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Abstract 

The integumentary system is the largest organ system of the body that comprises of skin 

and its appendages such as hair follicles, sebaceous and sweat glands. Skin is divided into 

three distinct structural layers: the epidermis, dermis and hypodermis. The epidermis 

originates from the ectoderm and is composed of four layers specified as basal, spinous, 

granular and corneal layer. The function of epidermis is to protect against all sources of 

environmental insults, prevent water loss and undergo re-epithelialization after 

wounding. For its normal functioning, the epidermis continually replenishes itself 

through a process of continuous proliferation and terminal differentiation of keratinocytes 

from the basal layer. 

The hair follicle is a complex appendage of skin, which give rise to the keratinized hair 

shaft. Hair follicle is formed during embryonic development and it goes through cycles of 

growth (anagen), regression (catagen) and quiescence (telogen). The bulge region of the 



hair follicle in the outer root sheath area contains slow-cycling stem cells which are 

responsible for normal hair cycling as well as cutaneous wound repair after injury. 

CTIP2 (COUP-TF interacting protein 2) is a C2H2 zinc finger transcription factor that is 

expressed in various organs and tissues. It has been shown to play an important role in 

the development of thymocyte, tooth and corticospinal motor neuron. Expression of 

CTIP2 is observed in the developing murine epidermis and dermis during skin 

organogenesis and predominantly in epidermal keratinocytes in adult mice skin. It is also 

expressed in the embryonic and mature adult hair follicles, especially in bulge region. 

CTIP2 regulates epidermal proliferation and terminal differentiation during 

embryogenesis and adulthood. Here we show that CTIP2 controls hair follicle 

development, hair cycling and cutaneous wound healing. To study the role of CTIP2 in 

hair morphogenesis and hair cycling, we have utilized two different genetically modified 

mouse strains. First, we studied the effect of CTIP2 during hair follicle formation using 

Ctip2-null mice containing a germline deletion of Ctip2. Ctip2-null mice exhibited 

reduced hair follicle density and downregulation of EGFR and NOTCH1 expression. To 

analyze the consequence of loss-of–funtion of CTIP2 on postnatal hair cycling, we 

selectively ablated Ctip2 in the epidermis and hair follicles using the Cre-LoxP strategy 

to generate Ctip2ep-/-
 mice. Ctip2ep-/-

 mice showed a defect in postnatal hair cycling 

marked by early exit from telogen and premature entry into anagen. The premature 

induction of anagen is a result of stem cell activation, increase in cell proliferation and 

decrease in apoptosis-driven cell death in the hair follicles. This early activation of 

follicular stem cells eventually leads to their depletion and therefore ultimate loss of hair 

follicles and hair coat. Reduced expression of LHX2 and NFATC1, which are two 



important regulators of hair cycling, was observed in the bulge area of Ctip2ep-/- mice hair 

follicles. Furthermore, chromatin immunoprecipitation (ChIP) assay revealed that CTIP2 

is recruited to the promoter region of both Lhx2 and Nfatc1 and possibly directly 

regulates their expression. Altogether, our results suggest that CTIP2 modulates 

expression of factors that regulate hair follicle morphogenesis and normal hair cycling as 

well as control stem cell fate and survival in the HFs.  

Considering CTIP2’s role in skin formation and homeostasis we hypothesized that CTIP2 

is involved in the epidermal regeneration process during wound closure after injury. To 

test our hypothesis, we used Ctip2ep-/- mouse model where Ctip2 is conditionally 

inactivated in epidermis and hair follicle. Selective ablation of Ctip2 in the epidermis and 

HFs lead to the delay in wound healing. The slower healing property was an outcome of 

impaired keratinocyte activation, proliferation, differentiation and migration. Moreover, 

defects in cell-cell adhesion and ECM development were also observed in the healing 

wounds of Ctip2ep-/- mice due to the lack of E-cadherin and insufficient expression of 

alpha smooth muscle actin. Hair follicle stem cell factors such as K15, CD34, CD133, 

NFATC1 and LRIG1 that are crucial for wound re-epithelialization were aberrantly 

expressed in wound adjacent region of Ctip2ep-/-
 mice. Our results identify CTIP2 as a key 

regulator of epidermal stem cells during skin wound healing and an important player in 

efficient wound closure after injury.  
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Introduction: Skin, its appendage hair follicle and the role of CTIP2 in skin 

formation and homeostasis 
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1.1 Skin structure, formation and regeneration 

1.1.1 Skin structure 

The skin is the largest organ in the body which makes up ~ 16% of our entire body 

weight. It acts as a physical and chemical barrier against external environmental 

insults and limits the inward-outward passage of water and electrolytes (Fuchs, 2007; 

Koster and Roop, 2007). Skin is composed of three structural layers: epidermis, 

dermis and subcutis. The epidermis and dermis are separated by a multilayered 

extracellular matrix known as the basement membrane (Fuchs and Horsley, 2008; 

Fuchs and Raghavan, 2002; Koster and Roop, 2007). The epidermis is a thin layer of 

stratified squamous epithelium consisting of a basal layer, spinous layer, granular 

layer and the stratum corneum (Fuchs and Horsley, 2008; Fuchs and Raghavan, 2002; 

Koster and Roop, 2007) (Figure 1.1). The proliferating keratinocytes in the basal layer 

undergo a program of terminal differentiation to acquire layer-specific characteristics 

and move outward to the surface of the skin (Fuchs and Horsley, 2008; Fuchs and 

Raghavan, 2002). The cells in the body surface are dead, enucleated and flattened in 

nature which are subsequently sloughed away and continually replaced by cells from 

the basal layer (Fuchs and Raghavan, 2002). 

1.1.2 Skin development in embryonic stage 

The skin epidermis is formed from the ectoderm during embryonic development. The 

initial commitment step starts around embryonic day 8.5 (E8.5) and is controlled by 

Wnt signaling (Blanpain and Fuchs, 2009; Fuchs, 2007). The Wnt pathway blocks 

fibroblast growth factors (FGFs) in ectoderm which leads to the expression of bone 

morphogenic proteins (BMPs) and ultimately commitment to an epidermal fate (Fuchs, 
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2007). The embryonic epidermis that results from this process consists of a 

multipotent basal cell layer and a transient protective periderm layer (Fuchs, 2007). 

After this initiation stage, mesenchymal cells populate and transmit signal that induce 

basement membrane formation and epidermal stratification (Blanpain and Fuchs, 

2009). Proliferation and subsequent differentiation of embryonic basal keratinocytes 

during stratification give rise to the spinous layer which undergoes further maturation 

to granular and cornified layers (Koster and Roop, 2007) (Figure 1.2). The full 

stratified and differentiated epidermis is formed around embryonic day 18.5 (E18.5) 

(Blanpain and Fuchs, 2009). This entire epidermal formation process is marked by 

expression changes in different keratin markers such as Keratin 8 (K8) and Keratin 18 

(K18) in uncommitted ectodermal cells, Keratin 5 (K5) and Keratin 14 (K14) in cells 

committed to epidermal fate and Keratin 1 (K1) and Keratin 10 (K10) in differentiated 

suprabasal cells (Bickenbach et al., 1995; Byrne et al., 1994; Moll et al., 1982). 

1.1.3 Skin epithelium maintenance and repair during adulthood 

Once mature, the epidermis maintains its homeostasis by balancing proliferation and 

differentiation of basal layer cells. Each of the basal stem cells undergoes asymmetric 

division to give rise to two daughter cells: one stem cell and another committed cell 

(Fuchs, 2007; Lechler and Fuchs, 2005; Smart, 1970). The committed daughter cells, 

programmed for terminal differentiation, get detach from the basement membrane and 

moves upward to the skin surface; eventually becoming flattened and enucleated as a 

part of epidermal barrier formation (Fuchs, 2007). Later, the dead flattened cells are 

sloughed off from the skin surface and are replenished with new terminally 

differentiated cells which originate from the basal layer (Fuchs, 2007). This constant 
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flux of terminal differentiated cells maintains the dynamic equilibrium of adult skin 

epidermis. The epidermal replenishment takes about two weeks in mice and four 

weeks in humans (Fuchs, 2007). Molecular regulators of epidermal differentiation and 

stratification include p63, p21, Ap2, C/EBP (CCAAT/enhancer binding protein), 

Kruppel-like factor, PPAR (Peroxisome proliferator-activated Receptor) proteins and 

IKK-α (inhibitor of NF-κB  kinase   α) (Dai and Segre, 2004; Fuchs, 2007; Hu et al., 

2001; Mills et al., 1999).  

During adult life, other than maintaining normal homeostasis, the epidermis also needs 

to repair itself after any kind of physical trauma or injury. After an injury, the 

epidermis gets broken and adherens junctions between cells get reduced triggering cell 

migration, proliferation and immune cell recruitment to protect and induce wound 

closure (Fuchs, 2007). The adherens junction helps basal cells to remain attached to 

one another (Fuchs, 2007). It is composed of a transmembrane core of E-cadherin 

which remains bound to two related proteins,   β-catenin and p120 catenin (Fuchs, 

2007). In response to wounding,  β-catenin and p-120 catenin associate  with  α-catenin 

and small Rho GTPase to activate NF-κB (Nuclear Factor Kappa-Light-Chain-

Enhancer of Activated B cells) and Ras/MAPK signaling, which in turn recruit 

immune cells and induce epidermal migration and proliferation (Figure 1.3) (Fuchs, 

2007; Kobielak and Fuchs, 2006; Perez-Moreno et al., 2006; Perez-Moreno and Fuchs, 

2006). Moreover, expression of Keratin 6, Keratin 16 and Keratin 17 in 

hyperproliferative epidermis near wounds remodels cells for growth and migration 

(Fuchs, 2007; Kim et al., 2006). Therefore epidermal maturation and remodeling 

normally occur in an orchestrated manner during wound repair. 
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1.2 Hair follicle morphogenesis, cycling and hair follicle stem cells (HFSCs) 

1.2.1 Hair Follicle 

The hair follicle (HF) is a complex mini organ in the mammalian skin. HFs produce 

hairs that play an important role in thermoregulation, protection against physical 

trauma, sensory activity and social communication  (Botchkarev and Paus, 2003). The 

HF is composed of many layers and cell types that includes outer root sheath (ORS), 

inner root sheath (IRS), hair bulb and dermal papilla (Fuchs, 2007; Muller-Rover et al., 

2001) (Figure 1.4). The ORS merges distally into the basal layer of the epidermis and 

is separated from the IRS by a companion layer (Muller-Rover et al., 2001). The IRS 

is divided into three parts: Henle’s layer, Huxley’s layer and IRS cuticle which 

surround the hair shaft (Muller-Rover et al., 2001). The hair shaft is the visible part of 

hair and is composed of fused, dead keratinized cells that form three layers- outermost 

cuticle layer, middle cortex layer and innermost medulla layer (Muller-Rover et al., 

2001). The hair bulb is the proximal part of HF and contains matrix cell that surrounds 

the closely packed mesenchymal cells of the dermal papilla (Muller-Rover et al., 

2001). All HF layers can be defined from their expression pattern of specific proteins, 

especially different keratins (Figure 1.4) (Fuchs, 2007). 

1.2.2 Hair Follicle Morphogenesis 

HFs are divided into different types depending on their morphology and time of 

induction during morphogenesis (Botchkarev and Paus, 2003). The HF development 

induction in case of vibrissa HFs starts at embryonic day 12.5 (Botchkarev and Paus, 

2003). For the primary tylotrich (guard) HFs, which comprises 5-10% of mouse 

pelage, the induction starts at embryonic day 14.5 (Botchkarev and Paus, 2003). The 
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start of morphogenesis for secondary non-tylotrich (awl, auchene and zigzag) HFs, 

which comprises major parts of pelage hairs, occurs from E16.5 to P0.5 (Botchkarev 

and Paus, 2003). The whole HF morphogenesis process is divided into eight distinct 

stages (Figure 1.5) (Paus et al., 1999). The first stage of HF development is denoted as 

stage 0 or pregerm stage (Paus et al., 1999). During stage 1 of HF morphogenesis, 

epidermal thickenings known as hair placodes appear which subsequently give rise to 

primary hair germ in the next stage (McElwee and Hoffmann, 2000; Paus et al., 1999). 

Furthermore, dermal condensation occurs in both stage 1 and stage 2 (McElwee and 

Hoffmann, 2000; Paus et al., 1999). At stage 3, the keratinocytes in the central portion 

organize in a columnar fashion and form the hair pegs (McElwee and Hoffmann, 

2000; Paus et al., 1999). In stage 4, the HFs form the inner root sheath and a bulb like 

structure. In both stages 3 and stage 4, dermal condensates assemble themselves to 

form dermal papilla (McElwee and Hoffmann, 2000; Paus et al., 1999). At stage 5, the 

HFs develops into a bulbous hair peg and 1-2 sebocytes become visible (Paus et al., 

1999). In stage 6, the HF enters deep into the subcutis. The HF forms hair shaft at this 

stage and the dermal papilla enclosed in hair matrix, sebaceous gland and melanin 

granules within the hair shaft (McElwee and Hoffmann, 2000; Paus et al., 1999). 

During stage 7, the tip of the hair shaft enters the hair canal (Paus et al., 1999).  

Finally, at stage 8 the HF acquires its maximum length and grows down to the 

subcutaneous muscle layer, and the hair shaft emerges through the epidermis (Paus et 

al., 1999).  Numerous  signaling  molecules  such  as  WNT/β-catenin, Sonic Hedge Hog 

(SHH), Bone Morphogenetic Protein (BMP), Neurogenic Locus Nocth Homolog 1 

(NOTCH1), Epidermal Growth Factor Receptor (EGFR) and LIM Homeobox 2 
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(LHX2) have been identified as essential for initiation of HF morphogenesis (Andl et 

al., 2002; Botchkarev et al., 1999; Chiang et al., 1999; Crowe et al., 1998; Crowe and 

Niswander, 1998; Doma et al., 2013; Hansen et al., 1997; Huelsken et al., 2001; Lee 

and Tumbar, 2012; Lin et al., 2011; Lyons et al., 1990; Murillas et al., 1995; 

Nakamura et al., 2013; St-Jacques et al., 1998 Tornqvist, 2010 #39).  

1.2.3 Hair Cycling and Hair follicle stem cells 

The HF is a dynamic appendage of mammalian skin that undergoes cyclical changes 

of regeneration and degeneration throughout life (Muller-Rover et al., 2001). HFs 

transform through phases of active growth (anagen) to relative quiescence (telogen) 

via an apoptosis-driven catagen phase (see Figure 1.6) (Muller-Rover et al., 2001). For 

proper maintenance of anagen-catagen-telogen transformation, HFs require a subset of 

multipotent stem cells which reside in the bulge region. Hair follicle stem cells 

(HFSCs) are slow cycling and hence defined by their label-retaining properties 

(Cotsarelis et al., 1990; Sun et al., 1991). The HFSCs are capable of reconstructing 

interfollicular epidermis as a part of wound repair after injury (Ito et al., 2005). At the 

onset of anagen, signals from dermal papilla induce bulge stem cell proliferation 

(Cotsarelis et al., 1990; Sun et al., 1991). Through proliferation, the bulge stem cell 

give rise to transient amplifying cells that migrate to the secondary hair germ and 

initiate anagen (Cotsarelis et al., 1990; Sun et al., 1991). During catagen phase, the 

transient amplifying matrix cells undergo apoptosis and hair shaft, and IRS 

differentiation also slows down (Botchkareva et al., 2006; Lindner et al., 1997; Paus et 

al., 1994). After apoptosis, the HF size is reduced and the HF enters a resting phase 

known as telogen (Muller-Rover et al., 2001). 
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1.3 CTIP2 (COUP-TF interacting protein 2) and its role in skin development and 

homeostasis 

1.3.1 COUP-TF interacting proteins 

Chicken ovalbumin upstream promoter transcription factors (COUP-TF) were 

originally identified to bind to the upstream promoter region of the ovalbumin gene to 

activate its transcription (Pastorcic et al., 1986; Sagami et al., 1986; Wang et al., 

1987). COUP-TF interacting proteins (CTIPs) directly interact with the members of 

COUP-TF family in yeast and in vitro (Avram et al., 2000). The two members of 

CTIP family, CTIP1 (BCL11A) and CTIP2 (BCL11B), are highly related and share 

extensive homology in their amino acid sequences (Avram et al., 2000). They also 

contain several conserved C2H2 zinc finger motifs (Avram et al., 2000). They have 

been shown to repress the transcription of genes containing COUP-TF regions by 

binding to the canonical GC box (Avram et al., 2002). 

1.3.2 COUP-TF interacting protein 2 (CTIP2)  

CTIP2 encodes four exons and the majority of the open reading frame in encoded by 

exon 4 (Figure 1.7).  CTIP2 expression is observed in the hippocampus, neocortex and 

the striatum of central nervous system (Arlotta et al., 2005; Arlotta et al., 2008). 

CTIP2 is also expressed in the thymus as early as E12.5 when all thymocytes are 

double negative for CD4 and CD8 (Leid et al., 2004). Furthermore, CTIP2 expression 

has also been detected in adult mice and in human skin (Ganguli-Indra et al., 2009a; 

Golonzhka et al., 2007). Its expression was found to be upregulated in skin of human 

AD patients and allergic-contact dermatitis (ACD) patients (Ganguli-Indra et al., 

2009a; Golonzhka et al., 2007). 
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Mice with germline deletion of Ctip2 die perinatally and show defects in thymocyte 

development and corticospinal motor neuron as well as striatal neuron development 

(Arlotta et al., 2005; Wakabayashi et al., 2003). CTIP2 also plays a crucial role in 

tooth development; mice lacking Ctip2 exhibit severely disrupted ameloblast 

formation in the developing incisor (Golonzhka et al., 2009b; Kyrylkova et al., 2012). 

CTIP2 can act both as a transcriptional repressor as well as an activator. To mediate it 

repression activity, CTIP2 interact with nucleosome remodeling and deacetylation 

(NuRD) complex (Topark-Ngarm et al., 2006). CTIP2 also activates transcription of 

genes important for thymocyte proliferation and survival (Kastner et al., 2010). 

Moreover down-regulation of genes involved in skin lipid homeostasis after Ctip2 

ablation indicates that CTIP2 can act as a transcriptional activator under certain 

biological conditions (Wang et al., 2013). 

1.3.3 CTIP2 expression in mouse embryonic and adult skin 

CTIP2 expression is observed in developing epidermis as early as E10.5 (Figure 1.8) 

(Golonzhka et al., 2007). At E12.5, CTIP2 expression is detected in the embryonic 

basal layer (Figure 1.8) (Golonzhka et al., 2007). Strong expression of CTIP2 is 

observed in the basal layer and some parts of the suprabasal layer in mouse embryos at 

later time points such as E14.5, E16.5 and E18.5 (see Figure 1.8) (Golonzhka et al., 

2007). CTIP2 expression was also found in the hair follicle progenitor population in 

the developing epidermis (Figure 1.8) (Golonzhka et al., 2007). Co-localization of 

CTIP2 with proliferation-marker K14 or Ki67 during development indicates that 

CTIP2 positive cells are highly proliferative in nature (Golonzhka et al., 2007). 
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CTIP2 expression is also observed in adult mice epidermis and hair follicle 

(Golonzhka et al., 2007). In the epidermis, CTIP2’s expression is only detected in the 

basal layer and in some cells of suprabasal layer (Golonzhka et al., 2007). In case of 

HFs, CTIP2 is expressed in the bulge region containing HFSCs and also in the 

epithelium of the ORS of the hair follicles (Figure 1.9) (Golonzhka et al., 2007). 

In the dermal compartment, CTIP2 expression is only observed during embryogenesis 

and the expression is very low in adult skin, getting primary restricted to the epidermis 

and the hair follicles (Golonzhka et al., 2007). 

1.3.4 Role of CTIP2 in skin formation and restoration 

CTIP2 play a significant role in murine skin morphogenesis and homeostasis. 

Germline deletion of Ctip2 (Ctip2-null mice) in mice leads to impaired keratinocytic 

proliferation, differentiation and delayed epidermal permeability barrier formation 

(Golonzhka et al., 2009b). These defects were due to the anomalous expression of 

genes encoding structural proteins and lipid modifying enzymes, as well as those 

involved in epidermal proliferation, differentiation, and EPB establishment 

(Golonzhka et al., 2009b). CTIP2 regulates keratinocyte proliferation and survival via 

EGF–EGFR signal (Zhang et al., 2012). A significant decrease in EGFR transcript 

levels and protein level was observed in Ctip2-null epidermis at E14.5 and E16.5 

(Figure 1.10) (Zhang et al., 2012).  Moreover, ChIP analyses using multiple primer 

sets revealed that CTIP2 is recruited to proximal EGFR promoter in wild type 

keratinocytes ultimately indicating that CTIP2 is a direct and positive regulator of 

EGFR (Figure 1.11) (Zhang et al., 2012). Additionally, CTIP2 directly controls 

Notch1 expression during epidermal differentiation events in a calcium dependent 
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manner (Figure 1.12) (Zhang et al., 2012). CTIP2 also regulates lipid metabolism by 

controlling the expression of genes involved in sphingolipid biosynthesis (Wang et al., 

2013). Furthermore, CTIP2 also exhibits non-cell autonomous effects in modulating 

epidermal homeostasis in adult skin (Wang et al., 2012). Ablation of CTIP2 

expression specifically in the epidermal layer is achieved in a mouse model using Cre-

LoxP recombination driven by epidermal specific K14 promoter. The adult skin of 

these Ctip2ep-/- mice are inflicted with atopic dermatitis like phenotype consisting of 

skin inflammation as well as immense infiltration of T lymphocytes, mast cells and 

eosinophils in adult mice (Wang et al., 2012). 

In the study described under Chapter 2, we have investigated the regulation of hair 

formation and hair cycling by CTIP2 and also identified the key factors that are 

modulated by CTIP2 during these complex processes. In Chapter 3, we have evaluated 

the mechanistic role of CTIP2 in cutaneous wound healing process post-injury. 
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Figure 1.1 

Figure 1.1 Schematic representations of different layers of epidermis. (Adapted 
from Fuchs and Raghavan, 2002). 
 
Mammalian skin consists of epidermis and dermis which is separated by basement 
membrane. The epidermis is composed several layers- Basal layer (BL), Spinous layer 
(SL), Granular layer (GL) and Stratum corneum (SC). 
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Figure 1.2 Formation of multilayered epidermis. (Adapted from (Koster and Roop, 
2007) 
 
In mice the epidermal stratification takes about 10 days. The initiation of epidermal 
stratification starts around E8.5 and the full epidermis is formed at E18.5. 
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Figure 1.3 

Figure 1.3 Schematic representation of the process of wound healing after injury. 
(Adapted from (Fuchs, 2007)  
 
In a wound response, the adherens junctions are severed at the wound site, inducing 
the Ras-MAPK pathway and triggering cell proliferation and migration. Adherens 
junction’s protein deficient also activate  NFκ-B pathway which recruit immune cells 
to the wound site. 
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Figure 1.4 

Figure 1.4 Schematic of the hair follicle. (Adapted from (Fuchs, 2007)  
 
Hair follicle is composed of different layers- Outer Root sheath (ORS), Companion 
layer (Cp), Inner root sheath (IRS), hair shaft cuticle (Ch), cortex (Co), Medulla (Me) 
and Dermal papilla (DP). Each layer can be characterized by specific protein 
expression. 
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Figure 1.5 

Figure 1.5 The stages of hair follicle morphogenesis. (Adapted from (McElwee and 
Hoffmann, 2000)  
 
The stages of hair follicle morphogenesis are denoted from Stage 0 to Stage 8. 
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Figure 1.6 

Figure 1.6 The hair cycle. (Adapted from (Fuchs, 2007)  
 
The stages of hair cycle are depicted from first postnatal anagen. The hair follicle 
undergoes cyclical changes from anagen to catagen to telogen throughout life.  
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Figure 1.7 

Figure 1.7 The Ctip2 Locus. (Adapted from (Golonzhka et al., 2009b)  
 
Schematic representation of the Ctip2 locus with exons 1-4 and corresponding amino 
acids (top). 
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Figure 1.8. Expression of CTIP2 in the mouse fetal skin. (Adapted from 
(Golonzhka et al., 2007) 
 
Immunohistochemistry   was   performed   on   10   μm-thick frozen sections of wild type 
embryos using antibodies directed against CTIP2, K14 and K10. A, CTIP2 (in green) 
is highly expressed in the ectoderm at E10.5 (upper panel) and E12.5 (lower panel) 
and is co-localized with the expression of K14 (in red). B, high expression of CTIP2 
was observed in the basal cells and upper layers of the epidermis of E14.5 (upper 
panel), E16.5 (middle panel) and E18.5 embryos (lower panel). K14 and K10 staining 
(in red) were used to label basal cells and suprabasal layers, respectively. E16.5 and 
E18.5 stages of development show high expression of CTIP2 in the basal layer of 
epidermis as well as in the dermis and hair follicles. All sections were counterstained 
with DAPI (in blue). Images were taken at 40X magnification 
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Figure 1.8 
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Figure 1.9. Expression of CTIP2 in stem cells of the bulge region of the mouse 
hair follicle. (Adapted from (Golonzhka et al., 2007) 
 
10  μm-thick frozen skin sections obtained from dorsal skin biopsies 8-week old mice 
were costained with CTIP2 (green) and K15 (red: A) or CTIP2 (green) and CD34 (red: 
B) and images of hair follicles in the bulge region were taken at 40X magnification. 
Sections were counterstained with DAPI. White arrows indicate CTIP2 positive cells 
in the bulge region that are also positive for K15 or CD34. Abbreviation: B-bulge, HF-
hair follicle. 
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Figure 1.9 
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Figure 1.10 

Figure 1.10. CTIP2 modulates EGF signaling by positively regulating EGFR 
expression. (Adapted from (Zhang et al., 2012)  
 
(A) E14.5 and E16.5 embryonic skin was harvested from WT and KO embryos for 
RT-qPCR analyses (normalized to GAPDH). Bars represent mean expression levels   
s.e.m. (n=3). (B) Immunoblotting analyses of cell extracts from E14.5 skin using anti-
EGFR and b-actin antibodies. (C) Immunofluorescence staining of E14.5 and E16.5 
skin sections with anti- EGFR antibody (red); nuclei were counterstained with DAPI 
(blue). Scale bar: 10 mm. (D) Immunoblot of epidermis from E18.5 WT and KO skin 
using anti-EGFR antibody. b-actin blot is a loading control. 
 

 
 

                        



 25 

 

   Figure 1.11 

Figure 1.11 Chromatin immunoprecipitation analyses for Egfr gene. (Adapted 
from (Zhang et al., 2012)  
 
Epidermal keratinocytes from E16.5 WT embryos were subjected to ChIP analyses 
using an anti-Ctip2 antibody and IgG as a control. Purified chromatin was then 
analyzed by qPCR using primers covering either the distal or proximal promoters or 
3’UTR (untranslated regions) of the Egfr gene. Each bar represents the ChIP signals 
using anti-Ctip2 relative to signals from non-specific IgG. Statistical analyses were 
performed using a Student’s t-test (**p<0.01). The results are representative of at least 
three independent studies. 
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Figure 1.12. Ctip2 directly regulates NOTCH1 expression in differentiated cells. 
(Adapted from (Zhang et al., 2012)  
 
(A) Immunostaining of the E14.5 and E16.5 skin sections with an anti-Notch1 
antibody (red); nuclei were counterstained with DAPI (blue). Scale bar: 10 mm. (B) 
NOTCH1 protein expression was analyzed by immunoblotting of whole cell extracts 
from E14.5 and E16.5 skin using anti-Notch1 and anti-b actin antibodies. (C) Starved 
keratinocytes treated with 0.2 mM CaCl2 (HiCa) for the indicated times were 
subjected to ChIP analyses using anti-Ctip2 antibody or IgG (rat) as a control. The 
purified chromatin was analyzed by qPCR using primers covering the distal promoter, 
the proximal promoter or 3’ UTR region of the Notch1 gene. Each bar represents the 
ChIP signals using anti-Ctip2 relative to signals from non-specific IgG. Statistical 
significance was determined using Student’s unpaired t-test. The results are 
representative of at least three independent studies. 
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2.1 Abstract  

Transcription factor CTIP2 (COUP-TF-interacting protein 2), also known as BCL11B, 

is expressed in hair follicles of embryonic and adult skin. Ctip2-null mice exhibit 

reduced hair follicle density during embryonic development. In contrast, conditional 

inactivation of Ctip2 in epidermis (Ctip2ep-/- mice) leads to a shorter telogen and 

premature entry into anagen during the second phase of hair cycling without a 

detectable change in the number of hair follicles. Keratinocytes of the bulge stem cells 

niche of Ctip2ep-/- mice proliferate more and undergo less apoptosis than the 

corresponding cells of wild-type mice. However, premature activation of follicular 

stem cells in mice lacking CTIP2 leads to the exhaustion of this stem cell 

compartment in comparison to wild-type Ctip2L2/L2 mice which retained the quiescent 

follicle stem cells. CTIP2 modulates expression of genes encoding EGFR and 

NOTCH1 during formation of hair follicles, and those encoding NFATC1 and LHX2 

during normal hair cycling in adult skin. The expression of most of these genes is 

disrupted in mice lacking CTIP2 and these alterations may underlie the phenotype of 

Ctip2-null mice.  CTIP2 appears to serve as a transcriptional hub that integrates input 

from multiple signaling cues during hair follicle morphogenesis and hair cycling.  
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2.2 Introduction 

The hair follicle (HF) is a complex appendage of epidermis and its formation is 

regulated by epithelial-mesenchymal interaction (Botchkarev and Paus, 2003; Millar, 

2002). The cross-talk between epithelium and mesenchyme initiates thickening of the 

epidermis to form hair placode (Botchkarev and Paus, 2003; Millar, 2002). Hair 

placode gives rise to hair germ followed by a bulbous hair peg through proliferation 

and dermal condensation (Paus et al., 1999). A mature HF consisting of the hair shaft, 

root sheaths and dermal papilla arise from the bulbous hair peg (Botchkarev and Paus, 

2003; Millar, 2002; Paus et al., 1999). The mature HF undergoes cyclic changes of 

catagen (regression phase), telogen (quiescent phase) and anagen (active growth 

phase) (Muller-Rover et al., 2001). Hair cycling homeostasis is maintained by a subset 

of multipotent stem cells (SCs) residing in the bulge region of the HF (Tiede et al., 

2007; Waters et al., 2007). HFSCs also have an important role in epidermal 

regeneration after injury (Ito et al., 2005). 

 

Cell signaling pathways regulate every aspect of HF development and function. For 

example, the WNT/β-catenin, sonic hedgehog (SHH), bone morphogenetic protein 

(BMP), NOTCH1 and epidermal growth factor receptor (EGFR) regulate HF 

formation and cycling (Andl et al., 2002; Botchkarev et al., 1999; Chiang et al., 1999; 

Crowe et al., 1998; Crowe and Niswander, 1998; Doma et al., 2013; Hansen et al., 

1997; Huelsken et al., 2001; Lee and Tumbar, 2012; Lin et al., 2011; Lyons et al., 

1990; Murillas et al., 1995; Nakamura et al., 2013; St-Jacques et al., 1998; 

Uyttendaele et al., 2004; Vauclair et al., 2005).  
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Bulge SC activation and homeostasis is  regulated  by  the  β-catenin/TCF/LEF1 pathway 

and downstream proteins (DasGupta and Fuchs, 1999; Merrill et al., 2001; Nguyen et 

al., 2006). LIM Homeobox 2 (LHX2) is an important factor in follicular 

organogenesis and cycling (Rhee et al., 2006; Tornqvist et al., 2010), whereas 

NFATC1 and SOX9 regulate HFSCs during hair cycling in the adult (Gafter-Gvili et 

al., 2003; Horsley et al., 2008; Vidal et al., 2005). 

 

Transcriptional regulator CTIP2 is a C2H2 zinc finger protein, which interacts with 

members of orphan nuclear receptor subfamily COUP-TF (Avram et al., 2000; Avram 

et al., 2002). It is highly expressed in neonatal and adult skin and plays a significant 

role in murine skin morphogenesis and homeostasis (Golonzhka et al., 2007). 

Germline deletion of Ctip2 in mice leads to impaired epidermal proliferation, 

differentiation and delayed EPB formation (Golonzhka et al., 2009a). Epidermal-

specific ablation of Ctip2 triggers atopic dermatitis-like skin inflammation with 

concurrent infiltration of T lymphocytes, mast cells and eosinophils in adult mice 

(Wang et al., 2012). 

 

CTIP2 is expressed in both developing and adult HFs (Golonzhka et al., 2007). It is 

co-expressed with stem cell markers, such as K15 and CD34, in the bulge region of 

adult HFs (Golonzhka et al., 2007). Ablation of Ctip2 in the epidermis delays wound 

healing and induces abnormal expression of HFSC markers (Liang et al., 2012). 

However, it remains unknown whether CTIP2 controls HFSCs during follicular 
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embryonic development and/or hair cycling. By using loss-of-function studies, we 

have now shown that CTIP2 regulates HF formation and  control NOTCH1 and EGFR 

signaling pathways during embryonic HF development. In this study, we have also 

demonstrated that CTIP2 plays a critical role in maintaining of bulge SC reservoir and 

directly regulate NFATC1 and LHX2 expression during postnatal hair cycling, thereby 

confirming CTIP2 as a top-level regulator of hair follicle morphogenesis and cycling. 

 

2.3 Materials and Methods 

Mice—Ctip2-/- and Ctip2ep-/- mice were previously described (Golonzhka et al., 2009a). 

Mice are maintained in a pathogen-free environment with constant temperature control. 

Animal work was approved by the OSU Institutional Animal Care and Use Committee.  

 

Hair cycle stages—Dorsal skin samples were harvested from mice from E14.5 to P0 

for hair follicle morphogenesis studies as described in (Paus et al., 1999).  First hair 

cycle (P9, P16 and P19) and second hair cycle (P28, P42, P49 and P75) samples were 

similarly collected. Depilation was performed on 8 week old mice and skin biopsy 

were taken on day 7 (anagen), day 17 (catagen), day 21 (telogen) and day 28 after 

depilation. 

 

BrdU labeling and detection—Groups of mice were injected with 100 g/g BrdU 

(Sigma) and dorsal skin samples were collected after 24 hr for short-pulse analyses. 

Long-chase animals were injected with 50 g/g of BrdU every 12 hours for a total 

four injections and skin biopsies were taken after a 47-day chase period (Braun et al., 
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2003). Anti-BrdU staining (Serotec, Raleigh, NC, 1:200) was performed on paraffin 

sections to detect proliferating S-phase cells. Additional detail on BrdU staining is 

available in the Histology and Immunochemistry section. 

 

TUNEL assay—Dorsal skin samples were fixed in 4% PFA and deparaffinized slides 

were subjected to TUNEL staining using the fluorometric TUNEL system (Promega, 

no. TB235). The detailed protocol has been previously described in (Hyter et al., 

2013).  

 

Statistics- Statistical significance between the two groups was analyzed by Graphpad 

Prism software (Graphpad Software, La Jolla, CA) using unpaired Student t-test. The 

TUNEL- or BrdU-positive cells were counted and represented as a percentage of 

DAPI-positive cells. Multiple sections were analyzed for each genotype and for time 

point. Data from each group for each time point were combined for calculating the 

mean data and SEM and significance was determined using Student's unpaired t-test. 

 

Histology and Immunohistochemistry- Dorsal skin samples were fixed with 4% 

paraformaldehyde and embedded in paraffin. Deparaffinization and hematoxylin & 

eosin (H&E) staining was performed for histological analysis. For 

immunohistochemical (IHC) study, antigen unmasking with citrate buffer was 

performed as described (Golonzhka et al., 2009a; Hyter et al., 2010; Liang et al., 

2012; Zhang et al., 2012). 10% normal goat serum was used for blocking and primary 

antibody was added after blocking. Subsequently secondary antibody labeled with Cy3 
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or Cy2, and DAPI for nuclei staining was added. Images were taken at 20X and 40X 

magnification using Leica DMRA fluorescent microscope and Hamamatsu C4742-95 

digital camera and were processed using Adobe Photoshop CS3. IHC data was 

quantified using Adobe Photoshop CS3 and Image J software. Supplementary Table 

2.1 shows the details of antibody used for immunohistochemistry. 

 

qRT-PCR- Total RNA was extracted from the epidermis of mouse skin and cDNA 

was synthesized  from extracted RNA as described in (Indra et al., 2005b). Real-time 

PCR was performed on an ABI 7500 Real-Time PCR system using SYBR Green 

methodology (Indra et al., 2005a; Indra et al., 2005b). Using HPRT as an internal 

control, relative gene expression of the qRT-PCR data was analyzed. The mean 

threshold cycle (Ct) for individual reactions was determined by using the ABI 

sequence analysis software. The qRT-PCR primer sequence is indicated 

Supplementary Table 2.2. All assays were performed in triplicates 

 

Chromatin immunoprecipitation- ChIP assay was performed on epidermal fraction 

from newborn and adult mice. Cells from epidermis was isolated from newborn mice 

as described in (Zhang et al., 2012) and from adult mice as per (Nowak and Fuchs, 

2009). 1% formaldehyde was used to crosslink the cells at room temperature, after 

which glycine was added to quench the crosslinking. Cells were subsequently lysed in 

1 ml of lysis buffer (10 mM Tris-HCl pH 7.5, 10 mM NaCl, 3 mM MgCl2, 0.5% 

NP40) supplemented with complete protease inhibitor cocktail (Fermentas) to obtain 

the resulting nuclei. Resuspension in ChIP sonication buffer (1% Triton X-100, 0.1% 
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SDS, 0.1% deoxycholate, 50 mM Tris 8.1, 150 mM NaCl, 5 mM EDTA) and 

sonication to an average fragment size of 500 bp using Branson Digital Sonifier (17% 

amplitude; Brason Ultrasonic Corporation) was preformed. Chromatin 

immunoprecipitation with 100g of chromatin solution was performed as previously 

described (Hyter et al., 2010). Immunoprecipitated DNA was then purified by use of a 

Qiagen DNA purification kit and the recovered DNA was amplified by qPCR using 

primers specific for the distal or proximal regions (relative to transcription start site of 

each gene) of the promoters of Lhx2 and Nfatc1, as well as primer sets for 3’UTR 

(untranslated regions) of each gene. The multiple set of proximal primers were 

designed in and around the transcriptional start site.  The primers used for individual 

ChIP assay are indicated in Supplementary Table 2.3. 

 

2.4 Results 

Impaired HF morphogenesis in the Ctip2-null mice 

HF progenitors proceed through eight stages of development that are distinguished by 

basal to apical length (Paus et al., 1999). CTIP2 is expressed in all stages of HF 

development during embryonic skin morphogenesis (Golonzhka et al., 2007). In order 

to elucidate the role of CTIP2 in HF morphogenesis, we quantified HFs in wild-type 

and Ctip2-null skin from E14.5 to birth (P0). HF number in Ctip2 mutants was 

indistinguishable from that of wild-type mice at E14.5 (Supplementary Figure 2.3 A 

and B). In contrast, HFs were less abundant in Ctip2-null skin from E16.5 through P0 

(Figure 2.1 A and B). Dorsal skin of E16.5 Ctip2-/- embryos also produced fewer hair 

placodes (Stg1), hair germs (Stg2) and hair pegs (Stg3) (Figure 2.1 C). The reduction 
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in HF density in Ctip2 mutants was more striking at E18.5 and P0 (Figures 2.1D and 

E), at which Ctip2-/- skin displayed fewer HFs at Stages 2-4 (Figure 2.1D and E). 

Ctip2-/- mice exhibited reduced number of HFs in Stg5 and Stg6 at P0 (Figure 2.1E). 

These results suggest that CTIP2 plays an important role in morphogenesis of the HF 

during skin development. 

 

Deregulated hair cycling in adult Ctip2ep-/- mice  

CTIP2 is expressed during all stages of natural and depilation induced hair cycling, 

with highest expression in anagen and comparably lower levels of expression in 

catagen and telogen (Liang et al., 2012). CTIP2 co-localizes with HF stem cell 

markers CD34 and K15 within the HF bulge region (Golonzhka et al., 2007), 

suggesting that CTIP2 may play a role in hair cycling of adult skin. Because Ctip2-

null mice die shortly after birth we used Ctip2ep-/- mice (Golonzhka et al., 2009a; 

Liang et al., 2012) for these studies. HF formation and the first postnatal hair cycling 

were similar between the control Ctip2L2/L2 and Ctip2ep-/- skin at P0, P7 and P21 

(Figure 2.3 C-E). During the second hair cycling, the pink coat color of the Ctip2L2/L2 

and Ctip2ep-/- mice skin at P50 confirmed that all the HFs were in telogen (Figure 

2.2A). However, at P75 when Ctip2L2/L2 follicles were still in telogen, Ctip2ep-/- 

follicles had already entered anagen, as indicated by the black color of the Ctip2ep-/- 

skin (Figure 2.2B). The mutant mice grew hair much faster than Ctip2L2/L2 mice at 8 

weeks after shaving (Figure 2.2C) but the anagen-catagen-telogen transition 

progressed normally in the Ctip2ep-/- mice at P28, P42 and P50 (Figure 2.2D, 2.2E and 

2.2F). However, Ctip2ep-/- mice exhibited long anagen HFs compared to the short, 
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resting HFs in the Ctip2L2/L2 mice at P75 (Figure 2.2G). To explore role of CTIP2 in 

hair cycling further we performed depilation on Ctip2ep-/- and Ctip2L2/L2 mice at P60. 

Anagen-catagen-telogen transition proceeded normally in both groups of mice after 

depilation (Figure 2.4A, 2.4B 2.4C-E).  After entering into telogen Ctip2ep-/- HFs 

spontaneously entered anagen at day 28, whereas Ctip2L2/L2 HFs remained in telogen 

(2.4B and 2.4F, compare left and right panel). We conclude that CTIP2 is an important 

player for maintenance of natural and depilation-induced hair cycling in adult skin. 

 

Disruption of Ctip2 in the adult HFs enhances follicular stem cell activity 

Normal hair cycling homeostasis is maintained by HFSCs and early induction of 

anagen is linked to altered activity of HFSCs (Cotsarelis et al., 1990; Morris and 

Potten, 1999; Sun et al., 1991). Premature induction of anagen in Ctip2ep-/- mice 

suggests its role in controlling HFSC activity. To test that hypothesis, BrdU pulse-

chase experiments were performed in groups of adult control and mutant mice as 

described (Braun et al., 2003). Although there was no difference in hair morphology at 

P28, Ctip2ep-/- HFs incorporated more BrdU than Ctip2L2/L2   HFs after a pulse of 24 hrs 

(Figure 2.5A and B). We also injected mice with BrdU at P28 and investigated label-

retaining cells after a chase period of 47 days. The percentage of BrdU+ label-

retaining cells at P75 was significantly reduced in the Ctip2ep-/- HFs compared to the 

control HFs (Figure 2.5C and D). These results indicate that loss of Ctip2 increases 

follicular stem cell activity leading to exhaustion of the bulge stem cells. Furthermore, 

apoptosis of HF cells play an important role in anagen-catagen-telogen transition 

during hair cycling (Botchkareva et al., 2006; Lindner et al., 1997; Paus et al., 1994).  
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TUNEL assays revealed no marked difference in the number of apoptotic cells 

between the HFs of Ctip2L2/L2 and Ctip2ep-/- skin at P42 (catagen phase) (Figure 2.5E 

and F).  However, a decrease in cell death in the HFs was observed in Ctip2ep-/- skin at 

P75 (Figure 2.5G and H). Expression of bulge stem cell markers, CD34 and K15, was 

reduced at P75 in Ctip2ep-/- HFs compared to the Ctip2L2/L2   HFs (Figure 2.6A, B and 

C). Ctip2ep-/- mice also displayed a significant loss of hair on the back at a later stage, 

P120 (Supplementary Figure 2.9A) and a marked reduction of CD34 and K15 

expression in the HFs (Figure 2.6A, B and C). These data indicate that CTIP2 is 

essential for maintaining bulge stem cell quiescence during hair cycling in adult skin.  

 

Dysregulated expression of key players in HF morphogenesis in Ctip2-/- skin  

WNT/β-catenin/TCF3, SHH, BMP, NOTCH, EGFR and LHX2 are crucial for HF 

development and homeostasis (Andl et al., 2002; Botchkarev et al., 1999; Chiang et 

al., 1999; Crowe et al., 1998; Crowe and Niswander, 1998; Doma et al., 2013; Hansen 

et al., 1997; Huelsken et al., 2001; Lee and Tumbar, 2012; Lyons et al., 1990; 

Murillas et al., 1995; Nakamura et al., 2013; St-Jacques et al., 1998; Tornqvist et al., 

2010; Uyttendaele et al., 2004; Vauclair et al., 2005). We examined levels of many of 

these proteins in Ctip2-/- skin to determine if dysregulated expression of one or more 

of these proteins plays a role in the HF phenotype of these mice.  Expression of SHH, 

WNT and BMP was similar between Ctip2-/- and Ctip2+/+ skin (Figure 2.9 B). In 

contrast, we observed down-regulation of NOTCH1 and EGFR in Ctip2-/- HF at E18.5 

(Figure 2.7A and B), at which the difference in HF density between Ctip2-/- and 

Ctip2+/+ is most striking (see Figure 2.1D). Other molecular players such as Tcf3 and 
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Lhx2 were up-regulated at E18.5 (right panel of Figure 2.7C). Expression of Sox9, 

which has been shown to play an important role in HF cycling but not HF 

development (Vidal et al., 2005), was upregulated in Ctip2-/- skin at E18.5 whereas 

there was no change in Nfatc1 expression, a transcription factor regulating only HF 

cycling, at E18.5 (Figure 2.7C; right panel and Figure 2.9B). These results suggest that 

CTIP2 may control HF development by regulating the NOTCH and EGFR signaling 

pathways, as well as genes encoding transcription factors (SOX9, LHX2, and TCF3). 

 

CTIP2 regulates expression of NFATC1 and LHX2 in bulge SCs during hair 

cycling in adult skin 

The transcription factors NFATC1 and LHX2 maintain the bulge SC pool in murine 

HFs (Horsley et al., 2008; Rhee et al., 2006). Grafting of Nfatc1- and Lhx2-null skin 

onto nude mice results in premature entry into anagen (Horsley et al., 2008; Rhee et 

al., 2006), which resembles the phenotype of Ctip2ep-/- mice (Figure 2.8B and G) We 

therefore investigated expression of both LHX2 and NFATC1 in adult Ctip2ep-/- mice 

throughout the hair cycle. Expression of both NFATC1 (Figure 2.8 A and B) and 

LHX2 (Figure 2.8 D and E) was down-regulated in the HF bulge of Ctip2ep-/- mice as 

early as P28, and remained downregulated at P42 and P75, although expression of, 

LHX2 was very low at the latter time point in the control Ctip2L2/L2 HFs (Figure 2.8 F). 

Expression of NOTCH1 and EGFR was not altered in HFs of adult Ctip2ep-/- mice at 

P75 or at earlier stages (Figure 2.9C and D). We then performed ChIP assays using 

multiple primer sets on keratinocytes isolated from the epidermis of newborn (P0) and 

adult (P28 and P75) mice to determine if Nfatc1 and Lhx2 are direct targets of CTIP2. 
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CTIP2 interacted with the proximal promoter region of both Lhx2 (Fig.2.10A) and 

Nfatc1 (Fig.2.10B) in primary keratinocytes during HF development (P0), adult hair 

cycling (P28; anagen), and at P75 (telogen), (Figure 2.10A and B). These results 

suggest that CTIP2 is a direct and positive regulator of Lhx2 and Nfatc1 expression, 

which may underlie, at least in part the adult HF phenotype of mice lacking CTIP2 

selectively in the epidermis. 

 

2.5 Discussion 

The HF is considered a model system in SC biology because its occupancy by 

multipotent SCs that exhibit of its self-renewal properties (Tiede et al., 2007; Waters 

et al., 2007). We have investigated the role of transcription factor CTIP2 in HF 

morphogenesis and cycling. We have shown that CTIP2 regulates HF development 

during embryogenesis, perhaps by regulating the NOTCH1 and EGFR signaling 

pathways. Expression of CTIP2 in the epithelium is important for maintaining 

postnatal hair cycle homeostasis (Liang et al., 2012). Epidermal ablation of Ctip2 

results in inappropriate activation of follicle SCs and the subsequent, premature 

depletion of this niche. CTIP2 interacts with the Lhx2 and Nfatc1 promoters, 

suggesting that each is a bona fide target gene of this transcription factor. These 

findings are highly relevant because both LHX2 and NFATC1 are necessary for 

maintenance of hair cycling and HFSCs in adult skin. 

 

 Epithelial–mesenchymal interaction is required for formation of a mature hair follicle 

with hair shaft, root sheaths and dermal papilla (Botchkarev and Paus, 2003; Millar, 
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2002). Loss of Ctip2 from both epidermal and dermal compartment in Ctip2-null mice 

results in reduced numbers of HF progenitors and reduced conversion of HF 

progenitors from one stage to another stage during morphogenesis. This implies that 

CTIP2 plays an important role in HF formation.  Because Ctip2-/- mice die at P0, it has 

not been possible to study the entire process of HF formation and postnatal hair 

cycling in these mice. To circumvent this postnatal lethality, we used Ctip2ep-/- mice 

lacking CTIP2 selectively in the epidermis and HF. In contrast to the Ctip2-null mice, 

Ctip2ep-/- mice did not show any differences in HF number or morphology during its 

formation or first postnatal hair cycling, suggesting that CTIP2 in dermis plays an 

essential role in HF morphogenesis through epithelial-mesenchymal interactions. 

Ctip2ep-/- mice exhibited a defect in the second phase of hair cycling with short telogen 

and early entry into anagen. Genetic disruption of the transcriptional coactivator 

complex Med1 or of transcription factors such as Foxp1, Lhx2 and Nfatc1 generate 

phenotypically similar mice (shortened telogen and premature entry into anagen) 

(Horsley et al., 2008; Leishman et al., 2013; Nakajima et al., 2013; Rhee et al., 2006; 

Tornqvist et al., 2010).   

 

CTIP2 interacts with the NOTCH1 and EGFR promoters and positively regulates 

expression of both genes in the epidermis at E14.5 and E16.5 (Zhang et al., 2012). 

Similarly, both NOTCH1 and EGFR are down-regulated in HFs of Ctip2-/- mice at 

E18.5, which may contribute to the HF developmental phenotype of these mice 

because Egfr-/- mice also exhibit delayed HF development (Doma et al., 2013) and 

NOTCH pathway plays an important role in follicular patterning during 
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embryogenesis (Millar, 2002). NOTCH1 is expressed in the inner cells of all HF 

progenitors during embryonic development (Kopan and Weintraub, 1993). Mis-

expression of DELTA1, a ligand of NOTCH pathway, in epidermis promotes 

expression of NOTCH1 and accelerates placode formation (Crowe et al., 1998; Crowe 

and Niswander, 1998). This may explain, at least in part, the link between down-

regulation of NOTCH1 and the delay in HF morphogenesis in Ctip2-/- mice. We have 

also observed up-regulation, or de-repression of Sox9, Lhx2, and Tcf3 in Ctip2-/- hair 

follicles. It is known that SOX9 is not involved in HF formation but mice lacking Sox9 

exhibit defective postnatal hair cycling (Vidal et al., 2005). Over-expression of Lhx2 

in early embryonic stage also has no effect on HF development (Rhee et al., 2006). 

We also observed increased expression of Tcf3 in Ctip2-null skin during development, 

and Tcf3 induction in skin maintains an undifferentiated state and arrests downward 

growth of HF (Nguyen et al., 2006). Therefore, Tcf3 overexpression may contribute in 

the delayed down-growth of HF progenitors in Ctip2-/- mice during development. 

 

 The bulge SC activation is required for induction of anagen during normal hair 

cycling (Cotsarelis et al., 1990; Morris and Potten, 1999; Sun et al., 1991). Bulge SCs 

proliferate and give rise to transient amplifying cells in response to signals from 

dermal papilla (Cotsarelis et al., 1990; Sun et al., 1991).  The transient amplifying 

cells migrate towards secondary hair germ to initiate anagen (Cotsarelis et al., 1990; 

Sun et al., 1991). Premature induction of anagen in Ctip2ep-/- mice is consistent with 

over-activation of bulge SC. Enhanced SC activity in the early stages eventually 

depleted the numbers of bulge SCs in the HFs following ablation of Ctip2. This over-
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activation and eventual exhaustion of HFSCs can explain, at least in part, the loss of 

hair coat in Ctip2ep-/- mice at later age (P120). Reduced expression of the bulge SC 

markers (CD34 and K15) in Ctip2ep-/- HFs further indicates a role of CTIP2 for 

maintenance of the bulge stem cell quiescence and survival.  

 

NFATC1 and LHX2 are known to regulate the switch between HFSC maintenance 

and activation (Horsley et al., 2008; Rhee et al., 2006). In our present study, we 

observed down-regulation of LHX2 and NFATC1 in Ctip2ep-/- HFs and interaction of 

CTIP2 with the proximal promoter regions of Lhx2 and Nfatc1. Down-regulation of 

these genes may lead to enhanced SC activity and later depletion of HFSCs in Ctip2ep-

/- mice. Therefore, our recent findings along with our previously published data 

demonstrate CTIP2 as a top level transcription factor that perform a variety of 

functions, which ranges from control of HF development, cycling and EPB formation, 

suppression of inflammation, maintenance of homeostasis and regeneration in skin. 

Pivotal role of CTIP2 in a variety of developmental processes makes it a novel target 

for treatment of different dermatological diseases such as alopecia, chronic wounds 

and atopic dermatitis (eczema).  
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Figure 2.1. Impaired HF formation in Ctip2-null mice during development.  
 
(A-B) H&E stained skin sections of Ctip2+/+ and Ctip2-/- mice at E16.5 (A) and P0 (B). 
The dotted black line indicates separation of epidermis from dermis and the black 
arrows indicate HFs. E-Epidermis; D-Dermis.  Scale  Bar:  200μm.    (C) Graph showing 
reduced number of total HFs (Left) and number of HFs at each developmental stage 
(Right) at E16.5 in Ctip2-/- skin compared to Ctip2+/+ skin. (D) Bar graph shows 
reduced number of the total HF (Left) and number of follicle in Stg2, Stg3 and Stg4 
(Right) in E18.5 Ctip2-/- skin section. (E) Bar graph representing total number of HFs 
and HFs in different stages at P0 skin. (*p< 0.05, ** p< 0.01, *** p<0.005)  
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Figure 2.1 
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Figure 2.2. Epidermal specific deletion of Ctip2 alters hair cycling in adult skin.  
 
(A-B) Macroscopic images of Ctip2L2/L2 and Ctip2ep-/- mice dorsal skin in second 
telogen at P50 (A) and P75 (B). Pink skin color in Ctip2L2/L2 mice indicates telogen 
phase and black skin color in Ctip2ep-/- mice indicates anagen phase. (C) Rapid dorsal 
hair growth in 8 weeks old Ctip2ep-/- mice compared to the Ctip2L2/L2 mice two weeks 
after shaving, (D-G) Hematoxylin and Eosin stained skin sections of Ctip2L2/L2 and 
Ctip2ep-/- skin at different stages of hair cycling, (D) P28 (Second Anagen), (E) P42 
(Second Catagen), (F) P50 (Early Second Telogen) and (G) P75 (Late Second 
Telogen). HF- Hair Follicle; E- Epidermis; D- Dermis. Scale  Bar:  100μm 
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Figure 2.2 
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Figure 2.3.Hair follicle defects was not observed at early embryonic stage in the 
Ctip2-null mice and during first hair cycling phase in Ctip2ep-/- mice. 
 
(A) Hematoxylin and Eosin (H&E) stained skin sections of E14.5 Ctip2+/+ and Ctip2-/- 

mice. The black arrows indicate HFs in respective skin. (B) Bar graph represents the 
total number of HFs in E14.5 Ctip2+/+ and Ctip2-/- mice skin. (C-E) Histology of 
dorsal skin sections of Ctip2L2/L2 and Ctip2ep-/- mice at (C) P0, (D) First anagen (P7) 
and (E) First Telogen(P21). E- Epidermis; D-Dermis.  Scale  Bar:  200μm 
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Figure 2.3 
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Figure 2.4. Ctip2 has a role in hair regeneration post injury. 
 
(A-B) Macroscopic images of Ctip2L2/L2 and Ctip2ep-/- mice dorsal skin (A) 21 days 
and (B) 28 days after depilation. Note the dorsal skin color of Ctip2ep-/- mice was black 
indicating anagen compared to the pink skin color of Ctip2L2/L2 indicating telogen at 
day 28. (C-F) H&E stained skin sections of Ctip2L2/L2 and Ctip2ep-/- mice at (C) Day7, 
(D) Day17, (E) Day 21 and (F) Day 28 after depilation. On Day 28 post depilation, the 

hair follicles in Ctip2ep-/- mice have entered anagen compared to Ctip2L2/L2 mice, 
which are still in telogen (F). HF- Hair Follicle; E- Epidermis; D- Dermis; Scale Bar: 
200μm 
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Figure 2.4 
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Figure 2.5.Loss of Ctip2 in epithelium alters proliferation and cell survival in the 
HFs.  
 
(A) Anti-BrdU immunolabeling of P28 Ctip2L2/L2 and Ctip2ep-/- skin after 24hr BrdU 
pulse. (B) Graph represent percentage of BrdU positive cells in HFs. (C) 
Immunostaining after BrdU chase shows less number of BrdU positive cells in P75 
Ctip2ep-/- HFs. Anti-BrdU and DAPI staining was performed. (D) Graphical 
representation of percentage of label retaining bulge cells in HFs after BrdU chase. (E-
H) TUNEL assay was performed on P42 (E) and P75 (G) Ctip2L2/L2 and Ctip2ep-/- mice 
skin and graph represents the percentage of TUNEL-positive cells in epidermis and 
HF of P42 (F) and P75 (H) skin section. (*p< 0.05, ** p< 0.01). HF- Hair Follicle; E- 
Epidermis; D-  Dermis;;  Scale  Bar:  100μm   
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Figure 2.5 
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Figure 2.6. CTIP2 is essential for maintaining bulge stem cell pool.  
 
(A) Immunostaining with anti-CD34 antibody (red) shows a decrease in CD34+ cells 
in HF bulge of Ctip2ep-/- dorsal skin compared to Ctip2L2/L2 at P120. At P75, similar 
expression of CD34 in HFs of Ctip2L2/L2 and Ctip2ep-/-  skin was observed. (B) Staining 
with anti-K15 antibody (green) indicates reduced expression of K15 in hair follicle 
bulge region of Ctip2ep-/- dorsal skin compared to Ctip2L2/L2 at P120 but not at P75. (C) 
Co-localization of CD34 and K15 expression at P75 and P120 in HFs from Ctip2L2/L2 
and Ctip2ep-/- mice skin. All sections are counterstained with DAPI (blue). Bu-Bulge; 
HG-Hair Germ; DP-  Dermal  papilla  Scale  Bar:  100μm 
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Figure 2.6 
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Figure 2.7. Altered expression of factors involved in hair follicle morphogenesis 
in Ctip2-null skin.  
 
(A) Immunostaining for NOTCH1 (red) in E18.5 embryonic skin of Ctip2+/+ and 
Ctip2-/- mice. (B) Immunohistochemical analysis of EGFR (red) expression in 
embryonic skin of Ctip2+/+ and Ctip2-/- mice at E18.5 stage shows reduced expression 
of EGFR in Ctip2-/- hair follicle. DAPI (blue) counterstaining was performed to label 
cell nuclei. (C) RT-qPCR analysis of Sox9, Lhx2 and Tcf3 expression in E14.5 and 
E18.5 embryonic skin from Ctip2+/+ and Ctip2-/- embryos. Bar represents relative 
expression levels of indicated genes relative to housekeeping gene HPRT. (*p< 0.05 
and ** p< 0.01) 
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Figure 2.7 
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Figure 2.8. Conditional ablation of Ctip2 in epidermis leads to irregular 
expression of LHX2 and NFATC1 involved in adult hair cycling.  
 
(A-C) Anti-NFATC1 (red) immunostaining of (A) P28, (B) P42 and (C) P75 dorsal 
skin from Ctip2L2/L2 and Ctip2ep-/- mice shows a decrease in NFATC1 expression in 
Ctip2ep-/- hair bulge. (D-E) Immunohistochemical analysis of LHX2 expression in (D) 
P28 and (E) P42 hair follicles of Ctip2L2/L2 and Ctip2ep-/- mice indicates reduced 
expression of LHX2 in Ctip2ep-/- HF bulge and hair germ.  (F) Immunostaining for 
LHX2 at P75 in dorsal skin of Ctip2L2/L2 and Ctip2ep-/- mice shows no detectable 
expression in bulge region in both mice. All sections are counterstained with DAPI 
(blue) to stain cell nuclei. Bu-Bulge; HG-Hair Germ; DP- Dermal papilla Scale Bar: 
100μm. 
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Figure 2.8 
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Figure 2.9. Loss of hair coat in Ctip2ep-/- mice and unaltered expression of factors 
involved in hair formation and cycling  
 
(A) Macroscopic images of Ctip2L2/L2 and Ctip2ep-/- mice dorsal skin at P120 showing 
loss of hair coat in Ctip2ep-/- mice (B) E14.5 and E18.5 embryonic skin was harvested 
from Ctip2+/+ and Ctip2-/- embryos for RT-qPCR analysis of genes encoding factors 
involved in hair follicle morphogenesis. Bar represents relative expression of levels of 
indicated genes relative to housekeeping gene HPRT. The mean threshold cycle (Ct) 
for individual reactions was determined by using the ABI sequence analysis software. 
(*p< 0.05,** p< 0.01,*** p<0.005).  (C) Anti-NOTCH1 (red) immunostaining was 
performed on P28 and P75 Ctip2L2/L2 and Ctip2ep-/- dorsal skin biopsies. (D) Anti-
EGFR (red) immunostaining was performed on P28 and P75 Ctip2L2/L2 and Ctip2ep-/- 
dorsal skin. DAPI (blue) counterstaining was used for staining the nuclei. HF- Hair 
Follicle; E- Epidermis; D-  Dermis;;  Scale  Bar:  100μm  
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Figure 2.9 
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Figure 2.10. Chromatin immunoprecipitation (ChIP) analyses on murine 
keratinocytes for Lhx2 and Nfatc1 genes at different post natal days.  
 
(A-B) ChIP assay was performed on freshly isolated epidermal keratinocytes from P0, 
P28 and P75 mice using anti-CTIP2 antibody and the results were analyzed by 
quantitative reverse transcriptase in real time using primers indicated in 
Supplementary Table 2.3. Rat IgG was used as the control. CTIP2 is recruited to the 
promoter (relative to the transcription start site) regions of (A) Lhx2 and (B) Nfatc1. 
Statistical analyses were performed by Student’s unpaired t-test using Graphpad Prism 
software. (*p<0.05; **p<0.01*** p<0.005). 3’UTR, untranslated region. Distal 
represent distal promoter region in respective to the transcriptional start site. 
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Figure 2.10 
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Table 2.1. List of antibodies 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

 

Antibody Species Source/Company Dilution 
anti-BrdU Rat AbD Serotec 1:200 

anti-CD34 Rabbit Santa Cruz 
Biotechnology 

1:100 

anti-EGFR Rabbit Cell Signaling 1:200 

anti-K15 Chicken Covance 1:500 

anti-NOTCH1 Rabbit Cell Signaling 1:400 

anti- LHX2 Goat Santa Cruz 
Biotechnology 

1:100 

anti-NFATC1 Mouse Santa Cruz 
Biotechnology 

1:200 
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Table 2.2 List of primers used for RT-qPCR 

 

 

 
 

 

 

 

 

 

 

 

 

 

Gene Strand Primer Sequences 
Forward 5’GGACCCGCTGTCTTCTAGTG3’ Bmp2 
Reverse 5’GTCTCTGCTTCAGGCCAAAC3’ 
Forward 5’CTGTTCCACAGTCTGTCGGG3’ Lhx2 
Reverse 5’CAGCAGGTAGTAGCGGTCAG 
Forward 5’GCACATTTGAGTCCGTGATG3’ Nfatc1 
Reverse 5’GCAGAGCAAATGACTGTGGA3’ 
Forward 5’AAGCAGGTTTCGACTGGGTC3’ Shh 
Reverse 5’CCGGGACGTAAGTCCTTCAC3’ 
Forward 5’ATAAGTTCCCCGTGTGCATC3’ Sox9 
Reverse 5’TACTGGTCTGCCAGCTTCCT3’ 
Forward 5’GTCACCACAGGGCTGTCTCT3’ Tcf3 
Reverse 5’CATGCTGAAGTCCAGGAGGT3’ 
Forward 5’CCTTAAACTTCCCGGTGAGC3’ Wnt10b 

Reverse 5’TGGTGCTGACACTCGTGAAC3’ 
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Table 2.3. List of primers used for ChIP 
 

Gene Promoter 
Region 

Strand Sequence 

Forward 5’TGGTAGGGAGGTAGGCAGTG3’ Lhx2 (-2.38 to 
-2.28kb) 

Distal 
Reverse 5’AGGGGTAAAGCACCCTCAGT3’ 
Forward 5’CCTACTCCAGTTCGCCTTTG3’ Lhx2 (+517 to 

+616bp) 
Proximal-1 

Reverse 5’GGTTCACCCAGGAACAGCTA3’ 
Forward 5’AAACGCAGCGCAGAGAGTAG3’ Lhx2 (-179 to 

-80bp) 
Proximal-2 

Reverse 5’GGGCAGAGAAGACAGACCAG3’ 
Forward 5’GGTATTTGCCTGCCTACCAA3’ Lhx2 (3UTR) 3’UTR 
Reverse 5’TCAAGTGCAAGACCTGGATG3’ 
Forward 5’GAAAACCTTTGGGCAGTGAG3’ Nfact1(-4.6 to 

-4.5kb) 
Distal 

Reverse 5’GAAGCAAAAGGAAGGGAGGT3’ 
Forward 5’CCATCCTCTCAAAGCCAGAG3’ Nfatc1(-1.56 

to -1.46 kb) 
Proximal-1 

Reverse 5’ATGTCTCAGGCGCACTACCT3’ 
Forward 5’TCTGGCTCTTGTCTCCACCT3’ Nfatc1(+5.7 

to + 5.8kb) 
Proximal-2 

Reverse 5’TGTCTGTTCTGTCCCAGTGC3’ 
Nfact1(3UTR) 3’UTR Forward 5’TGCTGGGCAGTCTATGTGAG3’ 
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3.1 Abstract 

Background: COUP-TF interacting protein 2 [(CTIP2), also known as BCL11b] is an 

important regulator of skin homeostasis, and is overexpressed in head and neck cancer. 

Ctip2ep-/- mice, selectively ablated for Ctip2 in epidermal keratinocytes, exhibited 

impaired terminal differentiation and delayed epidermal permeability barrier (EPB) 

establishment during development, similar to what was observed in Ctip2 null (Ctip2-

/-) mice. Considering that as an important role of CTIP2, and the fact that molecular 

networks which underlie cancer progression partially overlap with those responsible 

for tissue remodeling, we sought to determine the role of CTIP2 during cutaneous 

wound healing. 

 

Methodology/Principal Findings: Full thickness excisional wound healing 

experiments were performed on Ctip2L2/L2 and Ctip2ep-/- animals per time point and 

used for harvesting samples for histology, immunohistochemistry (IHC) and 

immunoblotting. Results demonstrated inherent defects in proliferation and migration 

of Ctip2 lacking keratinocytes during re-epithelialization. Mutant mice exhibited 

reduced epidermal proliferation, delayed keratinocyte activation, altered cell-cell 

adhesion and impaired ECM development. Post wounding, Ctip2ep-/- mice wounds 

displayed lack of E-Cadherin suppression in the migratory tongue, insufficient 

expression of alpha smooth muscle actin (alpha SMA) in the dermis, and robust 

induction of K8. Importantly, dysregulated expression of several hair follicle (HF) 

stem cell markers such as K15, NFATc1, CD133, CD34 and LRIG1 was observed in 

mutant skin during wound repair. 
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Conclusions/Significance: Results confirm a cell autonomous role of keratinocytic 

CTIP2 to modulate cell migration, proliferation and/or differentiation, and to maintain 

HF stem cells during cutaneous wounding. Furthermore, CTIP2 in a non- cell 

autonomous manner regulated granulation tissue formation and tissue contraction 

during wound closure. 

 

3.2 Introduction 

Cutaneous wound healing is a highly coordinated physiological process which 

involves a cross-talk between different cell types such as keratinocytes, fibroblasts, 

and immune cells (Baranowsky et al., 2010; Barrientos et al., 2008; Gurtner et al., 

2008; Werner and Grose, 2003). Upon injury there is a break in EPB function, and 

regeneration of the epidermis post wounding involves activation, migration and 

proliferation of keratinocytes from surrounding epidermis and adnexal structures (HF 

and sweat gland) (Ito et al., 2005; Myers et al., 2007). Re-epithelialization after 

epidermal injury involves resurfacing of the wound with new epithelium thereby 

providing rapid restoration of epidermal integrity and barrier function (Hudson et al., 

2009; Martin, 1997; Santoro and Gaudino, 2005). The changes in classic Ca2+ -

dependent cell–cell adhesion molecules such as E-and/or P-cadherin also play distinct 

roles in supply of keratinocytes toward a wound re-epithelialization (Alt-Holland et al., 

2008; Koizumi et al., 2005). Wound repair occurs in the proliferative phase where 

fibroblasts provide the collagen framework for dermal regeneration, and pericytes and 

endothelial cells together participate in regeneration of the outer layer of capillaries in 



 83 

the angiogenic process. Migration and proliferation at the periphery of the wound are 

regulated by various growth factors, integrins, the extracellular matrix, and other 

regulatory proteins (Martin, 1997; Singer and Clark, 1999). 

The mitotically active basal layer of the skin express Keratin 5 (K5) and K14 and the 

differentiated keratinocytes express K1 and K10 (Fuchs, 1995; Patel et al., 2006). The 

activated suprabasal keratinocytes in wound healing, hyperproliferative diseases such 

as psoriasis and cancer express K6, K16 and K17 (Paladini and Coulombe, 1998; Patel 

et al., 2006; Wawersik et al., 2001). K6 is widely expressed at the wound edge and 

over the wound bed (Patel et al., 2006; Safer et al., 2005; Wojcik et al., 2000; Wojcik 

et al., 2001). In mouse skin, K16 is particularly involved in the re-epithelialization 

process by affecting migration of keratincoytes (Hosokawa et al., 2005; Wawersik et 

al., 2001). K8 and K18 are the first keratins expressed during embryogenesis but not 

in the adult epidermis (Hudson et al., 2009). Invasive growth and malignancy of both 

human and murine epithelial tumors are linked with increased levels of K8 (Casanova 

et al., 2004). Increased expression of K8 has also been linked to reduced re-

epithelialization efficiency at wound margins (Hudson et al., 2009). K15, intermediate 

filament protein, is expressed mainly in the basal keratinocytes of stratified tissues or 

slowly turning over basal cells and also in subset of keratinocytes in the outer root 

sheath of HF (Porter et al., 2000). The expression of K15 protein is downregulated in 

activated keratinocytes of hyperproliferating epidermis such as in wound bed, 

psoriasis and hypertrophic scars (Waseem et al., 1999; Werner and Grose, 2003). 

Epithelialization during wound repair is mainly carried out by keratinocytes, which 

play an important role during this process. After the wound surface is covered by 
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keratinocytes, expression of integrins and basal keratins by suprabasal cells decreases, 

leading to terminal differentiation in the outer layers of unwounded epidermis (Martin, 

1997). Cutaneous stem cells within the undamaged adult epidermis reside in the bulge 

region of the HF, keratinocytes of the interfollicular epidermis (IFE) and sebaceous 

glands (Jensen and Watt, 2006; Morasso and Tomic-Canic, 2005; Watt, 2000; Watt et 

al., 2006). Skin wound repair and regeneration after wounding depends on the long-

lived stem cells in the IFE and HF to contribute to re- epithelialization of wounds in 

vivo (Ansell et al., 2011; Fuchs, 2007; Ito et al., 2005; Jensen and Watt, 2006; Levy et 

al., 2005). Epithelial stem cell marker K15 is known to be expressed preferentially in 

stable or in basal cells that turn over very slowly, and is more tightly coupled to a 

mature basal keratinocyte phenotype (Porter et al., 2000). HF stem cell markers such 

as Nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1), CD34 and Prominin-

1/CD133 are all known to contribute in regulating epidermal stem cell quiescence, 

location, proliferation, wound healing and in tumor formation (Driskell et al., 2011; 

Giangreco et al., 2009; Horsley et al., 2008; Ito et al., 2007; Jaks et al., 2008; Jensen 

et al., 2009; Trempus et al., 2007). The stem/progenitor cell marker CD133 is 

expressed in the specialized mesenchymal cells at the base of the HF in normal skin 

(Driskell et al., 2009; Ito et al., 2007). K15 and stem/progenitor cell marker 

CD133/prominin-1 (CD133) is strongly expressed during cell expansion of cultured 

human keratinocytes from skin explants (Guo and Jahoda, 2009). 12-O-

tetradecanoylphorbol-13-acetate (TPA)-induced HF stem cell activation and tumor 

formation in mice requires CD34. NFATc1 is expressed exclusively in the bulge 

region of the HF and both gain- and loss-of function studies demonstrate an inhibitory 
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role for NFATc1 in stem cell activation in the HF (Horsley et al., 2008). 

Chicken ovalbumin upstream promoter transcription factor (COUP-TF) interacting 

protein 2 (CTIP2) is a C2H2 zing finger transcriptional regulatory protein that regulates 

transcription by direct DNA binding activity or by interacting with COUP-TF nuclear 

receptor proteins (Avram et al., 2000; Avram et al., 2002). CTIP2 is highly expressed 

in mouse skin during development as well as in adult skin (Golonzhka et al., 2007; 

Leid et al., 2004). Our lab has previously shown that CTIP2 controls epidermal 

proliferation/differentiation, formation of EPB, and is a key regulator of expression of 

subset of genes involved in those processes (Golonzhka et al., 2009a). In a recent 

study we have shown that CTIP2 expression is upregulated in human head and neck 

tumors and in atopic dermatitis (Ganguli-Indra et al., 2009a; Ganguli-Indra et al., 

2009b). Interestingly, Ctip2ep-/- mice, selectively ablated for Ctip2 in epidermal 

keratinocytes, exhibited impaired terminal differentiation and delayed EPB 

establishment during development, similar to what was observed in Ctip2 null (Ctip2-

/-) mice. Considering that as an important role of CTIP2, we herein examined the role 

of CTIP2 in wound healing process. In the present study, we report that, wound 

healing in mice with Ctip2 deletion in the epidermis is delayed due to delayed re-

epithelialization, decreased proliferation and altered expression of HF stem cell 

markers. The delay in re-epithelialization is possibly due to tightly packed epidermis 

caused by inhibition of loss of cell- cell adhesion due to elevated E-cadherin 

expression in the wound adjacent mutant epidermis. 
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3.3 Materials and Methods 

Cell culture 

Primary keratinocytes were isolated and cultured using a modified version of a 

previously described protocol (Lichti et al., 2008). Briefly, a piece of dorsal newborn 

mice skin was incubated in 2 mg/ml dispase overnight at 40C. The epidermal layer was 

separated from the dermal layer and incubated in TrypLE Select (Invitrogen, Carlsbad, 

CA) for 20 min at RT. Cells were rinsed and plated at a density of 1.5X105 cells/cm2 

in keratinocyte culture medium KCM (EMEM supplemented with 8% chelex-FBS, 10 

ng/ml EGF, 0.05 mM CaCl2, 1X antibiotic and antimicotic). Cells were grown at 350C 

in a humidified 5% CO2 incubator and medium was changed every 2 to 3 days. 

In vitro scratch assay 

An in vitro scratch wound healing assay was done as described earlier with a slight 

modification(Liang et al., 2007). Briefly, primary mouse keratinocytes from Ctip2-

null mice were grown to about 60 to 70% confluence in KCM and part of cells were 

removed by scratching the layer with pipette tips. After rinsing detached cells off with 

PBS and KCM, cells were incubated at 35uC in a humidified 5% CO2 incubator. 

Images were captured everyday for 4 days after wounding using a CCD digital camera 

MicroPublisher 5.0 (QImaging, Surrey, Canada) connected to a phase contrast 

microscope Axiovert 40CFL (Carl Zeiss, Thornwood, NY). Migration of cells was 

quantified by measuring and averaging the distances between the borders of cells at 

200 mm intervals in each captured image using AxioVision version 4.6 (Carl Zeiss) 

software. Nine regions were analyzed in each well at each time point and each 

genotype, and the result was expressed as the mean 6 SEM. All experiments were 
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performed in the presence of 1 mg or 5 mg/ml of mitomycin-C to exclude any non-

migration contributors such as increased cell number. 

TPA-induced proliferation 

Eight-weeks old C57BL6 wild type male mice (n=3) were shaved thoroughly on the 

dorsal side. 24 hours later, the shaved skin was topically treated with 10 nmol TPA 

(Sigma: St.Louis, MO, USA) in 100 ml 70% ethanol or 70% ethanol alone (vehicle 

control) three times every 48 h. After 24 h following the last treatment, skin was 

isolated. A portion of the collected skin was fixed in 4% paraformaldehyde and 

embedded in paraffin for histological staining and IHC study. Another portion of the 

skin sample was used for Western blot analysis (Florin et al., 2006). 

Retinoic Acid (RA)-induced proliferation 

Eight-week old male C57BL6 wild type mice (n = 3) were shaved dorsally and after 

24 hours, treated four times every 24 hours with 40 nmol RA [(in 100 ml 70% 

ethanol),] or 70% ethanol alone (vehicle control). 24 h after the final treatment, the 

treated skin was isolated for histological and IHC analysis (fixed in 4% 

paraformaldehye and embedded in paraffin), and for Western blotting analysis. 

Hair cycle stages 

Induction of hair growth by depilation and harvesting skin samples: To synchronize 

hair cycling, wax depilation was performed on 6–8-weeks old male C57BL/6 mice on 

the dorsal skin as described (Foitzik et al., 2000; Mecklenburg et al., 2000) . Post 

depilation, mice were at telogen stage of HF development as confirmed by pink color 

of the skin (Day 0), anagen at Day 3, confirmed by skin darkening due to follicular 

melanogenesis, catagen at Day 16 and telogen at Day 25 (Foitzik et al., 2000; 
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Slominski and Paus, 1993; Slominski et al., 2005). The hair on the back of the mouse 

was carefully shaved using an electric razor 1 day before taking the skin samples to 

allow easier tissue sectioning and observation. The tissue samples were processed and 

sectioned to perform Hematoxylin & Eosin (H&E) staining and IHC. 

Normal hair cycle: Skin samples from normal hair cycle stages were collected at post 

natal days 28 (2nd anagen) and 49 (2nd Telogen) and processed for IHC as described 

above (Muller-Rover et al., 2001). 

Wound healing assay 

Mice were kept in standard housing conditions at the satellite animal facility. ‘‘Animal 

protocol was approved by Oregon State University Institutional Animal Care and Use 

Committee (IACUC), under permit number 3636’’. For wound-healing studies, full-

thickness excisional wounds, 5 mm in diameter, were generated on the dorsal side of 

6–8 week-old adult female Ctip2L2/L2 and Ctip2ep-/- mice (10 mice per genotype) 

using a 5 mm punch biopsy (Miltex Inc, YORK,USA). The wounds were imaged 

digitally each day and the diameter of each wound was measured using Photoshop 

(version 6.0; Adobe system, San Jose, CA). Healing was defined as the decrease in 

wound diameter over time and was expressed as the percentage of the day 0 wound 

diameter. Separate wound healing experiments were performed on Ctip2L2/L2 and 

Ctip2ep-/- animals (8 animals of each genotype) per time and used for harvesting 

samples for protein extraction, histology and IHC. Briefly, the complete wound tissue 

with 2–3 mm border was excised around the wound at different time points (days 3, 5, 

7, 9, 11 and 13) after injury, were bisected into two halves, one half immediately 

frozen for protein extraction and the other used for histology and IHC. Non wounded 
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back skin was used as control. Most of the IHC were done on day 5 samples. Distance 

of the epithelial tongue migration from both sides was also measured. Data from each 

experiment were pooled. Immunoblot analysis on the skin extracts of wound healing 

samples was performed as described below. Statistical analysis was performed using 

the unpaired t-test and ‘‘two-way ANOVA’’ using the GraphPad Prism4 software. 

Whole skin extracts preparation and immunoblot analyses 

Skin wound biopsies and samples from tape-stripping assays (at 0, 24 and 48 hours 

post tape stripping) were homogenized in Radio-Immunoprecipitation Assay [(RIPA 

buffer): 50 mM Tris, pH 7.5, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 150 

mM NaCl, 5 mM EDTA, proteinase inhibitors] using tissue grinder and cleared by 

centrifugation. Supernatants were collected and   equal   amounts   of   protein   (25   μg, 

determined using the bicinchoninic acid (BCA:Pierce, Rockford, IL) protein assay) 

were subjected to SDS-PAGE, electro-blotted to nitrocellulose mem- branes, and were 

analyzed by immunoblotting using antibodies specific for the experiment. ß-actin was 

used as a loading control in these experiments. Membranes were blocked in 5% non-

fat dry milk in Tris buffered saline (TBS) –Tween (T) (10 mM Tris–HCl, pH 7.8, 150 

mM NaCl, 0.1% Tween 20), and incubated overnight with specific antibodies in the 

blocking buffer and developed using chemiluminescent substrate (GE Healthcare) 

using horseradish peroxidase-coupled secondary antibodies. The density of the band 

from the Western blots were quantified by using Multi Gauge v2.3 gel image analysis 

software (Fujifilm Corporation, Tokyo, Japan) and normalized by ß-actin. 

BrdU labeling and detection 

Briefly, 6–8 weeks old adult  mice  were  injected  with  50  μg/g bodyweight of BrdU and 
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skin biopsies were taken 2 hours after injection and processed as described (Ganguli et 

al., 2000).   5   μm thick paraffin sections were stained with anti-BrdU (Serotech, 

Raleigh, NC, 1:200) and anti-Ki67 (Abcam, Cambridge, MA,1:500) antibodies to 

detect presence of proliferating S phase cells and those in G1, S, G2 phases of cell 

cycle, respectively. 

Histological analyses 

For histological analysis the complete wounds including epithelial margins were 

isolated, bisected, fixed overnight in 4% paraformaldehyde in PBS, and embedded in 

paraffin.   5   μm thick paraffin sections were deparaffinized through graded series of 

xylene and ethanol, stained with either H &E or processed for IHC. Fontana–Masson 

staining was performed using a commer- cial kit according to the manufacturer’s 

protocol (American MasterTech, Lodi, CA) as described (Wang et al., 2011). 

Images were taken using Leica DME microscope and Leica DFC280 digital camera 

and analyzed using Leica Application suite v3.3.0 and Adobe Photoshop CS4. 

IHC analyses 

IHC was performed on paraffin embedded sections as described previously (Ganguli-

Indra et al., 2009a; Ganguli-Indra et al., 2009b). In brief, sections were deparaffinized 

in xylene, dehydrated through graded alcohols and a 20 minute, 750 W microwave 

pretreatment in citrate buffer (pH 6.0), and followed by treatment with 10% serum for 

60 min. to block nonspecific antibody binding. The slides were then incubated with 

primary antibodies (anti-Ctip2, -K6, -K14, -K10, -Loricrin, -Filaggrin, -Ki-67, -PCNA, 

K15). Secondary antibody staining was carried out with a biotin-labeled antibody 

(Jackson Immuno Research Laboratories, Inc.) for 2 hrs. at 370C, followed by 
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incubation with a streptavidin-biotin horseradish peroxidase complex (Vector 

Laboratories, catalog number: SA-5704). Finally, sections were rinsed with phosphate 

buffered saline with tween (PBST), dehydrated through sequential washes in 50%, 

70%, 95%, and 100% ethanol and then cleared in xylene. Slides were mounted with a 

mixture of Distyrene, a plasticizer, and xylene (DPX) and allowed to dry overnight. 

Images were taken as described in above section (histological analyses). 

Immunofluorescence studies utilized three washes with PBST after primary antibody 

incubation, and this was followed by incubation with fluorescently-labeled [Cy2 

(1:250) or Cy3 (1:500) (Jackson ImmunoResearch)] secondary antibody for 2 hrs. 

Nuclei were counterstained with DAPI. Images were captured at 206 magnification 

using Leica DMRA fluorescent microscope and Hamamatsu C4742-95 digital camera 

and processed using OpenLab software and Adobe Photoshop CS4. IHC data was 

quantified using Adobe Photoshop CS4 and Image J software, and epidermal thickness 

was quantified using Leica One-Suite software. Multiple sections were analyzed from 

mice of each genotype and for each time-point, and significance was determined using 

a student’s unpaired t-test. 

Antibodies 

The following antibodies were used for IHC and/or western blot analysis: anti-Ctip2 

(Abcam, 1:300), anti-b-actin (Sigma, St. Louis, MO, 1:3000), anti-K14 (Covance, 

Princeton, NJ, 1:1000), anti-K10 (Covance, 1:1000), anti-Ki67 (Abcam, 1:500), anti-

K6 (Abcam, 1: 200), anti K15 (Covance, 1:1000) anti-Loricrin (Covance, 1:1000), 

anti-Filaggrin (Covance, 1:1000), anti-CK16 (Abcam, 1:2500), anti K8 (Troma-1; 

Developmental Studies Hybridoma Bank, Ames; 1:200), anti-PCNA (Abcam, 



 92 

1:1500),anti-BrdU (Serotech, Raleigh, NC, 1:200), NFATc1 (Santa Cruz 

Biotechnology, Inc., CA, 1:200), CD34 (Abcam, 1:200), LRIG1(R&D Systems, 

Minneapolis, MN, 1:500), CD133 (Abcam, 1:200), E-cadherin (cell signaling, 

Danvers, MA, 1:200), Phalloidin (Sigma, 1:1000) and alpha SMA (Abcam 1:100). 

Statistical analyses 

Statistical significance of differences between different groups was assessed using 

two-tailed unpaired t-test and GraphPad Prism software. A one-way ANOVA analysis 

was performed for excisional wound closure data, and Student’s t-test was utilized to 

analyze the data for migratory tongue distances, epidermal thickness and for 

quantification of CTIP2, BrdU, Ki-67 and PCNA positive cells in skin. Quantification 

of CTIP2, Ki67- or PCNA- positive cells of control and mutant mice was determined 

by counting total number of Ki67/PCNA-positive cells, and ex- pressed as a 

percentage of DAPI positive cells. Quantification of alpha SMA-positive cells in was 

done using ImageJ (NIH, MD, USA). The analysis was by estimation of signal 

intensity of SMA-positive cells selectively in the granulation region of dermis of the 

skin samples, excluding blood vessels. Data obtained from each group of control and 

mutant mice for each time point were combined for calculating the mean data and 

SEM.  
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3.4 Results 
 
CTIP2 expression is induced in adult mouse skin epidermis in response to 

mechanical injury and wounding 

CTIP2 is highly expressed in mouse skin during embryogenesis and in adult human 

skin (Ganguli-Indra et al., 2009a; Golonzhka et al., 2007). Adult mice skin contains 

low levels of CTIP2 compared to embryonic or neonatal skin (Golonzhka et al., 2007). 

CTIP2 has been reported to be overexpressed in human head and neck cancer and its 

expression is linked to poorly differentiated tumor status (Ganguli-Indra et al., 2009b). 

Above results and the link between chronic wounds and cancer, led us to hypothesize 

that CTIP2 has important function(s) during adult tissue injury and in wound healing. 

Mechanical injury by tape stripping induces transient epidermal hyperplasia followed 

by changes in proliferation and differentiation status of the epidermis (Golonzhka et 

al., 2009a; Hardy et al., 2003). To this end, we performed tape stripping and wound 

healing in wild type adult mice (Wojcik et al., 2000). As expected, CTIP2 was 

expressed in the epidermal keratinocytes in unwounded skin at very low levels (Fig. 

3.1A). CTIP2 expression was observed to increase after 24 and 48 hours post tape 

stripping in wild type mice skin by immunoblotting, and on wounding at 7, 9 and 11 

days post wounding compared to unwounded skin (Fig. 3.1 A, B and C). Analyses of 

CTIP2 expression by IHC in post-tape stripped and wound-healing skin biopsies 

revealed most intense CTIP2 expression in hyper proliferative epidermis (HE) (Fig. 

3.1F, see 48 hrs. post tape stripped and Day 7 wound healing epithelium) compared to 

normal epidermis. Both mitotically dividing epidermal basal cells as well as the post-

mitotic suprabasal cells expressed high levels of CTIP2 during and in later phases of 
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cutaneous healing (Fig. 3.1F). Percent CTIP2-positive cells was increased in the 

epidermis of both tape stripped skin (59.560.5%) and in full- thickness wounds (day 5: 

6564%; day 7: 7764%) compared to the unwounded skin (41.561.5%; see Fig. 3.1C). 

To evaluate if CTIP2 expression is linked to hair cycle stages, we determined CTIP2 

expression in both depilation induced hair cycle and normal hair cycle in dorsal skin 

of wild type mice (Fig. 3.1D, G, E and Fig. 3S1 C and D). IHC analysis of depilation 

induced hair cycle revealed that mice anagen HFs had predominant expression of 

CTIP2 in the proliferative hair germ (indicated by yellow arrows in Fig. 3.1G) and 

epithelia in outer root sheath (ORS) of the HF (Fig. 3.1G). CTIP2 expression was 

significantly reduced in catagen and telogen phase (Fig. 3.1E and G). Percentage of 

intrafollicular CTIP2 expression was highest in the depilation induced anagen 

followed by catagen and telogen (Mean  SEM of anagen, catagen and telogen are: 

84.69  1.8; 80.15  1.0; 74.21  1.923) (Fig. 3.1D). IHC staining of CTIP2 in 

normal hair cycle stages 2nd anagen (P28) and 2nd telogen (P49) did not reveal 

significant differences in CTIP2 expression in the intra- and extra-follicular 

compartments of the skin (Fig. 3S1, C and D)(Muller-Rover et al., 2001). CTIP2 

expression was also analyzed in RA and TPA induced proliferative skin. We observed 

an increased epidermal thickness with a concomitant increase in Ki67- positive 

proliferating keratinocytes in basal and suprabasal layers but not in CTIP2 expression, 

suggesting that Ctip2 is linked with cell proliferation, but is not induced post TPA or 

RA treatment (Fig. 3S1A and B). Overall, these results confirm that CTIP2 expression 

is induced post tape stripping, during wound healing and in anagen phase of induced 

hair cycle, suggesting a role of CTIP2 in these processes. 
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Selective deletion of Ctip2 in epidermal keratinocytes delays cutaneous wound 

healing 

Epidermal keratinocytes are key players in wound closure and are required for the re-

epithelialization step. In vitro scratch assays mimic the in vivo wound re-

epithelialization process and commonly used to measure the motility of adherent cells 

(Liang et al., 2007). We therefore performed scratch migration assay on isolated 

primary keratinocytes from wild type and Ctip2 null neonatal mice skin to determine 

function(s) of keratinocytic CTIP2 in wound closure. Assay was performed in 

presence of mitomycin-C (MMC) to block cell proliferation, which enabled further 

evaluation of CTIP2 effects on cell migration, while excluding any influence of cell 

proliferation (Kanazawa et al., 2010; Schreier et al., 1993). Overall, migration of 

Ctip2 null keratinocytes was reduced in comparison to control cells and the difference 

became statistically significant (p<0.05) at day 3 (Fig. 3S2A).  MMC  at  1  μg/ml  and  5  

μg/ml could inhibit cell proliferation. Both concentration of MMC equally reduced 

keratinocyte migration (days 3 and 4) significantly in wild type and mutant 

keratinocytes compared to untreated cells (Fig. 3S2A). Similar results were obtained 

by in vitro transwell migration assays (Fig. 3S2B). Results from both assays suggested 

that CTIP2 was necessary for efficient wound closure. 

Since Ctip2-null mice die within 6–8 hours after birth, we generated Ctip2ep-/- mice, 

in which Ctip2 was selectively deleted in the epidermis using Cre-loxP strategy and 

the K14-Cre mice, for further in vivo analyses (Dassule et al., 2000; Indra et al., 1999). 

The Ctip2ep-/- young adult mice skin had Ctip2 deletion in most of the areas except 

some residual staining, which was occasionally detected by IHC but not by 
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immunoblotting, indicating that constitutively expressed Cre recombinase induced a 

strong deletion of Ctip2 in most cells of the epidermis (Fig. 3S3 A and B). 

Proliferation assay using BrdU labeling revealed increased number of BrdU positive 

cells in Ctip2ep-/- epidermis (4.993 1.1) compared to the control epidermis (2.481

0.8) (Fig. 3S3 C and D). Similar trend was observed for other proliferation marker Ki-

67 (Ctip2L2/L2 9.628 0.9 and Ctip2ep-/- 11.23 1.5) by IHC, although the increase 

was not statistically significant (P>0.05) (Fig. 3S3 D). Histological analyses of dorsal 

skin biopsies from 6–8 week-old Ctip2L2/L2 (control) and Ctip2ep-/- (mutant) mice 

revealed a significantly increased epidermal thickness in mutants (mutant: 21.0 0.9 

μm;;  control:  15.0 1.0  μm) compared to control mice (Fig. 3S3E). Epidermal staining 

for keratinocyte basal cell marker K14 was more intense in mutants compared to 

control skin (Fig. 3S3F). Furthermore, immunoblot analyses confirmed that mutant 

skin exhibited an overall higher expression of proliferation marker PCNA (Fig. 3S4A). 

Although, no significant difference was observed for expression of early 

differentiation marker K10 in mutant epidermis, the late differentiating marker 

filaggrin and loricrin were more uniformly expressed in Ctip2ep-/- mice (data not 

shown). Altogether, these results suggest that lack of CTIP2 in young adult epidermis 

alters epidermal homeostasis in unwounded skin. 

We hypothesized that keratinocytic CTIP2 modulate cutaneous wound healing in a 

cell-autonomous manner. Therefore, we studied in vivo cutaneous wound healing 

processes in Ctip2ep-/- mice as described in materials and methods section. In the post 

wounding days, mutant mice demonstrated significantly more open areas compared to 

the wild type counterparts (Fig. 3.2A and B). Quantitative analysis of wound diameter 
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revealed significantly delayed wound healing in Ctip2ep-/- mutant mice compared to 

Ctip2L2/L2 controls (p<0.001; Fig. 3.2B). Re-epithelialization efficiency of the 

wounds was determined by comparing the gaps between the migratory tongue from 

sides in control and the Ctip2ep-/- mutant skin (Hosokawa et al., 2005; Mauch et al., 

2010; Semenova et al., 2008). Wound re-epithelialization was delayed in mutants 

compared to the Ctip2L2/L2 control mice as judged by the distance between the 

migratory tongue (Ctip2ep-/-: Mean  SEM 787.8 26; Ctip2L2/L2: Mean  SEM 

431.3 20) (Fig. 3.2C and D). A thin migratory tongue was visible on both sides of the 

Ctip2L2/L2 control wound margin at day 5, whereas the mutant epidermis had become 

thicker and blunted (Fig. 3.2D). Increased melanocyte proliferation has been reported 

in the regenerating wound epidermis of neonatal mice skin until day 7 post wounding 

(Hirobe, 1983, 1988). No differences in pigmentary activity were observed between 

the control and mutant skin pre- and post wounding (Days 5 and 7) by Fontana 

Masson staining (Slominski et al., 2004; Wang et al., 2011); data not shown). 

Altogether, these results indicate that loss of Ctip2 in the epidermis delays rate of re- 

epithelialization and establish a cell autonomous role of CTIP2 in keratinocytes during 

would healing and skin regeneration. 

 

Impaired keratinocyte activation, altered cell proliferation and delayed onset of 

differentiation in Ctip2ep-/- skin during wound healing 

Upon injury, keratinocytes in suprabasal compartment nearest to the wound edge 

become activated, resulting in morphological changes and induction of marker gene 
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expression (Bigliardi-Qi et al., 2006; Gerritsen et al., 1997; Leigh et al., 1995). 

Activated keratinocyte markers K6 and K16 that are not expressed in normal 

epidermis are expressed in migrating keratinocytes during wound healing and Keratin 

8 (K8) is expressed in simple epithelia and not in intact epidermis or at wound margins. 

Day 5 wounds revealed uniform K6 staining throughout the newly formed migratory 

tongue and newly formed epidermis in control Ctip2L2/L2 but not in Ctip2ep-/- 

mutant mice (see Fig. 3.3A, day5). Interestingly, by immunoblot analyses day 7 

wounds showed an induction in K6 and K16 expression in Ctip2L2/L2 controls but not 

in mutant wounds, and that induction was delayed until day 9 and day 11 in mutant 

wounds (Fig. 3.3B). Unwounded mutant skin exhibited an overall higher expression of 

K6 and K16 compared to the control skin (Fig. 3.3B and Fig. 3S4A). As reported 

earlier, K8 was not detected in the control skin but was clearly detectable in Ctip2ep-/- 

unwounded skin (Fig. 3.3C). In Ctip2L2/L2 controls wounds, induction of K8 was 

detected at days 3–7 post wounding (Fig. 3.3C, no expression in day 0, indicated by *). 

Whereas in mutant wounds, K8 induction was much higher and remained elevated in 

later days post wounding (Fig. 3.3C; see day 7). Our present results suggested that 

mutant skin exhibit higher and sustained induction of K8 and delayed keratinocyte 

activation post wounding. 

It is possible that the delay in wound closure in Ctip2ep-/- mice is also due to 

differences in proliferation at the wound edge or in the migrating tip of both wounds. 

Indeed, IHC analyses for PCNA revealed a significant decrease in the number of 

proliferating keratinocytes in mutant epidermis at days 5 and 7 post-wounding 

compared to Ctip2L2/L2 controls skin (Fig. 3.4A–D). Western blotting also revealed a 
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modest difference in induction of proliferation marker PCNA between Ctip2L2/L2 

controls and mutant skin wounds on post-injury day 7 (Fig. 3.3B). However, PCNA 

expression in Ctip2ep-/- skin remained elevated at later days (day 11) of healing 

unlike in wild type where its expression was reduced to the basal level (Fig. 3.4A). 

These results suggest that loss of keratinocytic Ctip2 resulted in a delayed but 

persistent induction of proliferative cells in the epithelial tongues during wound 

closure. 

K10, a marker for cell differentiation, is expressed in all suprabasal keratinocytes in a 

graded pattern. K10 expression was detected in the migratory tongue adjacent to the 

wound at day 5 in the Ctip2L2/L2 controls mice. However, K10 expression was 

greatly reduced in the delayed migratory tongue and epidermis adjacent to the wound 

of Ctip2ep-/- mutant mice at all days post- wounding (Fig. 3.4B & C). By day 7 post-

injury, expression of K10 in newly formed epidermis of control skin was uniform in 

all the suprabasal layers (Fig. 3.4C, left panel), whereas its expression was 

discontinuous and not normalized in the neo-epidermis of mutant mice (Fig. 3.4C, 

right panel). Altogether, these results confirm that Ctip2 mutant skin had reduced 

proliferation at the migratory tongue and reduced differentiation of the neo-epidermis. 

In addition, it is conceivable that sustained keratinocyte proliferation observed in 

Ctip2ep-/- epidermis impedes differentiation within the suprabasal epidermal layer of 

these mice. Overall, results suggest an important role of CTIP2 in regulating 

keratinocyte activation, proliferation and differentiation during wound repair. 

 

Lack of E-cadherin suppression in the migratory tongue and insufficient 
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expression of alpha SMA in the dermis of Ctip2ep-/- mice skin during wound 

repair 

Alteration in cell–cell adhesion is a known phenomenon during re-epithelialization 

stage of wound healing, and granulation tissue formation is important for the 

remodeling phase (Koizumi et al., 2005). Since Ctip2ep-/- mice wounds displayed 

delay in migration, we examined expression of E-cadherin as a marker of adherens 

junctions and F-actin distribution during wound healing process at day 5 post 

wounding. The migratory epithelium of Day 5 Ctip2L2/L2 skin wounds exhibited loss 

of E-cadherin staining in the cell-cell borders of basal cells compared to the Ctip2ep-/- 

mutant wounds, where E-cadherins were readily detectable at cell-cell borders and 

expression appeared to be stronger (Fig. 3.5A). In contrast, F-actin distribution 

(visualization of actin microfilaments) appeared to be normal and well organized actin 

cytoskeleton was similar in both control and mutant skin as demonstrated by similar 

expression pattern of Phalloidin in both genotypes (Fig. 3.5B). Since alpha SMA 

expressing myofibroblast are responsible for development of extracellular matrix 

(ECM) post inflammation during wound healing,we looked at its expression on day 5 

wounds. Interestingly, the day 5 Ctip2 control skin wounds had stronger alpha SMA 

expression in the dermis in the granulation tissue (Ctip2L2/L2 controls: Mean  SEM 

66.24 0.6015) (See Fig. 3.5 C and D). In contrast, Ctip2ep-/- mutant wounds 

expressed less alpha SMA in the granulation tissue (Ctip2ep-/- mutants: Mean  SEM 

39.48 3.687). Although the alpha SMA positive vessel numbers were slightly higher 

in the Ctip2ep-/- mutants (Mean  SEM 17.33 2.603) compared to Ctip2L2/L2 
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controls (Mean  SEM 16.00 3.606), it was not statistically significant. Altogether, 

results suggest altered cell-cell adhesion and impaired ECM development in healing 

wounds of Ctip2ep-/- mutant mice. 

 

Altered expression of epithelial stem cell markers during wound healing in 

mutant mice 

Adult stem cells (ASCs) of the skin are source for lost cells during wound healing and 

thus are the key players in tissue regeneration. We therefore looked at the effects of 

Ctip2 deletion on expression of various cutaneous stem cell markers such as K15, 

NAFTc1, CD34, CD133, Lgr5, and Lrig1 in healing wounds at day 5 post wounding. 

In the control wound adjacent epidermis, K15 level was down regulated as expected, 

but the mutant wound adjacent epidermis had patchy expressions of K15 (Fig. 3.6A). 

Immunoblot analyses exhibited an overall reduction in K15 levels after wounding in 

both Ctip2L2/L2 control and Ctip2ep-/- mutant epidermis (Fig. 3.3C; days 3–7). 

However, K15 expression was restored to basal levels earlier (day 11) in wound-

adjacent epidermis of Ctip2ep-/-mice, compared to control mice (see Fig. 3.3C). 

Interestingly, all Day 5 wounds had elevated expression of NFATc1 in the hair HFs of 

mutant mice compared to control mice (Fig. 3.6B). Western blot analyses confirmed 

that total NFATc1 protein was upregulated post wounding, as multiple bands were 

visible due to the presence of different isoforms (Fig. 3S3F and 3S3B). Similarly, 

CD133 expression was induced in the wound adjacent hair HFs of Ctip2L2/L2 control 

mice but its expression was lacking in wound adjacent mutant HF at day 5 (Fig. 3.6C). 

Western blot analyses also confirmed induction of CD133 at day 5 in control skin, but 
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its induction was delayed until day13 in mutant skin (Fig. 3S3F and Fig. 3S4B). 

Expression of another stem cell marker CD34 was modestly reduced in the bulge 

region of the mutant HF compared to the control follicles (Fig. 3.6D). Immunoblot 

analyses showed reduced CD34 induction at day 5 in Ctip2ep-/- mice, and the levels 

were not normalized up to day 13 (Fig. 3S3F and Fig. 3S4B). Interestingly, robust 

induction of Lrig1 expression was observed in the junctional zone of the mutant HF 

compared to control follicles at day 5 and that increase was maintained until day 13 

post wounding (Fig. 3.6E and Fig. 3S3F and Fig. 3S4B). Altogether, our results 

confirm aberrant expression pattern of a subset of cutaneous stem cells markers in 

mutant skin during wound healing. 

 

3.5 Discussion 

To our knowledge, the role of CTIP2 in regulating the steps of injury abrasion and 

wound healing has not been previously reported. CTIP2 is linked with cell 

proliferation, its expression increases proportionately with increase in cell number but 

is not induced post TPA or RA treatment. CTIP2 levels also changes with induced hair 

cycle, with highest increase in anagen phase and lowest in catagen phase, possibly 

regulating hair cycling. CTIP2 is induced in transient epidermal hyperplasia induced 

by mechanical injury, suggesting its importance in adult mice skin when cells undergo 

rapid turnover. Similar CTIP2 upregulation has been reported in epidermis of 

hyperproliferative diseases such as atopic dermatitis (AD) and allergic contact 

dermatitis (ACD) (Ganguli-Indra et al., 2009a), supporting our assumption that CTIP2 

function is implicated in epidermal regeneration and re-establishment of skin 
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homeostasis under pathological conditions. We expected to see epidermal hypoplasia 

in absence of Ctip2 in Ctip2ep-/- mice, instead, we observed a compensatory 

hyperplasia in unwounded skin of these mice, which could be attributed to impaired 

development of protective epidermal barrier, and enhanced trans-epidermal water loss 

(TEWL) [our unpublished data; (Golonzhka et al., 2009a)]. The effects of Ctip2 

deletion was analyzed in in-vivo full-thickness wound-healing processes and the 

results suggest defects in proliferation, migration, cell-cell contacts and proper 

expression of HF stem cell markers. 

The delayed wound re-epithelialization and blunted migratory tongue observed during 

wound healing in Ctip2ep-/- mice can be explained in a number of ways. The 

hyperthickened epidermis at the wound-edge in the mutants at day 5 indicated 

keratinocyte proliferation without sufficient migration. We observed lower 

percentages of PCNA positive keratinocytes on days 5 and 7 post- wounding in the 

mutants during the early phases of wound healing process and sustained proliferation 

in the later days of healing. In spite of the observed delay in re-epithelialization, 

eventually these keratinocytes finally migrated over the wound bed to complete re- 

epithelialization, suggesting that mutant keratinocytes must be lacking factor(s), such 

as heparin binding epidermal growth factor (HbEGF), which can stimulate 

keratinocyte migration during wound healing (Tokumaru et al., 2000). We reported 

earlier that skin of Ctip2 null mice expressed less HbEGF than control mice skin, thus, 

decreased motility of Ctip2–null keratinocytes may be partly due to defective 

autocrine/paracrine EGF signaling pathway (Golonzhka et al., 2009a). It seems likely 

that other factors eventually compensate for lack of Ctip2, and complete the migration 
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process. The ability of CTIP2 to regulate other signaling pathways, such as that 

involving AP-1 (Golonzhka et al., 2009a), could also be responsible for defects in 

wound closure (Tokumaru et al., 2000). We have observed CTIP1 induction in the 

mutant mice post injury which might be compensating for loss of Ctip2 and helping 

the re-epithelialization process later during healing (data not shown). In order to be 

able to migrate, keratinocytes undergo a preparative phase for re-epithelialization, 

which is accompanied by alteration of the cell-cell adhesion mediated by E- and/or P- 

cadherin (Koizumi et al., 2005). Down regulation of E-cadherin expression has been 

associated to migration of cancer cells and during wound re-epithelialization process 

(Alt-Holland et al., 2008; Koizumi et al., 2005). E-cadherin is downregulated at the 

basal layer of epidermis in the wound margin keratinocytes during wound repair 

processes (Alt-Holland et al., 2008; Koizumi et al., 2005). In agreement with previous 

report, we observed it’s down regulation in the wound margin keratinocytes in control 

mice but not in the mutant wounds. Our results suggest that cell-cell contact appear 

tighter in the mutants when compared to loosely packed cells in the control wounds, 

thereby inhibiting keratinocyte migration and re-epithelialization. Similar observations 

were   also   reported   in   β1-integrin null mice having keratinocytes with impaired 

migration and tightly packed hyperproliferative epithelium (Grose et al., 2002). 

Interestingly, E-Cadherin suppression has been reported to direct cytoskeletal 

rearrangement and intraepithelial tumor cell migration in 3D human skin equivalents 

(Alt-Holland et al., 2008). Normal differentiation after wound healing is marked by 

restoration of expression of differentiation markers (K10, loricrin and involucrin) in 

the neo-epidermis. Reduced expression of K10 in the mutant neo-epidermis suggested 
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a delay in restoration of the normal differentiation program. K10 expression is lowest 

at the wound edge and increasingly higher levels of K10 are expressed radiating out 

from the wound edge (Bigliardi-Qi et al., 2006; Usui et al., 2005). Expression of 

differentiation markers K10 and filaggrin was also strongly reduced in Ctip2-/- 

neonatal mice, which affected the differen- tiation program (Golonzhka et al., 2009a). 

Wounds in Ctip2ep-/- mutants exhibited a delayed K6 induction and a delay in K15 

suppression, leading to an overall delay in activation, and hence a slower rate of cell 

migration and re-epithelialization. During wound healing, K6, K16 and K15 are 

differentially expressed. K15 expression is repressed during the first few days of 

wound healing whereas K6 and K16 expression increases in the same time window 

(Werner and Munz, 2000). One of the important features of hyperproliferative healing 

epidermis is the induction of K6 during wound healing (Giangreco et al., 2009; Grose 

et al., 2002; Gurtner et al., 2008). In the present study, K6 and K16 induction occurs 

much later in the wound-healing process in Ctip2ep-/- mutants compared to the 

control mice. Reduced K6 expression has been linked to delay in wound healing in 

transgenic mice overexpressing stem cell marker Necl2 (Giangreco et al., 2009). 

Patches of K15 expression were also detected in the wound bed at day 5 post 

wounding in mutants, suggesting that these keratinocytes were less activated 

(confirmed by low K6 expression in the same cells). Such premature expression of 

K15 indicates a degree of early maturation of basal cells (Porter et al., 2000). It is 

possible that although the mutant epidermis proliferated appropriately, the timing of 

expression of keratin markers K6 and K15 in mutant keratinocytes was out of phase 

resulting in a delay in wound closure (Werner and Munz, 2000; Wojcik et al., 2000). 
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Suppression of K15 expression by growth factors and cytokines has been reported 

from both in vitro and in vivo cutaneous injury studies (Werner and Munz, 2000). 

Interestingly, robust induction of K8 expression in Ctip2ep-/- mutant epidermis is 

indicative of faulty K8 regulation, and disruption of epidermal differentiation program. 

Elevated K8 expression is associated with increased migration and invasive capacities 

in some situations (Chu et al., 1996; Gilbert et al., 2001; Kazerounian et al., 2002). 

Sporadic expression of K8 in HF has been reported earlier and could explain the 

induction of this gene by wounding in the wild type mouse skin (Casanova et al., 

2004). Alteration in morphology and differentiation of epidermis and HFs was seen in 

mice over-expressing human K8 in the skin (Casanova et al., 2004). Increased 

expression of K8 in Slug mutant mice lead to compromised re- epithelialization 

similar to Ctip2 mutant mice, suggesting that elevated K8 may not support re-

epithelialization (Hudson et al., 2009). Interestingly, Slug level was unaltered in skin 

of Ctip2 mutant mice and CTIP2 was not recruited on K8 promoter region suggesting 

a yet unidentified mechanism(s) of its regulation by CTIP2 (data not shown). 

Furthermore, myofibroblasts are required in normal wound healing for wound 

contraction and ECM formation. CTIP2 is highly expressed in dermal fibroblasts 

during skin organogenesis and CTIP2 expression is induced in the dermis during 

cutaneous wound healing, suggesting that this transcription factor might play a role in 

dermal homeostasis or response to wounding. Presence of aSMA-positive 

myofibroblasts both in the Ctip2L2/L2 and Ctip2ep-/- mutants wounds corroborates 

well with previously published results (Denton et al., 2009; Yamaguchi et al., 2007). 

However, reduction of myofibroblast differentiation (confirmed by low expression of 
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alpha SMA) in the granulation tissue of healing wounds from Ctip2ep-/- mutant mice 

at day 5 post wounding suggests that, although the myofibroblast cells are recruited in 

the healing process they are not sufficient enough for normal healing. Our results 

indicate a non-cell autonomous role of keratinocytic CTIP2 in mediating 

myofibroblast differentiation. Therefore, actual contribution of CTIP2 in dermal 

fibroblasts during wound healing might need to be delineated following selective 

ablation of Ctip2 in this cell compartment using specific Cre-deletor strains. 

Most importantly, we have seen that several cutaneous stem cell markers (K15, 

NFATc1, CD34 and CD133) were aberrantly expressed during wound healing in 

Ctip2ep-/- mice. Keratinocytes that re-epithelialize the wound are derived from 

interfollicular epithelial stem cells (epiSC) and from the hair bulge and CTIP2 is 

expressed in both compartments. We have previously shown that CTIP2 co-localizes 

with most of the CD34 expressing cells in HF. In this study, we have shown that post 

wounding, day 5 epidermis in Ctip2ep-/- mice (lacking Ctip2 in epidermis) has low 

levels of CD34 in wound adjacent HF suggesting lack of sufficient availability of 

CD34 positive cells for the normal healing of the mutant skin (Golonzhka et al., 2007). 

It has been shown that co-transplantation of CD34(+) cells with CD34(+) endothelial 

cells improved wound healing(Pedroso et al., 2011). Therefore, absence of CD34+ 

cell population in mutants could be one of the factors for delayed healing. In an 

improved method of human keratinocyte culture from skin explants, cells that 

migrated out from explants strongly expressed markers K15 and CD133 and displayed 

intense K6 expression, indicative of activated keratinocytes in wound-healing 

epidermis (Guo and Jahoda, 2009). Therefore, lack of CD133 positive cells in the 
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Ctip2 mutant skin HF can contribute, at least in part, to delayed re- epithelialization 

and wound closure. Stem cell marker NFATc1 is expressed by quiescent adult stem 

cells of the HF. Suppression of NFATc1 signaling pharmacologically or by 

conditional NFATc1 gene ablation, activated stem cells prematurely, resulting in 

premature follicular growth (Horsley et al., 2008). In our study, parallel NFATc1 

induction was noted in mutant mice at post wounding day 5, suggesting less activation 

of stem cell population available to re- populate the wound bed. Similarly, Lrig1 

overexpression has been shown to have growth inhibitory effects by inhibiting ERK 

activation and cell cycle progression. During development as well as in postnatal 

stages, epidermal growth factor receptor (EGFR) signaling controls important cellular 

programs such as survival, proliferation and differentiation. Lrig1 is one of the 

inducible feedback inhibitors (IFIs) that bind to EGFR and suppress receptor signaling 

through several mechanisms (Segatto et al., 2011; Sibilia et al., 2007). We observed 

modest increase in Lrig1 expression in the unwounded skin of mutant mice, and these 

mice had robust induction of Lrig1 post wounding day 5. Interestingly, Ctip2 null 

keratincytes express low levels of EGFR (Zhang et al., unpublished data). EGFR has 

been implicated in the regulating multiple facets of wound healing including 

proliferation, migration and wound contraction (Repertinger et al., 2004). Therefore, 

loss of EGFR can explain, at least in part, the delay observed in cutaneous wound 

healing in Ctip2ep-/- mice. Altogether, altered expression of many of the HF stem 

markers were observed in these mice and leaves a potential scope for future studies on 

how CTIP2 regulates stem cell mobilization during post wounding by deleting Ctip2 

in the specific stem cell compartment(s) using individual stem cell lineage specific 
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Cre-driver mice. In conclusion, our current studies suggest that CTIP2 in keratinocytes 

might be an important player in wound repair processes in otherwise healthy patients, 

as well as those with chronic diseases, such as diabetes. A more complete 

understanding of contribution of CTIP2 mediated regulatory controls of cutaneous 

stem cells, inflammation and hair cycling during wound healing is necessary for better 

control of wound repair and tissue regeneration. Understanding the mechanisms of 

CTIP2 mediated regulation of tissue remodeling is likely to provide novel treatment 

strategies for improved wound healing. 
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Figure 3.1. Expression of Ctip2 in skin of adult mice following tape stripping (TS), 
during full thickness wound healing and in hair cycling.  
 
Immunoblot analyses of Ctip2 protein expression in wild type mice skin 24 and 48 hrs 
post tape stripping (A), and in wound biopsies obtained at Days 7, 9 and 11 after 
wounding   (B).   β-actin is used as control. (C) Bar chart showing an increase in the 
percentage of Ctip2 positive cells 48 hours post TS and on days 5 & 7 post wounding 
(*p<0.05). Bar chart showing, percentage of (D) intrafollicular and (E) extrafollicular 
Ctip2 expressing cells in depilation induced hair cycling in adult mouse skin. 
Significant (* p<0.05; **p<0.005) increase in Ctip2 expression was observed in 
induced anagen compared to telogen and catagen stages (D and E). (F) An overview of 
Ctip2 localization by immunofluorescence (IF) in the adult unwounded mice skin, 48 
hr after mechanical injury and at day 7 post wounding using anti-Ctip2 antibody. (G) 
Overview of Ctip2 localization by IF in depilation induced hair cycle in mice skin. 
HE-hyperproliferative epithelium; HF-hair follicle; E-epidermis; D-dermis; Bu-bulge; 
DP-dermal papilla; bu- bulge. Yellow dotted line separates the epidermis from dermis 
(F) and a white dotted line  outlines  the  HF  (G).  Scale  bars:  50  μm  (F)  and  25  μm  (G) 
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Figure 3.1 
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Figure 3.2. Impaired wound healing in skin of adult Ctip2ep-/- mice.  
 
(A) Macroscopic images of time course of healing of 5 mm full-thickness excisional 
wounds. Note, that in Ctip2L2/L2 mice at day 7, 9 and 11 post-wounding, the wound 
area was significantly reduced compared to the Ctip2ep-/- mouse. (B) At indicated 
time points, the diameter of the wound was measured using photography and digital 
analyses. Data from three independent experiments (9 Ctip2L2/L2 mice and 9 
Ctip2ep-/- mice were used for this study) were pooled. The difference in the rate of 
wound closure was statistically significant between two groups (p<0.001). (C) Graph 
showing increased migratory tongue distances between the two migratory epithelial 
tongue on the wound bed from Ctip2L2/L2 and Ctip2ep-/- mice. (*p<0.05). (D) 
Hematoxylin and Eosin (H & E) stained images of the day 5 and 9 post wounding 
samples. The black broken brackets in day 5 and day 9 show the outline of the wound 
area and the migratory tongue distance (day 5). Hyperproliferative epithelium; E- 
Epidermis; D-Dermis.  Scale  bar:  200  μm (D). 
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Figure 3.2 
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Figure 3.3. Altered keratinocyte activation (K6 & K16), proliferation (PCNA), 
differentiation (K10 & K8), and impaired expression of epithelial stem cell 
marker (K15) during wound healing in mutant mice. 
 
 (A) IHC analysis of K6 (red) expression on Day 5 post wounding samples from 
Ctip2L2/L2 and Ctip2ep-/- mice. The white dotted lines indicate the migratory tongue 
on the wound bed (Day5 samples) and separation of the epidermis from dermis in (A). 
All sections were counterstained with DAPI (blue). HE- hyperproliferative epithelium; 
E- epidermis; D- dermis; HF-  hair  follicle.  Scale  bar:  50  μm. (B) Immunoblot analyses 
of PCNA, K10, K6 and K16 in adult skin of Ctip2L2/L2 and Ctip2ep-/- mice after 
wounding (Day 7, Day 9 and Day 11). (C) Immunoblot analyses of keratin markers, 
K8 and K15 induction in the skin of Ctip2L2/L2 and Ctip2ep-/- adult mice on days 3, 
5, 7, 9 & 11 post wounding. * indicates undetectable K8 expression in the unwounded 
wild  type  skin  (day  0).  β-actin is used as an internal control 
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Figure 3.3 
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Figure 3.4. Reduced epidermal proliferation and differentiation in skin wounds 
from Ctip2ep-/- mice.  
 
(A–C) Expression of PCNA in skin sections from Ctip2L2/L2 and Ctip2ep-/- mice on 
day 5 (A and B) and day 7(C) post wounding, using antibodies against PCNA (in red). 
(B &C) Co- localization of K10 and PCNA on days 5 and 7 wound biopsies from 
dorsal skin of Ctip2L2/L2 and Ctip2ep-/- mice using anti-K10 antibody (green) and 
PCNA (red). All slides were counterstained with DAPI. The white arrow points to the 
directions of the wound (A). Yellow arrow with dotted lines indicates the direction of 
wound (B) and separates the epidermis from the dermis (C). MT-migratory tongue; 
HE- hyperproliferative epithelium; HF- hair follicle; E-epidermis and D- dermis. (D) 
Bar graph showing significant decrease (*p<0.05) in percentage of PCNA positive 
cells during wound healing on day 5 and 7 in the skin of Ctip2ep-/- mice. Green and 
red bars represent Ctip2L2/L2 and Ctip2ep-/- mice,   respectively.   Scale   bars:   50   μm  
(A),  100  μm (B and C). 
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Figure 3.4 
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Figure 3.5. Altered expression of E-cadherin, Phalloidin and alpha SMA in 
Ctip2ep-/-mutant day 5 skin wounds.  
 
(A) Expression of E- Cadherin is down regulated in the Ctip2L2/L2 control basal layer 
migratory tongue but not in Ctip2ep-/- mutants. The insets are magnified. (B) 
Expression of Phalloidin (red) is down regulated in the Ctip2L2/L2 control but not in 
Ctip2ep-/- mutant migratory tongue. (C) Reduced accumulation of myofibroblast 
(alpha SMA: red) in Ctip2ep-/- mice wounds compared to the wild type mice. (D) 
Quantification of alpha SMA. Bar graph shows reduced pixel intensities in Ctip2ep-/- 

compared to the Ctip2L2/L2 control. Data are represented as means  SD. Significant 
differences between Ctip2L2/L2 and Ctip2ep-/- (p<0.05). (E) Increased numbers of 
blood vessels in Day 5 post wounding samples in Ctip2L2/L2 compared to Ctip2ep-/- 
mice but not significant. Values are the mean and SEM (n = 4 mice). MT-migratory 
tongue; E-epidermis and D- dermis. Arrows point to the directions of the wound. 
Dotted lines demarcate the epidermis from  the  dermis.  Scale  bars:  50  μm  (A  and  B),  
100  μm (C) 
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Figure 3.5 
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Figure 3.6. Aberrant expression of markers of HF stem cells in Ctip2ep-/- mice 
skin during wound repair.  
 
IHC analysis of (A) K15, (B) NFATc1 (red), (C) CD133 and (D) CD34 and (E) Lirg1 
expression in HF on day 5 post wound healing samples from Ctip2L2/L2 and Ctip2ep-
/- mice, using specific antibodies (* indicates loss of CD133 positive cells). The 
yellow dotted lines indicate the separation of epidermis from dermis near the wound 
bed (Day5 samples) in (A) and white dotted lines outline the HF. All sections were 
counterstained with DAPI (blue). Arrow heads indicate K15 positive cells (A). HE-
hyperproliferative epithelium; E- epidermis; D- dermis; HF- Hair follicle; Bu-Bulge; 
JZ-junctional zone. Scale bars: 50  μm 
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Figure 3.6 
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Figure 3S1 Ctip2 expression in TPA & RA induced skin hyperproliferation and 
in different stages of hair cycling.  
 
(A) Immunoflourescence staining of Ctip2 (red) and Ki-67 (green) in TPA and RA 
treated skin of the wild type mice. All slides were counterstained with DAPI (blue). 
The yellow dotted lines indicate separation of the epidermis from dermis. (B) 
Quantification of epidermal Ctip2 and Ki-67 in TPA and RA treated wild type skin. # 
indicates that the Ctip2 percentages are not significant between the treatment groups. * 
indicates that the Ki-67 percentages are significant between the groups (p<0.05).(C) 
Immunoflourescence staining of Ctip2 (red) in skin of wild type mice during normal 
hair cycle stages 2nd anagen and 2nd Telogen. (D) Quantification of extrafollicular 
and intrafollicular Ctip2+ cells during natural hair cycle stages do not show significant 
difference in their expression pattern. Scale bars:  50  μm  (A),  100  μm  (C).   
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Figure 3S1 
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Figure 3S2 Reduced migration of Ctip2-/- keratinoyctes in in-vitro scratch 
migration and transwell migration assay.  
 
Scratch migration assay in keratinocytes were  performed  in  presence  of  1  μg/ml  and  5  
μg/ml of MMC. After scratches were introduced, cell migration and wound closure 
were monitored at indicated times (Day 0, 1, 2, 3 and 4). For transwell assay, 
keratinocytes were seeded at a density of 3X105 cells/cm2 into the upper wells of 
transwell inserts. After one or two days cells in the upper wells were removed by 
cotton tip swabs, and cells on the lower surface of the membrane were fixed in 
methanol and stained with DAPI. (A) Graph representing significant (*P<0.01) 
decrease in migration of mutant keratincoytes in presence of MMC compared to the 
wild type, at days 2 and 4 after scratching. The width of the cell free area was 
measured and the calculated migration distance was plotted against days. The values 
are mean  SEM. (B) Graphical representation of motility of Ctip2 knockout 
keratinocytes presented as percent of wild type cells determined by transwell assay 
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Figure 3S2 
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Figure 3S3 Characterization of adult Ctip2ep-/- mice skin and expression of stem 
cell markers.  
 
(A) Immuno- staining of Ctip2 (red) in 4 weeks old Ctip2ep-/- mice dorsal skin. (B) 
Immunoblot analyses of Ctip2 protein expression in Ctip2L2/L2 and Ctip2ep-/- mice 
dorsal skin. b-actin is used as an internal control. (C) Immunostaining for BrdU 
(green) and Ki-67 (in red) in skin from Ctip2L2/L2 and Ctip2ep-/- adult mice. (D) 
Quantification of epidermal BrdU and Ki-67 positive cells in the skin did not reveal 
significant difference between wild type and control (indicated by # P>0.05). (E) 
Quantification of epidermal thickness. Significant (*P<0.05) increase in epidermal 
thickness in Ctip2ep-/- compared to Ctip2L2/L2 mice. (F) Immunostaining for Keratin 
14 (red) on Ctip2L2/L2 and Ctip2ep-/- adult mice skin. All sections (A, C and E) were 
counterstained with DAPI (blue). Yellow dotted yellow lines demarcate the epidermis 
from dermis (A). E- epidermis, D- dermis. HF-Hair  follicle.  Scale  bar:  50  μm (A-C-D). 
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Figure 3S3 
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Figure 3S4 Quantification of proliferation, differentiation and kertainocyte 
activation and stem cell markers in control and mutant skin.  
 
(A) Protein levels of PCNA, K10, K6, K16 and K15 were quantified by densitometric 
analyses of western blots performed on control and mutant skin at days 3, 5, 7, 9 and 
11 post wounding. All data were normalized for ß-actin levels. (B) Quantification of 
the protein level of stem cell markers, Lrig1 and NFATc1 at days 5, 9 and 11 post 
wounding as determined by densitometry analyses of Western blots. All data was 
normalized by the corresponding ß-actin levels. 
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Figure 3S4 

 



 130 

3.6 References 

 
Alt-Holland A, Shamis Y, Riley KN, et al. (2008) E-cadherin suppression directs 
cytoskeletal rearrangement and intraepithelial tumor cell migration in 3D human skin 
equivalents. The Journal of investigative dermatology 128:2498-507. 
 
Ansell DM, Kloepper JE, Thomason HA, et al. (2011) Exploring the "hair growth-
wound healing connection": anagen phase promotes wound re-epithelialization. The 
Journal of investigative dermatology 131:518-28. 
 
Avram D, Fields A, Pretty On Top K, et al. (2000) Isolation of a novel family of 
C(2)H(2) zinc finger proteins implicated in transcriptional repression mediated by 
chicken ovalbumin upstream promoter transcription factor (COUP-TF) orphan nuclear 
receptors. The Journal of biological chemistry 275:10315-22. 
 
Avram D, Fields A, Senawong T, et al. (2002) COUP-TF (chicken ovalbumin 
upstream promoter transcription factor)-interacting protein 1 (CTIP1) is a sequence-
specific DNA binding protein. The Biochemical journal 368:555-63. 
 
Baranowsky A, Mokkapati S, Bechtel M, et al. (2010) Impaired wound healing in 
mice lacking the basement membrane protein nidogen 1. Matrix biology : journal of 
the International Society for Matrix Biology 29:15-21. 
 
Barrientos S, Stojadinovic O, Golinko MS, et al. (2008) Growth factors and cytokines 
in wound healing. Wound repair and regeneration : official publication of the Wound 
Healing Society [and] the European Tissue Repair Society 16:585-601. 
 
Bigliardi-Qi M, Gaveriaux-Ruff C, Zhou H, et al. (2006) Deletion of delta-opioid 
receptor in mice alters skin differentiation and delays wound healing. Differentiation; 
research in biological diversity 74:174-85. 
 
Casanova ML, Bravo A, Martinez-Palacio J, et al. (2004) Epidermal abnormalities and 
increased malignancy of skin tumors in human epidermal keratin 8-expressing 
transgenic mice. FASEB journal : official publication of the Federation of American 
Societies for Experimental Biology 18:1556-8. 
 
Chu YW, Seftor EA, Romer LH, et al. (1996) Experimental coexpression of vimentin 
and keratin intermediate filaments in human melanoma cells augments motility. The 
American journal of pathology 148:63-9. 
 
Dassule HR, Lewis P, Bei M, et al. (2000) Sonic hedgehog regulates growth and 
morphogenesis of the tooth. Development 127:4775-85. 
 



 131 

Denton CP, Khan K, Hoyles RK, et al. (2009) Inducible lineage-specific deletion of 
TbetaRII in fibroblasts defines a pivotal regulatory role during adult skin wound 
healing. The Journal of investigative dermatology 129:194-204. 
 
Driskell RR, Clavel C, Rendl M, et al. (2011) Hair follicle dermal papilla cells at a 
glance. Journal of cell science 124:1179-82. 
 
Driskell RR, Giangreco A, Jensen KB, et al. (2009) Sox2-positive dermal papilla cells 
specify hair follicle type in mammalian epidermis. Development 136:2815-23. 
 
Florin L, Knebel J, Zigrino P, et al. (2006) Delayed wound healing and epidermal 
hyperproliferation in mice lacking JunB in the skin. The Journal of investigative 
dermatology 126:902-11. 
 
Foitzik K, Lindner G, Mueller-Roever S, et al. (2000) Control of murine hair follicle 
regression (catagen) by TGF-beta1 in vivo. FASEB journal : official publication of the 
Federation of American Societies for Experimental Biology 14:752-60. 
 
Fuchs E (1995) Keratins and the skin. Annual review of cell and developmental 
biology 11:123-53. 
 
Fuchs E (2007) Scratching the surface of skin development. Nature 445:834-42. 
 
Ganguli-Indra G, Liang X, Hyter S, et al. (2009a) Expression of COUP-TF-interacting 
protein 2 (CTIP2) in human atopic dermatitis and allergic contact dermatitis skin. 
Experimental dermatology 18:994-6. 
 
Ganguli-Indra G, Wasylyk C, Liang X, et al. (2009b) CTIP2 expression in human 
head and neck squamous cell carcinoma is linked to poorly differentiated tumor status. 
PloS one 4:e5367. 
 
Ganguli G, Abecassis J, Wasylyk B (2000) MDM2 induces hyperplasia and 
premalignant lesions when expressed in the basal layer of the epidermis. The EMBO 
journal 19:5135-47. 
 
Gerritsen MJ, Elbers ME, de Jong EM, et al. (1997) Recruitment of cycling epidermal 
cells and expression of filaggrin, involucrin and tenascin in the margin of the active 
psoriatic plaque, in the uninvolved skin of psoriatic patients and in the normal healthy 
skin. Journal of dermatological science 14:179-88. 
 
Giangreco A, Jensen KB, Takai Y, et al. (2009) Necl2 regulates epidermal adhesion 
and wound repair. Development 136:3505-14. 
 
Gilbert S, Loranger A, Daigle N, et al. (2001) Simple epithelium keratins 8 and 18 
provide resistance to Fas-mediated apoptosis. The protection occurs through a 
receptor-targeting modulation. The Journal of cell biology 154:763-73. 



 132 

 
Golonzhka O, Leid M, Indra G, et al. (2007) Expression of COUP-TF-interacting 
protein 2 (CTIP2) in mouse skin during development and in adulthood. Gene 
expression patterns : GEP 7:754-60. 
 
Golonzhka O, Liang X, Messaddeq N, et al. (2009) Dual role of COUP-TF-interacting 
protein 2 in epidermal homeostasis and permeability barrier formation. The Journal of 
investigative dermatology 129:1459-70. 
 
Grose R, Hutter C, Bloch W, et al. (2002) A crucial role of beta 1 integrins for 
keratinocyte migration in vitro and during cutaneous wound repair. Development 
129:2303-15. 
 
Guo A, Jahoda CA (2009) An improved method of human keratinocyte culture from 
skin explants: cell expansion is linked to markers of activated progenitor cells. 
Experimental dermatology 18:720-6. 
 
Gurtner GC, Werner S, Barrandon Y, et al. (2008) Wound repair and regeneration. 
Nature 453:314-21. 
 
Hardy MM, Blomme EA, Lisowski A, et al. (2003) Selective cyclooxygenase-2 
inhibition does not alter keratinocyte wound responses in the mouse epidermis after 
abrasion. The Journal of pharmacology and experimental therapeutics 304:959-67. 
 
Hirobe T (1983) Proliferation of epidermal melanocytes during the healing of skin 
wounds in newborn mice. The Journal of experimental zoology 227:423-31. 
 
Hirobe T (1988) Genetic factors controlling the proliferative activity of mouse 
epidermal melanocytes during the healing of skin wounds. Genetics 120:551-8. 
 
Horsley V, Aliprantis AO, Polak L, et al. (2008) NFATc1 balances quiescence and 
proliferation of skin stem cells. Cell 132:299-310. 
 
Hosokawa R, Urata MM, Ito Y, et al. (2005) Functional significance of Smad2 in 
regulating basal keratinocyte migration during wound healing. The Journal of 
investigative dermatology 125:1302-9. 
 
Hudson LG, Newkirk KM, Chandler HL, et al. (2009) Cutaneous wound 
reepithelialization is compromised in mice lacking functional Slug (Snai2). Journal of 
dermatological science 56:19-26. 
 
Indra AK, Warot X, Brocard J, et al. (1999) Temporally-controlled site-specific 
mutagenesis in the basal layer of the epidermis: comparison of the recombinase 
activity of the tamoxifen-inducible Cre-ER(T) and Cre-ER(T2) recombinases. Nucleic 
acids research 27:4324-7. 
 



 133 

Ito M, Liu Y, Yang Z, et al. (2005) Stem cells in the hair follicle bulge contribute to 
wound repair but not to homeostasis of the epidermis. Nature medicine 11:1351-4. 
 
Ito Y, Hamazaki TS, Ohnuma K, et al. (2007) Isolation of murine hair-inducing cells 
using the cell surface marker prominin-1/CD133. The Journal of investigative 
dermatology 127:1052-60. 
 
Jaks V, Barker N, Kasper M, et al. (2008) Lgr5 marks cycling, yet long-lived, hair 
follicle stem cells. Nature genetics 40:1291-9. 
 
Jensen KB, Collins CA, Nascimento E, et al. (2009) Lrig1 expression defines a 
distinct multipotent stem cell population in mammalian epidermis. Cell stem cell 
4:427-39. 
 
Jensen KB, Watt FM (2006) Single-cell expression profiling of human epidermal stem 
and transit-amplifying cells: Lrig1 is a regulator of stem cell quiescence. Proceedings 
of the National Academy of Sciences of the United States of America 103:11958-63. 
 
Kanazawa S, Fujiwara T, Matsuzaki S, et al. (2010) bFGF regulates PI3-kinase-Rac1-
JNK pathway and promotes fibroblast migration in wound healing. PloS one 5:e12228. 
 
Kazerounian S, Uitto J, Aho S (2002) Unique role for the periplakin tail in 
intermediate filament association: specific binding to keratin 8 and vimentin. 
Experimental dermatology 11:428-38. 
 
Koizumi M, Matsuzaki T, Ihara S (2005) Expression of P-cadherin distinct from that 
of E-cadherin in re-epithelialization in neonatal rat skin. Development, growth & 
differentiation 47:75-85. 
 
Leid M, Ishmael JE, Avram D, et al. (2004) CTIP1 and CTIP2 are differentially 
expressed during mouse embryogenesis. Gene expression patterns : GEP 4:733-9. 
 
Leigh IM, Navsaria H, Purkis PE, et al. (1995) Keratins (K16 and K17) as markers of 
keratinocyte hyperproliferation in psoriasis in vivo and in vitro. The British journal of 
dermatology 133:501-11. 
 
Levy V, Lindon C, Harfe BD, et al. (2005) Distinct stem cell populations regenerate 
the follicle and interfollicular epidermis. Developmental cell 9:855-61. 
 
Liang CC, Park AY, Guan JL (2007) In vitro scratch assay: a convenient and 
inexpensive method for analysis of cell migration in vitro. Nature protocols 2:329-33. 
 
Lichti U, Anders J, Yuspa SH (2008) Isolation and short-term culture of primary 
keratinocytes, hair follicle populations and dermal cells from newborn mice and 
keratinocytes from adult mice for in vitro analysis and for grafting to immunodeficient 
mice. Nature protocols 3:799-810. 



 134 

 
Martin P (1997) Wound healing--aiming for perfect skin regeneration. Science 276:75-
81. 
 
Mauch C, Zamek J, Abety AN, et al. (2010) Accelerated wound repair in ADAM-9 
knockout animals. The Journal of investigative dermatology 130:2120-30. 
 
Mecklenburg L, Tobin DJ, Muller-Rover S, et al. (2000) Active hair growth (anagen) 
is associated with angiogenesis. The Journal of investigative dermatology 114:909-16. 
 
Morasso MI, Tomic-Canic M (2005) Epidermal stem cells: the cradle of epidermal 
determination, differentiation and wound healing. Biology of the cell / under the 
auspices of the European Cell Biology Organization 97:173-83. 
 
Muller-Rover S, Handjiski B, van der Veen C, et al. (2001) A comprehensive guide 
for the accurate classification of murine hair follicles in distinct hair cycle stages. The 
Journal of investigative dermatology 117:3-15. 
 
Myers SR, Leigh IM, Navsaria H (2007) Epidermal repair results from activation of 
follicular and epidermal progenitor keratinocytes mediated by a growth factor cascade. 
Wound repair and regeneration : official publication of the Wound Healing Society 
[and] the European Tissue Repair Society 15:693-701. 
 
Paladini RD, Coulombe PA (1998) Directed expression of keratin 16 to the progenitor 
basal cells of transgenic mouse skin delays skin maturation. The Journal of cell 
biology 142:1035-51. 
 
Patel GK, Wilson CH, Harding KG, et al. (2006) Numerous keratinocyte subtypes 
involved in wound re-epithelialization. The Journal of investigative dermatology 
126:497-502. 
 
Pedroso DC, Tellechea A, Moura L, et al. (2011) Improved survival, vascular 
differentiation and wound healing potential of stem cells co-cultured with endothelial 
cells. PloS one 6:e16114. 
 
Porter RM, Lunny DP, Ogden PH, et al. (2000) K15 expression implies lateral 
differentiation within stratified epithelial basal cells. Laboratory investigation; a 
journal of technical methods and pathology 80:1701-10. 
 
Repertinger SK, Campagnaro E, Fuhrman J, et al. (2004) EGFR enhances early 
healing after cutaneous incisional wounding. The Journal of investigative dermatology 
123:982-9. 
 
Safer JD, Crawford TM, Holick MF (2005) Topical thyroid hormone accelerates 
wound healing in mice. Endocrinology 146:4425-30. 
 



 135 

Santoro MM, Gaudino G (2005) Cellular and molecular facets of keratinocyte 
reepithelization during wound healing. Experimental cell research 304:274-86. 
 
Schreier T, Degen E, Baschong W (1993) Fibroblast migration and proliferation 
during in vitro wound healing. A quantitative comparison between various growth 
factors and a low molecular weight blood dialysate used in the clinic to normalize 
impaired wound healing. Research in experimental medicine Zeitschrift fur die 
gesamte experimentelle Medizin einschliesslich experimenteller Chirurgie 193:195-
205. 
 
Segatto O, Anastasi S, Alema S (2011) Regulation of epidermal growth factor receptor 
signalling by inducible feedback inhibitors. Journal of cell science 124:1785-93. 
 
Semenova E, Koegel H, Hasse S, et al. (2008) Overexpression of mIGF-1 in 
keratinocytes improves wound healing and accelerates hair follicle formation and 
cycling in mice. The American journal of pathology 173:1295-310. 
 
Sibilia M, Kroismayr R, Lichtenberger BM, et al. (2007) The epidermal growth factor 
receptor: from development to tumorigenesis. Differentiation; research in biological 
diversity 75:770-87. 
 
Singer AJ, Clark RA (1999) Cutaneous wound healing. The New England journal of 
medicine 341:738-46. 
 
Slominski A, Paus R (1993) Melanogenesis is coupled to murine anagen: toward new 
concepts for the role of melanocytes and the regulation of melanogenesis in hair 
growth. The Journal of investigative dermatology 101:90S-7S. 
 
Slominski A, Tobin DJ, Shibahara S, et al. (2004) Melanin pigmentation in 
mammalian skin and its hormonal regulation. Physiological reviews 84:1155-228. 
 
Slominski A, Wortsman J, Plonka PM, et al. (2005) Hair follicle pigmentation. The 
Journal of investigative dermatology 124:13-21. 
 
Tokumaru S, Higashiyama S, Endo T, et al. (2000) Ectodomain shedding of epidermal 
growth factor receptor ligands is required for keratinocyte migration in cutaneous 
wound healing. The Journal of cell biology 151:209-20. 
 
Trempus CS, Morris RJ, Ehinger M, et al. (2007) CD34 expression by hair follicle 
stem cells is required for skin tumor development in mice. Cancer research 67:4173-
81. 
 
Usui ML, Underwood RA, Mansbridge JN, et al. (2005) Morphological evidence for 
the role of suprabasal keratinocytes in wound reepithelialization. Wound repair and 
regeneration : official publication of the Wound Healing Society [and] the European 
Tissue Repair Society 13:468-79. 



 136 

 
Wang Z, Coleman DJ, Bajaj G, et al. (2011) RXRalpha ablation in epidermal 
keratinocytes enhances UVR-induced DNA damage, apoptosis, and proliferation of 
keratinocytes and melanocytes. The Journal of investigative dermatology 131:177-87. 
 
Waseem A, Dogan B, Tidman N, et al. (1999) Keratin 15 expression in stratified 
epithelia: downregulation in activated keratinocytes. The Journal of investigative 
dermatology 112:362-9. 
 
Watt FM (2000) Epidermal stem cells as targets for gene transfer. Human gene 
therapy 11:2261-6. 
 
Watt FM, Lo Celso C, Silva-Vargas V (2006) Epidermal stem cells: an update. 
Current opinion in genetics & development 16:518-24. 
 
Wawersik MJ, Mazzalupo S, Nguyen D, et al. (2001) Increased levels of keratin 16 
alter epithelialization potential of mouse skin keratinocytes in vivo and ex vivo. 
Molecular biology of the cell 12:3439-50. 
 
Werner S, Grose R (2003) Regulation of wound healing by growth factors and 
cytokines. Physiological reviews 83:835-70. 
 
Werner S, Munz B (2000) Suppression of keratin 15 expression by transforming 
growth factor beta in vitro and by cutaneous injury in vivo. Experimental cell research 
254:80-90. 
 
Wojcik SM, Bundman DS, Roop DR (2000) Delayed wound healing in keratin 6a 
knockout mice. Molecular and cellular biology 20:5248-55. 
 
Wojcik SM, Longley MA, Roop DR (2001) Discovery of a novel murine keratin 6 
(K6) isoform explains the absence of hair and nail defects in mice deficient for K6a 
and K6b. The Journal of cell biology 154:619-30. 
 
Yamaguchi R, Takami Y, Yamaguchi Y, et al. (2007) Bone marrow-derived 
myofibroblasts recruited to the upper dermis appear beneath regenerating epidermis 
after deep dermal burn injury. Wound repair and regeneration : official publication of 
the Wound Healing Society [and] the European Tissue Repair Society 15:87-93. 
 
 
 

  

 

 



 137 

General Conclusions and Future Directions 

Chapter 4 

Shreya Bhattacharya   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 138 

4.1 General Conclusions and Future Directions 

The hair follicle, a complex mini-organ, mediates functions as varied as 

thermoregulation, physical protection, sensory perception and social communication 

(Paus and Cotsarelis, 1999; Stenn and Paus, 2001). Hair follicle produces terminally 

differentiated keratinized structure known as hair shaft or hair (Paus and Cotsarelis, 

1999; Stenn and Paus, 2001). The hair follicle undergoes cycles of growth (anagen), 

apoptosis-driven involution (catagen) and relative quiescence (telogen) (Schneider et 

al., 2009; Stenn and Paus, 2001). During each cycle, a new hair grows and replaces 

the old hair in a uniquely controlled proteolytic process termed as exogen (Milner et 

al., 2002). Emergence of a new hair is controlled by the activation of stem cells 

residing at the bulge region of hair follicle epithelium (Schneider et al., 2009; Stenn 

and Paus, 2001). In human society, hair is witnessed as an impression of beauty and 

clinical conditions causing hair loss or abundance can be psychologically devastating 

to individuals and are the target of multimillion dollar pharmaceutical industry. 

Therefore identification of key molecular controls of hair follicle morphogenesis and 

hair cycling, and determination of the cross-talk between them is vital for our 

understanding of hair follicle biology, which may ultimately permit the development 

of treatments for hair follicle disorders such as androgenetic alopecia, alopecia arecta, 

hypertrichosis and hirsutism.  We have recently identified CTIP2 as a key regulator of 

hair follicle development and postnatal hair cycling. We discovered that Ctip2 null 

mice (Ctip2-/-) exhibit reduced hair follicle density and downregulation of NOTCH1 

and EGFR expression during embryogenesis. Mice with conditionally inactivated 

Ctip2 (Ctip2ep-/-) in epidermis and hair follicles had no obvious defect in development 
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of hair follicles and first postnatal hair cycling. However, deregulation of second 

phase of hair cycling and depilation-induced hair cycling was observed in Ctip2ep-/- 

mice. These mice exhibited precocious entry into anagen and irregular bulge stem cell 

activation. The premature induction of hair follicle stem cells eventually lead to their 

depletion from the bulge region of hair follicles. Interestingly, the expression of hair 

bulge specific stem cell factors such as LHX2 and NFATC1 were downregulated in 

Ctip2ep-/- mice and by chromatin immunoprecipitation assay we confirmed that Lhx2 

and Nfatc1 are direct targets of CTIP2 (Horsley et al., 2008; Tornqvist et al., 2010). 

Taken together, our results suggest that CTIP2 is involved in the progression of hair 

follicle morphogenesis and cycling as well as in the maintenance of bulge stem cell 

reservoir (submitted to JID, 2014). Our studies with CTIP2 on hair follicles contribute 

to the growing knowledge of hair cycling and regeneration, which is important for 

getting new insights into regenerative medicine. Additional studies are necessary to 

unravel the functional relationship between CTIP2 and other signaling cascades that 

are known to play an important role in hair follicle cycling. Additionally, mice lacking 

Ctip2 can be used as a model system to study the molecular and cellular mechanisms 

that govern the fundamental characteristics of adult skin stem cells such as self 

renewal and maintenance of the undifferentiated state or plasticity.  

The hair follicle stem cells not only play an important role in maintenance of normal 

hair cycling but also contribute to wound healing and tissue regeneration after injury 

(Cotsarelis et al., 1990; Ito et al., 2005). Under normal conditions, the hair follicle 

stem cells do not take part in epidermal homeostasis (Cotsarelis et al., 1990; Ito et al., 

2005). However, upon wounding they migrate from the bulge region of hair follicle to 
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the epidermis and help in the re-epithelialization process (Cotsarelis et al., 1990; Ito et 

al., 2005). Complete reconstitution of skin barrier takes place during wound healing 

and other than bulge stem cells it involves diverse skin cells as well as circulating cells 

(Barrientos et al., 2008; Clark, 1993). Here we evaluated how CTIP2 regulate re-

epithelialization after wounding in connection to its role in epidermal permeability 

barrier formation (Golonzhka et al., 2009). Results indicated that delayed re-

epithelialization in the wounds from Ctip2ep-/- mice was due to reduced epidermal 

proliferation, delayed keratinocyte activation, altered cell-cell adhesion and impaired 

ECM development (Liang et al., 2012). Since hair follicle stem cell activation is 

required for wound healing, we analyzed expression of different stem cell markers 

during wound repair. Wound adjacent hair follicles of mutant mice displayed lower 

levels of expression of CD34 and CD133 compared to its wild type counterpart. Both 

CD34 and CD133 act as positive regulators of wound healing and therefore their down 

regulation can be one of the factors for delayed healing in Ctip2ep-/- mice (Guo and 

Jahoda, 2009; Pedroso et al., 2011). It has been previously published that LRIG1 

overexpression has growth inhibitory effect and NFATC1 ablation lead to the 

activation of follicular stem cells (Horsley et al., 2008; Segatto et al., 2011). Hair 

follicles from the Ctip2ep-/- mice showed enhanced expression of NFATC1 and LRIG1 

near the wounds, suggesting that CTIP2 may contribute to the wound healing by 

modulating hair follicle stem cells post injury. Altogether, our results demonstrate that 

CTIP2 regulate wound healing by controlling key molecular and cellular processes 

during wound repair.. In the future, microarray analysis or high-throughput RNA-

sequencing analyses can be performed on both wild-type and Ctip2ep-/- wound adjacent 
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skin for identification of the CTIP2 regulated factors that are involved in cutaneous 

wound healing and for better understanding of this complex molecular process. 

Ctip2ep-/- mice can also be used for the identification of the signaling molecules that 

tightly regulate the cross talk among keratinocytes, fibroblasts, platelets, macrophages 

and endothelial cells during wound healing. The incidence of chronic wounds such as 

diabetic, pressure, venous and arterial ulcers is reaching an epidemic proportion 

(Stojadinovic et al., 2011). Each year more than 4 million Americans suffer from non-

healing wounds and therefore there is an over increasing demand for drugs that will 

help in wound care (Stojadinovic et al., 2011). Our study provide new knowledge 

about keratinocyte activation, migration and proliferation and may eventually help in 

the generation of novel treatment strategies for chronic wounds which affect elderly, 

disabled, vascular disease and diabetic patients. 

 Altogether, our results underscore a critical role of keratinocytic CTIP2 to regulate 

follicular stem cells during normal hair cycling and also during cutaneous wound 

healing. The next challenge will be to further define   the   downstream molecular pathways 

activated by CTIP2 during hair regeneration and wound healing. Identification of small 

molecule modulators of those molecular pathways/ regulatory gene networks will be 

beneficial for the maintenance of hair follicle homeostasis and in the induction of scar free, 

efficient wound healing.  Eventually, they will be useful as novel treatment strategies for hair 

related diseases or severe wounds as in the case of third degree burns.  
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