody used appeared to be more 

specific for the cuticle of the cortex in our study. Egfr controls exhibited Keratin 85 

immunopositivity in the cortex at P28 as well (Fig. 6c). By P28, Keratin 85 was 

significantly decreased in hair follicles that did not progress through the hair cycle (Fig. 

6d). Consistent with our microarray data, mutant hair follicles had reduced type I Keratin 
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33a and type II Keratin 85 localization in the hair follicle. These data further document 

defective differentiation in the hair follicle in EGFR deficient skin. 

Figure 6. The type II 
cytokeratin Keratin 85 
was expressed in the 
mid-upper cortex of 
mutants and controls 
with expression 
decreasing by P28 in 
mutants. 
Immunofluorescence was 
performed for Keratin 85 
in control (a,c) and mutant 
(b,d) skin at P15 (a,b) and 
P28 (c,d). Blue depicts 
DAPI labeled nuclei and 
Krt85 is shown in green. 
N ≥ 2 mice. Scale bar 
indicates 50 µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Common transcription factor binding sites were identified in EGFR-regulated 

differentiation genes. Promoter analysis using PAINT was performed to identify 

transcription factors that mediate hair keratin and keratin-associated gene expression 

downstream of EGFR (Vadigepalli et al., 2003). Examination of transcription factor 

binding sequences in genes downregulated as a result of Egfr deletion revealed 4 factors 

present in 12 of the 16 genes involved in hair follicle differentiation (Table 2). FoxD3, 
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Pax-4, Evi-1, and HNF-1 response elements were found within 2kb upstream of 

transcriptional start sites of keratin and keratin-associated protein genes.  

Table 2. Structural genes share transcription factor binding sequences. 

 
Gene Transcription factor binding sequence 
 FOXD3 Pax-4 Evi-1 HNF-1 
Krt 34 X X X  
Krtap 4-2 X X  X 
Krtap 5-4  X X  
Krt 86  X X  
Krtap 13-1   X X 
Krtap family 9 X  X  
Krtap 4-7    X 
Keratin protein domain X    
Krtap 4-6 X X X X 
Krt 39   X X 
Krt 33a X    
Krtap 5-1 X X  X 
 

Epidermal differentiation occurs normally in mutants with intact barrier and 

similar keratin expression. The epidermal barrier functions to provide protection from 

outside insults including bacterial infection as well as provides protection from water 

loss. Barrier function was assessed in Egfr mutant and control pups because the 

Keratin14 promoter drives Cre expression beginning at E14.5, prior to formation of the 

multilayered epidermis necessary for the intact barrier. Common disruptions in epidermal 

differentiation can result in failure to form an intact barrier. Utilization of a dye exclusion 

assay at birth indicated intact barrier formation in the dorsal region of both mutants and 

controls (Fig. 7a,b). Barrier acquisition corresponds to formation of the stratum corneum; 

prevention of dye penetration by the stratum corneum indicates proper differentiation of 

the epidermis	  (Hardman et al., 1998). Dye was unable to penetrate into the skin at this 

time point, indicating a mature barrier. Consistent with an intact barrier and normal 
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epidermal differentiation, the intermediate filaments Keratin 5, Keratin 1, and loricrin 

were present in the appropriate layers of the epidermis in Egfr mutant skin. Keratin 5 

Figure 7. Egfr mutants had 
intact epidermal barriers and 
normal localization of 
epidermal differentiation 
markers. a,b) Dye exclusion 
assay was performed in Egfr 
controls and mutants at P0. 
Immunofluorescence was 
performed on controls (c,e,g) 
and mutants (d,f,h) at P15 for 
Keratin 5 (c,d), Keratin 1 (e,f) 
and Loricrin (g,h). Blue depicts 
DAPI labeled nuclei and Krt5, 
Krt1, and loricrin is shown in 
green. Scale bar indicates 50 
µm. 
 
 
 
 
 
 
 
 
 
 

was localized to the least differentiated basal and suprabasal keratinocytes of the 

epidermis and the ORS of the hair follicles in both the controls and mutants at P15 (Fig. 

7c,d). Differentiation of the keratinocytes from the basal layer occurs through cessation 

of Keratin 5 expression and induction of Keratin 1 expression in the stratum spinosum. 

At P15 Keratin 1 was localized to the spinous layer of the epidermis in both genotypes 

(Fig. 7e,f). Further apical differentiation of epidermal keratinocytes results in loss of 

Keratin 1 and expression of loricrin in the stratum granulosum. Loricrin was detected in 

the flattened keratinocytes of the granular layer in both groups (Fig. 7g,h). These data 

demonstrate that a targeted deletion of Egfr did not result in defective epidermal 

differentiation.  
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DISCUSSION 

Our data demonstrate that EGFR signaling was necessary for proper 

differentiation of the hair follicle in the mouse. EGFR was not required for epidermal 

differentiation or intact barrier formation in the skin, and epidermal differentiation 

markers were appropriately localized. Transcriptional profiling of isolated hair follicles 

revealed striking differences in hair differentiation-related gene expression with 16 genes 

downregulated in mutant follicles compared to controls. The mechanisms for 

transcriptional control of these genes are unknown. None reported here coincides with 

those known to bind Lef1	  (Zhou et al., 1995). Lef1 binds to sequences upstream of 13 

different differentiation associated genes (Zhou et al., 1995). We do provide novel 

potential targets for transcription factors for further investigation including FoxD3, Pax-

4, Evi-1 and HNF-1. The organization of EGFR regulated genes at two chromosomal loci 

suggests a mechanism of epigenetic regulation for these genes. Immunolocalization of 

two of these EGFR-regulated keratins validated the microarray analysis and further 

revealed decreased keratins in EGFR deficient hair follicles. Analysis of hair from mutant 

and control mice also documented a role for EGFR in hair follicle differentiation. 

Although each of the four hair types of the mouse coat was present in Egfr mutants, they 

displayed the hallmark waviness previously described in EGFR deficient models 

(Schneider et al., 2008). Microscopic analysis of mutant hair follicles revealed structural 

abnormalities including separation of the hair shaft from the inner root sheath as well as 

premature keratinization of the matrix. Analysis of histologic sections also revealed 

decreased adipose in the subcutaneous layers of the EGFR mutant skin. 
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 The decreased subcutaneous fat and disordered follicular differentiation of Egfr 

mutant skin are strikingly similar to the cutaneous pathology of TTD patients. 

Trichothiodystrophy is an autosomal recessive disorder that was originally identified 

because those affected had brittle hair associated with sulfur deficiency. Further 

characterization of the disorder revealed deficits in mental capacity and growth as well as 

impaired sexual development, ichthyosis, and skin photosensitivity (Stefanini et al., 

2010). These characteristics mirror many pathologies observed in our conditional 

deletion of Egfr mice. Multiple commonalities exist between Egfr mutants and patients 

with trichothiodystrophy including the brittle hair, deficiencies in sulfur containing 

keratin and keratin-associated proteins and characteristics of premature aging including 

decreased subcutaneous fat. The mutant model used here mimics the hair phenotype 

including: wavy hair, structural defects and mislocalization of keratins. In addition this 

model had multiple genes coding for cysteine rich proteins downregulated, which could 

be the cause of the structurally deficient hair follicles. A potential mechanism resulting in 

these similar phenotypes could be EGFR regulation of the TFIIH transcription complex. 

In fact, our transcriptional profiling revealed decreased expression of TFIIH component 

Cdk7 in mutant hair follicles. Whether loss of EGFR regulation of Cdk7 is the 

mechanism through which EGFR contributes to follicular differentiation requires further 

investigation. 

 While the mechanism resulting in decreased sulfur content has not been fully 

described, it has been postulated that decreased TFIIH activity in terminally 

differentiating cells results in decreased transcription of hair keratins that make up the 

hair shaft (Boer et al., 1998). The TFIIH complex not only has basal transcription control, 
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but it also has DNA repair responsibilities. EGFR regulation of TFIIH activity could 

cause the phenotypic similarities. TTD patients experience varying degrees of DNA 

repair deficiencies and photosensitivity (Boer et al., 1999). DNA damage induces the 

translocation of EGFR from the membrane to the nucleus (Dittmann et al., 2005)(Das et 

al., 2007)(Hsu et al., 2009). Nuclear EGFR mediates repair after cisplatin treatment 

(Liccardi et al., 2011). Cisplatin is an effective chemotherapeutic because of its ability to 

crosslink DNA and induce apoptosis (Stordal & Davey, 2007). TTD mice display 

deficiencies in nucleotide excision repair (NER) (Boer et al., 1999). Cisplatin-induced 

EGFR translocation is necessary for repair of DNA crosslinking possibly through NER. 

In the tumor environment, overexpression of EGFR can result in resistance to cisplatin. 

Cells expressing a mutated form of EGFR, where the sequence responsible for nuclear 

localization was altered, were unable to translocate and were not resistant to cisplatin 

(Hsu et al., 2009). The interaction between EGFR and TFIIH could provide an 

explanation for decreased transcription of hair keratins.  

 In summary, we have shown hair follicle abnormalities associated with EGFR 

deficiency. Decreased expression of cysteine rich keratins and keratin-associated proteins 

contribute to a sulfur deficiency and subsequent hair defects. These defects include 

premature keratinization of the hair shaft and separation of the hair shaft from the inner 

root sheath. Decreased gene expression of 16 differentiation-associated genes at P17 was 

followed by decreased protein expression for a type I keratin, Keratin 33a, and a type II 

keratin, Keratin 85. We did not observe any deficits associated with epidermal 

differentiation or barrier formation. Our data provide evidence for EGFR signaling 

regulating differentiation of the hair follicle and propose possible regulation of the TFIIH 
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transcriptional complex leading to similarities with the neuroectodermal disorder, 

trichothiodystrophy. 
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MATERIALS AND METHODS 

Animals. Egfr mutant (Egfrfl/fl/Krt14 Cre recombinase +) and control (Egfrwt/wt/Krt14 Cre 

recombinase + or Krt14 Cre recombinase -) littermates were used for analysis. Mice were 

euthanized between P14 and P28. Dorsal skin samples from the mid-back were obtained 

and fixed in 70% ethanol or 10% neutral buffered formalin prior to paraffin embedding or 

were embedded in OCT (Sakura Finetek, Torrance, CA).  

Histological examination. Morphological analyses were performed using hematoxylin 

and eosin stained dorsal skin sections (American Histolabs, Gaithersburg, MD). 

Hair type analysis. One hundred hairs were plucked from individual mice from the 

dorsum at P28 and then were sorted by type to determine the coat composition. A Nikon 

dissecting microscope was used to sort each hair type. Photographs were taken for each 

sample.  

Laser capture microdissection. Hair follicles were isolated from frozen dorsal skin 

sections embedded in optimal cutting temperature medium using an Arcturus Pixcell II 

laser microscope onto CapSure LCM Caps (Applied Biosystems, Carlsbad, CA). Sections 

were briefly stained with cresyl violet and dehydrated through graded alcohols and 

xylene from the Histogene frozen section LCM kit (Applied Biosystems). 

Microdissections were performed less than 30 minutes from dehydration for all samples. 

RNA was extracted using the PicoPure RNA isolation kit (Applied Biosystems) 

according to manufacturer protocol. RNA integrity and quantity was determined with a 

Bioanalyzer (Agilent, Santa Clara, CA) utilizing the RNA 6000 Pico kit according to 

manufacturers directions (Agilent). 
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Microarray. Follicular RNA isolated from Egfr mutants and controls (N=3) was 

amplified using two cycle amplification and hybridized to Affymetrix mouse 430 2.0 

arrays. Data were analyzed using Affymetrix GeneChip Command Console (Affymetrix, 

Santa Clara, CA) and Robust Multiarray Average Express (Irizarry et al., 2003)(Bolstad 

et al., 2003)(Bolsted, B. et al. UC-Berkley). Significance was determined using at least 

1.5 fold change and a p-value of less than 0.05 by Students t-test. Three algorithms were 

used to determine gene expression: robust multiarray average (RMA), MAS5, and 

PLIER. To aid in the interpretation of the data, gene ontology (GO) analysis, using the 

PANTHER database was performed (Thomas et al., 2003). Literature searches were also 

used to assign each gene into a functional category based on biological process. PAINT 

analysis was performed on significantly altered gene sets to identify common 

transcription factor binding sites up to 2 kilobases upstream of each gene (Vadigepalli et 

al., 2003)(Daniel Baugh Institute, Philadelphia, PA). 

Heat map generation. dChip software (Harvard University, Cambridge, MA) was 

utilized to create a heatmap of normalized transcriptional profiling data from P17 

follicular RNA from Egfr mutants and controls (n=3 mice) that was amplified using two 

cycle amplification and hybridized to Affymetrix mouse 430 2.0 arrays.  

Epidermal barrier assay. Newborn Egfr mutants and control mice were prepared as 

previously described (Hardman et al., 1998). Briefly, pups were washed with methanol 

followed by incubation in 0.1% toluidine blue solution overnight. Mice were then rinsed 

with PBS. Photographs were taken immediately with a Nikon digital camera mounted on 

a dissecting microscope.  
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Immunofluorescence. Immunofluorescence was performed on dorsal skin sections. 

Briefly, cryosections were fixed in methanol/acetic acid, blocked with 10 normal goat 

serum (Vector Labs, Burlingame, CA) and incubated overnight in the primary hair 

keratin anti-guinea pig antibody (Keratin 33a, 1:100 in 3% BSA/PBS, Keratin 85, 1:100 

in 3% BSA/PBS, Lifespan Biosciences, Seattle, WA) followed by secondary anti-guinea 

pig biotin (Jackson Immunoresearch, West Grove, PA) and streptavidin-Texas red 

(Vector Labs, Burlingame, CA). Ethanol fixed dorsal skin sections were incubated 

overnight in primary epidermal keratin anti-rabbit antibodies (Keratin 1, 1:500 in 3% 

BSA/PBS,  Keratin 5, 1:500 in 3% BSA/PBS, Loricrin, 1:500 in 3% BSA/PBS, Covance, 

Princeton, New Jersey) followed by incubation in secondary anti-rabbit AlexaFluor 488 

(Invitrogen, Carlsbad, CA). Negative controls included sections omitting the primary 

antibody. 
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Chapter 5: DISCUSSION 
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Rationale for studying EGFR in hair follicles and skin 

 EGFR is capable of diverse signaling and can regulate multiple cellular processes 

including cell proliferation, differentiation, migration, and apoptosis. Because of its 

varied effects, perturbations in its signaling can lead to multiple tumor types and other 

skin pathologies. Overexpression of EGFR in tumors results in high rates of proliferation, 

resistance to chemotherapy, and poor prognosis (reviewed in (Lynch et al., 2007). Solid 

tumors that have been found to overexpress EGFR include non-small cell lung cancer, 

head and neck cancer, ovarian cancer and colorectal cancer (Baselga, 2006). Because of 

this, EGFR has recently become a target for intervention through the use of monoclonal 

antibodies and tyrosine kinase inhibitors. The use of these therapies often result in side 

effects that result in patient discomfort or cessation of treatment despite treatment 

effectiveness. The most common side effect is a cutaneous rash associated with the hair 

follicles (Busam et al., 2001)(Lacouture, 2006)(Agero et al., 2006). Strikingly, treatment 

efficacy can be predicted by the presence of these lesions (Perez-Soler, 2006). This 

clinically relevant issue provides significance to our research into the role of EGFR 

mediated signaling in the hair follicle.  

 The skin-targeted Egfr mutant mice allow for study of EGFR in follicular cycling, 

cutaneous inflammation, and differentiation. Similar to other models of EGFR deficiency	  

(Threadgill et al., 1995)	  (Sibilia & Wagner, 1995)	  (Miettinen et al., 1995)	  (Murillas et al., 

1995), the mice had open eyelids at birth, a wavy hair phenotype, follicular 

disorganization and defective differentiation. In contrast to other models, however, the 

conditional mutants were viable and survived into adulthood.  
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Using this model, we found EGFR regulated the cell cycle prior to catagen. Our 

work utilizing the tissue-targeted deletion has led to new insights into the role of EGFR 

in the skin. In hair follicles there is no effect on proliferation between 15 and 17 days, but 

proliferation does not decrease at 18 days like controls. This data was somewhat 

unexpected because previous reports described decreased keratinocyte proliferation in the 

EGFR null epidermis	  (Threadgill et al., 1995). A wavy hair phenotype associated with 

defective differentiation was observed in mutant hair follicles, also contrary to normal 

differentiation in the epidermis	  (Threadgill et al., 1995). These results suggest that either 

or both the microenvironment and the signaling downstream from EGFR are different in 

the follicle compared to the epidermis. Thus, cellular context is an important factor when 

studying the effects of EGFR deficiency.  

EGFR expression is required for cell cycle accumulation promoting 

apoptosis and catagen 

 The mammalian hair cycle is a dynamic process that can be used to determine 

signaling required for multiple processes including proliferation, differentiation and 

apoptosis. The mechanisms controlling the catagen transition are poorly understood. The 

matrix keratinocytes may undergo a predetermined number of mitoses or growth 

inhibitors and pro-apoptotic proteins may accumulate to induce catagen	  (Stenn & Paus, 

2001). Immune cells including mast cells and macrophages may also contribute to 

catagen initiation	  (Stenn & Paus, 2001). Control of cell differentiation, cessation of 

proliferation, induction of apoptosis and separation of the mesenchymal dermal papilla 

from the bulb are all essential for proper hair follicle cycling. Multiple coordinated 

mechanisms are necessary for successful catagen.  
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 Examples of aberrant hair cycling occurring in mice harboring mutations in 

growth factors or their receptors provide evidence for their role in hair follicle 

maintenance. Growth factors have both catagen promoting and catagen inhibitory 

functions. The Angora mutation, deletion of a portion of the fibroblast growth factor 5 

(FGF5), results in delayed catagen and a long hair phenotype due to prolonged anagen 

(Sundberg et al., 1997)	  (Pethö-Schramm et al., 1996). The extended anagen in the Angora 

mouse emphasizes the need for inhibitory factors to stop anagen in preparation for 

catagen. Signals necessary for induction of apoptosis in hair follicles include brain-

derived neurotrophic factor (BDNF)	  (Botchkarev et al., 1999), neurotrophin 3 (NT3) 

(Botchkarev et al., 1998), neurotrophin 4 (NT4) (Botchkarev et al., 1999) and 

transforming growth factor β1/2 (TGF-β1/2) (Foitzik et al., 2000)(Paus et al., 1997). 

These molecules are upregulated prior to catagen or at catagen onset, and failure to 

upregulate these genes results in prolonged anagen. TGF-β1 signaling seems to be of 

particular importance in the process. It is present in the hair follicle just before catagen 

and remains active through the transition into telogen. When TGF-β1 is administered to 

mouse skin, the hair follicles are induced to enter catagen, conversely a genetic deletion 

of TGF-β1 results in delayed catagen (Foitzik et al., 2000). Anagen supporting signals 

that must be downregulated for catagen initiation include insulin growth factor receptor 

1(IGFR1) (Rudman et al., 1997), keratinocyte growth factor (KGF) (Stenn & Paus, 

2001), and hepatocyte growth factor (HGF)	  (Lindner et al., 2000). 

 Our data demonstrate that wild-type EGFR follicular keratinocytes in the matrix 

accumulated in G2-M phase prior to catagen induction at P17 days of age, while EGFR 

deficient hair follicles did not accumulate in G2-M and exhibited a delayed and 
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asynchronous catagen. EGFR may be acting as an anagen inhibitory factor at catagen 

through downregulation of microtubule control genes necessary for mitosis. Our analysis 

of G2-M Phospho-Ser10 histone H3 demonstrated that matrix keratinocytes accumulate at 

this transition between P16 and P17. Confocal microscopy of mitoses revealed more pro-

metaphase/metaphase cells in control compared to the mutant matrix. Transcriptional 

profiling of mutant and control hair follicles identified 2 mitotic regulators. The 

microtubule regulators Rcc2 and Sfi1 were upregulated in follicles lacking EGFR, 

providing potential targets for EGFR signaling to regulate mitosis. Additional analysis of 

RCC2 led to another microtubule organizer, Stathmin1, whose expression also decreased 

as catagen progressed, providing more evidence for a role for microtubule dynamics 

during catagen. Further analysis of RCC2 and the passenger proteins Aurora B and 

Survivin did not reveal mislocalization or spindle aberrations in the hair follicle 

suggesting an alternate mechanism of Rcc2 downregulation causing cell cycle 

accumulation. RCC2 may act as an exchange factor for Rac 1, initiating a signaling 

cascade leading to Stathmin1 activation and mitotic spindle formation. The involvement 

of EGFR in this signaling cascade is a novel result that suggests EGFR may mediate 

spindle assembly during mitosis prior to catagen. Our work points to a mechanism 

whereby catagen and apoptotic induction occur through downregulation of mitotic 

mediators by EGFR. 

Because catagen requires apoptosis for hair follicle involution, the roles of several 

pro-apoptotic pathways have been described. The p55 tumor necrosis factor receptor 

(p55TNFR) is localized to matrix keratinocytes at catagen along with p75NTR (a low 

affinity neurotrophin receptor) while the Fas receptor/apoptosis antigen 1 (Fas/Apo) is 
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localized to the follicular outer root sheath (Frade et al., 1996)(Stenn & Paus, 2001). The 

presence of these receptors transmits pro-apoptotic signals to the proximal hair follicle. 

Additionally, anti-apoptotic Bcl-2 also prevents apoptosis during anagen. Bcl-2 is 

expressed in the bulb, the IRS and the ORS of anagen hair follicles but rapidly declines at 

catagen (Lindner et al., 1997). Prolonged anagen with asynchronous entry into catagen 

was not accompanied by changes in gene expression in either pro-apoptotic or anti-

apoptotic factors suggesting that alternative mechanisms cause defective hair cycling in 

Egfr mutants. While many mechanisms of hair follicle cycling have been described, there 

are a number of mutant mouse models that display defective hair cycling independently 

of these pathways (Panteleyev et al., 1999)(Fessing et al., 2006)(Hwang et al., 2008). The 

existence of multiple mouse models with mutations causing hair cycle defects indicates 

the precision of signaling necessary.  

Failure to progress through catagen results in inflammation 

 EGFR mediated signaling promotes inflammation in keratinocytes during wound 

repair and chronic inflammatory diseases (Pastore et al., 2008). Keratinocytes recruit 

polymorphonuclear (PMN) cells and macrophages to the skin through the production of 

cytokines and chemokines including IL-1, TNF-α, IL-8 and others (Mascia et al., 2003). 

Conversely, EGFR can also play a role in suppressing inflammation in the skin through 

downregulation of a separate set of chemokines including CCL2/Monocyte chemotactic 

protein-1 (MCP-1), CCL5/Regulated upon activation, normal T-cell expressed 

(RANTES), and CXCL10/Interferon γ-induced protein (IP-10)	  (Mascia et al., 

2003)(Pastore et al., 2005). Signaling involved in attracting inflammatory cells to skin 

has been described in keratinocytes of the epidermis. However, our skin-targeted mutants 
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did not exhibit cytokine upregulation by the epidermis or in cultured keratinocytes 

although the mice still sustained cutaneous inflammation. The reasons for this difference 

are unknown. Our results suggest a role for the hair follicle in cutaneous inflammation in 

EGFR deficient skin, possibly through a mechanism involving the maturation and 

activation of mast cells precursors present in the hair follicle to induce inflammation	  

(Kumamoto et al., 2003).  

 Transcriptional profiling of isolated hair follicles revealed an upregulation of the 

mast cell proteases, Chymase and Tryptase. An increase in mast cell numbers following 

defective transition into catagen occurred in Egfr mutant skin. Higher levels of 

degranulation also occurred in the mast cells of Egfr mutants, which can recruit the 

inflammatory cells. Follicular keratinocytes may use mast cells to recruit other leukocyte 

populations to the site of defective hair follicles independently of cytokine gene 

expression. Mast cell numbers normally increase at catagen then rapidly decrease 

following the transition into telogen (Maurer et al., 1997). Degranulation of mast cells 

appears important for catagen, since mice deficient in mast cells have delayed hair 

cycling (Maurer et al., 1997)(Maurer et al., 2003). The apparent catagen-inducing effect 

of mast cells could be the cause of their accumulation in mutant skin after P17, where 

further accumulation and activation results from an attempt to induce catagen in 

unresponsive hair follicles. Transcriptional profiling did not reveal increases in cytokine 

transcripts or protein levels. However, major histocompatibility complex (MHC) genes, 

both class I and class II, were significantly increased at P17 in Egfr mutant hair follicles. 

In support of this finding, a study of EGFR inhibitor treated skin also displays increased 

MHC molecules, in the absence of cytokines	  (Pollack et al., 2011). Strikingly, we did not 
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observe the recruitment of inflammatory cells to the skin until failed hair cycling. We did 

not observe significant increases in neutrophils or macrophages until P28. Our data 

demonstrate a previously undocumented link between hair cycle defects in EGFR 

deficient hair follicles and an immune response. Our data support different mechanisms 

of immune response elicited from follicular keratinocytes compared to epidermal 

keratinocytes.  

EGFR signaling contributes to chemotherapy-induced alopecia. 

 Our observations of the importance of EGFR in follicular cycling may have 

relevance for other pathologies like alopecia. Hair loss induced by chemotherapy is one 

of the most distressing effects of chemotherapy. Surveys of patients undergoing 

chemotherapy report hair loss as being among the top three most difficult side effects 

associated with treatment (Macquart-Moulin et al., 1997)(Sitzia & Huggins, 1998). One 

study reported that 8% of women considered refusing treatment altogether because of the 

risk of alopecia (Tierney et al., 1992). Many patients have reported their level of distress 

did not change regardless of the extent of hair loss (Yeager & Olsen, 2011). The patient 

distress associated with chemotherapy-induced alopecia emphasizes the need for 

effective therapies that circumvent alopecia without sacrificing efficacy. There are two 

types of chemotherapy-induced alopecia: telogen effluvium and anagen effluvium. 

Telogen effluvium (dystrophic anagen) occurs when anagen follicles are induced to 

telogen and only results in partial alopecia. Drugs that induce telogen effluvium include 

methotrexate, 5-fluorouracil and retinoids (Yeager & Olsen, 2011). Anagen effluvium 

(dystrophic catagen) is the more classical form of chemotherapy-induced alopecia where 

rapidly dividing keratinocytes in the anagen follicle matrix undergo premature and 
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aberrant catagen resulting in hair loss. Drugs that induce anagen effluvium include 

cyclophosphamide, etoposide, topotecan, and paclitaxel	  (Yeager & Olsen, 2011). 

Currently treatments aiming to reduce alopecia during chemotherapy include methods 

attempting to reduce metabolic activity in the scalp and pharmacological treatments that 

increase cytokines or induce differentiation. Unfortunately, pharmacological treatments 

are generally only effective for 1 type of chemotherapeutic or only effective in specific 

animal models (Yeager & Olsen, 2011). The most commonly utilized method is scalp 

cooling. Scalp hypothermia is effective through reducing blood flow to the scalp and 

decreasing the amount of drug active in the hair follicle (Trüeb, 2009). A limitation of 

scalp cooling is that it is only effective in solid tumors, not hematological cancers (Trüeb, 

2010). Administration of the immunomodulator AS101 prior to and during chemotherapy 

has resulted in protection from alopecia through modulation of the immune system. 

AS101 prevents chemotherapy induced neutropenia and thrombocytopeneia. Increased 

IL-1 and/or prostaglandin E2 resulting from AS101 treatment provides protection from 

alopecia. This method is effective in both the neonatal rats and the humans when 

administered alongside etoposide/carboplatin (Sredni et al., 1995)	  (Sredni et al., 1996). 

Calcitriol, topically administered prior to chemotherapy was able to inhibit alopecia in 

neonatal rats, but not in adult mice or humans	  (Jimenez & Yunis, 1992)	  (Paus et al., 

1996)	  (Hidalgo et al., 1999). The mechanism of action is thought to be decreased matrix 

proliferation and increased differentiation. None of the described methods are completely 

effective at preventing alopecia nor do they provide additional anti-tumor effects. 

Inhibition of EGFR mediated signaling pathways may provide resistance to alopecia 

without interfering with traditional chemotherapeutics.  



 106 

 Cyclophosphamide induces alopecia within days of administration due to massive 

apoptosis in the proximal hair bulb	  (Lindner et al., 1997)	  (Hendrix et al., 2005). The 

mechanism for cyclophosphamide-induced alopecia requires p53 (Botchkarev et al., 

2000). Mice without p53 do not undergo cyclophosphamide-induced alopecia and matrix 

keratinocytes continue proliferating	  (Botchkarev et al., 2000). Our data demonstrated that 

mice deficient in EGFR were resistant to cyclophosphamide-induced alopecia. Egfr 

mutant mice entered catagen following cyclophosphamide administration, as evidenced 

by cessation of proliferation and induction of apoptosis; however, they did not complete 

it or shed the hair. We found that fewer p53 positive cells were present in mutant hair 

follicles following cyclophosphamide administration. EGFR signaling through p38 and 

p53 occurs following environmental stress	  (Seo et al., 2007). p38 activation of p53 

following DNA damage is especially important at later time points	  (Kwon et al., 2002). 

EGFR signaling through p53 following cyclophosphamide may be necessary for alopecia 

in mice. Failure to maintain p53 in the proximal hair bulb results in stalled catagen and 

retention of the hair. EGFR is essential for the sustained p53 expression necessary to 

complete catagen and cause alopecia. Our data provide a potential mechanism for EGFR-

mediated p53 stabilization promoting alopecia.   

EGFR is necessary for normal follicular differentiation 

 In addition to its role in hair follicle cycling, our transcriptional profiling 

suggested EGFR is necessary for proper follicular differentiation. The formation of the 

hair follicle requires tight coordination of proliferation and differentiation. Gradients of 

BMPs, NOGGIN, FGF7 and SHH are formed to induce proliferation in the proximal hair 

follicle and promote differentiation distally	  (Kulessa et al., 2000). WNT signaling 
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through β-catenin regulates expression of hair keratins through the activation 

transcription factors such as, LEF-1, HOXC13, and FOXN1	  (Schmidt-Ullrich & Paus, 

2005)	  (Botchkarev & Paus, 2003). Our PAINT analysis did not identify binding 

sequences for these transcription factors suggesting EGFR regulates keratins and keratin-

associated protein gene expression through a novel mechanism.  

Follicular differentiation and hair production depend on the expression of hair 

keratins that give structure to hair and on the keratin-associated proteins in which the 

keratins are embedded. Regulation of basal transcription of genes encoding these 

structural proteins is currently unknown. Our data provide a basis for further 

investigation of a role for the TFIIH transcriptional complex, where EGFR regulated 

Cdk7 expression results in decreased TFIIH activity.  

Trichothiodystrophy is a disease associated with decreased expression of high-

sulfur keratins and a brittle hair phenotype. Similarly, we found that mice deficient in 

EGFR also have brittle hair and decreased expression of high sulfur keratins and keratin-

associated proteins. Trichothiodystrophy can result from mutations in the XPD subunit of 

the TFIIH complex. Mutations in XPD result in phenotypes of either xeroderma 

pigmentosum (XP) or trichothiodystrophy. XPD mutations causing XP all have defective 

nucleotide excision repair while mutations resulting in trichothiodystrophy stem from 

decreased transcriptional activity of TFIIH (Dubaele et al., 2003). XPD binds the CDK7 

containing CDK activating kinase complex (CAK). Inhibition of CDK7 causes reduced 

promoter-proximal pausing of RNA pol II at a number of genes including c-Myc and p21	  

(Glover-Cutter et al., 2009). Our transcriptional profiling of Egfr mutant and control hair 

follicles revealed decreased Cdk7 expression in the hair follicle. Decreased CDK7 



 108 

expression may contribute to decreased transcription of keratins in trichothiodystrophy. 

This potential mechanism for TFIIH transcriptional activation in the differentiating hair 

follicle by EGFR requires further investigation.   

Future directions in the study of EGFR 

The data presented here implicate EGFR in hair cycle control through modulation 

of the matrix keratinocyte cell cycle and apoptosis and also describe for the first time a 

mechanism in which failed catagen resulted in cutaneous inflammation. Furthermore, we 

found that EGFR was required for cyclophosphamide-induced alopecia potentially 

through a p53 dependent mechanism. Finally, we provide evidence for EGFR regulation 

of structural genes necessary for proper differentiation of the hair follicle, and a skin-

targeted Egfr mutant model that mimics a condition of sulfur deficiency, 

trichothiodystrophy.  

We determined that EGFR plays a role in cell cycle regulation, basal transcription 

activity, and apoptotic induction utilizing separate pathways including microtubule 

organizers, the transcription factor IIH complex and p53. To better understand the 

pleiotropic effects of EGFR in the hair follicle and skin further study is necessary to 

answer several key questions. 1) What is the signaling pathway linking EGFR to RCC2 

and Stathmin1 at catagen, is it through regulation of Rac1? It is important to determine 

the interaction between these 3 proteins and how they are coordinated to affect 

microtubule dynamics.  2) Do inducible deletions of Egfr cause failed hair cycle 

transitions and subsequent cutaneous inflammation? Due to the structural deficiencies of 

the Egfr mutant hair follicle it is possible that failure to synchronously enter catagen is a 

developmental defect not a direct signaling mechanism regulated by EGFR. The 
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inducible Cre Recombinase/estrogen receptor fusion protein allows for regulation of Cre 

Recombinase activity through activation by tamoxifen. This system allows for normal 

development and differentiation of the hair follicle to occur and deletion of Egfr to occur 

prior to the second hair cycle. It is important to separate signaling aberrations from 

developmental deficiencies and the inducible Cre Recombinase model is suitable for 

investigating these questions. 3) What are the intermediates connecting EGFR and p53, 

does inhibition of p38 also provide resistance to cyclophosphamide-induced alopecia? 

p38 inhibitors are available and can be administered prior to cyclophosphamide to 

determine if p38 plays a role in chemotherapy-induced catagen and alopecia. 4) Do the 

EGFR inhibitors currently in use, such as gefitinib, also provide a protective effect 

against alopecia when used in conjunction with drugs like cyclophosphamide? Analysis 

of patient records from clinical trials testing co-administration of EGFR inhibitors with 

conventional therapies could provide information regarding this question. Additionally, 

mice can be treated with EGFR inhibitors and administered cyclophosphamide to 

determine if protection does occur in mice. 5) What is the link between EGFR and the 

TFIIH basal transcription complex, and why does a skin-targeted deletion of Egfr share 

so many characteristics with an autosomal recessive neuroectodermal disease? It could be 

that downregulation of EGFR depletes CDK7 and results in an inefficient basal 

transcription complex or the similarities could be simply nutritional deficits from Keratin 

14 expressed in the intestinal epithelium coupled with the sulfur deficiency in the hair. In 

vitro studies analyzing TFIIH activity following depletion of EGFR are necessary to 

begin to answer these questions.     
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Summary 

In summary we have found multiple mechanisms regulated by EGFR in hair 

follicles. Skin-targeted deletion of Egfr resulted in a wavy hair phenotype and follicular 

disorganization. Transcriptional profiling identified decreased expression of 

differentiation associated hair keratins and keratin-associated proteins, increased 

expression of immune function components Chymase, Tryptase and MHC molecules and 

microtubule organizers Rcc2 and Sfi1. Egfr mutants did not synchronously enter catagen 

associated with continued expression of mitotic control genes. Defective catagen resulted 

in increased numbers and activation of mast cells, which preceded a broader 

inflammatory folliculitis composed of neutrophils and macrophages. The defect in 

spontaneous catagen in mutant hair follicles was also observed in chemotherapy-induced 

catagen. Egfr mutant hair follicles were resistant to cyclophosphamide-induced alopecia 

due to a failure to complete catagen. EGFR mediated upregulation of p53 allowed for 

completion of catagen and alopecia in control mice that did not occur in mutants. Finally, 

we suggest a possible mechanism of EGFR dependent basal transcription through 

regulation of Cdk7 of the TFIIH complex. Following Egfr deletion, decreased 

transcription of cysteine rich hair keratins and keratin-associated proteins led to hair 

defects and multiple phenotypic similarities to the neuroectodermal disorder 

trichothiodystrophy.  
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Appendix A. EGFR gene regulation in the hair follicle  
  

     Probesets Gene Ontology Gene Symbol Fold Change P-value 
1418752_at Metabolism Aldh3a1 5.1510 0.0203 
1426960_a_at Metabolism Fa2h 4.4990 0.0249 
1455889_at Unknown Far2 4.1784 0.0103 
1438055_at Unknown Rarres1 3.9551 0.0249 
1420984_at Transport Pctp 3.5835 0.0010 
1424357_at Unknown Tmem45b 3.1857 0.0166 
1417956_at Apoptosis Cidea 3.1401 0.0024 
1451615_at Metabolism BC026374 3.0588 0.0007 
1431893_a_at Metabolism Pdss1 2.8308 0.0228 
1441423_at Proteolysis Ece1 2.7133 0.0097 
1418536_at Immune Function H2-Q7 2.6006 0.0113 
1415802_at Transport Slc16a1 2.5978 0.0455 
1427352_at Differentiation Krt79 2.4649 0.0093 
1419665_a_at Apoptosis Nupr1 2.4066 0.0283 
1417404_at Metabolism Elovl6 2.4046 0.0236 
1447176_at Unknown --- 2.3523 0.0219 
1424306_at Metabolism Elovl4 2.3147 0.0169 
1416770_at Metabolism Stk25 2.3113 0.0128 
1417025_at Immune Function H2-Eb1 2.3061 0.0337 
1452966_at Immune Function Bcl11b 2.2870 0.0242 
1415965_at Metabolism Scd1 2.2719 0.0023 
1451718_at Neural Activity Plp1 2.2587 0.0051 
1418638_at Immune Function H2-DMb1 2.2488 0.0256 
1453801_at Unknown Them5 2.2040 0.0433 
1426175_a_at Immune Function Tpsab1 2.2028 0.0037 
1454713_s_at Metabolism Hdc 2.1798 0.0163 
1425764_a_at Metabolism Bcat2 2.1592 0.0109 
1417782_at Metabolism Lass4 2.1144 0.0051 
1426440_at Metabolism Dhrs7 2.0680 0.0230 
1424676_s_at Transport Sec14l4 2.0537 0.0432 
1420421_s_at Immune Function Klrb1b 2.0458 0.0096 
1431008_at Immune Function 0610037M15Rik /// H2-Q6 2.0331 0.0267 
1417795_at Adhesion Chl1 2.0211 0.0392 
1426787_at Proliferation Sfi1 1.9898 0.0037 
1417408_at Immune Function F3 1.9612 0.0201 
1458140_at Signaling Slit2 1.9571 0.0113 
1449456_a_at Immune Function Cma1 1.9436 0.0058 
1437584_at Unknown --- 1.8685 0.0135 
1424987_at Signaling 5430435G22Rik 1.8327 0.0330 
1437542_at Transcription Factor Ikzf2 1.8319 0.0298 



1417960_at Nucleic Acid Binding Cpeb1 1.8009 0.0150 
1434089_at Motility Synpo 1.7904 0.0131 
1424382_at Signaling Rcn3 1.7829 0.0330 
1459898_at Unknown Sbsn 1.7762 0.0032 
1422411_s_at Immune Function Ear1/Ear12/Ear2/Ear3 1.7666 0.0218 
1415939_at Adhesion Fmod 1.7526 0.0068 
1417092_at Signaling Pthr1 1.7462 0.0467 
1425087_at Metabolism 2310003F16Rik 1.7283 0.0152 
1421861_at Adhesion Clstn1 1.7229 0.0090 
1439845_at Unknown Hp1bp3 1.6994 0.0119 
1425788_a_at Metabolism Echdc2 1.6857 0.0262 
1423078_a_at Metabolism Sc4mol 1.6822 0.0212 
1442456_at Unknown Spata5 1.6809 0.0306 
1424161_at Unknown Ddx27 1.6705 0.0175 
1426897_at Proliferation Rcc2 1.6696 0.0110 
1424050_s_at Proliferation Fgfr1 1.6684 0.0256 
1455477_s_at Unknown Pdzk1ip1 1.6547 0.0494 
1423493_a_at Transcription Factor Nfix 1.6511 0.0112 
1452696_a_at Unknown 4933439C10Rik 1.6436 0.0474 
1456955_at Unknown --- 1.6364 0.0468 
1425706_a_at Nucleic Acid Binding Ddb2 1.6363 0.0317 
1424451_at Metabolism Acaa1a /// Acaa1b 1.6305 0.0302 
1455930_at Unknown --- 1.6275 0.0407 
1441224_at Motility Drp2 1.6261 0.0217 
1423468_at Unknown Steap3 1.6116 0.0084 
1451784_x_at Immune Function H2-D1 1.6112 0.0489 
1449580_s_at Immune Function H2-DMb1 /// H2-DMb2 1.5763 0.0429 
1429457_at Unknown Psapl1 1.5746 0.0359 
1419215_at Metabolism Aox4 1.5562 0.0277 
1428778_at Proliferation Sfi1 1.5443 0.0353 
1431821_a_at Motility Eps8l1 1.5428 0.0447 
1455030_at Signaling Ptprj 1.5428 0.0154 
1432976_at Metabolism 2310038E17Rik 1.5334 0.0140 
1424552_at Apoptosis Casp8 1.5333 0.0294 
1436713_s_at Unknown Meg3 1.5186 0.0064 
1424130_a_at Transcription Factor Ptrf 1.5161 0.0435 
1421106_at Proliferation Jag1 1.5136 0.0368 
1437161_x_at Nucleic Acid Binding Rbpms 1.5101 0.0048 
1422444_at Adhesion Itga6 1.5049 0.0109 

     1440339_at Unknown 4833416E15Rik /// Enpp1 0.0266 0.0147 
1420599_at Differentiation Krtap4-13 0.1557 0.0070 
1450539_at Differentiation Krtap5-1 0.2466 0.0480 



1450540_x_at Differentiation Krtap5-1 0.2549 0.0482 
1422958_at Differentiation Krtap5-4 0.2908 0.0343 
1421494_at Differentiation Krtap4-2 0.3154 0.0233 
1437440_at Differentiation Krt39 0.3254 0.0411 
1428007_at Differentiation Krtap13-1 0.3276 0.0473 
1430509_at Differentiation Krtap member family 9 0.3314 0.0008 
1449387_at Differentiation Krt33a 0.3424 0.0233 

1430703_at Differentiation 
Krt protein domain 
(predicted) 0.3621 0.0005 

1442089_at Differentiation Krtap4-like 0.3668 0.0391 
1441841_at Proteolysis Adamts16 0.3687 0.0065 
1418742_at Differentiation Krt34 0.3815 0.0158 
1435462_at Unknown Plcxd2 0.3839 0.0050 
1419136_at Metabolism Akr1c18 0.3864 0.0052 
1431650_at Differentiation Krtap4-6 0.4038 0.0288 
1429750_at Proliferation Minpp1 0.4152 0.0471 
1420270_at Differentiation Krt85 0.4165 0.0496 
1430669_at Differentiation Krtap4-7 0.4256 0.0029 
1433596_at Metabolism Dnajc6 0.4260 0.0295 
1451774_at Differentiation Krtap4-16 0.4365 0.0024 
1460604_at Transport Cybrd1 0.4381 0.0425 
1427365_at Differentiation Krt86 0.4414 0.0131 
1447669_s_at Signaling Gng4 0.4491 0.0343 
1422298_at Unknown 5530401N06Rik 0.4545 0.0284 
1448566_at Unknown Slc40a1 0.4740 0.0086 
1444141_at Unknown Snx13 0.4924 0.0433 
1421269_at Metabolism Ugcg 0.4960 0.0259 
1456231_at Metabolism Pla2g3 0.4981 0.0384 
1430758_x_at Unknown Bcas1 0.5010 0.0284 
1448562_at Metabolism Upp1 0.5127 0.0414 
1420420_at Metabolism Hao1 0.5131 0.0244 

1428077_at Unknown 
LOC100047091 /// 
Tmem163 0.5190 0.0312 

1417575_at Metabolism Otub2 0.5250 0.0133 
1456692_at Unknown --- 0.5311 0.0068 
1435048_at Transcription Factor AI854703 0.5397 0.0189 
1460517_at Unknown 9130409J20Rik 0.5444 0.0404 
1451382_at Transport Chac1 0.5582 0.0066 
1455960_at Adhesion Megf9 0.5583 0.0261 
	  



The EGFR Is Required for Proper Innervation to the
Skin
Adel Maklad1,3, Jodi R. Nicolai1, Kyle J. Bichsel1, Jackie E. Evenson1, Tang-Cheng Lee2, David W. Threadgill2

and Laura A. Hansen1

EGFR family members are essential for proper peripheral nervous system development. A role for EGFR itself in
peripheral nervous system development in vivo, however, has not been reported. We investigated whether EGFR is
required for cutaneous innervation using Egfr null and skin-targeted Egfr mutant mice. Neuronal markers; including
PGP9.5, GAP-43, acetylated tubulin, and neurofilaments; revealed that Egfr null dorsal skin was hyperinnervated with
a disorganized pattern of innervation. In addition, receptor subtypes such as lanceolate endings were disorganized
and immature. To determine whether the hyperinnervation phenotype resulted from a target-derived effect of loss
of EGFR, mice lacking EGFR expression in the cutaneous epithelium were examined. These mice retained other
aspects of the cutaneous Egfr null phenotype but exhibited normal innervation. The sensory deficits in Egfr null
dorsal skin were not associated with any abnormality in the morphology or density of dorsal root ganglion (DRG)
neurons or Schwann cells. However, explant and dissociated cell cultures of DRG revealed more extensive
branching in Egfr null cultures. These data demonstrate that EGFR is required for proper cutaneous innervation
during development and suggest that it limits axonal outgrowth and branching in a DRG-autonomous manner.
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INTRODUCTION
A richly innervated organ, the skin conveys a multitude of
sensory information from different types of cutaneous receptors
that function in pain perception, touch, temperature sensing,
and vibration sensing. These nerve fibers are organized into a
precise pattern of three horizontal nerve plexuses; the sub-
epidermal plexus, deep cutaneous plexus, and the subcutaneous
plexus whose perikaria are located in the dorsal root and cranial
ganglia (Botchkarev et al., 1997, 1999; Maklad et al., 2004).

The molecular mechanisms underlying fate acquisition
and neurotrophic dependence of neurons conveying different
sensory modalities during development have been identified.
Neurogenins control the fate of two successive waves of
neuroblasts (Ma et al., 1998, 1999). Target cells secrete
neurotrophic factors that promote the growth and survival of

sensory neurons. Developing axons also respond to diverse
and largely unidentified environmental cues in reaching
specific targets and forming proper patterning of innervation.
Many questions about how the peripheral anatomical pattern
emerges during development and how the axons reach their
synaptic targets remain.

The EGFR family of receptor tyrosine kinases has been
strongly implicated in nervous system development (Birecree
et al., 1991; Junier, 2000; Casalini et al., 2004; for review). All
of the family members; including EGFR itself, Erbb2/HER2,
Erbb3/HER3, and Erbb4/HER4; are expressed in the nervous
system (Casalini et al., 2004). Erbb2, Erbb3, and Erbb4 null
mice reveal roles for these receptors in multiple aspects of
neural development. Erbb2 null mice display a severe loss of
sensory and motor neurons and defective formation of the
neuromuscular junction, and so lack all cutaneous innervation
(Lee et al., 1995; Lin et al., 2000; Casalini et al., 2004). Erbb2/
3 dimers are necessary for Schwann cell development and
myelination. Erbb4 is necessary for pathfinding of the sensory
neurons of the cranial ganglia (Golding et al., 2000). Taken
together, these results implicate the EGFR family in many
aspects of nervous system development.

In contrast to the well-defined functions of other family
members in peripheral nervous system (PNS) development,
little is known about the role of EGFR. The receptor is widely
expressed in central and PNS cells, including perineural cells,
Schwann cells, and sensory neurons (Werner et al., 1988).
Egfr null mice exhibit defects in neuronal survival and
migration in the central nervous system (Threadgill et al.,
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1995). In vitro experiments also support a role for EGFR in
neuronal and/or glial cell proliferation, survival, differentia-
tion, and neuroprotective potential (Yamada et al., 1997).
However, the role of EGFR in the development of the PNS
has not been explored in vivo.

The influence of EGFR in the innervation of developing skin
was investigated using two genetic models. Surprisingly, Egfr
null skin had excessive and disorganized innervation resulting
from a primary effect of EGFR in the neuronal compartment.
These data demonstrate a surprising and unusual role for a
growth factor receptor in the suppression and organization of
cutaneous innervation during development.

RESULTS
Egfr null dorsal skin exhibits disorganized hyperinnervation
beginning at P0

To determine the role of EGFR in the innervation of the skin,
we examined innervation in Egfr null and littermate controls
between embryonic day 17.5 (E17.5) and postnatal day 18
(P18). No differences in the innervation of the Egfr null and
control skin were detected at E17.5 (Figure 1). The basic
organization of innervation was already established at this
time point, including the deep cutaneous plexus (Figure 1a–d,
double-headed arrows), the subepidermal plexus (Figure 1c
and d, small arrows), and branches from the subepidermal
plexus (Figure 1c and d, arrowheads). Immunolabeling using
Growth associated protein-43 (GAP-43) antibodies revealed a
comparable pattern and density of innervation in the skin of
both genotypes at E17.5 (Figure 1). Quantification of PGP9.5
immunolabeled nerve fibers in the dorsal skin was also not
significantly different between genotypes at this age (Figure
1e). Thus, no difference in the innervation pattern or density
was detected in Egfr null dorsal skin at E17.5.

Immunolabeling using GAP-43, PGP9.5, and acetylated
tubulin antibodies revealed disorganized patterning and
hyperinnervation by postnatal day 0 (P0) in Egfr null skin
(Figure 2). At this age, the basic innervation pattern of three
plexuses in the skin was well established. The deep
cutaneous plexus (Figure 2a, c, and e, double-headed arrows)
from which radially directed secondary branches emerged
(Figure 2a and e, large arrows) and bifurcated to form the
subepidermal plexus (Figure 2a, c and e; small arrows) was
apparent. From the subepidermal plexus, extensive fine
tertiary branches emerged and penetrated the epidermis
(Figure 2a, c, and e, arrowheads). In skin lacking EGFR
expression, the well-formed deep cutaneous plexus, sub-
epidermal plexus, and the radial fibers connecting them in
normal skin were replaced with several horizontal plexuses
connected by a random and interlacing network of fibers
giving the appearance of rete of nerves with no definite
pattern (Figure 2b, d, and f). The terminal branches to the
epidermis were more numerous in the Egfr null skin than they
were in wild-type littermates (Figure 2f, arrowheads). Fiber
quantification revealed significantly higher density of nerve
fibers in the P0 Egfr null skin with more than twice as many
fibers compared to wild-type littermates (Figure 1e).

By P2, the denser and disorganized innervation of the Egfr
null dorsal skin persisted and became more obvious (Figure

S1). Control skin revealed radial bundles that were obliquely
oriented and parallel to the hair follicles (Figure S1A, C, and
E, large arrows). These radial fibers bifurcated at the
dermal–epidermal junction to form the subepidermal plexus
(Figure S1A and C, small arrows), from which free nerve
endings emerged and penetrated the deeper layers of the
epidermis (Figure S1A and E, arrowheads). In the mutant skin,
the deep dermal plexus was thicker (Figure S1B and D,
double-headed arrows) and located at a deeper level than it is
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Figure 1. Ablation of Egfr disturbs cutaneous innervation after E17.5.

(a–d) GAP-43 immunofluorescence (green) shown in E17.5 skin.

(a) Photomicrograph of skin section showing normal organization of sensory

nerves of the skin in the wild type. Note that the normal pattern of nerve

plexuses has emerged at this age; the deep dermal plexus (double-headed

arrows), and radial fibers (large arrows). (b) Photomicrograph of skin section

of the Egfr null. Note the lack of difference between innervation pattern and

density between the wild-type skin (a) and the mutant. (c) A higher

magnification image of skin section showing the deep dermal plexus (double-

headed arrows), the radial bundles (large arrows), subepidermal plexus (small

arrows), and epidermal free nerve endings (arrowheads). (d) The deep dermal

plexus (double-headed arrows), the radial fibers (large arrows), subepidermal

plexus (small arrows), and epidermal free nerve endings in Egfr null skin in a

pattern and density comparable to the wild-type skins in (c). Scale bar is

100mm (a–d). (e) The density of innervation is increased the skin of Egfr null

mice beginning at P0. Nerve fiber density was quantified in PGP9.5-

immunostained dorsal skin sections as described in the Materials and

Methods. The relative area of PGP9.5-positive fibers was determined in 30

microscopic fields for each of three mice in each group. The mean for each

mouse was calculated and the average area of innervation for each genotype

at several time points is shown. Asterisk (*) indicates the mean is significantly

different in the Egfr null skin compared to the corresponding wild-type

control, where Pp0.05.
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normally (Figure S1A and C, double-headed arrows). The
radial fibers were thicker and branched freely before reaching
the dermal–epidermal junction. These fibers interlaced and
connected to form arcades of nerve fibers that ended directly
in the epidermis without forming a subepidermal plexus. The
free nerve endings in the basal layer of the epidermis were
more profuse compared to those in the wild-type skin (Figure
S1B and F, arrowheads).

By P5, the appearance of a more adult pattern in the wild-
type dorsal skin (Figure 3a, c, and e) made the denser and

disorganized sensory nerves of the mutant skin more obvious
(Figure 3b, d, and f). In control skin, the radial fibers that run
obliquely and parallel to the hair follicle are now located at
regularly spaced intervals (Figure 3a, c, and e, large arrows).
Most hair follicles received an afferent bundle from the deep
dermal plexus to innervate the lanceolate endings (Figure 3c and
e, circles). No branches emerged from the radial bundles except
those terminal branches forming the subepidermal plexus (Figure
3a, c, and e, small arrows). The deep dermal plexus was formed
of compact bundles of fibers (Figure 3a, double-headed arrows).
In Egfr null dorsal skin, the normal pattern of innervation was
completely absent (Figure 3b, d, and f). The deep cutaneous
plexus was thicker, and formed of several defasciculated bundles
of fibers (Figure 3b and d, double-headed arrows). The obliquely
parallel radial bundles, located at regularly spaced intervals in
the controls, were replaced with an extensive network of
terminals spanning the entire region between the deep
cutaneous and subepidermal plexuses. The free nerve fibers in
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Figure 2. Sensory innervation is disorganized in P0 dorsal skin from Egfr null

mice. (a) Photomicrographs of cutaneous sensory nerves in control mouse

skin, labeled with PGP9.5, showing normal organization of sensory nerves

into deep dermal plexus (double-headed arrows), radial fibers (large arrows),

subepidermal plexus (small arrows), and epidermal free nerve endings

(arrowheads). (b) Cutaneous innervation of Egfr null skin. Note the increased

density and absence of normal pattern. The normal plexiform arrangement

was replaced by a rete of nerves throughout the superficial layer of the dermis.

(c) Acetylated tubulin immunolabeled sensory nerves of the wild-type skin

showing the normal pattern of deep dermal plexus (double-headed arrows),

subepidermal plexus (small arrows), and epidermal free nerve branches

(arrowheads). (d) Acetylated tubulin immunolabeling of the cutaneous nerves

of Egfr null showing consistently denser and disorganized pattern of sensory

fibers. Note that epidermal and follicular keratinocytes (green cells) are

immunostained for keratin 14 (K14) in (c) and (d). (e) Normal innervation

pattern of the wild-type skin as revealed by GAP-43 immunolabeling.

(f) Cutaneous innervation of Egfr null showing denser and disorganized

pattern with GAP-43 immunolabeling. Scale bar is 100mm in all figures.
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Figure 3. Increased and disorganized sensory innervation in P5 Egfr null

dorsal skin. (a, c, e) Acetylated tubulin, PGP9.5, and GAP-43 immunolabeled

sensory nerves of the wild-type skin. The deep dermal plexus (double-headed

arrows), and the subepidermal plexus (small arrows) are parallel to the skin

surface. The radial fibers (large arrows) are obliquely oriented and parallel to

the hair follicles, and are located at regularly spaced intervals. The lanceolate

endings (circles) have started to form around several hair follicles. (b, d, f)

Sensory nerves in the Egfr null skin. The normal three horizontal plexuses are

replaced by single thick horizontal plexus (double-headed arrow) in the mid

dermis, from which extensive set of radial fibers freely interlacing with

massive secondary terminals. Note the extensive branching of the free nerve

ending in the epidermis arrowheads in (d). Scale bar is 100 mm in all figures.
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the epidermis were much more numerous in the mutant
epidermis (Figure 3d and f, arrowheads). Fiber density was
significantly higher, with a more than twofold increase in the Egfr
null skin compared to littermate controls (Figure 1e).

Between P5 and P7, only minor changes occurred in the
pattern of innervation in the wild-type skin. The deep
cutaneous plexus, the radial fibers, subepidermal plexus
(Figure S2A, double-headed arrows, large arrows, small
arrows, respectively), and the epidermal free nerves (Figure
S2C, arrowheads) remained as they were in P5. The density of
innervation of the P7 mutant skin, as measured using Image J
software, was less than that of P5 mutant skin although still
significantly greater than that of the controls (Figure 1e).
Manual counting of epidermal free nerve endings confirmed
this result and revealed a 60% increase in P7 Egfr null skin
(P¼0.0003, N¼ 3 mice). The disorganized pattern of innerva-
tion remained in Egfr null skin at P7 (Figure S2B and D). At this
age most wild-type hair follicles had mature lanceolate endings
as revealed by neurofilament 145 (Nf145) immunolabeling.
The mature lanceolate endings surrounded the isthmus region
of the follicle as a cuff of interconnected circular fibers (Figure
4a, arrows) and a palisade of short vertical spikes (Figure 4a,
small arrows). The palisades emerged from the bottom circular
fibers and extended superficially to the top circular band. In the
Egfr null skin (Figure 4b), the isthmus region contained an
extensive bundle of nerve fibers much like the control.
However, these fibers branched in different directions, and
interlaced without forming circular plexuses or elaborating any
vertical spikes in Egfr null skin (Figure 4b, arrows). The defects

in lanceolate endings persisted to P18. At this age all hairs have
evolved massive lanceolate endings (Figure 4c, arrows). The
Egfr null lanceolate endings at this age have a poorly
developed circular plexus, and rudimentary palisade of few
and short vertical spikes (Figure 4d, arrows) in contrast to the
well-formed endings in P18 control skin (Figure 4c).

Overall, the innervation pattern of the wild-type skin at 18
days was similar to that of P7 skin. The deep cutaneous
plexus (Figure S3A, double-headed arrows), radial fibers now
formed of several collateral branches (Figure S3A, large
arrows), and subepidermal plexus (Figure S3A and C, small
arrows) from which epidermal free nerve endings emerged
(Figure S3A and C, arrowheads) were all present. In the null
mice, disorganized patterning with increased density of
innervation in the region of the superficial half of the dermis
persisted (Figure S3B and D), similar to that of P7 null skin.
There were denser free nerve terminals in the epidermis of the
Egfr null skin (Figure S3D, arrowheads). Thus, EGFR
expression is necessary for patterning innervation in the skin.
In addition and somewhat surprisingly given the functions of
other EGFR family members, EGFR reduces the density of
innervation in the skin.

Aberrant innervation is restricted to cutaneous targets
innervated by dorsal root ganglia

To characterize whether the phenotype obtained by analysis
of the hairy dorsal skin is a restricted or generalized effect, we
examined the innervation in glabrous foot-pad and whisker-
pad skin. PGP9.5 immunolabeling of the foot-pad skin
revealed increased free epidermal nerve fibers along with
loss of pattern in Egfr null mice at P0 and P5 (Figure S4B and
D), compared to their wild-type littermates (Figure S4A and
C). In contrast to foot-pad skin, indocarbocyanine dye nerve
tracing to the whisker pads, revealed no difference in the
innervation pattern nor to specific receptor subsets, such as
ruffini or corpuscular endings, lanceolate endings, or
Merkel’s cell endings between genotypes (Figure S4E and
F). Similarly, the Egfr null intervibrissal skin has a normal
innervation pattern (not shown). These data indicate that
cutaneous targets supplied by dorsal root ganglion (DRG)
were affected whereas cutaneous targets supplied by
trigeminal ganglia have normal innervation.

EGFR loss affects only the sensory component of the peripheral
nervous system

To understand whether EGFR is required for the entire PNS or
to a specific functional component, we analyzed the effect of
Egfr ablation on sympathetic fibers to autonomic targets in the
skin. Tyrosine hydroxylase immunofluorescence of sympa-
thetic fibers in the skin revealed no difference between
genotypes in the density or patterning of fibers in dorsal skin
at P7, P10, and P14 (Figure S5). These data indicate that
EGFR is required only for the sensory component of the PNS
contributed by dorsal root ganglia.

Skin-targeted Egfr mutant skin has normal innervation

Our data led us to question whether target cell or nervous
system EGFR expression was necessary for normal PNS
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Figure 4. Egfr null skin exhibits immature and disorganized lanceolate

endings. (a) Neurofilament-labeled normal, mature lanceolate ending in wild-

type P7 skin, with its circular fibers (arrows) and vertical palisade

(arrowheads). (b) A malformed lanceolate ending in P7 Egfr null skin (arrows).

Note the absence of palisade and aberrant circular fibers. (c) Neurofilament

staining of a mature lanceolate ending (arrows) in P18 control skin. (d)

Malformed lanceolate ending in P18 Egfr null skin (arrows). Scale bar is

100mm in all figures.
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innervation. Egfr null skin exhibits severely disorganized hair
follicles (Figure 5b), a phenotype that could indirectly impact
the patterning of cutaneous innervation. To investigate this
possibility, a mouse model was developed that lacked EGFR
expression in the epithelium of the skin. As shown in Figure
5a, EGFR expression was reduced in the epithelium of the
skin-targeted Egfr mutant mice. In contrast to littermate
controls (Figure 5d), the skin-targeted mutant mice exhibited
disorganized hair follicles within the first week after birth
(Figure 5c), similar to those of the Egfr null mice (Figure 5b).
Consistent with previous publications (Birecree et al., 1991;

Casalini et al., 2004; Koprivica et al., 2005), EGFR is
expressed in the DRG of control mice (Figure S6). As
expected, EGFR expression in the DRG of the skin-targeted
mutant and control mice was similar (Figure S6, right),
whereas its expression was lacking in Egfr null mice (Figure
S6, left).

Examination of P14 skin from the skin-targeted Egfr mutant
mice together with the appropriate littermate controls
revealed comparable patterning and density of innervation.
In the skin-targeted Egfr mutant mice, the deep dermal plexus
and subepidermal plexuses, along with the radial fibers and
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Figure 5. Ablation of Egfr in the epithelium of the skin results in disorganized hair follicles but normal innervation. (a) Immunoblotting of skin-targeted Egfr

mutant (Egfrfl/fl/Creþ ) epidermis demonstrates loss of EGFR protein when compared to control (Egfrfl/fl/Cre�). Bar graph indicates relative EGFR signal normalized

to actin from densitometry of immunoblots (N¼ 14 mice). Hematoxylin and eosin-stained skin sections from 7- to 8-day-old Egfr null (b) and skin-targeted Egfr

mutant mice (c) exhibit disorganized hair follicles when compared to the normal control (d). PGP9.5-labeled (e–h) and neurofilament-labeled (i, j) nerve fibers of

14 day-old skin-targeted mutant dorsal skin (f, h, j) show normal innervation. Note that the deep dermal plexus, subepidermal plexus, radial fibers, and

lanceolate endings are comparable to those in the wild type at 14 day (e, g, i). Scale bar is 100mm in all figures.
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epidermal free nerve plexuses exhibited a normal location
and density (Figure 5f and h) in a pattern comparable to the
wild-type skin (Figure 5e and g). Neurofilament immunos-
taining showed a normal location and structure of lanceolate
endings; both the horizontal plexuses and vertical palisade in
the mutant (Figure 5j) were similar to those of wild-type
dorsal skin (Figure 5i). Thus, neither epithelial EGFR
expression nor the disorganization of the hair follicles causes
the aberrant patterning of innervation in the skin.

Hyperinnervation of Egfr null skin results from increased
neurite branching in the periphery

The absence of innervation defects in the skin-targeted Egfr
mutant suggests that the primary defect is in the neural
compartment, the DRG. To examine whether the hyper-
innervation in Egfr null skin is due to increased neuronal
perikaria in the DRG, we examined the DRG of Egfr null and
control mice. EGFR expression was lacking in DRG from Egfr
null mice (Figure S6, left). DRG populations, namely nerve
cells and Schwann cells, were examined in Egfr null and
control mice using neurofilament 200 and S-100 markers.
Neurofilament 200 immunolabeling of the DRG neurons
revealed no difference in the cell morphology or density of
cell packing between the wild-type and Egfr null DRG (Figure
6a and b). Similarly, S-100 immunostaining for Schwann cells
revealed no difference between the genotypes (Figure 6c and
d). Toluidine blue-stained neuronal cells in the L4/5 DRGs of
P5 mutants and their wild-type controls (Figure 6e and f) were
counted and no significant difference between the two
genotypes was found (numbers indicated below Figure 6e
and f). Similarly, electron microscopy revealed no differences
in the myelination of Egfr null and control axons in the sciatic
nerve (not shown). Therefore, the hyperinnervation pheno-
type in the dorsal skin of Egfr null is likely due to increased
neurite branching in the periphery.

Egfr null DRG neurons display extensive branching in culture

To test whether ablation of Egfr increases neurite branching
and outgrowth, DRG from Egfr null and littermate control
mice were cultured as both whole explants and dissociated
cells in culture. Both whole explants and dissociated cells
from Egfr null mice displayed a more extensive branching
pattern in cell culture (Figure 7a–d). Manual counting of the
branch points of axonal arbors revealed a significant
difference between genotypes. Branch points were increased
by 60% (P¼0.0003) in Egfr null DRG neurons (Figure 7d)
compared to controls (Figure 7c). Taken together, the results
presented here are consistent with a cell-autonomous role for
EGFR in limiting neurite branching during PNS development.

DISCUSSION
In this study, the role of EGFR in the innervation of the skin
was investigated. Our data reveal that EGFR is necessary for
normal fiber branching and organization during the devel-
opment of the skin. In the absence of EGFR expression
increased branching, hyperinnervation, disorganization of
the sensory innervation, and aberrant formation of lanceolate
endings to the hair follicles occurred. The normal plexiform

arrangement of cutaneous innervation disappeared and was
replaced by an extensive network of nerve fibers spanning the
entire region between the deep dermal and subepidermal
plexuses in systemic Egfr null mice. These data suggest that
EGFR normally functions as a regulator of pattern formation
and an inhibitor of nerve branching during development of
cutaneous innervation. The effects of Egfr were functionally
restricted to the sensory subdivision of the PNS and
topographically restricted to DRG neurons. Innervation to
sensory targets supplied by cranial ganglia such as trigeminal
ganglion and autonomic effectors developed normally in the
absence of EGFR.

Several experimental approaches were used to determine
whether EGFR regulates cutaneous innervation in a cell-
autonomous or target-derived manner. Loss of epithelial
EGFR expression results in defective epidermal proliferation,
disorganization and premature differentiation in the hair
follicles, and abnormal hair follicle cycling (Hansen et al.,
1997; Figure 5). Given the settled notion that a nerve target is
an important source of chemotropic (guidance cues), and
chemotrophic (neurotrophic support) effects (Goodman and
Shatz, 1993; Goodman, 1996; Cook et al., 1998), and the
defective hair follicles in Egfr null skin, the aberrant
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Figure 6. Analysis of Egfr null and wild-type DRG reveals no differences. (a,

b) Neurofilament 200-immunostained neurons of the wild-type and Egfr null

Mid-DRG section at P5. Note the absence of any morphological difference or

any difference in the density of neurons. (c, d) S-100-immunostained

Schwann cells of wild-type and null Mid-DRG sections at P5, showing size

and density similarity in both genotypes. (e, f) Toluidine-blue-stained wild-

type and null P5 DRG sections for cell counting. Cells were quantified as

described in the Materials and Methods and numbers indicate mean DRG

cells±SEM. N¼ 3 mice. No significant difference between genotypes was

detected using a Student’s t-test.
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innervation could have been a secondary effect resulting
from target-derived defects. To test this hypothesis, innerva-
tion was examined in skin-targeted Egfr mutant mice that
retain the aberrant hair follicle phenotype due to ablation of
cutaneous epithelial EGFR expression. Innervation in skin-
targeted Egfr mutant mice developed normally, indicating
that epithelial expression of Egfr is not required for develop-
ment of cutaneous nerves. However, it is possible that Egfr
expression in other components in the skin, dermal fibro-
blasts for example, or other non-neuronal developmental
defects in Egfr null mice may regulate sensory innervation.
Our in vitro analysis in which DRG explants and dissociated
neurons from Egfr null mice displayed extensive terminal
arbors argues against such scenarios. The DRGs of the Egfr
null mice were present in their correct location and in the
proper orientation and size comparable to their wild-type
littermates. Immunocytochemical labeling for nerve cells and
Schwann cell revealed no difference in their morphology or
density of cell packing or nerve cell counts in the DRG of the
mutant mice. Thus, neuronal expression of Egfr appears to
regulate nerve branching and pattern formation in a cell-
autonomous manner during development of cutaneous
innervation. However, conclusive evidence of such autono-
mous effect should be confirmed by analysis of innervation in
DRG-targeted Egfr mutant mice.

EGFR loss in the neurons of the DRG may change their
behavior or alter the interpretive machinery of their axons to
respond to the cues in the skin that would normally inhibit
axon growth and branching (Van Horck et al., 2002).
Consistent with this hypothesis, inhibition of EGFR in the
central nervous system blocks the ability of myelin inhibitors
and chondroitin sulfate proteoglycans to inhibit neurite

outgrowth (Koprivica et al., 2005). These authors propose
that neuronal EGFR expression is necessary for the ability of
myelin to block axon outgrowth. Our data may be consistent
with this model for EGFR action. An analysis of the
chondroitin sulfate proteoglycan versican in Egfr null and
control skin did not reveal any differences, however (not
shown). Other evidence implicates EGFR activation of
phospholipase C-g, which in turns phosphorylates and
deactivates glycogen synthase kinase-3b (Schlessinger,
2000), as a potential mechanism for the phenotype we have
observed. A phosphorylated inactive pool of glycogen
synthase kinase-3b localizes to the tip of the growth cone
and confers competence to respond to the repulsive axon
guidance molecule semaphorin 3A (Eickholt et al., 2002).
EGFR activation of glycogen synthase kinase-3b may regulate
the interpretive machinery of DRG neurons to inhibitory axon
guidance and branching cues in the skin. Consequently, EGFR
loss in the DRG neurons may result in defective responsive-
ness to the inhibitory cues, leading to massive branching and
loss of normal pattern formation in Egfr null skin.

The absence of abnormalities in the DRG in the presence
of aberrant innervation of the dorsal skin of the null mice
suggests that EGFR is not involved in the early events of
neurogenesis of the PNS such as cell migration, proliferation,
or cell death. It rather suggests that EGFR controls specific
aspects of cell behavior during development such as neurite
extension and branching in a cell-autonomous fashion. This
is in striking contrast to the effects of other EGFR family
members. In Erbb2 and Erbb4 mutants, there is massive loss
of the neurons in DRG and cranial ganglia due to cell death
and abnormal migration of the neural crest in a nonautono-
mous fashion by the Schwann cell population (Lee et al.,
1995; Lin et al., 2000; Golding et al., 2000). Erbb3 null mice
lack the enteric nervous system due to abnormal migration of
the neural crest cells (Riethmacher et al., 1997; Britsch et al.,
1998). EGFR appears to function much later in development
when compared to other family members. Thus, our data and
those of others reveal quite distinct roles for EGFR family
members and suggest that the various family members may
function in concert or sequentially, autonomously, and
nonautonomously, to regulate distinct aspects of cell
behavior during development of the PNS.

MATERIALS AND METHODS
Animals

Egfr null mice were obtained by breeding mice heterozygous for the

receptor and genotyped using PCR as previously published

(Threadgill et al., 1995). To obtain mice lacking EGFR expression

in the epithelium of the skin, keratin 14 promoter-driven Cre

recombinase transgenic mice (Jackson Labs, Bar Harbor, MA) were

crossed with mice containing loxP sites flanking exon 2 of the Egfr

gene. The loxP Egfr construct was designed to generate a frameshift

when splicing between exon 1 and downstream exons occurs. The

mice were backcrossed to generate Cre recombinaseþ /�/Egfr fl/fl

mice, referred to here as skin-targeted Egfr mutant mice. DNA was

extracted from tail snips and mice genotyped using PCR. Primers for

the skin-targeted Egfr mutant mice included 50-ACACTAGCACT

GACTGCTGG-30 and 50-GGCGAGATAAACCCAAAGCA-30 (Egfr
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Figure 7. DRG explants and dissociated cells display aberrant branching

upon ablation of Egfr. (a) Photomicrograph of wild-type P0 whole DRG

explant after 4 days in culture, and labeling with PGP9.5. (b) Egfr null P0 DRG

explant displays more branches than the wild-type littermate. Wild-type

(c) and Egfr null (d) P0 dissociated DRG neurons labeled with PGP9.5.

The Egfr null neurons demonstrate significantly increased branching

compared to the littermate controls. Numbers indicate mean branch points
±SEM quantified as described in the Materials and Methods. Mean for the

Egfr null is significantly greater than for the controls using a Student’s t-test,

where Pp0.0001. N¼30 cells. Scale bar is 1 mm.

696 Journal of Investigative Dermatology (2009), Volume 129

A Maklad et al.
EGFR Regulates Cutaneous Innervation



loxP allele) and 50-ACCAGCCAGCTATCAACTCG-30, 50-TTACATT

GGTCCAGCCACC-30, 50-CTAGGCCACAGAATTGAAAGATCT-30,

and 50-GTAGGTGGAAATTCTAGCATCATCC-30 (keratin 14-driven

Cre recombinase). To obtain E17.5 embryos, male and female mice

were housed together for 12 hours, and then female mice were

checked for vaginal plugs. Female mice with plugs were designated

pregnant at embryonic day 0.5. Pregnant female mice were killed at

17.5 days and embryos were removed. All animal procedures were

approved by the appropriate institutional animal care and use

committee and performed in compliance with American Association

of Laboratory Animal Care guidelines.

Analysis of Skin Innervation

Cutaneous innervation was examined in skin from mice transcar-

dially perfused with 4% paraformaldehyde in phosphate-buffered

saline after killing. Samples were postfixed in 4% paraformaldehyde

in phosphate-buffered saline until the time of use. Skin was

cryoprotected in 30% sucrose in phosphate-buffered saline for

4 hours and embedded in OCT.

Immunofluorescence was performed on floating 40 mm thick

cryostat sections using standard techniques including antigen

retrieval (Vector Laboratory, Burlingame, CA) and incubation with

the primary antibody for 72 h at 4 1C. The primary antibodies used

included anti-acetylated tubulin (1:250; Sigma, St Louis, MO), anti-

neurofilament 145 (1:200; Chemicon International, Temecula, CA),

PGP9.5 (1:2,000; Chemicon International), anti-GAP-43 (1:2,000;

Chemicon International), and tyrosine hydroxylase (1:500; Chemi-

con International). Skin sections were incubated with Alexa Fluor

488-conjugated goat anti-rabbit secondary antibodies (1:1,000;

Invitrogen, Carlsbad, CA) and were mounted. Z series of images

were collected using a confocal microscope (Zeiss LSM 510 META

NLO system, Thornwood, NY) and collapsed in one focal plane

using confocal software.

Quantification of sensory fibers
PGP9.5-labeled fibers were quantified in photographs taken at � 20

magnification, using NIH ImageJ software (Developed at the National

Institutes of Health and available on the Internet at http://rsb.info.

nih.gov/nih-image/). Ten skin sections were examined for each of three

animals per group. In each section, three randomly selected

microscopic fields were photographed with the epidermis parallel to

the long edge of the photo. Using Image J software, the total area of the

PGP9.5-positive fibers was quantified in each image and the mean for

each mouse was calculated. Fiber counting was restricted to the fibers

of the deep dermal and subepidermal plexuses with the investigator

blinded as to the identity of the sample. Differences in innervation

between the genotypes were statistically analyzed using a Student’s

t-test. Manual counting of the epidermal free nerve endings was also

performed in P7 skin (N¼ 3 mice) as described in Hendrix et al.

(2008). In both digital and manual counting a strictly standardized

protocol for tissue-harvesting location, sectioning orientation, immuno-

fluorescence protocols, microscopic field selection, laser intensity, and

gain, was followed as described in Hendrix et al. (2008).

DRG cell counts and immunostaining

The fourth and fifth lumbar dorsal root ganglia (L4 and L5) of P5 mice

were used to count DRG nerve cell number (N¼ 3 mice). L4 and L5

lumbar DRGs were removed and cryoprotected in 30% sucrose in

phosphate-buffered saline for 2 hours. Ganglia were embedded in

OCT and 10 mm thick serial sections were stained with toluidine

blue. Nerve cells are readily distinguishable morphologically from

other populations such as Schwann cells and fibroblasts. Every other

section was photographed at � 10 magnification and the cells were

counted. The mean number and standard deviation of nerve cells in

L4 and L5 DRG from each mouse were determined, and differences

were also determined using a Student’s t-test. Some L3 and L5 DRGs

were embedded in gelatin, vibratome sectioned at 30 mm thick

sections and processed for immunostaining with anti-neurofilament

200 (1:200; Chemicon International) and anti-S-100 (1:500; Dako,

Carpinteria, CA).

DRG tissue culture, and neurite branching assay. Ganglia

from all spinal levels of P1 pups were dissected as described above.

DRGs from five animals for each genotype were pooled together.

DRGs were digested in 0.25% trypsin for 45 minutes to dissociate

cells. Cells were plated in tissue culture plates at a density of

200,000 cells per 60 mm well in DMEM (Invitrogen) with 10% fetal

bovine serum. In some experiments, whole DRG were explanted.

Cells were re-fed the next day and at 48 hours intervals thereafter.

After 4 days, cells were fixed in 4% paraformaldehyde for

30 minutes. Cells were immunolabeled using PGP9.5 antibodies as

described above for skin, and counterstained with 46-diamidino-2-

phenyl indole (Vector Laboratory). Images were collected using a

� 4 objective on the confocal microscope. Branch points were

counted as described elsewhere (Luo et al., 2002).

Immunoblotting. Epidermis was removed using the heat-shock

method as described by Hansen et al., (1997). Immunoblotting was

performed using standard techniques and EGFR (Santa Cruz

Biotechnology, Santa Cruz, CA) and actin (Sigma) antibodies.
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SUPPLEMENTAL MATERIAL

Materials and Methods. For nerve tracing, indocarbocyanine dye was
implanted in the maxillary nerve of P5 pups, as described in Maklad et al.
(2004). After 2 weeks of diffusion, the whisker pads were removed, embedded
in gelatin, and vibratome sectioned at 80 mm thick sections. Sections were
mounted on glass slides and examined by confocal microscope as described
for the immunofluorescence experiments.

Figure S1. Sensory innervation is increased in P2 dorsal skin of the Egfr null
mice compared to wild-type mice.

Figure S2. Disorganized and increased sensory innervation is apparent in P7
Egfr null compared to wild-type dorsal skin.

Figure S3. Aberrant sensory innervation of Egfr null skin is maintained out to
P18.

Figure S4. Innervation to other cutaneous targets supplied by DRG was
defective whereas cutaneous targets supplied by trigeminal ganglion were
normal in Egfr null skin.

Figure S5. Sympathetic fibers to the skin were not affected by ablation of Egfr.
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Figure S6. EGFR is reduced in DRG from Egfr null but not skin-targeted Egfr
null mice. Supplemental Materials and Methods.
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Abstract The epidermal growth factor receptor (EGFR) regulates a plethora of 
cellular and tissue functions in epithelia including cell division, survival, differ-
entiation, and migration. EGFR signaling is up-regulated in pathologies involving 
aberrant growth like squamous cancer, and facilitates neoplastic progression. Many 
mechanisms through which the effects of EGFR are modulated in normal and path-
ological processes have been identified. In particular, recent research has yielded 
important and surprising insights into the effects of EGFR-dependent signaling on 
cutaneous biology and carcinogenesis. This review focuses on EGFR signaling in 
normal biology and squamous cancer, with emphasis on the skin as a model organ 
to illustrate the biological significance of EGFR signaling.

5.1  Introduction

The epidermal growth factor receptor (EGFR) has been implicated in the develop-
ment and progression of neoplasms arising in virtually all epithelial cell types 
(Hynes and Macdonald 2009). Elucidation of the biological significance of EGFR 
signaling under normal physiologic conditions informs our understanding of how 
dysregulation of EGFR facilitates carcinogenesis. Investigation of EGFR has 
revealed a surprising diversity of functions for the receptor that vary depending on 
both the tissue and the cellular environment within the organ. The effects of EGFR 
signaling in normal and neoplastic cells are discussed, with examples provided by 
investigations of the skin and other epithelia.
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5.2  EGFR, its Ligands, and Family Members

The erythroblastic leukemia viral (v-Erb-b) oncogene homolog family of ERBB 
receptors is comprised of four transmembrane proteins: EGFR (ERBB1/HER1), 
ERBB2 (HER2/Neu), ERBB3 (HER3) and ERBB4 (HER4). ERBB family members 
are expressed in all epithelia, but only EGFR, ERBB2 and ERBB3 are expressed in 
the skin (Stoll et al. 2001). EGFR, ERBB2 and ERBB4 are receptor tyrosine 
kinases with a myriad of downstream actions, while ERBB3 has a defective 
tyrosine kinase domain (Guy et al. 1994).

Ligand binding of epidermal growth factor (EGF) family members to EGFR, 
ERBB3 or ERBB4 triggers ERBB receptor dimerization and activation (Klapper 
et al. 2000). Of note, there is no known ligand for ERBB2 (Klapper et al. 2000). 
EGF-motifs are also found elsewhere such as on poxviruses and extracellular 
matrix molecules and have mitogenic effects (Tzahar et al. 1998; Swindle et al. 
2001); however, the significance is unknown. ERBB ligands include EGF, heparin-
binding EGF (HB-EGF) (Hashimoto et al. 1994), transforming growth factor 
(TGFa) (Coffey et al. 1987), epiregulin (Shirakata et al. 2000), amphiregulin (AR) 
(Cook et al. 1991), betacellulin (Watanabe et al. 1994), and epigen (Strachan et al. 
2001), many of which are synthesized by keratinocytes (Hashimoto 2000) 
(Fig. 5.1). Another ligand group that binds only ERBB3 and ERBB4 is the neuregu-
lins (Falls 2003). Ligand precursors are trafficked to the plasmalemma of various 
cells including fibroblasts and keratinocytes where they are cleaved to become 
active (Freeman 2004). Active EGF family members preferentially bind certain 
ERBB family members; for example, EGF, TGFa, and amphiregulin favor EGFR 
over other ERBB receptors (Klapper et al. 2000; Stoll et al. 2001). EGF family 
members have diverse actions and receptor affinities according to the tissue in 
which they are expressed (Stoll et al. 2009).

EGFR and ERBB2 can also be activated through ligand-independent mecha-
nisms including UV-induced reactive oxygen species generation (Ley et al. 1992; 
Huang et al. 1996; Bender et al. 1997; Madson et al. 2006; Xu et al. 2006; El 
Abaseri et al. 2005; Han et al. 2008), G-protein-coupled receptors (Bhola and 
Grandis 2008), other receptor tyrosine kinases, and cell adhesion molecules 
(Fischer et al. 2003) (Fig. 5.1). Upon activation by ligand or otherwise, the ERBB 
receptors undergo conformational change and homo- or heterodimerize with other 
family members (reviewed in Citri and Yarden 2006). While ERBB2 does not have 
a known ligand, it is the preferential dimerization partner for other family members 
(reviewed in Citri and Yarden 2006). Upon dimerization, the receptors undergo 
transphosphorylation at multiple sites where various docking molecules and adapter 
proteins are recruited (Schlessinger 2000; Yarden and Shilo 2007). There is a cor-
relation of specific signal-transduction pathway activation according to the site of 
phosphorylation (Yarden and Shilo 2007). Signaling pathways activated by ERBB 
receptors include (1) phospholipase C (PLC); (2) Janus kinase (JAK)/Signal trans-
ducer and activators of transcription (STAT); (3) phosphotidylinositol-3-kinase 
(PI3K)/AKT; (4) SRC and SRC family members; and (5) mitogen activated protein 
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kinase (MAPK) superfamily members including extracellular signal-regulated 
kinases (ERK1/2), p38 kinase, and Jun NH

2
-terminal kinases (JNK1/2) (Olayioye 

et al. 1999; Ren et al. 2002; Schlessinger 2000) (Fig. 5.1). These ERBB-activated 
signaling pathways have been implicated in the regulation of cell cycle progression, 
cell proliferation, apoptosis, differentiation, and migration. Following activation, 
ERBB receptor dimers bound to ligand are rapidly internalized and degraded or are 
recycled (Yarden and Shilo 2007). The ERBB receptors are also influenced by vari-
ous positive and negative feedback loops involving autocrine and paracrine 
mechanisms.

EGFR signaling is implicated in carcinogenesis at many sites, including hepato-
cellular, head and neck, renal cell, skin, and papillary thyroid carcinomas (Liu et al. 
2007; Andl et al. 2003). Increased EGFR signaling in epithelial cancers occurs 
through several mechanisms. These include overexpression of EGFR and/or its 
ligands, EGFR transactivation, genetic alterations of EGFR (reviewed in Normanno 
et al. 2006) and a change in cellular localization of the receptor (Hyatt et al. 2008). 
EGFR transactivation occurs through a wide variety of molecules, including other 
receptors (Donnini et al. 2007), metalloproteinases (Singh et al. 2009), and cytokines 
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Fig. 5.1 EGFR family members are activated by multiple mechanisms to regulate diverse biological 
functions.
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(Mascia et al. 2003). Genetic alterations in the receptor include amplifications, 
deletions, duplications, or small in-frame deletions or point mutations in the kinase 
domain (reviewed in Normanno et al. 2006). EGFR-activating mutations are seen 
in human squamous cell carcinoma (SCC) of multiple sites, including the lung 
(reviewed in Linardou et al. 2009), head and neck (Hama et al. 2009; Dassonville 
et al. 1993), and oral cavity (Sheu et al. 2009). The most common mutated variant 
of EGFR, EGFRvIII, allows for ligand-independent receptor activation and occurs 
primarily in breast, lung and head and neck carcinomas (Pedersen et al. 2001).

EGFR signaling is involved in a plethora of actions in both normal physiologic 
conditions and pathologies such as cancer. The biological significance of EGFR in 
cell division, cell death, cell migration and invasion, and differentiation in normal 
and neoplastic epithelia is the focus of the remainder of this review. Given the 
extensive characterization of EGFR signaling and function in the skin, and the 
surprising roles of EGFR in the various cell types of the skin, this mouse model 
provides important insight into the biological role of EGFR signaling in many 
squamous epithelia.

5.3  Biological Significance of EGFR Signaling Revealed  
by Mouse Skin Models

The complexity of cutaneous keratinocyte organization and function has allowed 
for the identification of many non-overlapping and disparate functions of EGFR 
that vary both spatially and temporally. The development of mouse models with 
altered EGFR activity, manifesting a surprising variety of EGFR functions during 
development and carcinogenesis, has facilitated this research. Thus, this review will 
draw upon the complexity of EGFR-dependent functions in the skin to illustrate the 
potential variety of EGFR effects in epithelial biology and carcinogenesis.

Our research and the results of others using mouse models with altered EGFR 
activity shows that the role of EGFR in cutaneous development and carcinogenesis 
depends specifically on the cell’s localization within the skin (Murillas et al. 1995; 
Sibilia et al. 1995; Threadgill et al. 1995; Hansen et al. 1996, 1997, 2000; Casanova 
et al. 2002; Repertinger et al. 2004; Maklad et al. 2009; Richardson et al. 2009). 
Down-modulation of EGFR expression in the developing hair placode is necessary 
for specification of follicular rather than epidermal cell fate (Richardson et al. 
2009). EGFR also regulates patterning of sensory innervation, axonal outgrowth 
and axonal branching during development of the skin (Maklad et al. 2009). 
Postnatally, EGFR stimulates proliferation in the epidermis, and differentiation 
rather than proliferation in the hair follicle (Hansen et al. 1997; Murillas et al. 
1995). EGFR is necessary for normal cell cycle arrest and apoptosis in hair follicles 
at catagen during hair follicle cycling (Hansen et al. 1997; Murillas et al. 1995) and 
our unpublished observations.

Squamous cancer cells and cell lines more closely mimic the behavior of epidermal 
keratinocytes rather than follicular cells in terms of their response to EGFR (Dlugosz 
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et al. 1997; Andl et al. 2003; Fischer et al. 2003; Modjtahedi et al. 1998; Woodworth 
et al. 2005). In fact, cutaneous epithelial cells, even those of follicular origin, acquire 
an epidermal-like pattern of response to EGFR signaling when cultured as dispersed 
cells in monolayer (unpublished observations). Reprogramming the cellular response 
following EGFR activation to a follicular pattern is a potential and unexplored mecha-
nism for cancer cell differentiation, cell cycle arrest, and apoptosis.

5.4  EGFR and Cell Proliferation

Epithelial proliferation is required for normal physiologic processes, including 
embryologic development, wound healing, and various adaptive responses.

The various roles of EGFR in the developing follicular and interfollicular 
epithelia are discussed in the previous section. In other developing epithelia, not 
only is EGFR activation important in driving cellular proliferation, but also is nec-
essary in inhibiting epithelial proliferation at precise time points in development. 
This fine balance is necessary for normal development of saccules within the distal 
lung. In Hbegf null newborn mice, a significant increase in cell proliferation occurs 
within the developing lung, resulting in thickened saccular walls that reduce the 
terminal saccular space area (Sibilia and Wagner 1995; Minami et al. 2008; 
Miettinen et al. 1995). Furthermore, crosses between HB-EGF mutant mice and 
hypomorphic Egfr Waved 2 mice suggest that HB-EGF and EGFR cooperate in this 
process (Minami et al. 2008).

EGFR signaling also regulates early embryonic mouse gut development in 
chemically defined organ culture. In control mice, cellular proliferation initially 
occurs throughout the small intestinal epithelium, but later localizes to intervillous 
crypt regions (Duh et al. 2000). This localization increases with EGF treatment 
when compared with organ culture treated by EGFR inhibitors. This finding may 
account for the gut hypoplasia seen in Egfr null mice (Threadgill et al. 1995). 
Additionally, differentiation of endoderm into intestinal epithelium occurs when 
undifferentiated stratified epithelium is converted into a mature epithelial mono-
layer. This monolayer is formed through selective apoptosis of superficial cells 
lining  the lumen, while cell proliferation is restricted to basally-located epithelial 
cells. In a three-dimensional embryonic gut culture system, EGFR inhibition reduces 
proliferation and survival of cells within cultured gut explants (Abud et al. 2005).

During the wound healing process, EGFR signaling stimulates keratinocyte 
proliferation at the wound margins behind migrating keratinocyte tongues (Singer 
and Clark 1999; Kusewitt et al. 2009). This increased EGFR signaling is due in part 
to a transient elevation of EGFR and EGFR-dependent induction of its ligands 
HB-EGF and AR, which occurs in skin and other epithelia following injury 
(reviewed in Werner and Grose 2003). Inhibition or genetic deletion of EGFR 
decreases proliferation and epidermal hyperplasia adjacent to the wound (Repertinger 
et al. 2004). While EGFR appears to accelerate wound healing, other signaling 
pathways must also be activated during the healing process (Repertinger et al. 
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2004). Similarly, the systemic administration of the EGFR inhibitor gefitinib in 
human cancer patients decreases epithelial proliferation in response to corneal 
injury, although the drug does not retard repair following full-thickness wounding 
(Nakamura et al. 2001).

EGFR signaling is involved in several physiologic processes which allow organ-
isms to adapt and survive following structural insults. For example, following partial 
resection, many organs show cellular hyperplasia and/or hypertrophy within the 
remaining tissue. Following massive small bowel resection, enterocytes proliferate 
within the remaining mucosa, producing taller villi and deeper crypts, increasing 
mucosal absorptive surface area. EGFR activation or inhibition after massive small 
bowel resection results in an amplified or attenuated enterocyte proliferative 
response, respectively (Sheng et al. 2006). Similarly, goblet cell density increases 
following massive small bowel resection, while EGFR inhibition results in dimin-
ished goblet cell density (Jarboe et al. 2005). EGFR activation increases cellular 
hyperplasia within the parathyroid gland secondary to chronic kidney disease, with 
requirement of TGF-a for its development; pharmacologic inhibition of EGFR 
activation with erlotinib prevents this up-regulation of parathyroid TGF-a and the 
progression of growth (Arcidiacono et al. 2008).

Dysregulated EGFR signaling is implicated in a number of benign hyperprolif-
erative disease states of the skin, such as psoriasis vulgaris, a common disorder in 
humans (Piepkorn et al. 2003; Yoshida et al. 2008). Histologically, psoriasis vul-
garis in well-developed plaques is characterized by elongated rete ridges of even 
length, suprabasal mitoses, parakeratosis containing neutrophilic abscesses, and an 
absent granular layer. Overexpression of EGFR ligands and abnormal localization 
of EGFR itself within the epidermis is one component of the disease phenotype, as 
TGF-a, HB-EGF, and AR are overexpressed in psoriatic epidermis when compared 
to normal keratinocytes (Yoshida et al. 2008; Powell et al. 1999). Similarly, psoriatic 
keratinocytes incubated with a monoclonal antibody against EGFR or with tyrosine 
kinase inhibitors show inhibited EGFR phosphorylation and regression of the pso-
riatic phenotype (Powell et al. 1999; Varani et al. 1998). However, there are case 
reports showing exacerbation of human psoriasis after treatment with EGFR 
tyrosine kinase inhibitors (Zorzou et al. 2004).

Benign and malignant cutaneous neoplasms are commonly occurring tumors in 
humans and animals. Ultraviolet (UV) light has long been known to activate EGFR 
in human and murine skin (Knebel et al. 1996; Huang et al. 1996; Ley and Ellem 
1992; Xu et al. 2006; El Abaseri et al. 2005, 2006). With repeated UV exposure in 
animal models, a continuum of disease severity is seen, with the initial development 
of benign epithelial hyperplasia, followed by the development of the benign 
squamous papilloma, some of which progress to malignant SCC. A similar 
sequence occurs in human skin, with the development of the UV-induced actinic 
keratosis, a lesion which shows varying severities of squamous dysplasia and 
hyperkeratosis. Some actinic keratoses progress to SCC, with full-thickness dysplasia 
and possible invasion.

As with benign epidermal hyperplasia, EGFR appears necessary to maintain 
the proliferative population in the basal cell compartment in papillomas of murine 
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skin (Hansen et al. 2000). Primary keratinocytes from EGFR-deficient mice can be 
transformed in vitro by a replication-defective v-RasHa retrovirus and grafted to a 
skin site in vivo. Squamous papillomas form at the graft site, but are small, achieving 
an average size of 20% of similarly treated wild-type keratinocytes (Dlugosz et al. 
1997). Similarly, in genetically initiated v-RasHa transgenic Tg.AC mice, topical 
treatment or intraperitoneal injection of EGFR inhibitors before UV exposure 
significantly decreases the number and size of squamous papillomas (El Abaseri 
et al. 2005). Moreover, in the absence of EGFR, cycling tumor cells migrate into 
the suprabasal compartment of the epidermis and initiate differentiation programs, 
followed by cell cycle arrest (Kolev et al. 2008). Therefore, the function of EGFR 
in squamous tumors may be to maintain a proliferative pool of basal cells and pre-
vent premature terminal differentiation. Similarly, EGFR is commonly expressed in 
human skin cancers where it is associated with poor prognosis when coexpressed 
with other family members (Krahn et al. 2001).

Increased EGFR signaling contributing to cellular proliferation in epithelial 
cancers occurs through several mechanisms. These include overexpression of 
EGFR and/or its ligands, EGFR transactivation, genetic alterations of EGFR 
(reviewed in Normanno et al. 2006) and a change in cellular localization of the 
receptor (Hyatt and Ceresa 2008). Cellular localization of activated EGFR appears 
to determine whether proliferation or apoptotic pathways are activated. For example, 
in a breast cancer cell line over-expressing EGFR, only endocytosed, activated 
EGFR stimulates CASPASE-3 and induces cell death, while activated EGFR 
retained at the cell surface inhibits CASPASE-3 and promotes cellular proliferation 
(Hyatt and Ceresa 2008).

A recent study examined the roles of the Nf2 tumor suppressor gene Merlin and 
EGFR in kidney tumorigenesis by generating a mouse model with a targeted dele-
tion of Nf2 in the proximal convoluted epithelium of the kidney (Morris et al. 
2009). Nf2 mutant kidneys were hyperproliferative and rapidly developed invasive 
carcinoma resembling human clear cell renal cell carcinoma. Proliferation in these 
lesions was dependent on EGF (Morris and McClatchey 2009).

EGFR also appears to interact with oncogenic RET/PTC in the development of 
human papillary thyroid carcinoma. Rearrangements of the RET protooncogene 
that generate RET/PTC (papillary thyroid cancer) are a genetic hallmark of papil-
lary thyroid carcinomas (Fagin 2004). Conditional activation of RET/PTC in a 
thyroid carcinoma cell line increased both the expression and activation of EGFR, 
while inhibition of EGFR decreased cell proliferation of these carcinoma cells 
(Croyle et al. 2008).

5.5  EGFR and Apoptosis and Cell Survival

Apoptosis is a form of programmed cell death that occurs following withdrawal of 
trophic stimuli or various cytotoxic agents. Apoptosis is important to many physi-
ologic processes, including embryological development and prevention of damaged 
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cells from entering the proliferative pool. EGFR signaling pathways resulting in 
apoptosis may be dysregulated in benign skin diseases, such as pemphigus vulgaris. 
Pemphigus vulgaris in humans is an autoimmune disease in which circulating anti-
bodies bind and destroy components of the desmosome (reviewed in Schmidt and 
Waschke 2009). Histologically, pemphigus vulgaris is characterized by increased 
keratinocyte apoptosis and by acantholysis of suprabasal keratinocyte layers. The 
pemphigus vulgaris immunoglobulin (PV-IgG,) which targets desmosomal cad-
herin desmoglein 3, activates EGFR in cultured keratinocytes, which is followed by 
phosphorylation of its downstream substrates MAPK/ERK and the transcription 
factor c-JUN, resulting in EGFR internalization (Frusic-Zlotkin et al. 2006).

Substantial evidence also documents apoptotic cell death in the epidermis and in 
cultured keratinocytes upon abrogation of EGFR signaling (Lewis et al. 2003; 
Canguilhem et al. 2005). Inhibition of EGFR prior to UV exposure also increases 
apoptosis and suppresses skin tumorigenesis (El Abaseri et al. 2005). EGFR sup-
presses UV-induced apoptosis through the activation of PI3K/AKT signaling (Wan 
et al. 2001). Evidence of the importance of apoptosis in suppression of EGFR-
dependent tumorigenicity is provided by experiments in which expression of the 
anti-apoptotic Bcl-2 gene restores tumor formation in hypomorphic Egfr and Egfr 
null backgrounds (Sibilia et al. 2000).

While abrogation of EGFR signaling usually increases apoptosis, EGFR activa-
tion, paradoxically, can trigger cell death in cancer cells over-expressing the receptor 
(Chin et al. 1997). In a breast cancer cell line overexpressing EGFR, application of 
EGF triggers anoikis (Kottke et al. 1999). As mentioned above, the cellular local-
ization of the receptor affects the choice between apoptosis and proliferation (Hyatt 
and Ceresa 2008). Finally, the effects of EGFR inhibitors on epithelial tumors are 
diverse, and include down-regulation of MAPK and PI3K/AKT-dependent signaling  
cascade with decreased BCL2 expression and increased apoptosis (reviewed in 
Zahorowska et al. 2009).

5.6  EGFR Stimulation of Cell Migration and Invasion  
During Wound Healing and in SCC

Cell migration is required for reepithelialization during wound healing. Neoplastic 
cells are also highly migratory and are invasive, a key property that distinguishes 
them from normal cells. EGFR is implicated in both normal and neoplastic migra-
tion and invasion through multiple mechanisms. EGFR is involved in many aspects 
of wound repair and plays a pivotal role in the keratinocye migration necessary for 
reepithelialization in the skin such that wound healing is delayed in the absence of 
EGFR signaling (Repertinger et al. 2004; Pastore et al. 2008; Forsberg et al. 2008). 
EGFR acts through SLUG and GSK3 (Koivisto et al. 2006; Kusewitt et al. 2009) 
to stimulate JAK-STAT-induced migration, potentially through increased MMP-1 
expression (Andl et al. 2004).
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EGFR is also implicated in SCC progression and is associated with poorer 
 prognosis (reviewed in Rogers et al. 2005). Administration of EGFR inhibitors 
reduces the metastasis of carcinomas, additional evidence of their importance in 
invasion (Oliveira et al. 2006; Zahorowska et al. 2009). To become invasive, epithe-
lial cells must break their anchoring connections to each other and to basement 
membrane components, and also must express proteolytic enzymes in order to 
degrade extracellular matrix components. Oncogenic EGFR facilitates down-
modulation of cellular adhesions and up-regulates protease expression (reviewed in 
Rogers et al. 2005). EGFR activation internalizes the cell adhesion molecule 
E-cadherin via b-catenin phosphorylation and through phosphorylation of a6b4 
integrins, freeing keratinocytes from basement membrane and cell–cell connections 
(Mariotti et al. 2001; Yasmeen et al. 2006). GTP-binding proteins of the Rho fam-
ily, including CDC42 and Rac1 are activated by EGFR, resulting in cytoskeletal 
rearrangement and cell migration (Rogers et al. 2005; Yang et al. 2004). EGFR 
works through phospholipase C, PI3K and MAPK to facilitate these interactions 
(Chen et al. 1994; Dise et al. 2008; Xie et al. 1998; Li et al. 2009).

EGFR signaling also plays a role in extracellular matrix degradation. For example, 
EGFR activation of MAP kinases up-regulates MMPs; including MMP-1, 3, 7, 9, 
10, 11, and 13; and disintegrin and matrix metalloproteases (ADAMs), which are 
highly expressed in some squamous cancers (Rogers et al. 2005; Sahin et al. 2004; 
Takamune et al. 2007). MMPs and ADAMs; especially ADAM-10, 12, and 17; are 
implicated in ectodomain shedding of EGF-ligands and auto/paracrine activation of 
EGFR (Ohtsu et al. 2006; Edwards et al. 2008). Thus, integration of multiple sig-
naling pathways downstream from EGFR lead to increased cell migration and inva-
sion of the extracellular matrix associated with malignant progression.

5.7  EGFR and Differentiation in the Skin and Other Epithelia

Two types of epithelia exist in the body and perform multiple functions including 
secretion, absorption, and protection. Simple epithelium is a one cell-thick layer of 
cells, with all cells making contact with the basement membrane. Stratified epithe-
lium is made up of multiple cell layers that undergo a process of terminal differen-
tiation, where the basal layers contain more undifferentiated progenitors and the 
cells differentiate as they move to the apical surface. Expression of intermediate 
filament proteins facilitates the formation of each layer along with alterations of 
junctional contacts (reviewed in Fuchs 1990). Differentiation in the epithelium 
results from a cell fate decision that reduces the proliferative capacity of the cell 
and initiates the terminal differentiation program. The mechanisms for this cell fate 
specification are not fully defined; however, multiple mechanisms have been 
described (reviewed in Vincent et al. 2009; Koch and Nusrat 2009; Koster and Roop 
2007). These cell fate decisions are important not only in normal tissue, but in 
epithelial cancers as well.
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Numerous studies show that EGFR suppresses differentiation in both stratified 
and simple epithelia (Getsios et al. 2009; Hallman et al. 2008; Visco et al. 2004; 
Brandt et al. 2000). In epidermal keratinocytes, differentiation occurs when proliferating 
cells in the basal layer migrate apically and initiate the terminal differentiation 
program. This program includes the down-regulation of EGFR (Sibilia and Wagner 
1995; Nanney et al. 1990) and may involve asymmetric distribution of EGFR in 
daughter cells (Lechler et al. 2005). EGFR expression promotes proliferation in the 
epidermis; daughter cells that contain greater amounts of receptor retain their pro-
liferative potential while cells with fewer receptors undergo terminal differentiation 
(Lechler and Fuchs 2005).

A more active role for EGFR in differentiation results from the interaction 
of EGFR and NOTCH family members. In both C. elegans and D. melanogaster, 
EGFR and Notch can either work together or oppose each other during differentia-
tion (Sundaram 2005). In keratinocytes, increased expression of EGFR causes 
higher proliferative potential and increased cellular migration while increased 
NOTCH signaling results in progression to the spinous layer and differentiation 
(Fuchs 2008). The loss of EGFR results in reduced proliferation and increased 
differentiation while decreased NOTCH causes the opposite (Fuchs 2008). EGFR 
and NOTCH act as negative regulators of each other in the differentiating epider-
mis, with EGFR-meditated signaling antagonizing NOTCH signaling, while up-
regulation of NOTCH results in transcription of EGFR/Ras inhibitors. MAPK 
phosphorylation of Groucho inactivates this corepressor, resulting in inhibition of 
NOTCH responses through Enhancer of split (E(SPL)). The up-regulation of 
NOTCH homolog LIN-12 in C. elegans drives the transcription of LIP-1 (ERK 
phosphatase), ARK-1 (EGFR inhibitor) and other proteins that cause EGFR endo-
cytosis and degradation (Sundaram 2005; Shilo 2005). Interestingly, evidence 
exists for a role of NOTCH as both a tumor suppressor and oncogene in carcino-
genesis (Radtke and Raj 2003). In two human model cancer cell lines, NOTCH 
signaling is activated by oncogenic RAS, and NOTCH-1 is necessary to maintain 
the neoplastic phenotype (Weijzen et al. 2002), suggesting an interaction between 
these signaling pathways in human carcinoma.

EGFR activation can also regulate cell fate specification during the formation of 
ectodermal appendages. In the developing epidermis EGFR activation by EGF 
specifies epidermal rather than follicular cell fate (Kashiwagi et al. 1997). Down-
modulation of EGFR in the developing hair placode is necessary for hair follicle 
development (Richardson et al. 2009). As these examples demonstrate, the role of 
EGFR in differentiation and cell fate specification may be active, through interac-
tion with other pathways, or passive, through a loss of mitogenic stimulation and 
subsequent cell cycle exit following down-modulation of the receptor.

It has become clear that multiple mechanisms may be responsible for epithelial 
differentiation and cell fate determination. Such mechanisms may be not only cell 
type-dependent but also context-dependent. This cell type-dependence has clinical 
significance as illustrated by the role of EGFR in promoting tumorigenesis in 
different organs. Because of its overexpression in various tumors it has recently 
become a key target for treating certain solid tumors, including, renal cell, prostate, 
colorectal, and SCC (Ciardiello et al. 2008). Although the efficacy of EGFR 
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 inhibitors to treat cancer largely results from slowing mitogenic signaling, 
increasing  apoptosis and reducing angiogenesis (Ciardiello and Tortora 2008), 
these inhibitors may also promote the differentiation of cancer cells, a possibility 
that remains largely uninvestigated.

5.8  Conclusions

Review of the literature reveals a daunting multiplicity of roles for EGFR in 
squamous epithelia and the malignancies arising from them. As mechanisms of 
EGFR action are identified, the specificity of EGFR signaling pathways for normal 
versus neoplastic cells and for one cell type compared to another is also apparent. 
Thus, much investigation is required to fully understand the influence of EGFR 
signaling and to effectively utilize EGFR-targeting strategies for the treatment of 
squamous carcinoma.
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