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Abstract 

Mammalian skin is the largest organ of the body and serves as a barrier to protect the 

body against chemical, mechanical and pathogenic insults as well as water loss. The 

epidermis is formed from the primitive ectoderm into a multilayered stratified 

epithelium, consisting of basal, spinous, granular and outermost cornified cell layers. 

The epidermal permeability barrier (EPB) is established during embryogenesis and 

maintained through lifetime. Impaired formation of epidermal permeability barrier 

could lead to several common inflammatory skin disorders [e.g atopic dermatitis (AD) 

and psoriasis] and ultimately could contribute to skin carcinogenesis. A better 

understanding of the molecular mechanisms underlying the skin barrier formation and 

maintenance will be useful for the diagnosis and therapeutic targeting of certain 

cutaneous disorders. 

 

COUP-TF-interacting proteins 1 and 2 (CTIP1/BCL11A and CTIP2/BCL11B) are 

C2H2 zinc finger transcription factors. Previous studies have demonstrated that 

CTIP2 is highly expressed in mouse and human skin and is essential for the murine 

skin barrier development and homeostasis. Deletion of Ctip2 in the developing 

epidermis leads to impaired epidermal permeability barrier (EPB) function, prolonged 

inflammation and dysregulation of cutaneous wound repair. CTIP2 has been 

described as a tumor suppressor gene in association with hematological malignancies. 



 

 

The role of CTIP2 in skin carcinogenesis is yet to be determined. To investigate the 

role of CTIP2 in response to acute environmental stress and in chemical induced skin 

carcinogenesis, we utilized a transgenic mouse model where the CTIP2 was 

selectively ablated from adult epidermal keratinocytes using ligand inducible cre-

recombinase system (Ctip2 ep-/-i mice). Ctip2 ep-/-i mice developed AD-like phenotype 

with altered EPB function and skin homeostasis. Loss of Ctip2 in adult epidermis also 

led to increased skin sensitivity to acute dose of TPA and/or UVB. Furthermore, 

Ctip2 ep-/-i mice showed high susceptibility to DMBA/TPA induced skin 

carcinogenesis. Interestingly, we observed significant up-regulation of inflammatory 

mediators such as IL4, IL6 and TSLP in Ctip2 ep-/-i tumor adjacent skin, suggesting 

that CTIP2 might control the initiation of chemical carcinogen-induced skin cancer in 

a cell-extrinsic manner by regulating inflammation in the tumor microenvironment.  

 

CTIP1, a homolog of CTIP2, is highly expressed in mouse and human skin, and a 

compensatory up-regulation of CTIP1 expression was observed in mouse skin lacking 

CTIP2.  We therefore explored the role of CTIP1 in epidermal homeostasis and in 

skin barrier formation. Germline deletion of Ctip1 (Ctip1-/- mice) resulted in skin 

permeability barrier defects accompanied by impaired epidermal terminal 

differentiation and altered lipid composition. Moreover, transcriptional profiling of 

Ctip1-/- embryonic skin by RNA-sequencing identified altered expression of a subset 

of genes encoding (1) lipid-metabolism enzymes, (2) skin barrier associated 

transcription factors, and (3) junction proteins. Furthermore, integration of ChIP-seq 

data and RNA-seq data by bioinformatics analyses revealed that CTIP1 was recruited 

to the genomic locus of certain differentiation-associated and lipid-metabolism 

related genes that were altered in Ctip1 -/- mice, including fos-related antigen 2 

(Fosl2), transcription factor p63 (p63), fatty acid elongase 4 (Elovl4) and toll-like 

receptor 4 (Tlr4). Our results indicate that CTIP1 may regulate EPB formation and 

establishment via direct or indirect targeting of a subset of genes associated with 

epidermal differentiation and lipid metabolism.  

 



 

 

Lipids are critical components of epidermal barrier and altered lipid composition 

could lead to skin barrier dysfunction. Skin barrier defects in AD patients result in 

cutaneous infections with Staphylococcus aureus, which could further aggravate 

barrier dysfunction in AD. Defects in lipid composition and/or metabolism have been 

observed in both Ctip1-/- and Ctip2-/- mice models, leading to dysregulated skin barrier 

functions. In order to determine whether lipid endophenotypes of stratum corneum 

(SC) associated with the clinical AD subphenotypes of S.aureus colonization or 

barrier functions, we performed comprehensive analysis of SC lipids composition in 

AD subjects (with / without S.aureus colonization) and health controls by using 

modified ultra-performance liquid chromatography quadruple time of flight mass 

spectrometry (UPLC-QTOF-MS/MS). We identified some lipid subtypes associated 

with bacterial colonization, while others with altered skin barrier and increased trans-

epidermal water loss, suggesting altered composition of epidermal lipids can 

contribute to barrier disruption and/or susceptibility to S.aureus colonization in AD. 

 

Altogether, above collection of the studies underscores the role of the transcriptional 

regulators in (1) skin barrier functions, (2) skin carcinogenesis, and establishes the 

connection between skin lipids and AD-pathogenesis in humans.   
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2 

1.1 Skin structure, development and maintenance 
 

Mammalian skin is the largest organ in the body accounting for approximately 16% 

of the entire body weight[1]. It serves as a barrier to protect the body against chemical, 

mechanical and pathogenic insults as well as water loss[2-4]. 

 

1.1.1 Skin structure  
 
Skin is composed of epidermis, dermis and subcutaneous tissue. The epidermis and 

dermis are separated by a basement membrane[5]. The epidermis is mainly made up 

of keratinocytes and is arranged into four layers: stratum basale (SB), stratum 

spinosum (SS), stratum granulosum (SG) and stratum corneum (SC) (Figure 1.1) [2-4, 

6]. The SB is the innermost layer of the epidermis, and contains highly proliferative 

basal cells, which guarantees constant tissue renewal. The SS is the thickest layer of 

epidermis, in which cells differentiate and provide tissue stability due to strong cell-

cell adhesion via intercellular bridges called desmosomes. The SG is the place where 

major processes for the SC formation preparation take place. Cells in this layer 

contain keratohyalin granules and lamellar bodies. The SC is the outmost layer of the 

epidermis, consisting of enucleated, flattened keratinocytes embedded in a lipid 

matrix[2, 3, 6].  

 

1.1.2 Skin morphogenesis and maintenance 
 

During embryogenesis, epidermis originates from a single-layered ectoderm around 

embryonic day 8.5 (E8.5). The commitment of stratification leads to the formation of 

periderm around E9.5-E12.5. The fully stratified and differentiated epidermis is 

formed after a series of proliferation and terminal differentiation events around 

E17.5-E18.5 before birth (Figure 1.2)[2, 3, 7]. The process of epidermal formation is 

characterized by changes in different keratin markers expression such as keratin K8 

and K18 in uncommitted surface ectoderm, keratin K5 and K14 in cells committed to 

an epidermal fate, and keratin K1 and K10 in newly differentiated suprabasal 

keratinocytes[2]. After birth, the epidermis continuously renews throughout adult life 

by a process of epidermal homeostasis. This epidermal homeostasis is maintained by 
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balancing proliferation and differentiation of basal layer cells[8]. Each stratum basal 

cell divides into two identical daughter cells. One stays in the basal cell layer in order 

to divide again while the other exits the basal cell layer and move towards the upper 

differentiation layer. Once they arrive at the outmost layer of the epidermis, the 

stratum corneum, the keratinocytes become enucleated flattened cells known as 

corneocytes. Eventually, the dead flattened cells are sloughed off the skin surface and 

are continually replaced by the cell division in the basal cell layer[8, 9]. 

 

1.2 Components contributing to epidermal barrier function 
 

The end-product of epidermal development is the formation of a protective skin 

barrier. The skin barrier function primarily resides in the stratum corneum, which is 

often referred to as a ‘brick-and-mortar’ structure. The protein-enriched corneocytes 

represent bricks and the lipids-enriched layer correspond to the mortar[10]. Lipid and 

proteins are the major biochemical components of skin barrier [11]. 

  

1.2.1 Proteins 
 

Epidermal structural proteins, such as keratins, filaggrin, loricrin, involucrin and 

small proline-rich proteins, are important for skin barrier integrity and function[12].  

Keratins form the intermediate filaments of the corneocyte cytoskeleton, and are 

classified into type I (acidic) and type II (neutral-basic). Studies have demonstrated 

that loss of all type I or type II keratins in mice leads to abnormal expression of 

certain cornified envelope constituents (e.g desmoglein 1) and results in severe skin 

barrier defects, suggesting the crucial role of the keratin intermediate filaments in 

epidermal barrier formation[13]. Filaggrin is a key structural protein and specifically 

interacts with keratin intermediate filaments[14]. During epidermal terminal 

differentiation, profilaggrin, located in keratohyalin granules, is processed into mature 

filaggrin, which is further broken down to release the natural moisturizing factors 

(NMF) by various proteases, including caspase 14 [14]. The NMFs are important to 

maintain proper SC hydration and acidic milieu, crucial for the optimal activities of 

enzymes involved in skin lipid synthesis and desquamation[15]. The role of filaggrin 
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in skin barrier formation and its involvement in various cutaneous disorders has been 

widely noted in recent years[14]. Many studies have reported that filaggrin mutations 

are associated with impaired barrier function in both atopic dermatitis and ichthyosis 

vulgaris[14, 16]. Loricrin, involucrin and small proline-rich proteins are key 

structural proteins that build up the cornified envelope, wrapping the corneocytes[12].  

 

The corneocytes are interconnected by corneodesomomes that is the main adhesive 

structures in the SC, and contain corneodesmosin (CDSN). CDSN is synthesized by 

granular keratinocytes and is secreted by the lamellar bodies. The important role of 

CDSN in skin barrier formation has been demonstrated by the deletion of Cdsn either 

in developing epidermis or adult mice epidermis. Loss of Cdsn results in severe 

barrier impairment, which was shown by increased transepidermal water loss 

(TEWL)[17, 18].  

 

In addition, accumulating evidence have demonstrated that tight junctions (TJ)s play 

an essential role in the formation and maintenance of epidermal barrier[19].Tight 

junctions (TJ)s are cell-cell junctions consisting of transmembrane proteins, including 

claudin family, occludin, junctional adhension molecules (JAMs), and occludens. 

Most TJ proteins are present in the SG, whereas some TJ proteins are also found in 

the SC, such as claudin 1 and occludin[20]. Claudin-1 - deficient mice showed skin 

barrier defects with altered ceramide composition and disrupted filaggrin 

processing[21]. Reduced expression of Claudin-1 was reported in several skin 

diseases characterized by impaired barrier function[22, 23].  

 

1.2.2 Lipids  
 

In addition to proteins, the presence of intercellular lipids is essential for skin barrier 

formation and maintenance. The corneocytes are surrounded by highly organized and 

continuous lipid matrix[12]. Lipids are stored in lamellar bodies in SG, and released 

at SC-SG interface via cornification steps[24]. Major lipid constituents of the SC are 

ceramides (CERs), cholesterol (Chol), free fatty acids (FFAs) and others including 

triglycerides (TGs)[10, 25]. CERs are the most important epidermal sphingolipids as 
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well as the most abundant lipid types in SC (50% by weight). It consists of sphingoid 

base linked via an amide bond to a fatty acid. Both variations in the fatty acid carbon 

chain and the sphingoid base architecture result in a large number of CER subclasses 

(12-14 subclasses) with a wide variation in chain length distribution[26]. To date, 12 

CER subclasses have been identified in healthy human skin, including CER[AS], 

CER[AH], CER[AP,] CER[ADS], CER[NS], CER[NDS], CER[NP], CER[NH], 

CER[EODS], CER[EOP], and CER[EOS] (Table 1.1)[27, 28]. It has been noted that 

alterations of CER composition and organization lead to disrupted skin barrier 

function, which is closely associated with a number of skin disorders, such as atopic 

dermatitis (AD) and psoriasis[27, 29].  

 

Cholesterol is the second most abundant lipid in the SC (~25%), while cholesterol-3-

sulfate is a ubiquitous metabolite of cholesterol, which is involved in cornified 

envelope formation by interacting with transglutmainase 1[25]. FFA has been 

identified as another constituent of the SC and account for about 10% of SC lipids. 

FFA is crucial for epidermal barrier structure and function, such as creating an acid 

environment at the surface of SC[24]. Moreover, the elongation of fatty acids is also 

important for skin barrier formation and function[30]. For example, mice deficient in 

elongation of very-long-chain fatty acid-like 4 (Elovl4) exhibit an impaired 

permeability barrier and die shortly after birth [31]. Furthermore, the alterations of the 

FFA chain length have been observed in AD skin characterized by disturbed skin 

barrier [32].  

 

1.3 Impaired skin barrier and skin diseases 
 

Compromised formation of epidermal permeability barrier (EPB) and its altered 

functions could lead to several skin diseases, including inflammatory skin disease (e.g 

atopic dermatitis, psoriasis) and skin cancers (e.g squamous cell cancer). The barrier 

defects in these common inflammatory skin diseases result in inflammation and 

immunological downstream activation that further compromise the skin barrier 

function. The chronic inflammatory responses increase the risk of skin cancer by 
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providing bioactive mediators from cells infiltrating the tumor microenvironment, 

such as squamous cell cancer. 

 

1.3.1 Atopic dermatitis (AD) 
 

AD is a chronic inflammatory skin disease characterized by disrupted epidermal 

barrier functions, which can be indicated by increased TEWL[33]. About 20% of 

children and 3% of adults are affected by AD[33]. In AD, disruption of skin barrier 

leads to increased penetration of allergens that activates the immune system and 

results in inflammation. Inflammation in AD is represented by increased serum IgE 

levels and inflammation infiltrates (e.g lymphocytes, macrophages, and dendritic 

cells), which produce pro-inflammatory cytokines [e.g., interleukin 3 (IL-4), 

interleukin 13 (IL-13), interleukin 31 (IL-31) and thymic stromal lymphopoietin 

(TSLP)][33]. AD is considered a model type 2 helper (Th2) disease in acute phase, 

with a partial shift to type I helper (Th1) during the chronic phase[34]. Furthermore, 

inflammation can, in turn, reduce skin barrier function, which results in “outside-

inside-outside” vicious cycle in atopic dermatitis[33]. In addition, the atopic skin is 

prone to bacterial (Staphylococcus aureus) colonization. Up to 90% of AD patients 

are colonized by S.aureus. S.aureus colonization and infection is an important trigger 

of AD and aggravates barrier dysfunction in AD[35].  

 

As mentioned previously, SC bilayer lipids play a critical role in skin permeability 

barrier function[10]. The abnormalities of SC lipids in AD have been widely noted[27, 

32]. In 1991, Imokawa et al. showed for the first time that CER [EOS] level had been 

reduced in AD. Since then, several articles reported the SC lipid abnormalities in AD, 

especially CERs. More recently, a more comprehensive comparison of CER 

composition in the SC of AD and control subjects was performed by Janssens et 

al[27]. They observed that CER chain length was altered in AD subjects by 

significantly elevated CERs containing short-chain fatty acids (C34) and decreased 

CERs containing very-long chain fatty acid. Moreover, altered CER composition 

significantly correlated with disease severity and levels of natural moisturizing factors 
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derived from filaggrin in skin[27]. These studies suggested that the alterations of SC 

lipids could, in part, be linked to decreased skin barrier function of AD patients.  

 
1.3.2 Psoriasis 

 
Psoriasis is another common incurable chronic inflammatory skin disease with 

impaired epidermal homeostasis (proliferation and differentiation) and decreased skin 

barrier function[36]. Psoriasis has a 2-3% of prevalence in western populations, 

affecting mostly adults[36]. In contrast to AD, psoriasis is driven by Th1 T cells and 

type 17 helper (Th17) T cells [37]. Altered lipid composition in psoriasis skin has 

been previously reported by a number of studies. As early as 1993, Motta et al. 

reported the changes in the CERs profile of psoriasis patients, including reduction of 

CER[EOS], [NP], [AP] and induction of CER[AS] and [NS][38]. Recently, Tawada 

et al. and colleague observed significant differences in the fatty acid composition 

profiles of certain CERs subclasses of the SC between psoriasis patients and normal 

control (e.g CER [ADS], [NP], CER[NH] and CER[AP]). The proportion of CERs 

with long-chain fatty acids was significantly lower in psoriasis patients than in 

healthy controls[29]. Not only were the ceramide compositions altered in psoriasis 

patients, but also the level of sphingoid bases was changed in psoriatic epidermis. 

Sung and colleagues reported that levels of sphigosine and sphinganine were 

increased in psoriatic epidermis and increased expression of ceramidase was 

positively correlated with the clinical severity of psoriasis[39]. These studies suggest 

that aberrant lipid composition could be linked to decreased skin barrier function in 

skin of psoriasis.  In addition to alterations in lipid composition, expression of genes 

involved in skin barrier formation, such as loricrin, involucrin, the small proline rich 

proteins and late cornified envelope proteins were also changed in skin of psoriasis 

patients. All these findings indicate a correlation between skin barrier defects and this 

skin disease[36]. Interestingly, it has also been noted that psoriasis is linked to 

increased risk for non-melanoma skin cancer, especially squamous cell carcinoma 

(SCC) [40]. 
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1.3.3 Squamous cell carcinoma 
 

Squamous cell carcinoma is the second most common form of skin cancer and tends 

to exhibit metastatic behavior. There are more then 1 million new diagnosed cases of 

SCC in the United State each year [41, 42]. Ultraviolet radiation (UV) exposure is the 

predominant risk factor for this disease. It has been proposed that loss of key barrier 

genes induces skin barrier dysfunction and promote inflammation-driven epidermal 

hyperplasia and eventually carcinogenesis over time (Figure 1.3)[43]. Several studies 

using two-step chemical carcinogenesis mouse model have demonstrated that skin 

barrier impairment could be linked to epidermal tumorigenesis and increased 

susceptibility to chemically induced SCC. The multistage chemically induced 

carcinogenesis is the most extensively used mouse model for skin SCC, in which 

mice were treated with a low dose of the mutagen 7, 12-dimethyl-benzanthracene 

(DMBA), a tumor initiator that induces oncogenic codon 61 Hras mutations, 

followed by repetitive treatments with 12-O-tetradecanoyl phorbol-13-acetate (TPA), 

a phorbol ester that promotes cell proliferation[44].  

 

As described above, CDSN is a specific protein of the main adhesive structure 

corneodesmosomes in the corneum envelope. Either deletion of Cdsn in developing 

epidermis or adult mice epidermis results in severe barrier impairment[17, 18]. 

Furthermore, induction of Cdsn loss in adult mice leads to defective skin barrier with 

skin inflammation response. After grafting (Cdsn-KO) keratinocytes onto nude mice, 

the skin that develops from these Cdsn deficient cells display epidermal hyperplasia 

and prominent papilloma development [17]. These observations imply that disrupted 

skin barrier induces hyperproliferation and inflammation, which may promote 

tumorigenesis in Cdsn-KO epidermis.  

 

Additional evidences showing a link between skin barrier deficiency and 

tumorigenesis are provided by identification of the roles of several transcription 

factors, which is required for establishment and maintenance of the epidermal barrier, 

in epidermal tumorigenesis. Notch signaling plays an important role in the 
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differentiation and maintenance of the epidermis[45]. On one hand, deficient Notch 

signaling in skin causes impaired epidermal differentiation, leading to defective skin-

barrier formation[45]. In addition, loss of epidermal Notch1 in mice results in thymic 

stromal lymphopoietin (TSLP) and antimicrobial peptides overexpression, which 

serves as reliable biomarkers for postnatal barrier impairment[45, 46]. Deletion of 

Notch in keratinocytes also triggers an inflammatory infiltrate[46]. On the other hand, 

Nicolas et al. has reported that epidermis-specific inactivation of Notch1 results in 

spontaneous development of skin tumors and an increased susceptibility of 

chemically induced skin tumors[47, 48]. Moreover, it has been demonstrated that 

tumor-promoting effect of Notch1 loss involves a cross-talk between barrier-defects 

epidermis and its stroma[48]. Notably, our lab recently found that the transcription 

factor CTIP2, which plays a key role in skin barrier function, was recruited to the 

Notch 1 promoter and positively regulated the expression of Notch 1[49]. GATA-3 is 

a transcription factor that is critical for epidermal stratification and maintenance of 

barrier function. Gata-3 mutant mice exhibited impaired epidermal barrier function 

accompanied by lipid biosynthesis deficiency[50]. It has been recently observed that 

decreased expression of GATA-3 is associated with cutaneous SCC progression[51]. 

RXR-alpha is the most abundant of the three retinoid X receptors and selective 

deletion of this gene in skin results in epidermal hyperplasia accompanied by skin 

inflammatory reaction [52]. Moreover, RXR-alpha mutant mice are highly 

susceptible to DMBA/TPA-induced skin carcinogenesis, which was shown by 

increased number and size of tumors and progression into carcinoma as compared to 

control mice[53]. Another critical transcriptional regulator in maintaining epidermal 

barrier function and homeostasis is the Grainyhead-like 3 (GRHL3). Grhl3-null mice 

failed to skin barrier formation and died at birth due to dehydration. In addition, skin-

specific ablation of Grhl3 mice displayed increased susceptibility to chemically 

induced skin carcinogenesis, and the expression of GRHL3 was significantly reduced 

in human SCC samples. The underlying molecular mechanism of GRHL3 tumor 

suppression is dependent on direct regulation of tumor suppressor gene PTEN to 

mediate the phosphatidylinositol 3-kinase (PI3K)/AKT/mechanistic target of 

rapamycin (mTOR) signaling pathway[54]. Furthermore, it has been recently reported 
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that loss of another Grhl family member, Grhl 1, is associated with epidermal barrier 

defects and SCC of the skin[55]. Altogether, these studies confirm the importance of 

an intact epidermal barrier for the prevention of skin inflammation and epidermal 

SCC development. 

 

1.4 Transcriptional regulation of epidermal differentiation 
 

The formation and maintenance of functional epidermal barrier is dependent on a 

proper program of keratinocytes differentiation, which is regulated by a 

transcriptional network[11, 56]. A variety of transcription factors and signaling 

pathways for controlling this program have been identified, such as p63, AP-1 

transcription factors FOSL2, c-Jun and JunB, GATA-3, CTIP2, KLF4, MAFB, 

GRHL3 and others [57-62]. For example, p63 is the first TF specifically expressed in 

the epidermis, and acts as a master regulator to control various processes during 

epidermal morphogenesis and homeostasis. Mice lacking p63 die of dehydration soon 

after birth due to the defects in the stratified epithelia barrier[57]. p63 regulates 

several genes required for the epidermal development and barrier maintenance, such 

as IκB kinase-α (IKKα), Claudin-1, Gata3 and others. IKKα is a critical regulator of 

the epidermal differentiation and a suppressor of skin cancer[63]. Claudin-1 is a tight 

junction protein and deletion of which lead to skin barrier defects[64]. In addition to 

p63, disruption of Gata3, Klf4 or Grhl3 in mice results in compromised keratinocytes 

differentiation and failure of or delayed barrier establishment [50, 62, 65]. Notably, 

p63 has been reported to directly or indirectly regulate the expression of Klf4 and 

Gata3[66, 67]. Furthermore, FOSL2, a member of the AP-1 protein family, has 

recently been identified to act as a key regulator of terminal epidermal differentiation 

by interaction with Ezh2 and ERK1/2[60]. Interestingly, over the last few years, our 

lab identified an important role of a transcription factor CTIP2 in formation of skin 

barrier and maintenance of skin homeostasis, which we will discuss in detail 

below[61].  
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1.5 COUP-TF interacting proteins 
 

Chicken ovalbumin upstream promoter transcription factors CTIP were originally 

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

its transcription. COUP-TF interacting proteins (CTIPs) were shown to interact with 

all members of the COUP-TF subfamily of orphan nuclear receptors in yeast and in 

vitro[68]. CTIP1/BCL11A and CTIP2/BCL11B are two members of CTIP family and 

are closely related and bind to DNA in a sequence-specific manner in vitro[68]. 

CTIP1 and CTIP2 share 67% similarity at the nucleotide level and 63% similarity at 

the amino acid levels. The majority (~75%) of either CTIP proteins (CTIP1 or CTIP2) 

open reading frame is encoded by exon 4 of Ctip1 or Ctip2 genes. Two centrally 

located zinc fingers (two main functional C2H2 zinc fingers), zinc finger 3 and 4 in 

CTIP1 and zinc finger 2 and 3 in CTIP2, exhibit 94% homology[68] (Figure 1.4). 

Both CTIP1 and CTIP2 are highly conserved from mouse to human. There is 99% 

identity between mouse and human CTIP1, and 93% identity between mouse and 

human CTIP2, suggesting that there is conservation of function in both species. 

 

1.5.1 COUP-TF interacting protein 2 (CTIP2) /BCL11B 
 

The expression of Ctip2 gene in mice starts from 10.5 days post-coitum (dpc) and this 

expression persists till adulthood[69]. It is expressed predominantly in central 

nervous system, immune system, and olfactory systems in mice[69]. CTIP2 was 

found to play important roles in hematopoietic development and tooth development. 

Several studies in Ctip2-deficient mice have identified a significant role of this 

protein in differentiation and development of T-cells in thymus[70], differentiation of 

different types of neurons (e.g axonal projection of corticospinal motor neurons, 

hippocampal neurons, vomeronasal sensory neurons) in the central nervous 

systems[71-73]. More recently, CTIP2 is found to be required for lingual epithelium 

keratinocytes differentiation[74]. Our group found that CTIP2 was highly expressed 

in mouse skin during development as well as adulthood (Figure 1.5)[75]. CTIP2 

started to express in the developing epidermis as early as E10.5. At E12.5, expression 

of CTIP2 was observed in the basal layer. At later time points, such as E14.5, E16.5 
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and E18.5, CTIP2 was highly expressed in the basal layer and some parts of the 

suprabasal layer in mouse embryos[75]. At these later developmental stages, CTIP2 

expression was also found in hair follicles and hair bulbs with a few positive cells in 

the dermis[75]. Similar to embryonic skin, CTIP2 is expressed in most of the cells in 

the basal layer and few cells in the suprabasal layer and hair follicle, while CTIP2 is 

barely detected in the dermis[75].  Moreover, CTIP2 expression was also observed in 

human skin and is upregulated in the skin of human atopic dermatitis, allergic contact 

dermatitis and in human head and neck tumors[76, 77].  

 

Previous studies have shown that CTIP2 plays a critical role in murine skin 

morphogenesis and homeostasis. Mice with germline deletion of Ctip2 die shortly 

after birth and exhibit defects in epidermal proliferation and terminal differentiation 

and delayed epidermal permeability barrier (EPB) establishment [74]. Similarly, 

selectively ablation of Ctip2 in epidermal keratinocytes (Ctip2 ep-/-) also leads to 

impaired terminal differentiation and disrupted EPB formation[61]. Furthermore, we 

found CTIP2 regulated keratinocytes proliferation and survival through EGF-EGFR 

signal, while it directly controlled the expression of Notch1 during epidermal 

differentiation[49]. In addition, the role of CTIP2 in regulation of epidermal lipid 

metabolism during skin development has been recently discovered. CTIP2 has been 

shown to be recruited to the promoter region of a subset of genes, such as elox3, 

Cers2 and Gb2, involved in sphingolipid biosynthesis[78]. 

 

CTIP2 is not only required for establishment of epidermal permeability barrier during 

embryogenesis, but also for adult skin maintenance and homeostasis[79]. We have 

previously demonstrated that epidermal – specific ablation of Ctip2 triggers atopic 

dermatitis (AD)- like skin inflammation, characterized by increased epidermal 

hyperplasia and extensive infiltration of T lymphocytes, mast cells and eosinophils. 

The induction of Th2-type cytokines and chemokines expression was observed in 

Ctip2 ep-/- mice, such as IL13, IL4, TSLP and chemokine (C-C motif) ligand 17 

(CCL17), indicating the role of CTIP2 in skin inflammation[79]. In addition, our 

group found CTIP2 played an important role in wound healing process by regulating 
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hair follicle stem cells[80]. The role of CTIP2 in maintaining bulge stem cell 

quiescence during adult murine hair cycling was also found[81]. Notably, a recently 

published study showed that CTIP2 acted as a central intrinsic regulator of mammary 

epithelial stem cell quiescence and exhaustion and was required for mammary gland 

maintenance[82]. It has been known that bulge stem cells act as cancer cells of origin 

for squamous cell carcinoma, and stem cell quiescence is a form of tumor suppression 

in SCC[83-85]. Evidence have shown that combination of inflammation and 

wounding cooperates to trigger skin cancer[43]. Defective skin barrier resulted from 

hyperproliferation also has been identified as a risk factor for skin cancer. Based on 

these evidence, along with our previous findings, we predicated that CTIP2 might 

show susceptibility to epidermal cancer formation and play a role in skin 

carcinogenesis.  

  

1.5.2 COUP-TF interacting protein 1 (CTIP1)/BCL11A 
 

As a homolog of Ctip2/Bcl11b, Ctip1/Bcl11a also starts to express as early as 10.5 

dpc and persists till adulthood in mice[69]. In both human and mice, CTIP1 has 

shown to be expressed in hematopoietic systems, such as B cells, common lymphoid 

progenitors and hematopoietic stem cells (HSCs), during development and in 

adulthood[86-88]. Nakamura et al. first reported that expression of CTIP1 was 

associated with myeloid leukemia in mice[89]. Liu et al. showed that knockout of 

Ctip1 resulted in the loss of B-lymphocytes and alterations in several types of T cells, 

suggesting the essential role of CTIP1 for normal lymphoid development[90]. In 

addition, CTIP1 was identified to act as a bona fide repressor of fetal hemoglobin 

(HbF) expression and was required to maintain HbF silencing in human adult 

erythroid cells[91, 92]. Defects in cell-cycle and multi-lineage differentiation in 

Ctip1-deficient HSCs have been revealed by single-cell analysis[88]. In addition, 

expression of CTIP1 is also detected in the murine central nervous system (CNS) 

during embryonic development. It has been recently demonstrated that CTIP1 is 

required for neuronal migration and controls projection neuron subtype 

development[93, 94]. Moreover, recent study has reported that CTIP1 is also a critical 

regulator of normal mammary epithelial development[95]. Interestingly, the level of 
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CTIP1/BCL11A was modestly upregulated in Ctip2-null mice skin, indicating the 

compensatory effect of CTIP1 in the loss of CTIP2[61]. However, the role of CTIP1 

in skin remains unknown.  

 
1.6 Research Objectives 

 
In this thesis, we have investigated the role of CTIP2 in skin carcinogenesis in 

Chapter 2. In Chapter 3, we have identified the expression pattern of CTIP1 (homolog 

of CTIP2) in mouse skin during epidermal development and characterized the role of 

CTIP1 in skin permeability barrier formation and skin lipid metabolism. In Chapter 4, 

we have identified the association between lipid composition and staphylococcus 

aureus colonization status in atopic dermatitis subjects.  
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Figure 1.1 Schematic representation of different layers of epidermis (Reprinted 

with the permission from the Journal of Clinical Investigation, Segre et al., 2006)  

Epidermal keratinocytes undergo a series of proliferation and differentiation from 

basal cells to spinous cells to enucleated granular cells, resulting finally in 

differentiated squames in the stratum corneum. Squames are composed of keratin 

macrofibrils and cross-linked cornified envelopes encased in lipid bilayers. Tight 

junctions,located in the granular, plays a key role in epidermal permeability barrier. 
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Figure 1.2 Skin epidermal development. (Reprinted with the permission from the 

Journal of Anatomy, Byrne, Hardman et al.2003) 

(A) Epidermal morphogenesis starts from single-layered embryonic ectoderm, which 

undergoes stratification to produce the periderm (B) An intermediate ectodermal layer 

(C) is formed by further stratification of the ectoderm. Cells of intermediate layer 

enter early differentiation (D, E) give rise to both the spinous and the granular cell 

layers of postnatal epidermis (F). Late terminal differentiation is marked by the 

stratum corenum.  

Times for mice, chick and human are given for comparison. E, embryonic days post 

conception; Dpi, embryonic days post incubation.  
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 Figure 1.2 
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Figure 1.3 A schematic representation of genetic insults disrupting key skin 

barrier genes. (Reprinted with the permission from the Journal of Oncogene, Darido 

et al, 2016). 

Genetic insults disrupting key skin barrier genes in different epidermal layers, which 

in conjunction with the progressive involvement of hyperproliferation and an 

inflammation reaction lead to the development of epidermal squamous cell carcinoma. 
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Figure 1.3 
.   
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Figure 1.4 Schematic diagram of CTIP1 and CTIP2 amino acid alignment.  

The homologous regions are represented by black boxes and the percentage of 

identity between each region of CTIP1 and CTIP2 is indicated.  

 
 

This figure was originally published in J Biol Chem.  Avram, D., et al., 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. J Biol Chem, 2000. 275(14);p.10315-22.© the American 

Society for Biochemistry and Molecular Biology". 
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Figure 1.4 
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Figure 1.5 Expression of CTIP2 in mouse fetal skin and adult mouse skin. 

(Reprinted with the permission from Journal of Gene Expression Patterns, Golonzhka 

et al., 2007) 

(A-B) 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 

CTIP2was 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. (C) 

Immunohistochemistry was performed on 10 μm-thick frozen sections obtained from 

dorsal skin biopsies of 8- to 10- week-old mice using anti-CTIP2 (green), -K14 (red), 

-K10 (red) antibodies. All sections were counterstained with DAPI (in blue). 
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Figure 1.5 
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Table 1.1 Twelve subclasses of ceramide in human SC. (Reprinted with permission 

from Expert Review of Proteomics Li et. al, 2016)  

Fatty acids 
 

                 Sphingoid bases 

Non-hydroxy  
fatty acid 

[N] 

α-hydroxy  
fatty acid 

[A] 

Esterified ω-hydroxy 
fatty acid 

[EO] 
Dihydrosphingosine 

[dS] 
[NDS] [Ads] [EOdS] 

Sphingosine 
[S] 

[NS] [AS] [EOS] 

Phytosphingosine 
[P] 

[NP] [AP] [EOP] 

6-hydroxy sphingosine 
[H] 

[NH] [AH] [EOH] 
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2.1 Abstract 

Transcriptional factor CTIP2 (also known as BCL11B) is a C2H2 zinc finger protein 

that interacts with members of orphan nuclear receptor subfamily COUPT-TF 

(chicken ovalbumin upstream promoter transcription factor). Previous studies showed 

that CTIP2/BCL11B was highly expressed in skin and deletion of Ctip2/Bcl11b in the 

developing epidermis led to impaired epidermal differentiation, prolonged 

inflammation and dysregulation of cutaneous wound repair. CTIP2 has been 

described as a tumor suppress gene in association with human hematological 

malignancies. However, the specific role of CTIP2 in skin carcinogenesis is yet to be 

determined. Here we have selectively ablated Ctip2/Bcl11b in the keratinocytes of the 

adult murine epidermis using ligand inducible Cre-recombinase to generate the Ctip2 
ep-/-i mice. First, we explored the role of CTIP2 in adult epidermal homeostasis. We 

found Ctip2 ep-/-i mice showed increased transepidermal water loss and increased 

expression of proliferation marker (Ki67) and early differentiation marker (K10).  

Next, we observed increased BrdU+ proliferating keratinocytes and decreased 

TUNEL+ apoptotic keratinocytees in Ctip2 ablated mice in response to acute doses of 

tumor promoter TPA or/and UVB. Finally, a two-step chemical carcinogenesis 

protocol  (DMBA/TPA) was used to evaluate the role of CTIP2 in skin 

carcinogenesis. A significant increase in number and size of tumor in Ctip2 ep-/-i was 

observed when Ctip2 was ablated before DMBA initiation. The progression of tumors 

to carcinoma was also much higher in Ctip2 ep-/-i In contrast, deletion of Ctip2 after 

DMBA initiation results in no significant difference in number and size of tumors 

between Ctip2 ep-/-i and control mice. Furthermore, qRT-PCR analysis showed that 

inflammatory mediators (e.g IL4, IL6 and TSLP) were significant up-regulation in 

Ctip2 ep-/-i  tumor adjacent skin, implying the role of inflammatory responses in tumor 

formation following DMAB/TPA treatment in Ctip2 ep-/-i  mice. Intriguingly, the 

decreased expression of CTIP2 in psoriasis skin was observed by IHC. Altogether, 

our data uncovered a critical role of CTIP2 in maintaining epidermal homeostasis of 

adult murine skin and also in controlling initiation of chemical carcinogen-induced 

skin cancer in vivo by regulating inflammation in the microenvironment. 
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2.2 Introduction 

Skin is the outmost protective barrier of our body that is exposed to various physical, 

chemical and biological hazards[1]. The most common and frequent environment 

hazard that skin gets exposed to is UV irradiation[1]. It is the causative agent for 

epithelia skin cancers such as squamous cell carcinoma (SCC)[1, 2]. More than 1 

million cases of squamous cell carcinoma are diagnosed each year in United States as 

many as 8,800 people die from the disease. Although surgical treatments for SCC are 

available, relapse and poor prognosis of metastatic SCC are the main complication in 

the prevention and treatment of the disease[2]. The mouse skin model of multi-stage 

chemical carcinogenesis is established by applying a low dose of the mutagen 9, 10-

dimethyl-1,2-benzanthracene (DMBA), a tumor initiator that induces oncogenic Hras 

mutations, followed by repetitive treatments with 12-O-tetradecanoyl phorbol-13-

acetate (TPA), a phorbol ester that promotes cell proliferation. With three well-

defined stages (initiation, promotion, and progression), this model has been suggested 

to closely mimic human SCC[3-6]. Benign papillomas arise during promotion and if 

additional mutations are acquired, some of the papillomas progress to become 

invasive SCC[5-7].  

 

Transcriptional factor CTIP2 (Chicken Ovalbumin Upstream Promoter Transcription 

Factor (COUP-TF)-interacting Protein 2, also known as BCL11B) is a C2H2 zinc 

finger protein that is highly expressed in mouse epidermis and hair follicles from 

embryonic to adult stage [8, 9]. Loss of CTIP2 in the developing epidermis induces 

disruption of keratinocyte differentiation, depletion of hair follicle niche, prolonged 

inflammation and dysregulation of cutaneous wound repair [10-13]. CTIP2 also act as 

a tumor suppressor in association with human hematological malignancies whereas its 

expression in human head and neck squamous cell carcinoma has been linked to 

poorly differentiated tumor status [14, 15]. Although the role of CTIP2 in skin and 

hair follicle development has been studied, its role in skin carcinogenesis is unknown. 

Here we determine whether deletion of Ctip2 in adult keratinocytes affects 

susceptibility to tumor initiators and promoters to clarify the role of this transcription 

factors in carcinogenesis. 
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2.3 Materials and Methods 

Generation of Ctip2ep-/-i mice 
 
Tamoxifen-inducible, hemizygous K14-CreERT2 transgenic mice [16] were bred to 

Ctip2L2/L2 mice to generate K14-CreERT2 tg/0|Ctip2L2/L2 and K14-CreERT2 0/0|Ctip2L2/L2 

mice. Intraperitonial injection of 0.1mg of Tamoxifen [17] was performed for five 

days in groups of mice from both genotypes. Two weeks after first TAM injection, 

excision of Ctip2 was verified by PCR, immunohistochemical (IHC) and western blot 

and analyses as described earlier [18] to confirm generation of Ctip2ep-/-i mice. 

Ctip2L2/L2 mice were used as controls which are phenotypically indistinguishable from 

Ctip2+/+ mice ((L2 represents floxed allele of Ctip2 gene and + represents wild type 

allele of Ctip2 gene). 6-8 mice from multiple litters were used in each group and at 

each time point for subsequent analyses. Mice were maintained in a specific 

pathogen-free environment with constant temperature control. The OSU Institutional 

Animal Care and Use Committee (IACUC) approved all animal studies.  

 

Histology and Immunohistochemistry 
 
Dorsal skin samples from different groups of mice were harvested for fixation in 4% 

paraformaldehyde, and subsequent embedding in paraffin. Hematoxylin and eosin 

(H&E) staining was performed for histological analysis and IHC staining for different 

molecular markers was performed as described [11, 12, 19, 20]. Briefly, sections 

were blocked in 10% goat serum before addition of primary antibodies and an 

overnight incubation at 4°C. Primary antibody solutions were decanted and the 

sections washed prior to addition of secondary antibodies, which were conjugated 

with Cy3 or Cy2. All sections were counterstained with DAPI to reveal nuclei. 

Antibodies used: anti-CTIP2 (abcam; 1:300), anti-Ki67 (Abcam; 1:500), anti-K10 

(Covance; 1:1000), anti-BrdU (Serotec; 1:200), anti-PCNA (Abcam; 1:6000), CD31 

(Abcam; 1:50). All experiments were performed in triplicate. All images were 

captured using a Leica DMA microscope (for bright field images) and Zeiss AXIO 

Imager.Z1 with a digital AxioCam HRm (for fluorescent images) and processed using 

AxioVision 4.8 and Adobe Photoshop. Data were analyzed using Image J software. 
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Multiple IHC fields for each slide were randomly chosen and 10-15 fields per 

experimental group were counted. The slides were analyzed independently in a 

double-blinded manner by two investigators and significance was determined using a 

Student’s two-tailed t-test as calculated by GraphPad Prism software.   

 

Immunoblotting analysis 
 
Dorsal skin biopsies were collected and treated with trypsin overnight for epidermis 

and dermis separation. Epidermis was lysed by sonication in denaturing buffer 

composed of 300 mM NaCl, 2 mM EDTA, 20 mM Hepes, 1% SDS, 0.1 mM hemin 

chloride, 5 mM NEM, 20 mM NaF, 100mM PMSF. Subsequently lysates were 

centrifuged to remove DNA and cell debris. Protein concentrations were normalized 

by the BCA protein assay (Thermo Scientific Inc., Rockford, IL) prior to 

electrophoresis on 10% SDS-polyacrylamide gels. Gels were electrotransfer to 

nitrocellulose membranes and probed with indicated antibodies [12]. Antibodies used: 

anti-CTIP2 (abcam; 1:250), anti-loricrin (Abcam; 1:1000), anti- β-catenin, (BD 

Biosciences; 1:600), anti-p53 (Santa Cruz; 1:500), anti-p21 (Santa Cruz; 1: 500). 

 

RT-qPCR 
 
RNA extraction and cDNA synthesis were performed as described (Indra et al., 2005). 

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

Green methodology using specific primers as indicated in Table 2.1. HPRT was used 

as an internal control. All assays were performed in triplicates. 

 

TPA/UVB treatments 
 
For cell cycle studies, groups of mice were treated with (1) a single topical 

application of 3g of TPA [(Sigma) in 100 l acetone] alone, [21] single dose of 

UVB (50 mJ/cm2) alone, and (3) a combination of TPA+UVB. After 4 hrs of TPA 

treatment, UVB treatment was followed [22]. All mice were injected with 100 g/g 

BrdU (Sigma) 22 hours after each treatment, and dorsal skin samples were collected 2 

hours after injection. BrdU+ cells were labelled by IHC using anti-BrdU antibody 
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(Serotec, Raleigh, NC, 1:200) on paraffin skin sections to detect proliferating S-phase 

cells.  

 
Single DMBA treatment 
 
Ctip2ep-/-i and Ctip2L2/L2 mice were shaved and treated with a single, 100g dose of 

DMBA in 100 µL acetone, and dorsal skin samples were collected after 24 hours and 

48 hours for subsequence analysis. 

 

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

were subjected to TUNEL staining using the fluorometric DeadEndTM TUNEL 

system (Promega, no.TB235) as described [23]. In order to obtain percentage of 

apoptotic cells present in the epidermis total number of DAPI positive (nuclei) and 

TUNEL positive (apoptotic) cells were counted. 

 

Two-stage carcinogenesis model 
 
Ctip2ep-/-i and Ctip2L2/L2 mice were shaved and treated with a single, 100g dose of 

DMBA in 100 µL acetone. One week after initiation, all mice were treated topically 

with 10 g of TPA in 200 µL acetone twice a week for 30 weeks. Mice were 

monitored for tumor growth, numbers, and sizes every week. Animals were sacrificed 

after 30 weeks and tumors were collected for subsequent analyses [24]. 

 

Statistics 
 
Statistical significances between the two groups were analyzed by GraphPad Prism 

software (GraphPad Software, La Jolla, CA) using unpaired Student t-test.  
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2.4 Results and Discussion 

Loss of Ctip2 in adult murine skin impairs skin homeostasis and barrier function 
 
To determine the function of CTIP2 in stress response and in skin carcinogenesis, we 

utilized a tamoxifen [17] inducible Cre-LoxP strategy for selective ablation of Ctip2 

in the epidermis of adult mice. Two weeks after TAM administration, excision of 

Ctip2 was verified by PCR of genomic DNA isolated from Ctip2L2/L2 (Control) and 

Ctip2ep-/-i mice (lacking Ctip2 in the adult epidermis) (Figure 2.1a). By 

immunofluorescence and immunoblotting analysis, CTIP2 was undetectable in the 

epidermis of Ctip2ep-/-i mice (Figure 2.1b and 2.1c). Abrogation of Ctip2 in the adult 

epidermis led to increased trans-epidermal water loss (TEWL) suggesting an impaired 

barrier homeostasis (Figure 2.1d). Around 16 weeks after TAM administration, 30% 

of Ctip2ep-/-i mice developed spontaneous skin lesions predominantly on the dorsal 

skin, the neck region, and on the face (Figure 2.1e). Ctip2ep-/-i mice also showed signs 

of epidermal hyperplasia (Figure 2.1f and 2.1g) and increase in epidermal 

proliferation (Figure 2.1h and 2.1i). Elevated levels of the early differentiation marker 

K10 and late differentiation marker loricrin identified in Ctip2ep-/-i dorsal skin 

illustrate the irregularities in keratinocyte differentiation (Figure 2.1j and 2.1k). 

Altogether, the above results indicate an important role of CTIP2 in maintaining 

epidermal homeostasis and skin barrier permeability in the adult skin.  

 

Increases skin sensitivity to acute doses of TPA/UVB in Ctip2ep-/-i mice 
 
Epidermal barrier plays an important role in regulation of skin recovery after any 

environmental insults[25].  To investigate whether barrier perturbation in Ctip2ep-/-i 

skin has led to skin sensitivity to acute insults, control and Ctip2ep-/-i mice (n = 

6/group) were treated with single doses of TPA or UVB or combination of both. We 

observed an increase in BrdU+ proliferating basal keratinocytes in the dorsal skin of 

Ctip2ep-/-i mice with all three TPA/UVB perturbations (Figure 2.1l and 2.1m). It has 

been reported previously that single low dose TPA treatment has little effects on 

apoptosis in skin of wild-type mice[26], while UVB exposure causes DNA damage 

which trigger formation of apoptotic keratinocytes[27]. Therefore TUNEL assay was 
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performed in Ctip2L2/L2 and Ctip2ep-/-i mice skin to detect apoptotic keratinocytes after 

single dose of UVB or after combination of TPA and UVB treatment. A significant 

decrease in apoptosis was observed in the epidermis of Ctip2ep-/-i skin for both 

treatments (Figure 2.1n and 2.1o). In addition, we also performed single DMBA 

treatment to investigate the role of CTIP2 in promotion of DMBA initiated cell death. 

Following DMBA treatment, no significant difference in number of proliferating 

Ki67+ cells or apoptotic TUNEL+ cells was detected in epidermis of Ctip2L2/L2 and 

Ctip2ep-/-i mice (Supplementary Figure 2.1a and 2.1b). In summary, absence of Ctip2 

causes increased skin reactivity to acute doses of TPA or UVB indicating 

susceptibility to stress induced responses. Conversely, CTIP2 does not regulate 

keratinocyte survival or death after acute dose of DMBA treatment. Furthermore, 

TPA-induced synchronous entry of G1-phase keratinocytes to S-phase and UV-

induced inhibition of cell cycle advancement, also suggest a critical role of 

keratinocytic CTIP2 in controlling cell cycle progression and survival after UV 

irradiation in the adult murine skin [22]. 

 

Ctip2 deficiency induces accelerated tumorigenesis following DMBA/TPA 

administration 

 
We also assessed the effects of CTIP2 deficiency on skin tumor development by 

using the two-step chemical carcinogenesis on groups of control and Ctip2ep-/-i mice 

(n=15/group) (Figure 2.3a). To determine role of CTIP2 in tumor initiation and/or 

tumor promotion, tamoxifen controlled Ctip2 deletion was performed before and after 

DMBA initiation (Figure 2.3a). Ctip2 deletion after DMBA initiation resulted in no 

significant difference in rate of tumor formation and number of tumors formed 

between Ctip2L2/L2 and Ctip2ep-/-i mice (Figure 2.3c, 2.3d and 2.3e). However, tumors 

larger than 5mm were only observed in Ctip2ep-/-i skin upon Ctip2 deletion after 

DMBA treatment (Figure 2.3f). In contrast, Ctip2ep-/-i mice displayed significantly 

increased susceptibility to skin tumor formation when Ctip2 was ablated before 

DMBA treatment. The majority of the Ctip2ep-/-i mice developed tumors after 17 

weeks (Figure 2.2a). Analysis of the number of tumors in control and Ctip2ep-/-i mice 
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revealed the Ctip2ep-/-i mice developed more tumors at multiple time points after 15 

weeks of treatment (Figure 2.2b). Interestingly, epidermal tumors in Ctip2ep-/-i mice 

were relatively bigger in size compared to the wild type counterparts (Figure 2.2c). In 

addition to an increase in tumor burden due to Ctip2 ablation in the adult epidermis, 

progression of tumors to carcinoma was noticeably higher in Ctip2ep-/-i mice, with 17% 

tumors in the in situ carcinoma category compared to only 6.7% in case of tumors 

from control mice (Figure 2.2d). On the other hand, percentage of carcinoma was 

same in control and mutant mice which might likely change if the animals were kept 

for longer period of time after treatment (Figure 2.2d). 

 

Immunohistochemical characterization was performed on tumors taken 30 weeks 

after DMBA/TPA initiation treatment using proliferating cell nuclear antigen (PCNA), 

Keratin 10 (K10) and cluster of differentiation 31 (CD31) antibodies. The expression 

of proliferation marker PCNA was comparable between Ctip2L2/L2 and Ctip2ep-/-i 

tumors. However, lower K10 (differentiation) levels were detected in most of the 

Ctip2ep-/-i tumors suggesting a less differentiated state of the epidermal tumors in the 

mutant mice. In parallel, the expression level of endothelial-cell specific marker 

CD31 was up-regulated in 40% of Ctip2ep-/-i tumors indicating increased 

vascularization, which can further contribute to tumor aggressiveness observed in the 

mutant mice (Figure 2.2e).  

 

We observed significant up-regulation of a subset of inflammatory mediators such as 

IL4, IL6 and TSLP in Ctip2ep-/-i tumor adjacent skin specifying exacerbated 

inflammatory response (Figure 2.2f). Enhanced inflammatory responses may play a 

role in tumor susceptibility following DMBA/TPA treatment in Ctip2ep-/-i mice. 

Notably, downregulation of CTIP2 expression was observed in psoriasis, an 

inflammatory cutaneous disease linked to increased risk of squamous cell carcinoma 

formation (Figure 2.4a and 2.4b)[29]. This indicates that absence of CTIP2 causes 

release of inflammatory cytokines/chemokines and creates a pro-tumorigenic 

environment enhancing risk of tumor formation in Ctip2ep-/-i skin. Overexpression of 

β -catenin and p21 was also identified in Ctip2ep-/-i tumors (Figure 2.2g and 2.2i). This 
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correlates with previously published studies that show CTIP2 mediated promotion of 

intestinal adenoma formation by impairment of Wnt/ β -catenin signaling [30]. In 

contrast to p21 upregulation in Ctip2ep-/-i tumors, which is p53 downstream target, p53 

expression did not change significantly (Figure 2h and 2.2j). This indicates a p53 

independent mechanism of regulation of p21 in absence of CTIP2, similar to the 

previous report of p53 independent p21 upregulation in aggressive tumors [31].  

 

Conclusion 
 
Altogether, our results demonstrate a critical role of transcriptional regulator CTIP2 

in maintaining epidermal homeostasis of adult murine skin and also in controlling 

initiation of chemical carcinogen-induced skin cancer in vivo by regulating 

inflammation in the microenvironment. CTIP2 in a cell-intrinsic manner may also 

contribute to promotion and progression of epidermal tumorigenesis.  We have also 

explored the cBioportal database, which integrates datasets from 10 published cancer 

studies including The Cancer Genome Atlas (TCGA) and have identified 

downregulation of CTIP2 in a small percentage of lung squamous cell carcinoma 

(SCC), but not in cutaneous SCC [32, 33] (data not shown). Therefore, its role as a 

tumor suppressor or an oncogene may be cell and/or tissue-specific in different 

species. The functional difference can be attributed to the differences in downstream 

signalingwhich are directly or indirectly regulated by CTIP2 in a cell or tissue-

specific manner. Additional studies are necessary in the future to determine the 

function of CTIP2 in chronic UVB induced skin carcinogenesis and evaluate effects 

of CTIP2 haploinsufficiency in skin cancer progression. 
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Figure 2.1. Loss of Ctip2 in adult skin impairs skin barrier function and 

increases skin sensitivity to TPA/UVB treatment (a) PCR analysis shows the 

absence of floxed Ctip2 gene and deletion of Ctip2 in the presence of inducible CRE 

recombinase. (b-c) Anti-CTIP2 immunolabeling and immunoblot analysis was 

performed two weeks after tamoxifen administration. (d) Graphical representation of 

percentage of trans-epidermal water loss. (e) Macroscopic images of Ctip2L2/L2 and 

Ctip2ep-/-i mice.  (f) Histological analyses to determine epidermal thickness after 

tamoxifen administration. (g) Bar graph shows epidermal thickness in μm. (h-i) 

Immunostaining of Ki67 in dorsal skin of Ctip2L2/L2 and Ctip2ep-/-i mice performed 16 

weeks after TAM injection and percentage of Ki67+ cells in Ctip2ep-/-i epidermis 

compared to Ctip2L2/L2 skin. White arrows indicated Ki67 positively stained nuclei in 

epidermis. (j) Increased expression of early differentiation marker K10 in Ctip2ep-/-i 

mice epidermis by immunostaining (k) Increase of K10 and Loricrin expression was 

detected by western blot after Ctip2 abrogation. (l) BrdU+ keratinocytes were 

detected after TPA, UV and TPA+UV treatment (m) Graph represents percentage of 

BrdU+ cells. (n) TUNEL assay was performed after UV and TPA+UV treatment. (o) 

Graphical representation of TUNEL+ cells. (E- Epidermis; D- Dermis; Scale Bar: 

200μm) 
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Figure 2.1 
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Figure 2.2. Ctip2 deficiency induces accelerated tumorigenesis following 

DMBA/TPA administration. (a) Graphical representation of percentage of mice 

bearing tumors. (b) Average number of tumors in Ctip2L2/L2 and Ctip2ep-/-i mice. (c) 

Graph shows incidence of bigger tumors in Ctip2ep-/-i mice (d) Tabular representation 

of different types of tumor identified after DMBA/TPA treatment. (e) Histological 

and Immunostaining analysis of tumors using antibody targeting PCNA, K10 and 

CD31. (f) Quantitative RT-PCR analysis of inflammatory cytokines and chemokines 

in control and Ctip2ep -/-i skin after DBMA/TPA treatment. (g-h) Immunoblot analysis 

using antibodies against β-catenin (g), p53 and p21 (h) were performed on 

DMBA/TPA treated skin. (i-j) Bar graph represents the total amount of respective 

protein using β-actin as a loading control. Statistical significance was determined by 

student’s unpaired t-test (*p<0.05; **p<0.01). 
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Figure 2.2 
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Figure 2.3. Ctip2 deletion after DMBA initiation does not alter epidermal 

tumorigenesis (a) Schematic diagram of DMBA/TPA-induced two-step chemical 

carcinogenesis protocol used in Ctip2L2/L2 (control) and Ctip2ep-/-i mice for tumor 

initiation and promotion. Tamoxifen was administered before DMBA/TPA for 

studying CTIP2 function in tumor initiation and at 8 weeks after DMBA/TPA 

treatment for analyzing CTIP2 role in tumor promotion. (b-d) Graphical 

representation of percentage of mice bearing tumors (b), average number of tumors in 

Ctip2L2/L2 and Ctip2ep-/-i mice (c) and bar graph for tumor size (d) in tumor promotion 

where deletion of Ctip2 was done after DMBA initiation.  
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Figure 2.3 
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Figure 2.4. CTIP2 expression in human psoriatic samples (a) Immunostaining 

identify CTIP2 expression in normal human skin and psoriatic samples Brown 

staining indicates CTIP2-positive cells. Yellow line demarcates epidermis and dermis. 

E, Epidermis; D, Dermis. (b) The percentage of CTIP2 positive cells in a graph 

detected through immunostaining.  
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Figure 2.4 
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Table 2.1 List of primers used for RT-qPCR 
 

Gene Strand Primer sequence 

Cox2 forward TGAGCAACTATTCCAAACCAGC 
reverse GCACGTAGTCTTCGATCACTATC 

TNF forward TCCACAGCGCTTCTATTCCT 
reverse CTATGGCTTTCAGGGTGCAT 

IL2 forward TGAGCAGGATGGAGAATTACAGG 
reverse GTCCAAGTTCATCTTCTAGGCAC 

TGFβ1   
 

forward CCGCAACAACGCCATCTATG 
reverse CTCTGCACGGGACAGCAAT 

IL4 forward GAGCCATATCCACGGATGCGAC 
reverse ATGCGAAGCACCTTGGAAGCCC 

IL6 forward ACAAAGCCAGAGTCCTTCAGAGAGA 
reverse AGCCACTCCTTCTGTGACTCCAG 

TSLP forward ACGGATGGGGCTAACTTACAA 
reverse AGTCCTCGATTTGCTCGAACT 

HPRT forward GTTAAGCAGTACAGCCCCAAA 
reverse AGGGCATATCCAACAACAAACTT 
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3.1 Abstract 
 

The mammalian skin epidermis provides an efficient protective permeability barrier 

between the organism and its environment, which allows survival in the potential 

desiccating terrestrial environment. COUPT-TF-interacting protein 1 (CTIP1; also 

known as BCL11A) is a transcriptional factor that plays key roles in central nervous 

system and hematopoietic systems. Previous studies have shown that CTIP2, a 

homolog of CTIP1, plays a significant role in barrier development and epidermal 

homeostasis, as well as hair follicle morphogenesis and hair cycling. However, the 

expression pattern and the functions of CTIP1 in skin are unknown. Here, utilizing 

immunochemistry staining we show that CTIP1 is highly expressed in the developing 

murine epidermis in most of the epidermal basal cells and in few suprabasal cells, as 

well as in the outer root sheath of hair follicles. Germline deletion of Ctip1 (Ctip1-/-) 

results in epidermal permeability barrier defects accompanied by compromised 

epidermal differentiation, reduction in profilaggrin processing, reduced lamellar 

bodies in granular layers and significantly altered lipid composition. Moreover, 

transcriptional profiling of Ctip1-/- embryonic skin by RNA-sequencing identified 

altered expression of a subset of genes encoding lipid-metabolism enzymes, skin 

barrier-associated transcription factors, and junctional proteins. Furthermore, 

integration of ChIP-seq and RNA-seq data revealed that CTIP1 was recruited to the 

genomic locus of certain differentiation-associated and lipid-metabolism-related 

genes that were altered in Ctip1-/- mice, such as Fos-related antigen2 (Fosl2) and Fatty 

acid elongase4 (Elovl4).  Altogether, our data establishes a yet unidentified role of 

transcriptional regulator CTIP1 to regulate EPB establishment via direct or indirect 

targeting of certain genes associated with epidermal differentiation and lipid-

metabolism. Results highlight potential new avenues for treatment of skin disorders 

characterized by EPB defects by utilizing the CTIP1 axis. 
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3.2 Introduction 
 
Mammalian skin, the largest organ in the body, accounts for ~ 16% of our entire body 

weight. Skin is composed of epidermis and its underlying dermis [1-3]. The epidermis 

serves as a barrier to protect the body against both dehydration and external toxic and 

pathogenic agents [2-4]. During embryonic development, it forms from the primitive 

ectoderm, developing into a multilayered stratified epithelium consisting of basal, 

spinous, granular and the outermost cornified cell layers [2, 3]. The structural 

integrity of the epidermis is dependent on the proper and tightly regulated 

differentiation of keratinocytes, the most abundant cell type in the epidermis [1-3, 5]. 

Skin barrier defects are known to contribute to the pathogenesis of several common 

skin diseases [e.g. atopic dermatitis (AD), ichthyosis and psoriasis][6-9]. The 

disruption of epidermal differentiation, alteration of lipid composition and cell-cell 

junction formation have been reported to affect skin barrier function [3, 6, 10]. The 

stratum corneum (SC), comprised of lipid-embedded corneocytes and a lipid-rich 

extracellular matrix, plays a key role in formation and maintenance of the skin 

permeability barrier [11]. Alteration of SC lipid composition leads to impaired skin 

barrier functions and results in an increase in trans-epidermal water loss (TEWL). 

Major lipid constituents of the SC include ceramides (CERs), free fatty acids (FFAs), 

cholesterol, and triglycerides (TGs) [12]. CERs, the most important epidermal 

sphingolipids as well as the most abundant lipid types in SC (50% by weight), consist 

of a sphingoid base linked to a fatty acid via an amide bond. Variation in both the 

fatty acid carbon chain and the sphingoid base architecture results in a large number 

of CER subclasses with a wide variation in chain length distribution [13]. Four major 

pathways of ceramide biosynthesis and metabolism have been reported in skin: 1) de 

novo synthesis pathway; 2) sphingomyelinase pathway; 3) salvage pathway and 4) 

exogenous ceramide recycling pathway. Moreover, various enzymes of the 

sphingolipid metabolic pathways, such as serine palmitoyltransferase, ceramide 

synthase, glucosylceramide synthase, acid beta-glucosidase, sphingomyelin synthase, 

and fatty acid elongase are involved in regulating different pathways and play 

important roles in epidermal signaling [14]. Furthermore, cell-cell junctions, such as 
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desmosomes, gap junctions and tight junctions (TJs), are also critical for proper skin 

barrier functions [15-17] 

A variety of transcription factors (TFs) and signaling pathways have been identified 

as crucial for establishing the functional epidermal permeability barrier (EPB). 

Transcription factor FOLS2 acts as a key regulator of terminal epidermal 

differentiation [18]. Similarly, p63 is a master regulator for epidermal proliferation 

and differentiation[19]. Barrier deficiencies in Gata3-/- and Klf4-/- mice have also been 

reported [20, 21]. Moreover, EGFR-NOTCH signaling pathways as well as Shh and 

Wnt signaling pathways have been implicated in control of keratinocyte 

differentiation [22-24].  

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

protein 1 [(CTIP1; also known as B-cell CLL/lymphoma 11A (BCL11A)] is a zinc 

finger transcriptional factor that shares many functional properties with its homolog 

CTIP2/BCL11B. The two centrally located zinc fingers, zinc finger 3 and 4 in 

CTIP1/BCL11A and zinc finger 2 and 3 in CTIP2/BCL11B, exhibit 94% identity [25, 

26]. Expression of CTIP1/BCL11A has been detected in the murine central nervous 

system (CNS) during embryonic development by RNA in situ and 

immunohistochemistry (IHC)[27, 28]. CTIP1/BCL11A is also expressed in murine 

hematopoietic systems [e.g B cells, common lymphoid progenitors, and 

hematopoietic stem cells (HSCs)] during development and in adulthood [29-31]. 

CTIP1 is essential for post-natal development and normal lymphopoiesis [29, 32]. 

Defects in cell-cycle and multi-lineage differentiation in Ctip1-deficient HSCs have 

been revealed by single-cell analysis [30]. A recent study has reported that 

CTIP1/BCL11A is also a critical regulator of normal mammary epithelial 

development [33]. Our group has previously shown that CTIP2/BCL11B is highly 

expressed in skin and plays a significant role in barrier development and epidermal 

homeostasis, as well as in hair follicle morphogenesis and hair cycling. Either 

germline deletion or epidermal-specific ablation of Ctip2 in mice leads to EPB 

dysfunction, altered epidermal proliferation/differentiation, impaired lipid metabolism 

and disrupted hair cycling [14, 34, 35]. However, CTIP1/BCL11A expression in 
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mouse or human skin has not been characterized. Moreover, the functions of 

CTIP1/BCL11A during development in EPB formation, epidermal proliferation and 

differentiation, and skin lipid metabolism are unknown.  

Here, we noted that CTIP1/BCL11A was highly expressed in both mouse and in 

human skin. Germline deletion of Ctip1 resulted in EPB defects accompanied by 

compromised skin differentiation and altered skin lipid composition. Moreover, 

altered expression of genes encoding lipid-metabolism enzymes, skin barrier-

associated transcription factors, and junctional proteins was observed in Ctip1-/- 

embryonic skin. Finally, integration of ChIP-seq data and RNA-seq data identified 

interaction of CTIP1 with the genomic loci of several genes associated with 

differentiation and lipid metabolism, and these genes exhibited altered expression in 

Ctip1-/- embryonic skin. These CTIP1 target genes include fos-related antigen 2 

(Fosl2), transcription factor p63 (p63), fatty acid elongase 4 (Elovl4) and toll-like 

receptor 4 (Tlr4). Taken together, this study describes a novel role of CTIP1 in 

establishing the epidermal barrier during skin morphogenesis.  
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3.3 Materials and Methods 
 
Generation of Mice 

The CTIP1 mutant mouse line was established at the Phenomin - iCS (Phenomin - 

Institut Clinique de la Souris-, Illkirch, France; http://www.phenomin.fr).The 

targeting vector was constructed as follows. A 2.1 kb fragment encompassing exon 4 

was amplified by PCR (from 129S2/SvPas ES cells genomic DNA) subcloned in an 

iCS proprietary vector. This vector contains a LoxP site as well as a floxed and 

flipped Neomycin resistance cassette. A 4.3 kb fragment corresponding to the 5’ 

homology arm and 2.8 kb fragment corresponding to the 3’ homology arms were 

amplified by PCR and subcloned in step1 plasmid to generate the final targeting 

construct. The linearized construct was electroporated in 129S2/SvPas mouse 

embryonic stem (ES) cells. After selection, targeted clones were identified by PCR 

using external primers and further confirmed by Southern blot with 5’ and 3’ external 

probes. Two positive ES clones were injected into C57BL/6J blastocysts, and male 

chimaeras derived gave germline transmission. Mice were housed in our approved 

University Animal facility with 12 h light cycles, food and water were provided ad 

libitum, and institutional approval was granted for all animal experiment by Oregon 

State University Institutional Animal Care and Use Committee (IACUC). 

 

X-Gal permeability assay   

X-gal diffusion assay were performed as described previously[35] with minor 

modification. Freshly isolated embryos were washed with phosphate-buffered saline 

(PBS) for 5 min three times and then stained in X-gal staining solution overnight at 

37 oC. After staining, embryos were rinsed in PBS and fixed in PFA and 

photographed. 

Immunohistochemistry 

Immunohistochemistry (IHC) staining of paraffin sections was described previously 

[36].  

http://www.phenomin.fr/
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Transepidermal water loss (TEWL) measurement 

TEWL was assessed as previously described using a Tewameter TM300 with Multi 

Probe Adapter (CK electronic GmbH, Köln, Germany) in accordance with 

manufacture operating instruction[35].  

Histological analysis 

Skin biopsies were fixed in 4% paraformaldehyde overnight and embedded in 

paraffin blocks. 5um paraffin sections were sectioned using Leica RM2255 

microtome (Bannockburn, IL). Toludine blue staining of  2 μm -thick skin sections 

were performed as described [37]. For transmission electron microscopy analysis, 

70nm, ultra-thin sections were processed as described [37]. 

Nile Red staining 

Frozen sections (10μm) were stained with Nile Red and after 2 minutes examined 

with Leitz fluorescence microscope (excitation 489 nm, emission 515 nm;[35, 37]. 

Skin protein extraction and western blot analysis 

Protein was extracted from mouse skin biopsies in a lysis buffer (20 mM HEPES, 250 

mM NaCl, 2 mM EDTA, 1% SDS, 10% glycerol, 50 mM NaF, 0.1 mM hemin 

chloride, 5 mM NEM, 1 mM PMSF and protease inhibitor cocktail) followed by 

sonication. Protein concentrations were determined using the BCA assay (Thermo 

Scientific). Equal amounts of protein extract (10-20 μg) from each lysate were 

resolved using sodium dodecyl sulfate (SDS) polyacrylamide-gel electrophoresis and 

transferred onto a nitrocellulose membrane. Blots were blocked overnight with 5% 

nonfat dry milk and incubated with specific antibodies. The antibodies used were 

detailed in Table S5. After incubation with the appropriate secondary antibody, 

signals were detected using immunochemiluminescent reagents (GE Healthcare, 

Piscataway, NJ). The density of the band from the Western blots were quantified 

using Rio-Rad Image Lab4.0 System (USA) and normalized by β-actin. 

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CC4QFjAA&url=http%3A%2F%2Fwww.courage-khazaka.de%2Findex.php%2Fen%2Fproducts%2Fscientific%2F139-tewameter&ei=7J9VUqT-LcGsiAKamoDABg&usg=AFQjCNFPyP65-Doyqr19thJHeEW02f6IBg&sig2=JFbdVSL7ycG1T4T-yUzfUw
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Lipid extraction  

Lipids from E18.5 embryonic skin were extracted according to the method of Bligh 

and Dyer with small modifications as described previously [14]. Briefly, skin 

epidermis was isolated from dermis by 1 mg/ml dispase. Skin epidermis was 

incubated in extraction solvent (chloroform : methanol : water (1:2:0.8), 10-15 mg 

tissue per 1 ml extraction solvent) O/N at room temperature. Fresh extraction solvent 

was added to epidermis samples on the second day and the old extraction solvent was 

saved. Samples were sonicated for 5 cycles, for 30 seconds each, and the suspension 

was shaken for 30 minutes at room temperature. After centrifugation at 2,000 r.p.m 

for 10 minutes, the pellets were discarded and the extraction solvents were combined. 

Chloroform and water were added to the extraction solvent at an extraction solvent : 

chloroform : water ratio of 7.6:2:2. After mixing and centrifuging the upper phase 

was discarded and the lower phase was washed twice with 

chloroform:methanol :Water at a ratio of 1;1:0.9. The lower phase was dried in 

nitrogen, weighed and stored at -20oC. The dry lipids were reconstituted in methylene 

chloride : isopropanol : methanol (23:10:65) before lipidomics analysis.   

Ultrahigh-pressure liquid chromatography/MS/MS (LC/MS/MS) 

Ultra-pressure liquid chromatography was performed on a Shimadzu Nexera system 

(Shimadzu, Columbia, MD) coupled with a quadrupole time-of-flight mass 

spectrometer (AB SCIEX, Triple TOF 5600) operated in information dependent 

MS/MS acquisition mode. The column (1.8 µm particle 100 × 2.1 mm id HSS T3 

column (Waters, Milford, MA)) was heated to 65 oC in the column oven. A gradient 

system consisting of mobile phase A (60:40, v/v) acetonitrile : water containing 10 

mM ammonium formate with 0.1% formic acid and mobile phase B (90:10:4, v/v/v) 

isopropanol:acetonitrile:water containing 10 mM ammonium formate with 0.1% 

formic acid. The sample analysis was performed over 14 min total run time. The 

initial starting conditions were 85% A and 15% B, and then stayed for 0.3 min with 

same gradient. The gradient was ramped to 30% B for 1.7 min, kept for 2 min, 

increased to 50% B for 0.2 min, increased to 80% B to 9 min. The solvent was 
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increased to 100% B for 0.3 min and held to 11.5 min. Subsequently, the system was 

switched to the initial ratio for 0.3 min, and equilibrated at the initial ratio for 

additional 2.2 min. The flow rate was 0.5 mL/min and the injection volume was 5μL. 

TOF MS acquisition time was 0.25 seconds, and MS/MS acquisition time was 0.1 

seconds. The scan range was m/z 70–1700 for TOF MS and m/z 50–1700 for 

MS/MS. Source parameters included nebulizing gases GS1 at 45, GS2 at 50, curtain 

gas at 35, positive mode ion spray voltage 5500 V, negative mode ion spray voltage 

at -4500 V, declustering potential at 80 and-80 V, and at an ESI source operating 

temperature of 550 °C. Collision energy for MS/MS step was 35 ± 10 eV. Data was 

imported into PeakView software for relative quantification and identification[38]. 

Sphingolipids and fatty acids species were confirmed by high resolution MS, MS/MS 

fragmentation, and isotopic distribution, and then compared using the PeakView 

database. Sphingolipids, TAG and CHOL were identified in positive ion mode as 

[M+H]+ except ceramide as [M+H-H2O]+, and fatty acids in negative ion mode as 

[M-H]-, respectively. 

 

RNA extraction and RNA-seq 

Total RNA was prepared from whole skin biopsies collected at E18.5 using TriZOL 

reagent (TriZOL Invitrogen) according to the manufacturer’s protocol. RNA-seq was 

done by the center for Genome Research and Biocomputing core facility at Oregon 

State University (CGRB; OSU). A sequence library was prepared using the Wafergen 

PrepX reagents. First, the PrepX PolyA mRNA Isolation Kit was used to separate the 

coding RNA from the non-coding RNA. The PrepX-seq Library Preparation kit was 

then used to complete the library. The RNA sequencing was done on an Illumina 

HiSeq 2000 instrument, 100bp paired end-using v.3. TruSeq cluster generation and 

SBS kits. For QC, the illumine libraries were checked with the Bioanalyzer HS-DNA 

chip. Then they were quantified by qPCR, using KAPA biosystems library 

quantification kit. 
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qRT-PCR analysis 

RNA was extracted and cDNA synthesis was performed as described[36, 37]. qRT-

PCR amplification was performed on an ABI 7500 Real-Time PCR system using a 

SYBR Green methodology using specific primers as indicated in Table S6. Hprt was 

used as an internal control. All reactions were performed in triplicates. 

Chromatin immunoprecipitation-sequencing (ChIP-seq) 

ChIP-seq studies were performed on primary keratinocytes from newborn mice as 

previously described[23]. Cells were crosslinked with 1% formaldehyde at room 

temperature for 10 min, after which glycine was added to 0.125 mM to quench the 

crosslinking. Cells were subsequently lysed in 1 ml of lysis buffer [10 mM Tris-HCl 

pH7.5, 10 mM NaCl, 3 mM MgCl2, 0.5 % NP40, protease inhibitor cocktail 

(Fermentas)]. The resulting cell nuclei were suspended in ChIP sonication buffer (1% 

Triton X-100, 0.1 % SDS, 0.1% deoxycholate, 50 mM Tris 8.1, 150 mM NaCl, 5 mM 

EDTA) and sonicated to an average fragment size of 300 bp using Branson Digital 

Sonifier (17% amplitude). A portion of sheared chromatin was reserved as input 

control. ChIP with 100 μg  of chromatin solution was performed as described [39] 

using specific antibodies against CTIP1 and a transcription activation mark [Histone 

3, Lysine 4 tri-methylation (H3K4Me3)]. Immunoprecipitated DNA was then purified 

by use of a Qiagen DNA purification kit. Construction of ChIP libraries and 

sequencing of 50 bp single–end reads on an Illumina HiSeq 3000 were performed at 

the OSU CGRB core facility.  

RNA-seq and ChIP-seq Data analysis 

The program Skewer was used to trim adaptors from reads and quality filtering was 

then performed [40]. Filtered reads were aligned to the mm10 genome  using Hisat 

for RNA-seq data and Bowtie for ChIP-seq data[42, 43]. The gene models came from 

Ensemble. Samtools was used for sam to bam file conversion and indexing [44]. For 

RNA-seq data analysis, the Cuffdiff program was used to estimate FPKM (fragments 

per kilobase of exon per million reads mapped) values for each replicates and to 

quantify differences in gene expression between the two experimental conditions 
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(Ctip1-/- embryos and wild-type embryos)[45]. The Pearson correlation coefficient 

was calculated for all replicates (5 mutant and 5 wild-type) using SciPy[46], and two 

wild-type replicates were discarded due to poor correlation with other replicates. For 

ChIP-seq data analysis, reads in regions known to have high artifact signal[47] were 

removed using BEDTools [48]. A blacklist of high-artifact regions was obtained from 

https://sites.google.com/site/anshulkundaje/projects/blacklists. The peak-calling 

program, MACS14, was used to call peaks [49]. The UCSC Genome Browser[50, 51] 

(http://genome.ucsc.edu/) was used to visualize the mapping data and peak calls. A 

custom Python script was used to integrate the RNA-seq and ChIP-seq data [52, 53]. 

Transcript and exon locations were extracted from an Ensembl release 75 GTF 

file[54]. The transcript loci and exons were compared against the location of the 

summit of all the peaks identified by MACS14. Transcripts with a TSS less than or 

equal to 2kb downstream of the summit were classified as proximal, while those with 

a TSS between 2kb and 50kb downstream were classified as distal. If the summit was 

inside the transcript locus, the exons were checked to see if the summit was in an 

intron or exon. If the summit was not inside any transcript and there was no TSS 

within 50kb, the peak was classified as intergenic. Once transcripts were identified, 

the RNAseq data produced by Cuffdiff was used to determine if peaks were near 

significantly expressed genes, and if so, whether those genes were up-regulated or 

down-regulated. 

Statistics analysis 

All statistical significance of difference between different groups was assessed using 

GraphPad Prism software (Graphpad Software, La Jolla, CA). 
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3.4 Results  
 
CTIP1 is expressed in developing and adult mouse skin and in adult human skin 

Immunohistochemistry was performed at different stages of skin development using 

anti-CTIP1 antibody to characterize the expression pattern of CTIP1 during mouse 

skin morphogenesis. CTIP1 expression was detected in the single-layered ectoderm 

as early as embryonic day 10.5 (E10.5). The expression of CTIP1 was co-localized 

with basal cell marker keratin 14 (K14) in the ectoderm (Figure 1A and 1B). At 

E14.5, CTIP1 was mainly and persistently expressed in the rapidly dividing basal cell 

layer (Figure 1C). Expression of CTIP1 was also detected in some cells in the 

suprabasal layers at this stage, co-localized with early differentiation marker keratin 

10 (K10) (Figure 1D). We further investigated the expression of CTIP1 at E16.5 and 

E18.5. At these two later developmental stages, high levels of CTIP1 expression were 

consistently observed and co-localized with K14 in the basal layer of the epidermis, 

as well as in the hair bulbs and follicles. In the suprabasal layers, few CTIP1 positive 

cells were observed at E16.5 and E18.5 (Figure 1E-1H). Some of the dermal cells 

were found to express CTIP1 at early stages from E10.5 (Figure 1A-F), but 

expression was decreased at late stage and more restricted to the epidermis ~ E18.5, 

when the fully stratified and differentiated epidermis is formed (Figure 1G and 1H)[2, 

3]. We found a similar expression pattern in the skin of 8-week-old adult mice, with 

the majority of cells in the basal layer and hair follicles and some cells in the 

suprabasal layers expressing CTIP1 (Figure S1A and B). As in the late stages of 

embryonic development, very little CTIP1 expression was detected in the dermal 

compartment of the adult skin (Figure S1A and B).   

CTIP1 is highly conserved across a wide range of species, and human and mouse 

CTIP1 proteins are 98% identical [55]. The detection of high expression of CTIP1 in 

mouse skin prompted us to examine whether CTIP1 is also expressed in normal 

human skin. We detected strong CTIP1 expression in the basal and suprabasal layers 

of normal human epidermis, while very few dermal cells were CTIP1+ by IHC 

(Figure S1C). These observations highlight the potential importance of CTIP1 in 
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murine and human skin, particularly during embryonic development, and form the 

cornerstone of the studies performed hereafter.  

Disruption of skin permeability barrier function in Ctip1-/- embryos during 

development 

In order to determine the function of CTIP1 in epidermal morphogenesis, we created 

Ctip1-/- mice and analyzed their skin. The Cre-LoxP system was used to flox exons 3 

and 4 of the Ctip1 locus, which together encode at least 75% of the total protein-

coding sequences of Ctip1 containing the main functional C2H2 zinc fingers motifs 

(Figure 2A). Heterozygous mice harboring one wild-type (WT) allele and one mutant 

Ctip1 allele were bred to generate the Ctip1-/- mice. The deletion of Ctip1 was 

confirmed by PCR at DNA level (Figure 2B) and immunoblotting and IHC at the 

protein level (Figure2C, Figure S2A). Heterozygous mutant mice (Ctip1+/- mice) were 

phenotypically indistinguishable from the WT littermates. In contrast, the Ctip1-/- 

mice died shortly (~2 hours) after birth. As Ctip2-/- mice, a paralogue of Ctip1, also 

died shortly after birth and displayed skin barrier defects [35], we examined EPB in 

Ctip1-/- mice by X-gal dye diffusion assay. At E17.5, the Ctip1-/- embryos showed 

positive blue staining on the ventral surface, whereas the WT littermates stained 

negative for the dye-exclusion assay (Figure S2B). However, positive staining was 

not observed in mutant or WT embryos at E18.5 (Figure S2B). Because the dye 

diffusion assay is less precise than measurement of trans-epidermal water loss 

(TEWL) [56], we also measured TEWL to determine the epidermal permeability 

barrier (EPB) status in mutant embryos. A significant increase in water loss through 

dorsal and ventral skin of Ctip1-/- embryos was observed compared to that of WT 

controls at both E17.5 and E18.5 (Figure 2D). Furthermore, histological analyses on 

2μm thick semithin sections showed that the epidermis of Ctip1-/- embryos was 

significantly thinner than WT embryos at both E17.5 and at E18.5 (Figure 2E and 

2F). Altogether, our results demonstrate that Ctip1-/-  embryos exhibit significant 

barrier defects even at late stages of development (E18.5) and may suggest an 

important role of CTIP1 in formation and establishment of EPB. We have therefore 
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analyzed skin samples from E18.5 WT and Ctip1-/- embryos in all our subsequent 

studies.  

Altered epidermal differentiation in the skin of Ctip1-/- embryos 

We hypothesized that the epidermal hypoplasia observed in the Ctip1-/- embryos 

could be due to alterations in epidermal proliferation and/or differentiation. To test 

that hypothesis, we examined the expression of markers of epidermal proliferation 

and differentiation, including K14 (basal cell), Ki67 and proliferating cell nuclear 

antigen (PCNA) (proliferation), K10 (early differentiation), involucrin (IVL) 

(differentiation), filaggrin (FLG) and loricrin (LOR) (late differentiation) in E18. 5 

Ctip1-/- and Ctip1+/+ embryos skin by IHC and immunoblot. The expression of K14 

was modestly reduced in Ctip1-/- skin (Figures 3A, B and C), although no significant 

differences in the percentage of Ki67+ basal cells (Figure S3A and B) and expression 

of PCNA were observed between WT and mutant skin (Figure S3C and D). 

Expression of IVL was decreased by immunoblot analyses in Ctip1-/- skin compared 

to Ctip1+/+ skin (Figure 3B and C). IHC analysis also revealed that the distribution of 

FLG was altered in the granular layer of the mutant skin (Figure 3A). Immunoblot 

analysis further revealed that while pro-FLG was normally processed to FLG 

monomers in control epidermis, profilaggrin processing was dramatically disrupted 

and FLG monomers were greatly reduced in mutant skin (Figure 3B and C). During 

epidermal terminal differentiation, profilaggrin is processed into mature filaggrin 

(filaggrin monomer), which is further broken down to release the natural moisturizing 

factor that is essential for epidermal hydration (Grishchuk et al., 2007). Caspase-14 is 

responsible for that process [57]. Expression of Caspase-14 was also reduced in 

mutant skin (Figure S3E). No significant alterations in expression of K10 and LOR 

were observed in mutant skin. Collectively, the results suggest that loss of CTIP1 

leads to reduced terminal differentiation during skin development. 
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Ultrastructural abnormalities and lipid distribution defects in the epidermis of 

Ctip1-/- skin  

Ultrastructural analyses was performed to characterize epidermal defects in Ctip1-/- 

skin. The numbers of desmosomes and corneodesmosomes (CDs) in the stratum 

granulosum and stratum corneum layers, as well as lamellar bodies in stratum 

granular layers, were significantly reduced in E18.5 skin from mutant mice (Figure 

3D). Moreover, mutant CDs were much smaller in size than that of the control mice 

(Figure 3D). The protein level of corneodesmosin (CDSN), which is specific to 

corneodesmosomes, was also significantly decreased in mutant skin compared to WT 

(Figure 3E and F). The number and structure of keratin filaments in the granular layer 

of mutants was similar to that of wild-type mice. Lipid -rich lamellar bodies (LBs) 

were detected in the stratum granular layer of Ctip1+/+ embryonic skin. In contrast, 

the LBs in mutant mouse skin were much smaller in size and were often empty and 

lacked their lipid contents (Figure 3D). In order to test whether CTIP1 deficiency 

affected lipid distribution within the skin, Nile red staining was performed. We 

observed a golden-colored, continuous ribbon of neutral lipids along the top of the 

cornified layer of WT embryos, whereas those lipids were rarely detected in the 

mutant skin and were sometimes unevenly distributed on the surface of the epidermis 

in mutant embryos (Figure 3G). These data suggest that impaired barrier formation in 

Ctip1-/- embryos could be due to reduced LBs contents, altered distribution of lipids 

and/or impaired lipid metabolism in the developing skin. 

Altered composition of epidermal lipids in the skin of Ctip1-/- embryos  

The results of Nile red staining and transmission electron microscopy studies led us to 

hypothesize that CTIP1 plays a key role in regulating lipid homeostasis in the 

developing skin. We therefore performed lipidomic analyses to determine if the lipid 

composition in the epidermis was altered in the absence of CTIP1 during 

development. All major SC lipids, including CERs, FFAs, cholesterol and TGs were 

detected by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Since 

CERs are the most abundant lipids in the skin, we first compared CER profiles of 

Ctip1-/- and Ctip1+/+ embryonic skin. Seven of the 12 subclasses of CERs were 
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identified in embryonic skin: CER[NDS], CER[NS], CER[NP], CER[NH], 

CER[AH], CER[EOS], and CER[EOH] (Figure 4 and Figure S4). CER[NS] and 

CER[NDS] were the most abundant in embryonic skin, while CER[NP], CER[NH], 

CER[AH], as well as very long-chain CER[EOS] and CER[EOH] were less abundant. 

We found specific CERs, belonging to four of the subclasses, that were lower in 

mutant epidermis compared to control embryos. These are long-chain fatty acids, 

such as CER [NDS] (42, 44, 46 and 48 carbons length) (Figure 4A), CER[NS] (44 

carbons length) (Figure 4B), CER[NP] (44 carbons length) (Figure 4C), as well as 

very long-chain CER[EOH] (68 carbons length) (Figure 4D). The levels of 

CER[NH], CER[AH] and CER[EOS] were comparable between mutant and WT 

embryonic skin (Figure S4A, B and C). 

The profile of saturated and unsaturated sphingomyelins, sphingosine, and 

sphinganine were also compared between WT and mutant embryonic skin. The long-

chain sphingomyelins (44:1, 46:1 carbons length) were significantly reduced in 

mutant skin, while the composition of saturated sphingomyelins remained similar to 

WT (Figure 4E and Figure S4D). In addition, the major free sphingoid bases, 

sphingosine and sphinganine (18 carbons long), were significantly reduced in mutant 

skin (Figure 4F).  

We compared relative amounts of cholesterol, cholesterol-3-sulfate, and free fatty 

acids (FFAs) between WT and mutant skin because these lipids are important in the 

structure and function of the SC. The levels of both cholesterol and cholesterol 3-

sulfate were comparable between the two groups (Figure S4E). However, lipidomic 

analyses revealed that certain triglycerides (TGs), such as TG (52:2, 52:5) were 

significantly reduced in mutant skin compared with wild-type skin (Figure S4G). The 

results confirm that epidermal lipid composition is significantly altered in Ctip1-/- 

embryos, possibly contributing to altered barrier functions during epidermal 

morphogenesis. 
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Altered expression profile of genes implicated in lipid metabolism in Ctip1-/- skin 

Altered lipid composition in Ctip1-/- embryos may be due to impaired expression of 

genes encoding proteins involved lipid biosynthesis and/or processing. We examined 

the expression of genes in sphingolipid biosynthesis and metabolic pathways by 

RNA-seq analyses followed by qRT-PCR validation on E18.5 WT and mutant skin. 

RNA-seq analysis revealed that out of 38,052 genes, 4439 (11.7%) were differentially 

expressed in the skin of Ctip1-/- embryos (FDR, p <0.05). Among the significantly 

altered genes, 2233 were down-regulated and 2206 were up-regulated (Figure S5A). 

Based on RNA-seq analysis, we found a subset of genes involved in sphingolipid 

biosynthesis and metabolism pathways were either significantly up- or down-

regulated in the mutant skin (Figure 5A). Significantly altered genes in Ctip1-/- skin 

include N-acylsphingosine amidohydrolase (Asah1), glucosylceramide synthase 

(Ugcg), 3-ketodihydrosphingosine reductase (Kdsr), CER synthase 6 (Cers6), Elovl4, 

and sphingomyelin synthase 1 and 2 (Sgms1 and Sgms2), all of which were 

significantly decreased in mutant skin (Figure 5B). In contrast, the expression of 

sphingosine kinase 1 and 2 (Sphk1 and Sphk2), sphingomyelinase 1 (Smpd1), and 

palmitoyltransferase (Sptlc3) was significantly increased in Ctip1-/- embryonic skin 

(Figure 5B). These differentially expressed lipid-metabolism genes are involved in 

ceramide biosynthesis pathways (Figure 5C) [14]. The above findings indicate that 

CTIP1 deficiency interferes with epidermal lipid metabolism. 

Altered expression of genes encoding transcription factors and proteins that 

contribute to intercellular junctions in the Ctip1-/- skin 

We investigated expression patterns in additional classes of genes encoding junctional 

proteins, cytokines and chemokines, and antimicrobial peptides (AMPs), all of which 

are involved in barrier functions. RNA-seq analysis of mutant and WT skin revealed 

that a subset of genes encoding junctional proteins was differentially expressed in 

Ctip1-/- skin. We found that Claudin-1 (Cldn1), Claudin-2 (Cldn12) and Junctional 

Adhesion molecule-2 (Jam2) were down-regulated, while Claudin-15 (Cldn15), Tight 

junction protein-3 (tjp3), and Platelet and endothelial cell adhesion molecule-1 

(pecam1) were up-regulated (Figure 6A). Among all of the junctional genes, Cldn1 
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was most abundantly expressed in the WT skin and its expression was most 

significantly down-regulated in the mutants. Immunoblot analysis further confirmed 

the down-regulation of CLDN1 in mutant skin at the protein level (Figure 6B). In 

contrast, the gene expression profile of AMPs, cytokines and chemokines was not 

significantly altered in Ctip1-/- embryos (Table S1 and S2).  

Several transcription factors regulate the keratinocyte differentiation program, lipid 

metabolism, and intercellular junctions, eventually governing the formation of a 

functional skin barrier[14, 19-21, 35, 58-60]. RNA-seq analysis identified a subset of 

differentially expressed genes encoding these skin-related TFs in Ctip1-/- embryonic 

skin (Figures 6D and E). They included SPY-box containing gene 9 (Sox9), nuclear 

factor (Nfe2l2), p63, Fosl2, epidermal growth factor receptor (Egfr), wntless homolog 

(Wls), sonic hedgehog (shh), aryl-hydrocarbon receptor (Ahr), GATA binding protein 

3 (Gata3), retinoid X receptor alpha (RxRа), and kruppel-like factor 4 (Klf4) (Figure 

6D and E). Among those significantly altered genes encoding TFs, ~85% of genes 

were down-regulated, while ~15% of genes were up-regulated.  

These results suggest that CTIP1 might act as a key player to regulate expression of a 

subset of genes encoding transcription factors and proteins involved in intercellular 

junctions that are implicated in skin barrier formation. 

Integration of chromatin immunoprecipitation (ChIP)-seq and RNA-seq analysis 

identifies direct downstream targets of CTIP1  

In order to determine the mechanisms of CTIP1 -mediated regulation of gene 

expression in skin, ChIP-seq analysis was performed on primary mouse skin 

keratinocytes using an anti-CTIP1 antibody. The specificity of the CTIP1 antibody 

was first confirmed by western-blot (Figure S5B). Using the peak calling program 

MACS14, we identified 2351 statistically significant peaks.  Genomic distribution of 

peaks revealed that 34% of these peaks were located in gene promoter regions, with 

4.3% in the proximal region [within 2kb upstream of transcriptional start site (TSS)] 

and 29.7% in the distal region (2kb-50kb upstream of the TSS). The rest of the peaks 

were located in the exon (0.9%), intron (17.9%) and in the intergenic (47.2 %) 
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regions (Figure 7A). Next, we integrated the ChIP-seq data with RNA-seq data to 

determine if the peaks were near genes that were found to be significantly altered. We 

discovered that 344 differentially expressed genes (DEGs) had associated CTIP1 

peaks in promoter, exon, intron, or intergenic regions (Figure 7B). We next created a 

list of DEGs with a peak in the promoter region or in an intron or exon for further 

study. We performed enrichment analysis to determine which Gene Ontology (GO) 

terms in the biological process domain were associated with genes in this list more 

often than would be expected by chance. We found that “development process,” 

“metabolic process,” and “organic substance metabolic process” were among the top 

10 significantly enriched GO biological process terms if the results were sorted by p-

value (Table S3), while “cell development” and “cell differentiation” were among the 

top 25 if the results were arranged based on fold enrichment (Table S4). When we 

restricted the possible terms to the GO-Slim biological process set, we identified a 

single significant term “metabolic process,” which includes lipid metabolism. We 

then narrowed our focus to four genes (Fosl2, p63, Elovl4, and Tlr4) from our gene 

list that were associated with these enriched GO terms and have well defined roles in 

skin epidermal barrier differentiation and lipid metabolism [18, 19, 61, 62]. Two of 

those four genes (Fosl2 and Elovl4) had ChIP enrichment in or near the proximal 

promoter region. Fosl2, which is a key transcription regulator involved in the terminal 

differentiation of keratinocytes (Wurm et al., 2015), had a statistically significant 

peak on chromosome 5 at ~1.5kb upstream of the TSS. We also found a statistically 

significant peak on chromosome 9 at ~3 kb upstream of the TSS of Elovl4. ELOVL4, 

a fatty acid elongase, has been shown to be involved in the synthesis of epidermis-

specific long-chain and very long-chain CERs, which are essential components of the 

SC lipid barrier[61, 63]. Interestingly, clusters of CTIP1 binding motif GGCCGG 

were also observed at this position near Fosl2 (Figure 7C)[25]. Mapping of ChIP-seq 

data for CTIP1 and histone activation mark H3K4me3 revealed that the CTIP1 

binding site on Fosl2 gene was close to H3K4me3 modification, which is usually 

found at active promoters of genes (Figure 7C). In addition, we also observed 

H3K4me3 modification near the significant CTIP1 ChIP-seq peak at Elovl4 (Figure 

7F). These observations were consistent with the reduction of Fosl2 and Elovl4 
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expression in Ctip1-/- embryonic skin (Figure 5B and 6E), suggesting that CTIP1 

preferentially binds to active promoters and positively regulates the expression of 

these genes. The reduction of FOSL2 and ELOVL4 in mutant embryo was further 

confirmed at protein level by western-blot (Figure 7D, E, G and F). p63 acts as master 

regulator of epidermal differentiation (Koster et al., 2007). We found a significantly 

enriched peak that is located in the first intron of four p63 isoforms (~17kb 

downstream of TSS) and within ~100kb upstream of the TSS of the other six 

isoforms (Figure S5C). In addition, we observed significant enriched binding of 

CTIP1 ~16kb upstream of the TSS of Trl4 (Figure S5F), whose expression has been 

reported to increase during keratinocyte differentiation (Pivarcsi et al., 2004). 

Although the expression of p63 and Tlr4 was significantly decreased in Ctip1-/- 

embryonic skin at RNA level (Figure 5B and C), the protein levels of delta-p63 and 

TLR4 were slightly decreased that was not significant (Figure S5D, E, G, H). The 

above data suggest that CTIP1 might regulate the skin epidermal barrier 

differentiation and lipid metabolism via direct or indirect binding to multiple 

downstream targets.  
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3.5 Discussion  

Skin epidermis serves as the first physical barrier to protect us from external assaults 

(e.g invasion of environment pathogens, UV irradiation) and water loss [4, 64]. 

Transcriptional regulatory networks precisely orchestrate the establishment of 

functional skin barrier[2, 19, 22, 35, 65]. The present study reveals a previously 

unidentified role for the transcription factor CTIP1/BCL11A in establishment and 

formation of epidermal permeability barrier. We have determined that CTIP1 is 

highly and continuously expressed in mouse skin epidermis during embryogenesis 

and in adulthood, as well as in human skin. Mice lacking CTIP1 displayed EPB 

defects accompanied by disrupted skin terminal differentiation, such as failed 

processing of profilaggrin into filaggrin monomers, and altered lipid metabolism. 

Skin barrier defects in Ctip1-/- embryos were likely due to abnormal expression of 

genes encoding skin lipid metabolizing enzymes, skin barrier-associated transcription 

factors and/or proteins that contribute to formation of tight junctions. Mechanistic 

analyses through integration of ChIP-seq data and RNA-seq data suggested that 

CTIP1/BCL11A might regulate skin barrier function via directly or indirectly 

targeting a subset of genes associated with epidermal differentiation and lipid 

metabolism. 

High-level expression of CTIP1 in mouse as well as human skin indicated a specific 

role for this protein in normal skin. The identification of the defective epidermal 

permeability barrier in Ctip1-/- embryos further validated this observation. Impaired 

epidermal terminal differentiation, especially defective processing of profilaggrin, 

could lead to the skin barrier defects [59, 66, 67]. Loss-of-function mutations in FLG 

gene have been identified as a cause of certain common skin diseases in rodents and 

humans characterized by disrupted skin barrier functions, such as atopic dermatitis 

and ichthyosis[68]. In Ctip1-/- embryos, we observed dramatic reduction of filaggrin 

monomers along with a reduction in the Caspase-14 expression, which processes of 

pro-filaggrin to mature filaggrin and natural moisturizing factors [57]. The above data 

suggest a critical role of CTIP1 in filaggrin processing, perhaps through regulation of 

Caspase-14 expression. Additionally, the level of IVL, a maker of terminal 
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differentiation[69], was also significantly reduced in Ctip1-/- embryonic skin. These 

findings underscore the role of CTIP1 in epidermal terminal differentiation. In 

contrast, the expression of keratinocyte proliferation markers, such as Ki67 and 

PCNA, was unaltered in Ctip1-/- skin. The minimal change in proliferation of 

keratinocytes in the absence of CTIP1 can be explained in several ways. First, it is 

possible that loss of CTIP1 mainly affects epidermal differentiation, rather than 

affecting proliferation. Indeed, we observed that some of the proliferating cells 

(Ki67+) in the epidermis did not co-express CTIP1 (Figure S1D). Thus, the function 

of CTIP1 could be somewhat redundant in basal keratinocytes. Second, it is also 

possible that unaffected keratinocyte proliferation in Ctip1-/- embryos is due to a 

compensatory mechanism, such as increased expression of CTIP2 in absence of 

CTIP1 (Figure S2D). Generation of Ctip1 and Ctip2 double null mice (Ctip1-/- | 

Ctip2-/-) will be important to elucidate the presence of a functional redundancy 

between CTIP1 and CTIP2 in the epidermal basal cells. Additional studies in a mouse 

model with Ctip1 deletion in the differentiated compartment of the epidermis 

(suprabasal deletion with FoxN1-Cre or K10-Cre drivers) is expected to elucidate the 

function of suprabasal CTIP1+ cells in controlling epidermal terminal differentiation 

and barrier formation.  

Epidermal terminal differentiation is a highly complex process and involves the finely 

balanced interplay of a handful of TFs[2, 3, 65]. We have shown here that a subset of 

terminal-differentiation-associated TFs were dysregulated in the skin of Ctip1-/- mice, 

such as Fosl2, p63, Gata3, Ahr, Egfr, Shh and Sox9. Individual knockout studies in 

mice for each of those genes have shown phenotypic and developmental 

abnormalities in the epidermis and hair follicles[18, 20, 23]. Recently, Wurm et al. 

showed that FOSL2, a member of the AP-1 family, was essential for epidermal 

barrier formation, especially in controlling terminal epidermal differentiation[18]. 

FOSL2 mainly functions in the differentiated layers of epidermis even though it is 

expressed in all epidermal keratinocytes. Skin barrier defects in Fosl2 mutant mice 

were due to reduced expression of differentiation markers, such as FLG. This was 

similar to what we observed following ablation of Ctip1, which only affected 
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epidermal differentiation, although CTIP1 was highly expressed in basal 

keratinocytes. We observed interaction of CTIP1 with the promoter region of Fosl2 

by ChIP-seq analysis, indicating that Fosl2 might be a direct target of CTIP1. 

Furthermore, several GC-rich motifs (GGCCGG), to which CTIP1 binds directly [26] 

clustered around the promoter region of Fosl2 in the vicinity of the enriched CTIP1 

peak as well as the peak for the histone modification mark (H3K4me3) were located. 

H3K4 methylation, especially tri-methylation, is usually associated with promoters of 

transcriptionally active genes [70]. Although CTIP1 has been shown to act as a 

transcriptional repressor in erythroid cells [32, 70], our present findings indicate that 

CTIP1 directly binds to the active promoter region of Fosl2 gene through a GC-rich 

motif and positively regulates the expression of this gene. These findings suggest that 

the mechanism by which CTIP1 regulates the gene expression could be context 

dependent and CTIP1 could act both as a repressor and/or an activator in a cell-

specific manner as it is true for most of the transcription factors.  

The transcription factor p63 is a master regulator of epidermal development, and loss 

of p63 expression prevents epidermal differentiation [19]. We found enrichment of 

CTIP1 binding in the first intron of the p63 gene encoding the TAp63 protein isoform 

and at region distal from the TSS of the p63 gene encoding the ΔNp63 protein 

isoform, which is the most predominant isoform in skin. In addition, we observed the 

interaction of CTIP1 with the distal promoter region of Tlr4, which was significantly 

down-regulated in mutant mouse skin. Although the general expression level of Tlr4 

is low in skin, studies have confirmed that TLR4 is expressed in mid-epidermal 

keratinocytes rather than basal layer keratinocytes. The expression of TLR4 is 

associated with immortalized HaCaT keratinocytes[62]. Moreover, TLR4 has shown 

an important role in early skin wound healing [71]. However, no significant enriched 

peaks were identified on any of other TFs that were differentially expressed in the 

skin of Ctip1-/- embryos. Those data suggested that CTIP1 may directly regulate the 

expression of a subset of transcription factors such as Fosl2, p63 and Tlr4, which can 

in turn regulate additional gene(s) and multiple pathways implicated in barrier 

formation and terminal differentiation. Studies have shown that p63 directly 

modulates the expression of various genes linked to epidermal function, such as 
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GATA3[72]. Overall, CTIP1 may either directly or indirectly regulate certain TFs to 

control the epidermal terminal differentiation program. Therefore, the disrupted 

terminal differentiation program could be, at least in part, the underlying cause of 

skin permeability barrier defects in Ctip1-/- skin. 

In addition to playing a key role in proper execution of the keratinocyte terminal 

differentiation program, the presence of appropriate proportions of skin lipids is 

essential for the protective skin barrier functions[12, 73]. Alterations of skin lipid 

composition and organization lead to impaired skin barrier functions and result in an 

increase in TEWL, characteristics that are seen in many skin diseases, such as atopic 

dermatitis, ichthyosis and psoriasis[74, 75]. Loss of CTIP1 led to impaired regulation 

of epidermal terminal differentiation and alterations in skin lipid composition, such as 

changes in skin ceramide composition and down-regulation of ceramide sphingoid 

base (e.g sphingosine and sphinganine) and ceramide precursor (e.g sphingomyelin). 

Consistent with the changes in lipid composition, Nile red staining and ultrastructural 

analyses revealed abnormal surface lipid distribution and a reduction in the lipid 

content of the lamellar bodies in Ctip1-/- embryonic skin. Lamellar bodies (LBs), 

formed in the stratum spinosum, are required for transfer and secretion of lipids and 

lipid-metabolism enzymes[76]. Furthermore, transcriptome profiling indicated that 

barrier defects were likely due to the dysregulation of lipid-metabolism genes in the 

absence of Ctip1. The Ctip1-/- epidermis showed decreased levels of ELVOL4 at both 

RNA and protein level, which is involved in the synthesis of very long-chain 

saturated or unsaturated fatty acids (>=C26) that are essential for long-chain ceramide 

synthesis [63]. Mice lacking this enzyme displayed permeability barrier defects[61]. 

Indeed, a reduction in certain ceramide subclasses (e.g CER[NDS], CER[NS] and 

CER[EOH]) containing long-chain or very long-chain fatty acids was observed in 

Ctip1-/- embryos. It has been previously reported that the proportion of CERs with 

long-chain fatty acids was significantly lower in skin disease with barrier disruption 

(e.g AD and psoriasis)[9, 77]. Moreover, down-regulation of Asah1 and Sgpp1 along 

with the up-regulation of Sphk1 and Sphk2 in ceramide synthesis pathway may caused 

the observed decrease in sphingosine. The reduction in sphinganine might be due to 

decreased levels of Kdsr, part of the ceramide de novo synthesis pathway. The 
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decreased level of ceramide sphingoid bases may further contribute to the overall 

reduction of CERs in the absence of CTIP1. ChIP-seq studies identified a 

significantly enriched peak in the region (~3kb) upstream of the Elovl4 TSS in 

keratinocytes, suggesting a possible direct regulation of Elovl4 by CTIP1 in skin. 

However, CTIP1 peak enrichment was not observed for other lipid metabolism genes 

that were differentially expressed in Ctip1-/- embryonic skin. Further studies will be 

necessary to identify whether CTIP1 interacts with other factors to regulate 

expression of these genes. These data suggested that CTIP1 may directly or indirectly 

regulate a subset of lipid-metabolism genes, and thus govern epidermal sphingolipids 

biosynthesis and metabolism.  

Intercellular tight junctions, residing immediately below the stratum corneum, are 

required for protective barrier formation [15, 78]. The Claudin-family of proteins is 

pivotal to tight junction formation. Previous studies have shown that deletion of 

Claudin-1 leads to skin barrier defects, alteration of ceramide composition and 

inhibition of filaggrin processing[79]. Claudin-1 expression was also decreased in AD 

skin characterized by impaired barrier function[80]. We observed changes in 

expression of junctional genes, especially Claudin-1, in Ctip1-/- embryos. However, 

ChIP-seq analyses did not reveal binding of CTIP1 near the promoter regions of 

Claudin-1, suggesting either Claudin-1 may not be a direct target of CTIP1, or a more 

distal binding site is involved. Claudin-1 has been identified as a p63 direct target 

gene[58], suggesting that the reduction of Claudin-1 in Ctip1-/- embryos may be the 

consequence of reduced expression of p63. In addition to the alteration of specific 

tight junction proteins, CDSN, a desmosome protein, was also changed in mutant 

skin. Loss of CDSN results in severe skin barrier dysfunction in mice and humans[81, 

82]. Therefore, alterations in junctional proteins in Ctip1-/- embryos may also 

contribute, in part, to the overall skin barrier defects we observed. 

The skin barrier abnormalities and lipid metabolism defects observed in Ctip1-/- 

embryos are very similar to the phenotype observed in Ctip2-/- embryos[14, 35]. 

CTIP2 and CTIP1 are highly related genes, and both of them interact with COUP-TF 

family members[25]. Although co-expression of CTIP1 and CTIP2 in most of the 
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basal cells was observed by IHC, some of the cells in the suprabasal epidermal layer 

were either CTIP1+ or CTIP2+ (Figure S2C), suggesting that those two proteins may 

have overlapping as well as unique functions in control of epidermal proliferation and 

differentiation. Indeed, our current study showed that CTIP1 had more of an effect on 

epidermal terminal differentiation, while our previous study revealed that CTIP2 

controlled both epidermal proliferation and differentiation[35]. Both Ctip2-/- and 

Ctip1-/- embryos exhibit epidermal barrier defects, but each protein regulates distinct 

sets of skin- barrier related genes, such as lipid metabolism genes, transcription 

factors and tight junctional genes. Genes encoding sphingolipid-metabolizing 

enzymes (e.g Kdsr, Asah1 and Sgms1), which were altered in Ctip1 mutant skin, were 

unaffected in Ctip2-/- embryos. These data imply that Ctip1 and Ctip2 have distinct 

but overlapping roles in regulating epidermal barrier formation. Future research 

conducted in a Ctip1 and Ctip2 double knockout mouse model is needed to clarify 

these roles. 

We identified 2351 regions of enriched CTIP1-binding in the mouse genome, 4.3% of 

which mapped to within 2kb of a TSS. Among the four genes of interest in this study, 

only Fosl2 had a CTIP1 peak in the proximal promoter region. CTIP1 peaks were 

more commonly located either within introns or the distal region of certain gene 

promoters, suggesting that CTIP1 might primarily act distally, rather than only acting 

at the proximal promoter regions of genes. Indeed, evidence has indicated that CTIP1, 

in contrast to other TFs, tends to associate with distal control regions in adult human 

erythroid cells [70]. Several TFs, such as GATA1, TAL1, RUNX1, have been 

reported to bind further from TSS of genes, either in intergenic regions or within 

introns[83]. Intron and intergenic regions are also the most common location for 

enhancers[84]. Further studies, such as chromatin conformation capture studies and 

ChIP-seq analysis for enhancer marks, are required to clarify whether CTIP1 

functions as a distal enhancer of certain genes (e.g Elovl4, p63, Tlr4) via chromatin 

looping.  

In conclusion, our data highlight the importance of CTIP1 in formation and 

establishment of the skin barrier in mice during development. The epidermal 
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permeability barrier defects in Ctip1-/- embryos might be due to the combined effects 

of 1) compromised terminal differentiation, such as disruption of filaggrin processing, 

2) perturbations in lipid metabolism and altered lipid composition, and 3) alteration of 

epidermal junctional proteins, as summarized in Figure 8. Further studies in an 

epidermal-specific Ctip1 knockout mouse model will be required to determine 

whether CTIP1 functions in a cell-autonomous or non-cell-autonomous manner for 

maintenance of skin barrier function and homeostasis. Our present study provides 

important knowledge regarding the transcriptional regulation of the epidermal 

permeability barrier (EPB) by CTIP1 and could highlight potential avenues for 

treatment of skin diseases characterized by skin barrier disruption.  
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Figure 3.1. Expression of CTIP1 in developing mouse skin  

(A,B,C,E,G) IHC staining for co-expression of CTIP1 (red) and Keratin K14 (green) 

at indicated days (D,F,H) Co-expression of CTIP1 (red) and K10 (green) at indicated 

days. Keratin 14 (K14) and Keratin 10 (K10) staining marks the basal and suprabasal 

cell layers, respectively. All sections were counterstained with DAPI (blue) to stain 

the nuclei. EC, ectoderm; M mesoderm; E, epidermis; D, dermis; HB, hair bulbs; HF, 

hair follicle. Scale bar = 50 μm. 
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Figure 3.1 
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Figure 3.2. Generation and characterization of Ctip1-/- mice 

(A) Schematic representation of Ctip1 wild-type (+), floxed (L2) and mutant (L-) 

alleles. Exons (1-4) are indicated by black boxes. (B) PCR analysis of Ctip1 DNA 

fragments, and (C) Western blot analysis of protein extracts from Ctip1+/+ and Ctip1-/- 

embryonic skin using anti-CTIP1 monoclonal antibody. β-actin was used as a loading 

control. 

(D) TEWL measurement of wild-type and Ctip1-/- embryos on dorsal and ventral skin 

using a tewameter at E17.5 and E18.5. (E) Histology of toluidine blue stained ventral 

skin biopsies (2-μm thick sections) from Ctip1+/+ and Ctip1-/- embryos at E17.5 and 

E18.5. (F) Quantitative histomorphometry of Ctip1-/- phenotype. C, cornified; G, 

granular; S, spinous; B, basal layers, D, dermis. * P< 0.05, ** P< 0.01. 
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Figure 3.2 
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Figure 3.3 Altered epidermal differentiation and abnormal epidermal 

ultrastructures in Ctip1-/- embryos 

(A) IHC of ventral skin with basal keratinocyte marker K14, early differentiation 

marker K10 and later differentiation markers loricrin (LOR) and filaggrin (FLG) (in 

red) in Ctip1+/+ and Ctip1-/- embryos at E18.5. All 5 µm- thick paraffin sections were 

counterstained with DAPI (blue). (B) Western-blot of ventral skin extracts from 

Ctip1+/+ and Ctip1-/- embryos at E18.5 using antibodies against K14, K10, FLG, LOR 

and involucrin (IVL). β-actin was used as a loading control. (C) Quantification of 

western-blot, * P< 0.05. (D) Transmission electron microscopy of ventral skin from 

Ctip1+/+ and Ctip1-/- embryos at E18.5. White Arrows indicate lamellar bodies (LBs) 

in the granular layer of control and mutant embryos. Red arrows indicate 

corneodesmosomes. Scale bar=1 μm. (E) Immunoblot of skin extracts from Ctip1+/+ 

and Ctip1-/- embryos at E18.5 for Corneodesmosin (CDSN) using with anti-CDSN 

F28-27 mAb. β-actin was used as a loading control. (F) Quantification of western-

blot, * P< 0.05. (G) Nile Red staining of ventral skin sections from Ctip1+/+ and 

Ctip1-/- embryos at E18.5. White Arrowheads indicate an absence of neutral lipids 

(stained golden yellow in the controls) on the skin surface of the mutant embryos. 

Scale bar = 50 μm. E, epidermis; D, dermis; SC, stratum corneum; SG, stratum 

granulosum; CD, corneodesmosomes; LB, lamellar bodies; KG, keratohyalin 

granules 
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Figure 3.3 
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Figure 3.4. Altered profile of epidermal lipids in Ctip1 mutant embryos 

(A-F) Significant alteration of different lipid species including (A-D) CER subclasses, 

(E) unsaturated sphingomyelin, and (F) sphingoid bases using LC-MS/MS in the skin 

of E18.5 Ctip1-/- embryos compared to the wild-type embryos. The X-axis defines the 

total carbon atom number, while the Y-axis indicate the absolute intensity (cps: count 

per second) of each lipid subclass. Each CER subclass is denoted by its sphingoid 

base and fatty acid chain and the total number of carbon atoms in CER is the number 

of carbon atoms in the fatty acid chain plus the number of carbon atoms in the 

sphingoid base. Sphinogid base abbreviations: DS, dihydrosphingosine; S, 

sphingosine; P, phytosphingosine; H, 6-hydroxy sphingosine. Acyl chain 

abbreviations: N,non-hydroxy fatty acid; EO, esterified w-hydroxy fatty acide.  These 

abbreviations are combined to from subclass notations as shown in the figures: [NDS], 

[NS], [NP],[EOH]. Unsaturated sphingomyelin is expressed carbon number: double 

bonds number. * P< 0.05. 
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Figure 3.4 
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Figure 3.5. Differential expression of genes involved in sphingolipid metabolism 

in Ctip1 mutant embryonic skin 

(A) Heat-map of expression of genes involved in sphingolipid metabolism. Each 

square represents the ratio of expression level of an individual sample/average wild-

type expression. Red squares represent upregulation compared to the wild-type 

average, while blue squares show downregulation. (B) qRT-PCR validation of 

differentially expressed genes in Ctip1-/- embryonic skin based on RNA-seq. (C) 

Schematic representation of differentially expressed skin lipid-metabolizing genes in 

the Ctip1-/- embryos that are involved in ceramide biosynthesis pathways. * P < 0.05, 

* *P< 0.01. 
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Figure 3.5 
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Figure 3.6. Altered expression of genes encoding transcription factors and 

intercellular junctional proteins in Ctip1 mutant embryonic skin 

(A) Heat-map of gene expression for significantly altered junctional genes. (B) 

Immunoblot analysis for Claudin-1 on ventral skin extracts from E18.5 Ctip1+/+ and 

Ctip1-/- embryos using antibody against Claudin-1. β-actin was used as a loading 

control. (C) Quantification of Claudin-1 expression in the E18.5 Ctip1+/+ and Ctip1-/- 

embryonic skin.  (D) Heat-map of gene expression for significantly altered 

transcription factors involved in skin barrier functions. (E) qRT-PCR validation of 

RNA-seq data for significantly altered genes encoding transcription factors . * P< 

0.05, * *P< 0.01, ***P< 0.001. 
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Figure 3.6 
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Figure 3.7. Characterization of potential CTIP1 target genes by bioinformatics 

analyses  

(A) Distribution of CTIP1 ChIP-seq peaks over proximal promoters (≤ 2kb upstream 

of TSS), distal promoters (2-50kb), exons, introns, and intergenic regions. (B) Venn 

diagram represents the proportion of differentially expressed genes in Ctip1-/- 

embryonic skin (RNA-seq) with enrichment for CTIP1 peak by ChIP-seq. (C,F) 

Integrative UCSC genome tracks for (C) Fosl2 and (F) Elovl4; H3K4me3 ChIP-seq 

data (violet); CTIP1 ChIP-seq data (the peaks identified by MACS 14 are denoted in 

orange); Input ChIP-seq data (grey). (D, G) Western-blot of ventral skin extracts from 

Ctip1+/+ and Ctip1-/- embryos at E18.5 using antibodies against FOSL2 and ELOVL4. 

β-actin was used as a loading control. (E, H) Quantification of western-blot, * P< 

0.05,  ** P< 0.01.  
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Figure 3.7 
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Figure 3.8. Hypothetical model for CTIP1 functions in formation and 

establishment of epidermal permeability barrier (EPB) 

CTIP1 controls formation and establishment of epidermal permeability barrier (EPB) 

through regulation of gene expression implicated in: 1) skin lipid composition, 2) 

epidermal differentiation, and 3) cellular junctions formation. Up- and down-

regulated genes are indicated in red and blue, respectively.  Potential CTIP1 target 

genes are marked by asterisks.  
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Figure 3.8 
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Figure S3.1.  Expression of CTIP1 in the adult mouse and human skin. 

(A-B) IHC for CTIP1 (red) co-labeled with (A) basal keratinocytes marker K14 

(green) and (B) suprabasal cell marker K10 (green) on skin sections collected from 8-

weeks-old mice. (C) IHC for CTIP1 in normal human epidermis. (D) Co-IHC staining 

for CTIP1(red) and Ki67(green).  While arrowheads indicate CTIP1—| Ki67+ cells 

and  yellow basal cells are CTIP1+| Ki67+ cells. All sections are counterstained with 

DAPI (blue) to stain the nuclei. E, epidermis; D, dermis; HF, hair follicle; Scale bar = 

50 μ m. 
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Figure S3.1 
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Figure S3.2. Characterization of Ctip1 mutant embryos 

(A) IHC analysis of CTIP1 localization in Ctip1+/+ and Ctip1-/- embryonic skin at 

E18.5. 

(B) X-gal dye diffusion assay of Ctip1+/+ and Ctip1-/- embryos at E17.5 and E18.5. 

(C) Co-IHC staining for CTIP1 (red) and CTIP2 (green) in E18.5 embryonic skin. 

Arrowheads indicate CTIP1+| CTIP2— cells in the suprabasal layers. (D) Western-blot 

analysis of protein extracts from E18.5 Ctip1+/+ and Ctip1-/- embryonic skin using 

anti-CTIP2 antibody. β-actin was used as a loading control. E, epidermis; D, dermis; 

HF, hair follicle; All sections are counterstained with DAPI (blue) to stain the nuclei. 

Scale bar = 50 μm. 
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Figure S3.2 
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Figure S3.3. Expression of proliferation markers and Caspase-14  in Ctip1 

mutant embryos 

(A) IHC analysis of proliferation marker Ki67 in ventral skin of Ctip1+/+ and Ctip1-/- 

embryonic skin at E18.5; (B) Graphical representation of percent Ki67+ cells; (C) 

Immunoblot analysis using antibodies against PCNA was performed on Ctip1+/+ and 

Ctip1-/- embryonic ventral skin at E18.5. β-actin was used as a loading control  (D) 

Quantification of immunoblot for PCNA expression. (E) qRT-PCR analysis of 

Caspse-14 expression in E18.5 Ctip1+/+ and Ctip1-/- skin. Data were reported as mean 

± SEM. * P< 0.05, * *P< 0.01. 
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Figure S3.3 
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Figure S3.4. Lipid profile of specific CER subclasses, saturated sphingomyelin, 

cholesterol, fatty acid and triglycerides in Ctip1-/- embryos 

(A-C) Determination of (A) CER[NH], (B) CER[AH], and (C) CER[EOS] in the skin 

of E18.5 of Ctip1+/+ and Ctip1-/- embryonic skin using LC-MS/MS. The X-axis 

defines the total carbon atom number while the Y-axis shows the absolute intensity 

(cps: count per second) of each lipid subclass. Each CER subclass is denoted by its 

sphingoid base and fatty acid chain. Sphingoid base abbreviations: H, 6-hydroxy 

sphingosine dihydrosphingosine; S, sphingosine. Acyl chain abbreviations: N, non-

hydroxy fatty acid; A, hydroxyl fatty acid; EO, esterified ω-hydroxy fatty acid.; (D-

G) Intensity of (D) saturated sphingomyelin, (E) cholesterol and cholesterol-3-sulfate; 

(F) saturated and unsaturated FFAs; and (G) saturated and unsaturated triglycerides 

by LC-MS/MS. Both FFAs and TGs are expressed as carbon number: double bonds 

number. * P< 0.05, * *P< 0.01. 
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Figure S3.4 
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Figure S3.5. Characterization of potential CTIP1 target genes by bioinformatics 

analyses  

 (A) Number of total differentially expressed, and up- or down-regulated genes; (B) 

Determination of the specificity of the CTIP1 antibody by immunoblot; (C,F) 

Integrative UCSC genome tracks for (C) p63 and (F) Tlr4 gene; H3K4me3 ChIP-seq 

data (violet); CTIP1 ChIP-seq data (the peaks identified by MACS 14 are denoted in 

orange); Input ChIP-seq data (grey). (D, G) Western-blot of ventral skin extracts from 

Ctip1+/+ and Ctip1-/- embryos at E18.5 using antibodies against delta-Np63and TLR4. 

β-actin was used as a loading control. (E, H) Quantification of western-blot. 
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Figure S3.5 
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Table 3.1 Expression of genes encoding antimicrobial peptides 
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Table 3.2 Expression of genes encoding cytokines and chemokines 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

114 

 

Table 3.3 GO functional enrichment analysis of differentially expressed genes 

with peaks in different regions (promoter, intron, exon) sorted by p-vaule 
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Table 3.4 GO functional enrichment analysis of differentially expressed genes 

with peaks in different regions (promoter, intron, exon) sorted by enrichment 
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Table 3.5 List of antibodies used for IHC and IB 
 
 
Antibodies Species Source/Company Dilution 

for IHC 
Dilution 
for IB 

anti – CTIP1 mouse Abcam  1:200 1:1000 
anti – K14 rabbit Covance  1:1000 1:5000 
anti – K10 rabbit Covance  1:1000 1:5000 
anti – β-actin rabbit Bethyl Laboratories   1:2000 
anti –FLG rabbit Abcam  1:500 1:1000 
anti –LOR rabbit Abcam  1:1000 1:1000 
anti –INV rabbit Covance  1:1000 1:1000 
anti-claudin-1 (Cldn1) rabbit Abcam   1:500 
anti-CDSN mouse mAB F28-27   1:1000 
anti - PCNA mouse Abcam  1:6000 
anti – CTIP2 rat Abcam 1:300 1:2000 
anti – Ki67 rabbit Abcam 1:500  
anti – Claudin1 rabbit Abcam  1:1000 
anti – FOSL2 rat Millipore  1:1000 
anti – ELOVL4 rabbit Novus Biologicals  1:500 
anti – TLR4 rabbit Cell Signaling  1:1000 
anti – p63 rabbit Novus Biologicals  1:1000 
 
Abbreviation used: Immunobloting (IB); Immunoflurescence (IF) 
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Table 3.6 List of primers used for RT-qPCR 
 

Gene Strand Primer sequence 
Asah1 forward 5’-TCCGTGGCACACCATAAATCT-3’ 

 reverse 5’-TCCACTTGGCACAAATGTATTCA-3’ 
Ugcg forward 5’-TGCCTGGCATGGTTTATATT-3’ 

 reverse 5’-TAATGCCGACAGGAAAATGT-3’ 
Kdsr forward 5’-CGGTGACTTCCATCACTGAA-3’ 

 reverse 5’-CTTCAGGTTTTGCTTTCTGC-3’ 
Cers2 forward 5’-TGATGGCAGTGCTACAGATG-3’ 

 reverse 5’-CCCCCTCTGAACTCTCTGTT-3’ 
Cers6 

 
forward 5’-AAAAGGCAAGGTATCCAAGG-3’ 
reverse 5’-CAAGGACCAGTGAGGAGGTA-3’ 

Sgms1 forward 5’-TCTGGTGGTATCACACGATG-3’ 
 reverse 5’-GCCAATGGTAAGATCGAGGT-3’ 

Sgms2 forward 5’-CTGGGATCATCTGCATTCTC-3’ 
 reverse 5’-GTTCGTCTGGGAAGAGACCT-3’ 

Sphk1 forward 5’-CACCAGAACGGAAGAACCAT-3’ 
 reverse 5’-GGTTTCTGGATGGCAGTCTC-3’ 

Sphk2 forward 5’-CTGCTTTACGAGGTGCTGAA-3’ 
 reverse 5’-CAACAGGTCAACACCGACAA-3’ 

Smpd1 forward 5’-TCACGTGGATGAGTTTGAGA-3’ 
 reverse 5’-CCGGGGTAGTTTCCATCTAT-3’ 

Sptlc3 forward 5’-CTACTTCCCTGCCAGAAGGT-3’ 
 reverse 5’-TATAGCACGCCCTGATTTCT-3’ 

Elovl4 forward 5’-CGCTCTATCTCCTGTTCGTGT -3’ 
 reverse 5’-GCGTTGTATGATCCCATGAAT-3’ 

Sox9 forward 5’-ATAAGTTCCCCGTGTGCATC-3’ 
 reverse 5’-TACTGGTCTGCCAGCTTCCT-3’ 

Fosl2 forward 5’- GCTCAGTGCCTTTTGGTTTC-3’ 
 reverse 5’- CTGGACCACCCAGATGAAAT-3’ 

Nfe2l2 forward 5’-CATGATGGACTTGGAGTTGC-3’ 
 reverse 5’-CCTCCAAAGGATGTCAATCAA-3’ 

ΔNp63 forward 5’-TTGTACCTGGAAAACAATG-3’ 
 reverse 5’-TCGAAGCTGTGTGGGCCCGGG-3’ 

Egfr forward 5’-GCCATCTGGGCCAAAGATACC-3’ 
 reverse 5’-GTCTTCGCATGAATAGGCCAAT-3’ 

Wls forward 5’-ATGGCTGGGGCAATTATAGAAAA-3’ 
 reverse 5’-GGGTGCTGGAGCGATCAAG-3’ 

Shh forward 5’-AAAGCTGACCCCTTTAGCCTA-3’ 
 reverse 5’-TTCGGAGTTTCTTGTGATCTTCC-3’ 

Arh forward 5’-CCCCGCTGAAGGAATTAAG-3’ 
 reverse 5’-AGCTCTTGGCCCTCAGGTAG-3’ 

Gata3 forward 5’-CCCCATTACCACCTATCCGC-3’ 
 reverse 5’-CCTCGACTTACATCCGAACCC-3’ 

Klf4 forward 5’-GTGCCCCGACTAACCGTTG-3’ 
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 reverse 5’-GTCGTTGAACTCCTCGGTCT-3’ 
Rxra forward 5’-ATGGACACCAAACATTTCCTGC-3’ 

 reverse 5’-CCAGTGGAGAGCCGATTCC-3’ 

HPRT forward 5’-GTTAAGCAGTACAGCCCCAAA-3’ 
reverse 5’-AGGGCATATCCAACAACAAACTT-3’ 
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4.1 Abstract 
 
Atopic dermatitis (AD) is an inflammatory skin condition with well-recognized sub-

phenotypes distinguished by altered skin permeability barrier functions and status of 

S.aureus colonization. Stratum corneum (SC) comprises of corneocytes and lipid-

enriched extracellular matrix, which plays a key role in barrier function. Major lipid 

constituents of SC are ceramides (CER)s, cholesterol and free fatty acids (FFA)s. 

Composition of epidermal lipids is altered in AD subjects. The objective of the 

present study was to determine whether lipid endophenotypes of the SC associated 

with the clinical AD subphenotypes of S.aureus colonization or barrier function. First, 

transepidermal water loss (TEWL), level of serum thymus and activation-regulated 

chemokine (TARC/CCL17), serum IgE level and eosinophil counts were measured 

for diagnosis and assessment of AD. All of the AD patients exhibited an elevated 

TEWL, serum TARC, IgE level and eosinophil counts compared to healthy 

individuals. AD subjects were then subphenotyped as AD-S.aureus+ based on growth 

of S.aurues from skin swabs obtained from lesional or non-lesional sites, while AD-

Saureus- and non-atopic subjects had no growth. Furthermore, the analysis of lipid 

composition in SC of all subjects was performed using modified ultra-performance 

liquid chromatography quadruple time of flight mass spectrometry (UPLC-QTOF-

MS/MS). Our results indicated that some lipid subtypes associated with bacterial 

colonization and others with physiologic evidence of skin barrier function in AD 

participants, suggesting the involvement of these lipids in skin anti-microbial defense 

and/or in skin permeability barrier function. We also determined that composition of 

lipids was differentially altered based on the Filaggrin (FLG) mutation status. 

Together, measurement of skin lipid composition in a fast, reliable and non-invasive 

way may be a useful tool to further characterize AD sub-phenotypes and important 

for the design of new therapeutics that could reverse S. aureus colonization and 

infections and improve skin barrier in AD patients.   
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4.2 Introduction 

 

Skin offers the first defense barrier in the body against irritants, allergens, and 

microorganisms and prevents excessive transepidermal water loss (TEWL)[1]. 

Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by 

disrupted epidermal barrier functions, which can be indicated by increased TEWL[2]. 

Up to 20% of children and 3% of adults are affected by AD[3]. Skin barrier function 

mainly relies on the outmost layer of the skin, stratum corneum (SC), which is 

comprised of corneocytes and a lipid-rich extracellular matrix.[4, 5] Major lipid 

constituents of the SC are ceramides (CERs), free fatty acids (FFAs), cholesterol and 

others including triglycerides (TGs)[5, 6]. 

 

Staphylococcus aureus (S. aureus) colonization and infection is an important trigger 

of AD.[7] Patients with AD exhibit greater susceptibility to colonization or infection 

with S.aureus. The prevalence of S.aureus skin colonization in AD patients is up to 

90%, whereas only 5% healthy individuals have S.aurues on the skin[8, 9]. In 

addition, S.aureus density has shown a strong correlation with severity of AD, 

suggesting colonization of S.aureus may an important mechanism in the aggravation 

of AD[9].  

 

However comprehensive profiling of SC lipids using S. aureus colonization status, 

and the association between S. aureus colonization and skin lipid composition, has 

never been documented. The relationship between SC lipid endo-phenotypes and 

clinical AD sub-phenotypes such as barrier-disrupted patients is also largely 

unexplored. Thus, here we determined that certain lipid subtypes associated with 

bacterial colonization and other with physiological evidence of skin barrier function. 

 

 

 

 

 

 



 

 

122 

4.3 Materials and Methods 

 

Study participants 
 
Twenty-seven participants with AD and 15 healthy individuals with no history of skin 

disorders (≥18 years) were enrolled under an IRB-approved protocol. Fifteen out of 

27 AD participants were sub-phenotyped as AD S. aureus+ due to growth of S. 

aureus on skin swabs obtained at lesional or nonlesional sites (TABLE S4.3). The 12 

remaining AD participants and all NA participants had no growth of S. aureus and 

were sub-phenotyped as AD S. aureus- and NA participants. All of the AD S. aureus- 

participants have mild to moderate AD, while most of the AD S. aureus+ have 

moderate to severe AD (TABLE S4.4). 

 

Identification of S. aureus colonization 
 
Up to two swab samples, one from lesional skin (AD participants) and one from non-

lesional skin, were collected from the participants’ upper extremities. The lesional 

skin site was defined as the most severe AD lesion, in the opinion of the clinical site 

staff, and the non-lesional site was defined as an unaffected area approximately 2 cm 

from the edge of the lesional site. A culture swab (BD™ BBL™ CultureSwab™, 

Liquid Stuart’s Transport, Dual Swab) moistened with 2 drops of non-bacteriostatic 

saline, was rubbed firmly across each skin site (3 cm x 3 cm). Collected swabs were 

stored in culturette tubes at 4°C and shipped overnight to the processing lab. To 

determine S. aureus colonization, medium from each swab tube was inoculated (1 uL 

sterile inoculation loop; Copan; Hardy No. 8175CSR40H) on a blood agar plate (5% 

sheep blood; No. R01202; Remel Inc.; Lenexa, Kansas). Plates were incubated up to 

48 hours in a 5% CO2 incubator at 37°C. Colonies appearing to be S. aureus were 

tested for coagulase and catalase. If the tests were positive, the colonies were 

identified as S. aureus species. S. aureus skin colonization was defined by S. aureus 

growth in skin cultures.  Participants were defined as having S. aureus skin 

colonization if either the lesional (AD participants) or non-lesional skin swab showed 

S. aureus growth. 
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Sample collection from the human skin 
 
For sample collection, all participants had to meet the same set of sampling criteria. 

None of the participants received any of the following treatments: oral antibiotics, 

systemic immunosuppressive drugs, phototherapy, topical treatments on arms, bleach 

bath, cream/lotions. To obtain SC specimens, the D-SQUAME standard skin 

sampling discs with diameter 22.0 mm were pressed on the non-lesional (unaffected) 

skin of patients with AD or NA participants and stripped. During each tape stripping, 

consistent pressure has applied and equal number of strips was collected from each 

participant. The D-SQUAME pressure instrument D500 

(http://store.cuderm.com/d100-d-squame-standard-sampling-discs/) was used to apply 

all tape strips using 225 g-cm-2 of pressure. A total of 20 consecutive discs were 

collected from each participant. Measurement of SC cohesion in each participant 

exhibited no significant difference between the different groups. The tapes were 

stored at -80oC for lipid extraction and for additional future processing.   

 

Lipid extraction from the SC  
 
Lipid was extracted using modified Bligh and Dyer method[10]. Briefly, 4 

consecutive tapes (5th-8th) per participant were incubated in extraction solvent 

(chloroform: methanol: water 1:2:0.5) at room temperature for 1 hour. A volume of 

2.5 l of internal standard mixture (Cer/Sph Mixture, d7-Cholesterol, 

TG(17:0/17:0/17:0), FFA 16:0-d3, Avanti, Alabama, USA, Sodium cholesterol-

25,26,25,26,27,27,27-d7-sulfate, C.D.N ISOTOPES, Canada) was added to 1 ml 

extraction solvent before incubation.  After incubation, extraction solvents from 4 

consecutive tapes (#5-#8) of each participant were pooled. After centrifugation at 

2,000 rpm for 10 minutes, lower chloroform phase was collected and dried under 

nitrogen stream. The samples were then reconstituted in methylene chloride: 

isopropanol: methanol at ratio of 25:10:65, v/v/v. 

 

 

http://store.cuderm.com/d100-d-squame-standard-sampling-discs/
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Ultra-performance liquid chromatography quadrupole time of flight mass 

spectrometry (UPLC-QTOF-MS/MS) 

 
Ultra-performance liquid chromatography was performed on a Shimadzu Nexera 

system (Shimadzu, Columbia, MD) coupled with a quadrupole time-of-flight (QTOF) 

mass spectrometer (SCIEX, Triple TOF 5600) operated in information dependent 

MS/MS acquisition mode. The column [1.8 µm particle 100 × 2.1 mm id HSS T3 

column (Waters, Milford, MA)] was heated to 65 ºC in the column oven. A gradient 

system consisting of mobile phase A (60:40, v/v) acetonitrile: water containing 10 

mM ammonium formate with 0.1% formic acid and mobile phase B (90:10:, v/v) 

isopropanol: acetonitrile containing 10 mM ammonium formate with 0.1% formic 

acid. The sample analysis was performed over a total run time of 14 minutes. The 

initial starting conditions were 85% A and 15% B, and then stayed for 0.3 minutes 

with same gradient. The gradient was ramped to 30% B for 1.7 minutes, kept for 2 

minutes, increased to 50% B for 0.2 minutes, increased to 80% B to 9 minutes. The 

solvent was increased to 100% B for 0.3 minutes and held to 11.5 minutes. 

Subsequently, the system was switched to the initial ratio for 0.3 minutes, and 

equilibrated at the initial ratio for additional 2.2 minutes. The flow rate was 0.5 

mL/min and the injection volume was 5μL. TOF-Mass Spectrometry (MS) 

acquisition time was 0.25 seconds, and MS/MS acquisition time was 0.1 seconds. The 

scan range was m/z 70–1700 for TOF MS and m/z 50–1700 for MS/MS. Source 

parameters included nebulizing gases GS1 at 45, GS2 at 50, curtain gas at 35, positive 

mode ion spray voltage 5500 V, negative mode ion spray voltage at -4500 V, 

declustering potential at 80 and -80 V for positive and negative ion mode, 

respectively and at an ESI source operating temperature of 550 °C. Collision energy 

for MS/MS step was 35 ± 10 eV. Data was imported into PeakView software for 

relative quantification and identification. Sphingolipids and fatty acid species were 

confirmed by high resolution MS, MS/MS fragmentation, and isotopic distribution 

using the PeakView database (SCIEX). Sphingolipids, TAG and CHOL were 
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identified in positive ion mode as [M+H]+, fatty acids and cholesterol-3-Sulfate in 

negative ion mode as [M-H]-, respectively. 

 

Statistical methods 
 
To account for non-normally distributed data, basal TEWL and lipidomic marker 

values were log10-transformed prior to analysis. To assess the relationship between 

diagnostic group and each SC lipid, a general linear regression model was used to 

estimate the geometric mean ratio of each SC lipid (unadjusted models) and the 

geometric least squares mean ratios of each SC lipid (models adjusted for age and 

gender) between any 2 of the 3 diagnostic groups. To assess the relationship between 

each SC lipid and basal TEWL, a general linear regression model was used to 

estimate the geometric least squares mean ratio of basal TEWL (models adjusted for 

diagnostic group) and the geometric least squares mean ratios of basal TEWL 

(models adjusted for diagnostic group, age and gender) for every 10-fold increase in 

each SC lipid. Statistical significance was based on a two-sided significance level of 

0.05. The Eczema Area and Severity Index (EASI) score was treated as a mediator 

because it is hypothesized to be on the causal pathway between S. aureus colonization 

and TEWL/Lipidomics parameters. Hence, only the total effect of S. aureus 

colonization on TEWL/Lipidomics parameters (i.e., unadjusted for EASI) is reported. 

All p-values reported were considered descriptive. No adjustments for multiple 

comparisons were made. SAS version 9.4 software (SAS Institute, Inc., Cary, NC) 

was used for all analyses. 
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4.4 Results and Discussion 

 

Characteristics of study population 
 
The study involved 27 AD patients and 15 healthy individuals. Fifteen out of 27 AD 

participants were sub-phenotyped as AD S. aureus+ due to growth of S. aureus on 

skin swabs obtained at lesional or nonlesional sites. Demographic characteristics of 

the study patients are shown in Table S4.3. Moreover, about 54% of AD S.aureus+ 

patients and 25% of AD S.aureus- patients have FLG mutations, while only 7% 

normal individuals have FLG mutations. Basal trans-epidermal water loss (TEWL), 

serum thymus and activation-regulated chemokine (TARC/CCL17), total serum IgE 

and peripheral eosinophil counts are useful clinical markers of AD disease 

severity.[11, 12] In our study cohort, all AD participants had elevated TEWL, 

TARC/CCL17, total serum IgE levels and eosinophil counts compared to non-atopic 

(NA) participants before and after (FIG 4.2 A-D and FIG 4.1) age and gender 

adjustment.  

 

Altered profile of CERs in AD patient with S.aureus colonization 
 
We also extracted SC lipids using a high-yield, one-step, modified Bligh and Dryer 

method, and all major SC lipids, including CERs, FFAs, cholesterol and TGs, were 

analyzed by LC-MS/MS. CERs are the most abundant lipid class in human SC (50%) 

and are divided mainly into 12 subclasses.[5] Altered CER composition and 

organization in AD patients with skin barrier dysfunction have been noted.[5] 

Consequently, the profile of the SC lipids was compared between AD S. aureus 

colonized (AD S. aureus+), AD S. aureus non-colonized (AD S. aureus-) and NA S. 

aureus non-colonized participants (see supplementary methods). First, we compared 

CER profiles between AD and NA participants. Our data showed that certain short-

chain CERs, such as CER[AH]C34 and CER[AP]C34, were significantly higher in 

AD than NA participants (TABLE S4.1), which was consistent with a previous report 

that increased short-chain ceramides correlates with decreased barrier function.[5] 

Next, we compared CER profiles between AD S. aureus+ and AD S. aureus- 
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participants. Specific CERs, belonging to 4 out of the 12 CER subclasses, differed 

between AD S. aureus+ and AD S. aureus- participants. The levels of CER[AH] (44, 

48, 50 and 52 carbons length), CER[AP] (40 carbons length), as well as very long-

chain CERs, such as CER[EOH] (66, 68 and 70 carbons length) and CER[EOS] (70 

carbons length), were significantly lower in skin of AD S. aureus+ than AD S. 

aureus- participants (TABLE S4.1 and FIG 4.2). After adjusting for age and gender, 

CER[AH]C38, CER[AH]C48, CER[AP]C40, CER[EOH]C66, CER[EOH]C68 and 

CER[EOS]C70 were significantly lower in AD S. aureus+ than AD S. aureus- 

participants (TABLE 4.1 and TABLE S4.1). Furthermore, there was evidence of an 

association between lipidomic markers and barrier integrity, as measured by basal 

TEWL (TABLE 4.1 and TABLE S4.1). Basal TEWL was negatively correlated with 

the levels of certain CERs in skin SC, including CER[AH]C48, CER[AH]C50, 

CER[AP]C36, CER[EOH]C66, CER[EOH]C68, CER[EOS]C70, CER[NDS]C52 and 

CER[NDS]C54. Interestingly, basal TEWL was negatively correlated with levels of 

CER[NDS]C52 and CER[NDS]C54, which were significantly lower in AD S. aureus- 

compared to NA participants but comparable between AD S. aureus+ and AD S. 

aureus- participants, suggesting that this subgroup of lipids might be only involved in 

epidermal permeability barrier (EPB) homeostasis. However, CER[AH]C38 and 

CER[AP]C40 were only significantly lower in AD S. aureus+ compared to AD S. 

aureus- participants, and no correlation with TEWL values was observed. This 

suggests that those CERs might only exhibit antimicrobial activities or provide a 

survival advantage for S. aureus. The level of very long chain CERs (e.g., 

CER[EOH]C66, CER[EOH]C68 and CER[EOS]C70) was significantly decreased in 

AD S. aureus+ participants compared to AD S. aureus- participants and negatively 

correlated with TEWL (TABLE 4.1 and TABLE S4.1). This agrees with a previous 

report that a reduction in long-chain CERs in AD patients leads to an abnormal lipid 

organization, thereby resulting in disrupted barrier functions.[5]  

 

Increased cholesterol-3-sulfate correlates with a decreased skin barrier function 
 
Cholesterol and cholesterol-3-sulfate are abundant in human epidermis. In our study, 

the level of cholesterol was comparable between AD and NA participants, as well as 
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between AD S. aureus+ and AD S. aureus- participants (TABLE S4.1). It has been 

recently reported that cholesterol level was comparable between AD and normal 

individuals.[13] Interestingly, compared to NA participants, there was a significant 

increase in cholesterol-3-sulfate observed in AD participants, irrespective of S. aureus 

colonization, age and gender (TABLE 4.1, S4.1 and FIG 4.2). Increased cholesterol-

3-sulfate was also associated with increased basal TEWL (TABLE 4.1 and TABLE 

S4.1), suggesting that increased level of cholesterol-3-sulfate in AD participants may 

be a risk factor for AD in general and a possible contributor to barrier disruption 

commonly observed in AD. A recent study also indicated that disruption of the 

cholesterol-3-sulfate cycle accounts for EPB abnormality in X-linked ichthyosis.[14]  

 

Altered free fatty acids composition correlates with S.aureus colonization status 

in AD 

Fatty acids, major constituents of the SC, are crucial for barrier functions[4]  and FFA 

chain length has been reported to be altered in AD skin.[5] We found that levels of 

two unsaturated FFAs, FFA16:1 and FFA18:1, were significantly lower in AD S. 

aureus+ than in AD S. aureus- participants but comparable between AD S. aureus- 

and NA participants, regardless of age and gender adjustment (TABLE 4.1, S4.2 and 

FIG 4.1). There was no evidence of an association between basal TEWL and FFAs 

(TABLE 1 and TABLE S4.2), suggesting that dysregulation of FFAs are more likely 

responsible for skin antimicrobial defense and not barrier function. To address this, 

we evaluated the antimicrobial activities of FFA16:1 and FFA18:1 against S.aureus in 

vitro by minimum inhibitory concentration (MIC) assay and observed that only 

FFA16:1 exhibited potent antibacterial activity (data not shown). This observation is 

consistent with previous findings that exogenous FFA16:1 is a potent bacterial 

growth inhibitor[15] while FFA18:1 did not inhibit bacterial growth.[15]  

 

Alteration of TGs profile in AD S. aureus+ participants 
 
TGs that are synthesized in keratinocytes and normally broken down to FFAs play a 

critical role in EPB maintenance.[4],[6] To determine whether TGs are associated 

with susceptibility to S. aureus in AD, we examined the TG profile in AD participants. 
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Notably, the levels of a group of TGs (e.g., TG46:1, TG48:1, TG48:2, TG50:1, 

TG50:2, TG50:3) were significantly lower in AD S. aureus+ compared to AD S. 

aureus- participants and independent of age and gender adjustment (TABLE 4.1, S4.2 

and FIG 4.2). Whereas TG46:2 and TG56:2 were significantly reduced in AD S. 

aureus+ participants only after adjusting for age and gender (TABLE 4.1, S4.2). 

Increased basal TEWL was only associated with decreased TG46:2 (TABLE 4.1, 

S4.2). These results suggest a potential role for TGs in cutaneous anti-microbial 

defense. 

 

Increased level of cholesterol in AD participants with FLG mutation  
 
Filaggrin (FLG) genotype was obtained for 36 out of 42 participants, and 

approximately one-third of the AD population had at least one FLG null allele 

(TABLE S4.3). No association was observed between S.aureus colonization status 

and FLG type (TABLE S4.3). The level of cholesterol was significantly increased in 

AD participants with heterozygous FLG mutation compared to AD participants with 

wild-type FLG (TABLE S4.6), suggesting that cholesterol level in AD may be 

dependent on FLG mutation status. Recently, it was shown by Gruber et al that 

Filaggrin deficiency confer alterations in keratin filaments organization, 

compromised lipid processing, altered lamellar body contents and abnormal 

organization of extracellular lipids[16]. Composition of ceramides, FFAs and TGs 

was similar between AD participants with heterozygous FLG mutation and AD 

participants with wild-type FLG (TABLE S4.6).  

 

Altogether, our work suggests that some lipids associate with bacterial colonization 

and others with physiologic evidence of skin barrier dysfunction. A recent report 

identified 2430 differentially expressed genes in AD skin, with those involved in lipid 

metabolism and biosynthesis among the top Gene Ontology-terms that were enriched, 

indicating the importance of lipid metabolism in atopic skin.[17] It remains to be 

identified whether the altered lipid composition observed in AD-S. aureus+ patients 

is due to inherent defects in lipid biosynthetic pathways that precede the development 

of  AD or whether these arise as the consequence of signaling events from S. aureus 
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colonization, barrier disruption or type 2 immune responses present in the underlying 

tissue compartment. Studies such as this one are beginning to characterize the unique 

lipid profile observed in AD and well-recognized AD sub-phenotypes. The 

conclusions that can be made about cause and effect are limited from our cross-

sectional study design but the ability to evaluate lipid composition in a fast, reliable 

and non-invasive way makes it feasible to perform a longitudinal study. Ultimately, 

these observations may be important for the design of new therapeutics that could 

reverse S. aureus colonization and infections and improve skin barrier in AD patients.   
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Figure 4.1. Hypothetical model of altered lipid distribution in skin of AD S. 

aureus- and AD S. aureus+ participants. Basal trans-epidermal water loss (TEWL), 

serum IgE, serum thymus and activation-regulated chemokine (TARC/CCL17) and 

eosinophils are significantly elevated in AD S. aureus- and AD S. aureus+ 

participants compared to non-atopic (NA) participants (green arrows). The level of 

CER[EOH]C66, CER[EOH]C68, FFA16:1, FFA18:1, TG46:2, TG48:2, TG50:2 and 

TG50:3 is significantly down-regulated in AD S. aureus+ participants compared to 

AD S. aureus- (red arrows). The level of cholesterol-3-sulfate is significantly 

increased in AD S. aureus- and AD S. aureus+ participants compared to NA (green 

arrows). AD, Atopic dermatitis; S. aureus, Staphylococcus aureus 
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Figure 4.1 
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Figure 4.2. Basal TEWL, serum TARC/CCL17, total serum IgE levels and 

eosinophil counts in NA, AD S. aureus- and AD S. aureus+ participants. Boxplot 

showing basal TEWL (A), serum TARC/CCL17 (B), total serum IgE levels (C) and 

eosinophil counts (D) in all AD S. aureus+ (blue dots), AD S. aureus- (red dots) and 

NA (green dots) participants. One AD S. aureus- participant with an extremely low 

value of TARC/CCL17 and another with a low eosinophil count (possibly due to a 

technical error) were removed. All data were log-transformed. Adjusted P-values 

included age and gender as covariates. Black dot ( ♦ )：mean. 
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Figure 4.2 
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TABLE 4.1 Changes in Stratum Corneum Lipids Profile Related to S.aureus Status in Atopic Dermatitis Participants 
 
 

 AD S. aureus+/ 
AD S. aureus- 

  AD S. aureus-/ 
NA S. aureus- 

  Atopic/ 
Non-Atopic 

  Basal 
TEWL (g/(m2h)) 

                
  Geometric Mean 

Ratio[1] 
(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[2] 

(95% CI) 

  

Carbon Chain Length 
(Intensity) 

                      

    p-value     p-value     p-value     p-value 
                        
CER[AH] C48            0.57 (0.38, 0.96)      0.035*             1.05 (0.63, 1.73)

  
      0.853             0.79 (0.53, 1.19)        0.255             0.49 (0.33, 0.72)    <0.001*** 

CER[EOH] C66 0.52 (0.34, 0.79) 0.003**   1.05 (0.70, 1.59) 0.797   0.76 (0.54, 1.06) 0.103   0.40 (0.25, 0.63) <0.001*** 
                        
CER[EOH] C68 0.57 (0.38, 0.86) 0.008**   1.13 (0.77, 1.67) 0.521   0.86 (0.62, 1.18) 0.332   0.41 (0.25, 0.68) <0.001*** 
                         
CER[EOS] C70            0.61 (0.41, 0.91)      0.017*              1.35 (0.92, 1.98)        0.125              1.05 (0.77, 1.44)        0.742              0.46 (0.27, 0.78)      0.006** 
            
Cholesterol-3-sulfate 0.86 (0.67, 1.10) 0.210   1.50 (1.18, 1.90) 0.001**   1.38 (1.14, 1.68) 0.002**   2.52 (1.02, 6.27) 0.046* 
                        
FFA 16:1 0.18 (0.06, 0.52) 0.003**   1.75 (0.61, 4.99) 0.288   0.73 (0.31, 1.73) 0.466   0.97 (0.78, 1.21) 0.782 
                        
FFA 18:1 0.43 (0.28, 0.66) <0.001***   1.49 (0.98, 2.25) 0.061   0.97 (0.69, 1.37) 0.872   1.18 (0.69, 2.05) 0.534 
            
TG 46:2 0.26 (0.07, 0.96) 0.043*   1.48 (0.42, 5.23) 0.532   0.75 (0.27, 2.12) 0.583   0.84 (0.71, 1.00) 0.049* 
                        
TG 48:2 0.45 (0.25, 0.80) 0.008**   1.34 (0.76, 2.34) 0.300   0.90 (0.57, 1.42) 0.635   0.74 (0.50, 1.10) 0.134 
                        
TG 50:2 0.48 (0.28, 0.83) 0.009**   1.63 (0.97, 2.73) 0.063   1.13 (0.74, 1.73) 0.551   0.84 (0.54, 1.31) 0.430 
                        
TG 50:3 0.44 (0.26, 0.74) 0.003**   1.62 (0.97, 2.72) 0.064   1.07 (0.70, 1.64) 0.739   0.83 (0.53, 1.28) 0.381 

  
Most significantly altered lipids are represented. For details see Table E1 and E2. NS: Not Significant; *P<0.05; **P<0.01, ***P<0.001.  
Red and green colors indicate significant down-regulation and up-regulation, respectively. Orange and blue colors indicate significant negative-correlation and positive-correlation with basal TEWL, respectively. 
[1] Geometric mean ratio of SC lipid between any two of the three diagnostic groups adjusted for age and gender.  
[2] Geometric mean ratio of basal TEWL for every 10-fold increase in a SC lipid, adjusted for diagnostic group, age and gender. 
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TABLE S4.1 Unadjusted and Adjusted Geometric Mean Ratio for Stratum Corneum Ceramides and Cholesterol-3-sulfate 
 

 AD S. aureus+/ 
AD S. aureus- 

  AD S. aureus-/ 
NA S. aureus- 

  Atopic/ 
Non-Atopic 

  Basal 
TEWL(g/(m2h)) 

                
  Geometric Mean 

Ratio[1] 
(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[2] 

(95% CI) 

  

Carbon Chain Length 
(Intensity) 

                      

    p-value     p-value     p-value     p-value 
                        
CER[AH] C34                       

Unadjusted 0.84 (0.52, 1.34) 0.447   2.36 (1.48, 3.76) <0.001***   2.16 (1.46, 3.19) <0.001***   1.62 (1.07, 2.47) 0.025* 
Adjusted[3] 0.88 (0.53, 1.45) 0.601   2.20 (1.36, 3.56) 0.002**   2.06 (1.39, 3.06) <0.001***   1.68 (1.08, 2.61) 0.023* 

                        
CER[AH] C36                       

Unadjusted 0.78 (0.55, 1.11) 0.164   1.33 (0.93, 1.89) 0.117   1.17 (0.87, 1.57) 0.291   0.83 (0.46, 1.49) 0.516 
Adjusted[3] 0.77 (0.52, 1.13) 0.173   1.33 (0.91, 1.94) 0.132   1.16 (0.86, 1.59) 0.322   0.82 (0.45, 1.51) 0.522 

                        
CER[AH] C38                       

Unadjusted 0.22 (0.02, 2.82) 0.234   5.51 (0.42, 71.93) 0.187   2.56 (0.30, 21.78) 0.380   1.02 (0.94, 1.11) 0.645 
Adjusted[3] 0.05 (0.00, 0.50) 0.013*   9.28 (0.99, 87.32) 0.051   2.06 (0.33, 12.93) 0.431   1.02 (0.92, 1.13) 0.660 

                        
CER[AH] C40                       

Unadjusted 0.64 (0.34, 1.21) 0.169   0.85 (0.45, 1.60) 0.607   0.68 (0.40, 1.16) 0.151   0.98 (0.70, 1.36) 0.890 
Adjusted[3] 0.58 (0.30, 1.14) 0.110   0.85 (0.44, 1.63) 0.616   0.65 (0.38, 1.10) 0.106   0.97 (0.68, 1.38) 0.870 

                        
CER[AH] C42                       

Unadjusted 0.71 (0.44, 1.12) 0.139   1.33 (0.83, 2.12) 0.224   1.12 (0.76, 1.65) 0.569   1.04 (0.67, 1.63) 0.853 
Adjusted[3] 0.68 (0.41, 1.12) 0.124   1.32 (0.81, 2.14) 0.260   1.08 (0.73, 1.61) 0.690   1.04 (0.65, 1.67) 0.864 

                        
CER[AH] C44                       

Unadjusted 0.71 (0.52, 0.96) 0.028*   1.46 (1.08, 1.98) 0.016*   1.23 (0.96, 1.59) 0.104   0.69 (0.35, 1.36) 0.271 
Adjusted[3] 0.73 (0.52, 1.01) 0.059   1.46 (1.06, 2.00) 0.023*   1.24 (0.95, 1.61) 0.104   0.69 (0.34, 1.39) 0.287 

                        
CER[AH] C46                       

Unadjusted 0.77 (0.55, 1.08) 0.129   1.27 (0.90, 1.78) 0.171   1.11 (0.83, 1.48) 0.462   0.59 (0.33, 1.07) 0.080 
Adjusted[3] 0.79 (0.54, 1.14) 0.194   1.28 (0.90, 1.83) 0.163   1.14 (0.85, 1.52) 0.375   0.58 (0.31, 1.08) 0.083 

                        
CER[AH] C48                       

Unadjusted 0.56 (0.34, 0.92) 0.022*   1.00 (0.61, 1.64) 0.993   0.75 (0.50, 1.13) 0.163   0.51 (0.36, 0.74) <0.001*** 
Adjusted[3] 0.57 (0.34, 0.96) 0.035*   1.05 (0.63, 1.73) 0.853   0.79 (0.53, 1.19) 0.255   0.49 (0.33, 0.72) <0.001*** 

                        
CER[AH] C50                       

Unadjusted 0.31 (0.11, 0.91) 0.033*   1.11 (0.38, 3.21) 0.843   0.62 (0.26, 1.51) 0.284   0.69 (0.59, 0.80) <0.001*** 
Adjusted[3] 0.38 (0.12, 1.19) 0.095   1.06 (0.35, 3.19) 0.915   0.65 (0.27, 1.61) 0.346   0.68 (0.58, 0.80) <0.001*** 

                        
CER[AH] C52                       

Unadjusted 0.11 (0.01, 0.85) 0.035*   3.90 (0.50, 30.46) 0.188   1.29 (0.23, 7.13) 0.767   0.97 (0.87, 1.07) 0.513 
  

[1] Geometric mean ratio of SC lipid between any two of the three diagnostic groups.  
[2] Geometric mean ratio of basal TEWL for every 10-fold increase in a SC lipid, adjusted for diagnostic group. 
[3] Adjusted for age and gender.  
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 AD S. aureus+/ 
AD S. aureus- 

  AD S. aureus-/ 
NA S. aureus- 

  Atopic/ 
Non-Atopic 

  Basal 
TEWL(g/(m2h)) 

                
  Geometric Mean 

Ratio[1] 
(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[2] 

(95% CI) 

  

Carbon Chain Length 
(Intensity) 

                      

    p-value     p-value     p-value     p-value 
                        
CER[AH] C52 
(continued) 

                      

Adjusted[3] 0.13 (0.01, 1.21) 0.071   3.49 (0.40, 30.62) 0.251   1.24 (0.21, 7.36) 0.806   0.97 (0.87, 1.07) 0.531 
                        
CER[AP] C34                       

Unadjusted 1.03 (0.35, 3.04) 0.963   2.45 (0.83, 7.25) 0.103   2.48 (1.00, 6.12) 0.049*   1.00 (0.82, 1.21) 0.959 
Adjusted[3] 0.77 (0.24, 2.45) 0.650   3.01 (0.99, 9.18) 0.052   2.65 (1.06, 6.59) 0.037*   0.99 (0.81, 1.22) 0.925 

                        
CER[AP] C36                       

Unadjusted 0.37 (0.08, 1.68) 0.190   1.72 (0.37, 7.86) 0.477   1.04 (0.29, 3.69) 0.951   0.82 (0.73, 0.93) 0.003** 
Adjusted[3] 0.31 (0.06, 1.65) 0.166   1.96 (0.39, 9.71) 0.402   1.10 (0.29, 4.07) 0.889   0.82 (0.72, 0.93) 0.003** 

                        
CER[AP] C38                       

Unadjusted 0.86 (0.33, 2.22) 0.750   2.41 (0.94, 6.22) 0.067   2.24 (1.02, 4.93) 0.045*   1.25 (1.01, 1.54) 0.038* 
Adjusted[3] 1.04 (0.38, 2.90) 0.933   2.11 (0.79, 5.66) 0.133   2.16 (0.96, 4.84) 0.061   1.26 (1.02, 1.57) 0.036* 

                        
CER[AP] C40                       

Unadjusted 0.66 (0.48, 0.91) 0.013*   1.09 (0.79, 1.51) 0.584   0.89 (0.68, 1.16) 0.371   0.70 (0.37, 1.32) 0.264 
Adjusted[3] 0.65 (0.46, 0.92) 0.015*   1.13 (0.81, 1.58) 0.451   0.91 (0.69, 1.20) 0.502   0.69 (0.35, 1.34) 0.261 

                        
CER[AP] C42                       

Unadjusted 0.77 (0.56, 1.08) 0.127   1.27 (0.91, 1.77) 0.155   1.12 (0.85, 1.47) 0.426   0.76 (0.41, 1.43) 0.390 
Adjusted[3] 0.75 (0.52, 1.07) 0.112   1.32 (0.93, 1.86) 0.118   1.14 (0.86, 1.51) 0.362   0.76 (0.39, 1.45) 0.387 

                        
CER[AP] C44                       

Unadjusted 0.99 (0.67, 1.47) 0.961   1.26 (0.85, 1.87) 0.243   1.25 (0.90, 1.74) 0.171   0.92 (0.54, 1.56) 0.746 
Adjusted[3] 0.95 (0.63, 1.45) 0.823   1.33 (0.89, 2.00) 0.162   1.30 (0.93, 1.81) 0.119   0.91 (0.52, 1.59) 0.733 

                        
CER[AP] C46                       

Unadjusted 0.95 (0.63, 1.42) 0.796   1.28 (0.85, 1.92) 0.226   1.25 (0.89, 1.75) 0.194   0.86 (0.51, 1.44) 0.559 
Adjusted[3] 0.92 (0.59, 1.42) 0.695   1.35 (0.89, 2.05) 0.157   1.29 (0.92, 1.82) 0.139   0.85 (0.50, 1.46) 0.550 

                        
CER[AP] C48                       

Unadjusted 0.88 (0.59, 1.30) 0.504   1.16 (0.78, 1.73) 0.451   1.09 (0.78, 1.52) 0.614   0.88 (0.52, 1.49) 0.624 
Adjusted[3] 0.81 (0.53, 1.25) 0.333   1.25 (0.83, 1.88) 0.278   1.13 (0.81, 1.58) 0.474   0.87 (0.50, 1.51) 0.600 

                        
CER[AP] C50                       

Unadjusted 0.54 (0.18, 1.61) 0.260   1.24 (0.41, 3.69) 0.697   0.91 (0.36, 2.26) 0.831   0.92 (0.76, 1.12) 0.395 
  

[1] Geometric mean ratio of SC lipid between any two of the three diagnostic groups. 
[2] Geometric mean ratio of basal TEWL for every 10-fold increase in a SC lipid, adjusted for diagnostic group. 
[3] Adjusted for age and gender. 
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 AD S. aureus+/ 
AD S. aureus- 

  AD S. aureus-/ 
NA S. aureus- 

  Atopic/ 
Non-Atopic 

  Basal 
TEWL(g/(m2h)) 

                
  Geometric Mean 

Ratio[1] 
(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[2] 

(95% CI) 

  

Carbon Chain Length 
(Intensity) 

                      

    p-value     p-value     p-value     p-value 
                        
CER[AP] C50 
(continued) 

                      

Adjusted[3] 0.54 (0.17, 1.77) 0.302   1.33 (0.42, 4.18) 0.615   0.98 (0.38, 2.50) 0.966   0.92 (0.76, 1.12) 0.400 
                        
CER[AP] C52                       

Unadjusted 0.53 (0.11, 2.62) 0.424   0.62 (0.12, 3.11) 0.555   0.45 (0.12, 1.72) 0.237   0.95 (0.83, 1.08) 0.383 
Adjusted[3] 0.55 (0.10, 2.97) 0.476   0.74 (0.15, 3.77) 0.711   0.55 (0.14, 2.08) 0.368   0.94 (0.82, 1.08) 0.374 

                        
CER[EOH] C66                       

Unadjusted 0.52 (0.35, 0.77) 0.002**   1.03 (0.70, 1.53) 0.867   0.74 (0.54, 1.03) 0.074   0.40 (0.26, 0.63) <0.001*** 
Adjusted[3] 0.52 (0.34, 0.79) 0.003**   1.05 (0.70, 1.59) 0.797   0.76 (0.54, 1.06) 0.103   0.40 (0.25, 0.63) <0.001*** 

                        
CER[EOH] C68                       

Unadjusted 0.56 (0.39, 0.81) 0.003**   1.12 (0.77, 1.62) 0.538   0.84 (0.62, 1.14) 0.261   0.42 (0.26, 0.68) <0.001*** 
Adjusted[3] 0.57 (0.38, 0.86) 0.008**   1.13 (0.77, 1.67) 0.521   0.86 (0.62, 1.18) 0.332   0.41 (0.25, 0.68) <0.001*** 

                        
CER[EOH] C70                       

Unadjusted 0.19 (0.05, 0.78) 0.022*   1.21 (0.30, 4.93) 0.786   0.53 (0.16, 1.70) 0.276   0.98 (0.85, 1.14) 0.827 
Adjusted[3] 0.24 (0.05, 1.11) 0.067   1.04 (0.24, 4.56) 0.953   0.51 (0.15, 1.71) 0.269   0.99 (0.84, 1.15) 0.851 

                        
CER[EOH] C72                       

Unadjusted 0.96 (0.10, 9.00) 0.973   2.62 (0.28, 24.45) 0.389   2.57 (0.40, 16.53) 0.312   1.02 (0.93, 1.12) 0.602 
Adjusted[3] 0.66 (0.06, 7.37) 0.727   2.92 (0.28, 30.03) 0.357   2.37 (0.35, 15.99) 0.365   1.02 (0.93, 1.13) 0.624 

                        
CER[EOS] C66                       

Unadjusted 0.14 (0.01, 2.95) 0.198   0.24 (0.01, 5.15) 0.352   0.09 (0.01, 1.14) 0.063   0.96 (0.90, 1.02) 0.204 
Adjusted[3] 0.07 (0.00, 2.07) 0.122   0.34 (0.01, 8.36) 0.498   0.09 (0.01, 1.28) 0.074   0.96 (0.89, 1.02) 0.198 

                        
CER[EOS] C68                       

Unadjusted 0.41 (0.06, 2.77) 0.350   0.57 (0.08, 3.83) 0.551   0.36 (0.07, 1.78) 0.205   0.91 (0.82, 1.01) 0.079 
Adjusted[3] 0.49 (0.06, 3.92) 0.488   0.55 (0.07, 4.10) 0.549   0.38 (0.07, 1.99) 0.245   0.91 (0.82, 1.01) 0.088 

                        
CER[EOS] C70                       

Unadjusted 0.61 (0.42, 0.87) 0.009**   1.33 (0.92, 1.92) 0.122   1.04 (0.76, 1.40) 0.815   0.46 (0.28, 0.78) 0.005** 
Adjusted[3] 0.61 (0.41, 0.91) 0.017*   1.35 (0.92, 1.98) 0.125   1.05 (0.77, 1.44) 0.742   0.46 (0.27, 0.78) 0.006** 

                        
CER[EOS] C72                       

Unadjusted 0.18 (0.01, 3.29) 0.239   3.92 (0.21, 71.92) 0.348   1.66 (0.15, 18.74) 0.676   1.00 (0.93, 1.07) 0.980 
  

[1] Geometric mean ratio of SC lipid between any two of the three diagnostic groups. 
[2] Geometric mean ratio of basal TEWL for every 10-fold increase in a SC lipid, adjusted for diagnostic group. 
[3] Adjusted for age and gender. 
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 AD S. aureus+/ 
AD S. aureus- 

  AD S. aureus-/ 
NA S. aureus- 

  Atopic/ 
Non-Atopic 

  Basal 
TEWL(g/(m2h)) 

                
  Geometric Mean 

Ratio[1] 
(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[2] 

(95% CI) 

  

Carbon Chain Length 
(Intensity) 

                      

    p-value     p-value     p-value     p-value 
                        
CER[EOS] C72 
(continued) 

                      

Adjusted[3] 0.09 (0.00, 1.98) 0.122   5.92 (0.29, 120.49) 0.239   1.74 (0.15, 20.59) 0.651   1.00 (0.92, 1.08) 0.949 
                        
CER[NDS] C52                       

Unadjusted 0.92 (0.67, 1.27) 0.613   0.71 (0.52, 0.97) 0.033*   0.68 (0.52, 0.89) 0.005**   0.39 (0.22, 0.70) 0.003** 
Adjusted[3] 0.96 (0.68, 1.36) 0.827   0.69 (0.50, 0.96) 0.030*   0.68 (0.52, 0.89) 0.006**   0.39 (0.21, 0.71) 0.003** 

                        
CER[NDS] C54                       

Unadjusted 0.92 (0.67, 1.27) 0.621   0.73 (0.53, 1.01) 0.054   0.70 (0.54, 0.92) 0.011*   0.38 (0.22, 0.68) 0.002** 
Adjusted[3] 0.98 (0.69, 1.38) 0.893   0.71 (0.50, 0.99) 0.043*   0.70 (0.53, 0.92) 0.012*   0.38 (0.21, 0.68) 0.002** 

                        
Cholesterol                       

Unadjusted 1.23 (0.40, 3.74) 0.708   0.80 (0.26, 2.44) 0.693   0.89 (0.35, 2.25) 0.804   0.88 (0.74, 1.06) 0.181 
Adjusted[3] 0.80 (0.26, 2.50) 0.699   1.10 (0.37, 3.29) 0.860   0.99 (0.40, 2.42) 0.975   0.86 (0.70, 1.05) 0.141 

                        
Cholesterol-3-sulfate                       

Unadjusted 0.90 (0.71, 1.13) 0.343   1.43 (1.13, 1.80) 0.004**   1.35 (1.11, 1.64) 0.003**   2.39 (1.02, 5.62) 0.045* 
Adjusted[3] 0.86 (0.67, 1.10) 0.210   1.50 (1.18, 1.90) 0.001**   1.38 (1.14, 1.68) 0.002**   2.52 (1.02, 6.27) 0.046* 

  
[1] Geometric mean ratio of SC lipid between any two of the three diagnostic groups. 
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TABLE S4.2 Unadjusted and Adjusted Geometric Mean Ratio for Stratum Corneum Free Fatty Acids and Triglycerides 
 

 AD S. aureus+/ 
AD S. aureus- 

  AD S. aureus-/ 
NA S. aureus- 

  Atopic/ 
Non-Atopic 

  Basal 
TEWL(g/(m2h)) 

                
  Geometric Mean 

Ratio[1] 
(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[2] 

(95% CI) 

  

Carbon Chain Length 
(Intensity) 

                      

    p-value     p-value     p-value     p-value 
                        
FFA 14:0                       

Unadjusted 0.98 (0.85, 1.13) 0.758   1.03 (0.89, 1.19) 0.680   1.02 (0.90, 1.15) 0.757   0.49 (0.12, 2.01) 0.312 
Adjusted[3] 0.98 (0.84, 1.14) 0.790   1.05 (0.90, 1.21) 0.549   1.03 (0.92, 1.17) 0.574   0.46 (0.10, 2.09) 0.307 

                        
FFA 16:0                       

Unadjusted 0.88 (0.71, 1.08) 0.208   0.96 (0.78, 1.18) 0.669   0.90 (0.75, 1.07) 0.206   1.06 (0.39, 2.92) 0.903 
Adjusted[3] 0.85 (0.68, 1.07) 0.166   0.98 (0.79, 1.22) 0.844   0.90 (0.76, 1.08) 0.263   1.05 (0.37, 3.01) 0.921 

                        
FFA 16:1                       

Unadjusted 0.23 (0.08, 0.65) 0.007**   1.41 (0.50, 3.94) 0.506   0.68 (0.29, 1.60) 0.368   0.98 (0.80, 1.20) 0.820 
Adjusted[3] 0.18 (0.06, 0.52) 0.003**   1.75 (0.61, 4.99) 0.288   0.73 (0.31, 1.73) 0.466   0.97 (0.78, 1.21) 0.782 

                        
FFA 18:0                       

Unadjusted 1.09 (0.90, 1.32) 0.385   0.87 (0.71, 1.05) 0.141   0.90 (0.77, 1.06) 0.210   1.11 (0.38, 3.29) 0.844 
Adjusted[3] 1.04 (0.85, 1.26) 0.694   0.87 (0.72, 1.05) 0.130   0.88 (0.76, 1.03) 0.110   1.11 (0.33, 3.71) 0.863 

                        
FFA 18:1                       

Unadjusted 0.48 (0.32, 0.74) 0.001**   1.32 (0.86, 2.02) 0.192   0.92 (0.64, 1.31) 0.624   1.17 (0.71, 1.91) 0.524 
Adjusted[3] 0.43 (0.28, 0.66) <0.001***   1.49 (0.98, 2.25) 0.061   0.97 (0.69, 1.37) 0.872   1.18 (0.69, 2.05) 0.534 

                        
FFA 24:0                       

Unadjusted 0.95 (0.75, 1.19) 0.637   0.89 (0.71, 1.12) 0.331   0.87 (0.72, 1.05) 0.151   0.47 (0.19, 1.12) 0.086 
Adjusted[3] 0.91 (0.72, 1.15) 0.427   0.94 (0.75, 1.18) 0.604   0.90 (0.75, 1.08) 0.259   0.41 (0.16, 1.07) 0.068 

                        
FFA 24:1                       

Unadjusted 1.03 (0.78, 1.37) 0.813   0.79 (0.60, 1.05) 0.105   0.80 (0.63, 1.02) 0.072   1.10 (0.53, 2.30) 0.790 
Adjusted[3] 1.00 (0.73, 1.36) 0.993   0.80 (0.59, 1.08) 0.134   0.80 (0.62, 1.02) 0.069   1.10 (0.51, 2.35) 0.807 

                        
FFA 26:0                       

Unadjusted 0.65 (0.30, 1.40) 0.263   0.77 (0.36, 1.66) 0.499   0.62 (0.33, 1.18) 0.141   0.59 (0.48, 0.73) <0.001*** 
Adjusted[3] 0.65 (0.29, 1.48) 0.298   0.82 (0.37, 1.81) 0.619   0.66 (0.35, 1.27) 0.209   0.58 (0.46, 0.72) <0.001*** 

                        
FFA 28:0                       

Unadjusted 0.38 (0.06, 2.35) 0.291   0.54 (0.09, 3.32) 0.497   0.33 (0.07, 1.52) 0.151   0.90 (0.81, 1.00) 0.056 
Adjusted[3] 0.32 (0.04, 2.25) 0.241   0.67 (0.10, 4.49) 0.676   0.38 (0.08, 1.79) 0.213   0.89 (0.80, 1.00) 0.056 

                        
TG 40:0                       
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 AD S. aureus+/ 
AD S. aureus- 

  AD S. aureus-/ 
NA S. aureus- 

  Atopic/ 
Non-Atopic 

  Basal 
TEWL(g/(m2h)) 

                
  Geometric Mean 

Ratio[1] 
(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[2] 

(95% CI) 

  

Carbon Chain Length 
(Intensity) 

                      

    p-value     p-value     p-value     p-value 
                        

Unadjusted 0.59 (0.08, 4.32) 0.594   0.60 (0.08, 4.41) 0.608   0.46 (0.09, 2.43) 0.351   0.99 (0.89, 1.10) 0.861 
  

[1] Geometric mean ratio of SC lipid between any two of the three diagnostic groups. 
[2] Geometric mean ratio of basal TEWL for every 10-fold increase in a SC lipid, adjusted for diagnostic group. 
[3] Adjusted for age and gender. 
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 AD S. aureus+/ 
AD S. aureus- 

  AD S. aureus-/ 
NA S. aureus- 

  Atopic/ 
Non-Atopic 

  Basal 
TEWL(g/(m2h)) 

                
  Geometric Mean 

Ratio[1] 
(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[2] 

(95% CI) 

  

Carbon Chain Length 
(Intensity) 

                      

    p-value     p-value     p-value     p-value 
                        
TG 40:0 (continued)                       

Adjusted[3] 0.57 (0.07, 4.92) 0.602   0.52 (0.07, 4.18) 0.532   0.40 (0.07, 2.17) 0.277   0.99 (0.89, 1.11) 0.862 
                        
TG 40:1                       

Unadjusted 0.54 (0.05, 5.67) 0.601   3.03 (0.29, 31.69) 0.346   2.23 (0.32, 15.78) 0.412   0.93 (0.85, 1.01) 0.102 
Adjusted[3] 0.67 (0.06, 7.40) 0.740   1.88 (0.19, 18.99) 0.582   1.55 (0.23, 10.27) 0.644   0.92 (0.84, 1.01) 0.089 

                        
TG 44:0                       

Unadjusted 0.35 (0.07, 1.75) 0.193   2.02 (0.40, 10.17) 0.384   1.19 (0.31, 4.58) 0.794   0.95 (0.84, 1.08) 0.421 
Adjusted[3] 0.37 (0.06, 2.19) 0.266   1.92 (0.35, 10.60) 0.446   1.17 (0.29, 4.74) 0.824   0.95 (0.83, 1.08) 0.438 

                        
TG 46:1                       

Unadjusted 0.52 (0.31, 0.87) 0.014*   1.16 (0.69, 1.96) 0.561   0.84 (0.54, 1.29) 0.409   0.81 (0.54, 1.20) 0.283 
Adjusted[3] 0.48 (0.27, 0.84) 0.012*   1.19 (0.69, 2.06) 0.524   0.82 (0.53, 1.29) 0.383   0.80 (0.53, 1.21) 0.280 

                        
TG 46:2                       

Unadjusted 0.30 (0.09, 1.01) 0.052   1.28 (0.38, 4.28) 0.679   0.71 (0.26, 1.93) 0.488   0.85 (0.72, 1.00) 0.049* 
Adjusted[3] 0.26 (0.07, 0.96) 0.043*   1.48 (0.42, 5.23) 0.532   0.75 (0.27, 2.12) 0.583   0.84 (0.71, 1.00) 0.049* 

                        
TG 48:0                       

Unadjusted 0.77 (0.50, 1.20) 0.241   1.42 (0.91, 2.21) 0.116   1.25 (0.86, 1.80) 0.231   0.74 (0.46, 1.17) 0.194 
Adjusted[3] 0.73 (0.45, 1.19) 0.200   1.48 (0.93, 2.35) 0.097   1.27 (0.87, 1.85) 0.217   0.73 (0.45, 1.18) 0.196 

                        
TG 48:1                       

Unadjusted 0.53 (0.31, 0.91) 0.022*   1.38 (0.81, 2.35) 0.235   1.00 (0.64, 1.57) 0.991   0.81 (0.55, 1.19) 0.276 
Adjusted[3] 0.49 (0.27, 0.87) 0.017*   1.46 (0.83, 2.56) 0.181   1.02 (0.64, 1.61) 0.934   0.80 (0.54, 1.20) 0.273 

                        
TG 48:2                       

Unadjusted 0.50 (0.29, 0.86) 0.013*   1.24 (0.72, 2.12) 0.425   0.88 (0.56, 1.37) 0.560   0.75 (0.52, 1.10) 0.140 
Adjusted[3] 0.45 (0.25, 0.80) 0.008**   1.34 (0.76, 2.34) 0.300   0.90 (0.57, 1.42) 0.635   0.74 (0.50, 1.10) 0.134 

                        
TG 50:1                       

Unadjusted 0.61 (0.38, 0.97) 0.038*   1.56 (0.98, 2.51) 0.062   1.22 (0.82, 1.80) 0.315   0.86 (0.55, 1.33) 0.479 
Adjusted[3] 0.56 (0.34, 0.94) 0.030*   1.60 (0.98, 2.63) 0.060   1.21 (0.80, 1.81) 0.356   0.85 (0.54, 1.34) 0.472 

                        
TG 50:2                       

Unadjusted 0.54 (0.33, 0.88) 0.015*   1.52 (0.93, 2.49) 0.096   1.11 (0.74, 1.68) 0.608   0.85 (0.56, 1.30) 0.445 
Adjusted[3] 0.48 (0.28, 0.83) 0.009**   1.63 (0.97, 2.73) 0.063   1.13 (0.74, 1.73) 0.551   0.84 (0.54, 1.31) 0.430 

  
[1] Geometric mean ratio of SC lipid between any two of the three diagnostic groups. 
[2] Geometric mean ratio of basal TEWL for every 10-fold increase in a SC lipid, adjusted for diagnostic group. 
[3] Adjusted for age and gender. 
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 AD S. aureus+/ 
AD S. aureus- 

  AD S. aureus-/ 
NA S. aureus- 

  Atopic/ 
Non-Atopic 

  Basal 
TEWL(g/(m2h)) 

                
  Geometric Mean 

Ratio[1] 
(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[2] 

(95% CI) 

  

Carbon Chain Length 
(Intensity) 

                      

    p-value     p-value     p-value     p-value 
                        
TG 50:3                       

Unadjusted 0.49 (0.30, 0.80) 0.006**   1.48 (0.90, 2.44) 0.121   1.03 (0.68, 1.57) 0.872   0.84 (0.56, 1.27) 0.403 
Adjusted[3] 0.44 (0.26, 0.74) 0.003**   1.62 (0.97, 2.72) 0.064   1.07 (0.70, 1.64) 0.739   0.83 (0.53, 1.28) 0.381 

                        
TG 52:0                       

Unadjusted 0.69 (0.21, 2.32) 0.544   1.62 (0.48, 5.43) 0.424   1.35 (0.49, 3.70) 0.551   0.94 (0.79, 1.12) 0.465 
Adjusted[3] 0.82 (0.22, 2.96) 0.751   1.33 (0.38, 4.61) 0.646   1.20 (0.43, 3.32) 0.718   0.94 (0.78, 1.13) 0.478 

                        
TG 52:1                       

Unadjusted 0.70 (0.41, 1.18) 0.173   1.62 (0.96, 2.75) 0.071   1.35 (0.87, 2.10) 0.172   1.06 (0.71, 1.57) 0.786 
Adjusted[3] 0.66 (0.38, 1.14) 0.133   1.58 (0.92, 2.69) 0.093   1.28 (0.82, 1.98) 0.264   1.06 (0.69, 1.62) 0.793 

                        
TG 52:2                       

Unadjusted 1.78 (0.47, 6.70) 0.382   0.76 (0.20, 2.85) 0.675   1.01 (0.34, 3.05) 0.981   1.00 (0.86, 1.18) 0.970 
Adjusted[3] 1.55 (0.36, 6.58) 0.546   0.83 (0.21, 3.36) 0.789   1.03 (0.33, 3.24) 0.955   1.00 (0.85, 1.18) 0.984 

                        
TG 52:3                       

Unadjusted 0.73 (0.44, 1.22) 0.218   2.09 (1.25, 3.49) 0.006**   1.79 (1.17, 2.74) 0.009**   1.02 (0.68, 1.53) 0.935 
Adjusted[3] 0.72 (0.41, 1.26) 0.240   2.07 (1.20, 3.55) 0.010**   1.75 (1.13, 2.73) 0.014*   1.02 (0.67, 1.55) 0.939 

                        
TG 52:4                       

Unadjusted 0.34 (0.11, 1.05) 0.060   2.41 (0.77, 7.54) 0.128   1.39 (0.54, 3.61) 0.486   0.96 (0.80, 1.15) 0.633 
Adjusted[3] 0.39 (0.11, 1.36) 0.135   2.22 (0.67, 7.38) 0.188   1.38 (0.52, 3.71) 0.509   0.96 (0.79, 1.16) 0.655 

                        
TG 54:1                       

Unadjusted 0.33 (0.10, 1.13) 0.076   2.02 (0.59, 6.98) 0.256   1.16 (0.41, 3.25) 0.774   1.07 (0.91, 1.27) 0.392 
Adjusted[3] 0.33 (0.09, 1.30) 0.110   1.99 (0.54, 7.37) 0.295   1.15 (0.39, 3.36) 0.797   1.07 (0.90, 1.28) 0.403 

                        
TG 54:2                       

Unadjusted 0.20 (0.02, 2.43) 0.201   16.59 (1.38, 198.83) 0.028*   7.46 (0.94, 59.13) 0.057   1.02 (0.94, 1.11) 0.562 
Adjusted[3] 0.21 (0.01, 3.00) 0.242   12.89 (0.99, 167.57) 0.051   5.90 (0.72, 48.29) 0.095   1.03 (0.94, 1.12) 0.559 

                        
TG 54:3                       

Unadjusted 0.74 (0.31, 1.79) 0.495   2.12 (0.88, 5.11) 0.092   1.83 (0.88, 3.80) 0.105   0.96 (0.76, 1.22) 0.718 
Adjusted[3] 0.75 (0.29, 1.90) 0.533   1.92 (0.78, 4.71) 0.151   1.66 (0.79, 3.46) 0.173   0.96 (0.74, 1.23) 0.719 

                        
TG 54:4                       

Unadjusted 2.27 (0.59, 8.67) 0.223   0.87 (0.23, 3.31) 0.830   1.31 (0.43, 3.99) 0.631   0.99 (0.84, 1.15) 0.871 
  

[1] Geometric mean ratio of SC lipid between any two of the three diagnostic groups. 
[2] Geometric mean ratio of basal TEWL for every 10-fold increase in a SC lipid, adjusted for diagnostic group. 
[3] Adjusted for age and gender. 
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 AD S. aureus+/ 
AD S. aureus- 

  AD S. aureus-/ 
NA S. aureus- 

  Atopic/ 
Non-Atopic 

  Basal 
TEWL(g/(m2h)) 

                
  Geometric Mean 

Ratio[1] 
(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[1] 

(95% CI) 

    Geometric Mean 
Ratio[2] 

(95% CI) 

  

Carbon Chain Length 
(Intensity) 

                      

    p-value     p-value     p-value     p-value 
                        
TG 54:4 (continued)                       

Adjusted[3] 2.67 (0.62, 11.55) 0.183   0.79 (0.19, 3.26) 0.741   1.30 (0.41, 4.12) 0.653   0.99 (0.84, 1.16) 0.889 
                        
TG 54:5                       

Unadjusted 0.57 (0.05, 6.22) 0.634   3.49 (0.32, 38.31) 0.298   2.63 (0.36, 19.35) 0.334   1.00 (0.91, 1.09) 0.956 
Adjusted[3] 1.20 (0.10, 13.67) 0.882   1.76 (0.17, 18.39) 0.629   1.92 (0.28, 13.16) 0.495   1.00 (0.91, 1.10) 0.998 

                        
TG 54:6                       

Unadjusted 0.36 (0.01, 9.80) 0.539   10.18 (0.38, 273.81) 0.162   6.15 (0.40, 95.49) 0.188   1.00 (0.94, 1.07) 0.999 
Adjusted[3] 1.34 (0.05, 38.91) 0.860   4.07 (0.16, 104.53) 0.386   4.72 (0.33, 67.42) 0.244   1.00 (0.93, 1.08) 0.945 

                        
TG 56:1                       

Unadjusted 0.68 (0.13, 3.69) 0.647   1.34 (0.25, 7.28) 0.726   1.11 (0.27, 4.53) 0.884   1.01 (0.90, 1.15) 0.829 
Adjusted[3] 0.38 (0.07, 2.22) 0.276   1.64 (0.30, 8.86) 0.557   1.02 (0.25, 4.05) 0.982   1.01 (0.88, 1.16) 0.866 

                        
TG 56:2                       

Unadjusted 0.21 (0.04, 1.06) 0.058   2.84 (0.55, 14.58) 0.205   1.29 (0.33, 5.03) 0.711   0.99 (0.87, 1.12) 0.821 
Adjusted[3] 0.12 (0.02, 0.67) 0.017*   3.56 (0.68, 18.63) 0.128   1.23 (0.32, 4.78) 0.756   0.98 (0.85, 1.13) 0.777 

                        
TG 56:3                       

Unadjusted 0.91 (0.09, 9.10) 0.936   5.79 (0.58, 57.75) 0.130   5.53 (0.81, 37.60) 0.079   1.05 (0.96, 1.14) 0.313 
Adjusted[3] 1.03 (0.08, 12.73) 0.978   6.00 (0.53, 67.47) 0.142   6.10 (0.84, 44.33) 0.072   1.05 (0.95, 1.15) 0.319 

                        
TG 58:1                       

Unadjusted 0.38 (0.06, 2.53) 0.307   2.01 (0.30, 13.49) 0.461   1.24 (0.25, 6.04) 0.786   1.05 (0.94, 1.17) 0.387 
Adjusted[3] 0.41 (0.05, 3.34) 0.398   1.83 (0.24, 13.63) 0.548   1.18 (0.23, 6.10) 0.843   1.05 (0.94, 1.17) 0.394 

                        
TG 60:3                       

Unadjusted 2.21 (0.18, 27.74) 0.531   0.31 (0.03, 3.96) 0.361   0.47 (0.06, 3.85) 0.471   0.97 (0.89, 1.05) 0.475 
Adjusted[3] 2.45 (0.15, 39.28) 0.518   0.32 (0.02, 4.60) 0.390   0.50 (0.06, 4.44) 0.521   0.97 (0.89, 1.06) 0.490 

                        
TG 62:4                       

Unadjusted 1.51 (0.07, 34.58) 0.791   6.49 (0.28, 148.45) 0.234   7.98 (0.59, 108.35) 0.115   1.04 (0.98, 1.11) 0.220 
Adjusted[3] 2.69 (0.09, 79.99) 0.558   5.09 (0.19, 133.92) 0.320   8.35 (0.57, 121.72) 0.117   1.04 (0.97, 1.12) 0.215 

  
[1] Geometric mean ratio of SC lipid between any two of the three diagnostic groups. 
[2] Geometric mean ratio of basal TEWL for every 10-fold increase in a SC lipid, adjusted for diagnostic group. 
[3] Adjusted for age and gender. 
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TABLE S4.3 Demographics of Enrolled Participants 
 

 
 

Characteristic 

 
AD S. aureus+ 

(N=15) 

 
 

p-value  

 
AD S. aureus- 

(N=12) 

 
 

p-value  

 
NA S. aureus- 

(N=15) 
           

Gender, n (%)           
Female 9 (60%) >0.999 8 (67%) 0.441 7 (47%) 
Male 6 (40%)   4 (33%)   8 (53%) 
           

Age (yrs), Mean (SD)           
 43.5 (9.01) 0.025* 33.3 (11.88) 0.232 39.8 (13.40) 

           
Filaggrin Status, n (%)           

Compound Heterozygote 1 (7%) 0.181 1 (8%) 0.039* 0 (0%) 
Heterozygote 7 (47%)   2 (17%)   1 (7%) 

Wild Type 6 (40%)   5 (42%)   13 (87%) 
Missing 1 (7%)   4 (33%)   1 (7%) 

 
 * indicates p<0.05 for the comparison between the 2 adjacent columns. Comparisons 
are done by the Wilcoxon two-sample test and Fisher's exact test for continuous and 
discrete variables, respectively. 
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TABLE S4.4 Baseline Clinical Features of Atopic Dermatitis Participants 
(Severity of AD) 

                 
  

AD S. aureus+ 
(N=15) 

  
AD S. aureus- 

(N=12) 

 
p-value 

Characteristic   
          
EASI Severity Score, Mean (SD)         

  25.7 (13.71)   7.8 (3.62) <0.001*** 
          
EASI Severity Category, n (%)         

Mild (<10) 1 (7%)   8 (67%) <0.001*** 
Moderate (10-20) 4 (27%)   4 (33%)   
Severe (>20) 10 (67%)   0 (0%)   

          
  

Comparisons are done by the Wilcoxon two-sample test and Fisher's exact test for continuous and 
discrete variables, respectively.  EASI: Eczema Area Severity Index; AD: atopic dermatitis. 

 



 

 

149 

TABLE S4.5 Absolute Intensities of Most Significantly Altered Stratum 
Corneum Lipids in AD S.aureus Participants 

 
  AD S. aureus+ 

N=15 
  AD S. aureus- 

N=12 
  NA S. aureus- 

N=15 
            
  Geometric 

Mean  
    Geometric 

Mean 
    Geometric 

Mean 
  

Carbon Chain Length  (cps)   (SE)        (cps)   (SE)        (cps)   (SE) 
                  
CER[EOH] C66     6869 (1.1)      13319 (1.2)      12636 (1.1) 
                  
CER[EOH] C68    10116 (1.1)      17681 (1.2)      15611 (1.1) 
                  
Cholesterol-3-sulfate   143106 (1.1)     167111 (1.1)     111706 (1.1) 
                  
FFA 16:1      233 (1.4)       1328 (1.5)        760 (1.4) 
                  
FFA 18:1      881 (1.1)       2057 (1.2)       1383 (1.1) 
                  
TG 46:2     5167 (1.5)      19941 (1.6)      13465 (1.5) 
                  
TG 48:2    15815 (1.2)      35179 (1.2)      26295 (1.2) 
                  
TG 50:2    18293 (1.2)      37726 (1.2)      23170 (1.2) 
                  
TG 50:3     6727 (1.2)      15430 (1.2)       9501 (1.2) 

  
Estimated geometric mean adjusted for age and gender 
cps: count per second;  AD: atopic dermatitis  
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TABLE S4.6 Stratum Corneum Lipids by Filaggrin Status 
 

             Heterozygote/ 
Wild Type 

Geometric Mean 
Ratio (95% CI) 

    

 Heterozygote 
(N=9) 

  Wild Type 
(N=11) 

        

                
Carbon Chain Length Geometric 

Mean 
(SE)   Geometric 

Mean 
(SE)       p-value 

                    
CER[ADS]/[NP] C34 2758 (1.2)   3488 (1.2)   0.79 (0.49, 1.28)   0.2844 
                    
CER[ADS]/[NP] C36 548 (1.7)   1051 (1.6)   0.52 (0.12, 2.30)   0.5755 
                    
CER[ADS]/[NP] C38 1348 (1.7)   564 (1.6)   2.39 (0.50, 11.45)   0.2252 
                    
CER[AH] C34 9696 (1.2)   10305 (1.2)   0.94 (0.56, 1.57)   0.7362 
                    
CER[AH] C36 5199 (1.1)   4832 (1.1)   1.08 (0.76, 1.52)   0.7932 
                    
CER[AH] C38 358 (2.8)   495 (2.5)   0.72 (0.04, 13.46)   0.9700 
                    
CER[AH] C40 4863 (1.2)   5716 (1.2)   0.85 (0.54, 1.33)   0.9105 
                    
CER[AH] C42 57496 (1.1)   51671 (1.1)   1.11 (0.77, 1.62)   0.4349 
                    
CER[AH] C44 88227 (1.2)   77354 (1.1)   1.14 (0.75, 1.73)   0.4792 
                    
CER[AH] C46 48363 (1.2)   41639 (1.2)   1.16 (0.70, 1.92)   0.4792 
                    
CER[AH] C48 10940 (1.3)   8318 (1.3)   1.32 (0.60, 2.88)   0.4349 
                    
CER[AH] C50 5837 (2.0)   3000 (1.8)   1.95 (0.29, 12.96)   0.7362 
                    
CER[AH] C52 517 (2.6)   1082 (2.4)   0.48 (0.03, 7.37)   0.5749 
                    
CER[AP] C34 8611 (1.2)   8375 (1.2)   1.03 (0.66, 1.60)   0.6807 
                    
CER[AP] C36 882 (2.2)   939 (2.0)   0.94 (0.10, 8.58)   0.4566 
                    
CER[AP] C38 2261 (1.2)   2193 (1.1)   1.03 (0.69, 1.54)   0.4566 
                    
CER[AP] C40 8492 (1.2)   9501 (1.1)   0.89 (0.59, 1.36)   0.9105 
                    
CER[AP] C42 38710 (1.2)   38600 (1.1)   1.00 (0.66, 1.53)   0.4792 
                    
CER[AP] C44 39558 (1.2)   32836 (1.2)   1.20 (0.69, 2.11)   0.7932 
                    
CER[AP] C46 53950 (1.2)   43239 (1.2)   1.25 (0.72, 2.17)   0.5261 
                    
CER[AP] C48 35282 (1.2)   27344 (1.2)   1.29 (0.78, 2.13)   0.4349 
                    
CER[AP] C50 7218 (1.9)   2723 (1.8)   2.65 (0.42, 16.90)   0.2844 
                    
CER[AP] C52 350 (2.4)   702 (2.2)   0.50 (0.04, 5.86)   0.7082 
                    
CER[AS]/[NH] C34 6321 (1.3)   6804 (1.3)   0.93 (0.41, 2.11)   0.7362 
                    
CER[AS]/[NH] C36 3652 (1.2)   3348 (1.2)   1.09 (0.63, 1.90)   0.3932 
                    
CER[AS]/[NH] C52 24048 (1.1)   18426 (1.1)   1.31 (0.88, 1.93)   0.1359 
                    
CER[EODS] C60 6166 (1.1)   5828 (1.1)   1.06 (0.72, 1.56)   0.8514 
                    
CER[EODS] C62 7552 (1.1)   6589 (1.1)   1.15 (0.79, 1.66)   0.4349 
                    
CER[EODS] C64 2761 (1.9)   5868 (1.8)   0.47 (0.07, 3.01)   0.4792 
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             Heterozygote/ 
Wild Type 

Geometric Mean 
Ratio (95% CI) 

    

 Heterozygote 
(N=9) 

  Wild Type 
(N=11) 

        

                
Carbon Chain Length Geometric 

Mean 
(SE)   Geometric 

Mean 
(SE)       p-value 

                    
                    
CER[EODS] C66 6190 (1.2)   5141 (1.1)   1.20 (0.81, 1.80)   0.4349 
                    
CER[EODS] C68 693 (2.7)   1476 (2.5)   0.47 (0.03, 7.83)   0.4342 
                    
CER[EODS] C70 131 (2.8)   363 (2.6)   0.36 (0.02, 6.98)   0.6785 
                    
CER[EODS] C74 832 (2.3)   85 (2.2)   9.78 (0.89, 107.61)   0.2235 
                    
CER[EODS] C76 7 (2.5)   15 (2.3)   0.48 (0.04, 6.49)   0.5278 
                    
CER[EOH] C66 8324 (1.3)   8191 (1.2)   1.02 (0.52, 1.97)   0.7362 
                    
CER[EOH] C68 11932 (1.2)   11758 (1.2)   1.01 (0.55, 1.88)   0.9105 
                    
CER[EOH] C70 1058 (2.4)   5484 (2.2)   0.19 (0.02, 2.27)   0.7931 
                    
CER[EOH] C72 12 (3.2)   16 (2.9)   0.78 (0.03, 20.86)   0.8950 
                    
CER[EOH] C74 25 (3.1)   13 (2.8)   1.90 (0.08, 46.89)   0.5554 
                    
CER[EOP] C60 218 (3.6)   140 (3.2)   1.56 (0.04, 57.31)   0.6197 
                    
CER[EOP] C62 45 (3.1)   190 (2.8)   0.24 (0.01, 5.86)   0.3832 
                    
CER[EOP] C66 1864 (2.7)   173 (2.5)   10.78 (0.65, 178.36)   0.7352 
                    
CER[EOP] C68 270 (3.6)   393 (3.2)   0.69 (0.02, 26.51)   0.8198 
                    
CER[EOP] C70 1917 (1.9)   3409 (1.8)   0.56 (0.09, 3.44)   0.3932 
                    
CER[EOP] C72 86 (3.5)   112 (3.1)   0.77 (0.02, 27.19)   0.4650 
                    
CER[EOS] C66 18 (3.4)   6 (3.0)   3.23 (0.10, 104.75)   0.4631 
                    
CER[EOS] C68 4424 (3.2)   2260 (2.9)   1.96 (0.07, 52.03)   0.7358 
                    
CER[EOS] C70 11208 (1.2)   9699 (1.2)   1.16 (0.66, 2.02)   0.6807 
                    
CER[EOS] C72 255 (3.3)   689 (2.9)   0.37 (0.01, 10.66)   0.9098 
                    
CER[NDS] C34 775 (2.2)   829 (2.0)   0.94 (0.10, 8.82)   0.4566 
                    
CER[NDS] C36 51 (3.4)   62 (3.0)   0.82 (0.03, 26.62)   0.8443 
                    
CER[NDS] C38 2057 (1.2)   2309 (1.2)   0.89 (0.52, 1.52)   0.6271 
                    
CER[NDS] C40 7524 (1.1)   7251 (1.1)   1.04 (0.72, 1.50)   0.6271 
                    
CER[NDS] C42 9947 (1.2)   10819 (1.1)   0.92 (0.60, 1.40)   0.6271 
                    
CER[NDS] C44 18534 (1.2)   17768 (1.2)   1.04 (0.63, 1.72)   0.8514 
                    
CER[NDS] C46 48710 (1.2)   45020 (1.1)   1.08 (0.72, 1.63)   0.6807 
                    
CER[NDS] C48 61621 (1.2)   56380 (1.1)   1.09 (0.71, 1.68)   0.3932 
                    
CER[NDS] C50 37238 (1.2)   38366 (1.2)   0.97 (0.58, 1.63)   0.9105 
                    
CER[NDS] C52 12554 (1.2)   13653 (1.2)   0.92 (0.57, 1.49)   0.7932 
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             Heterozygote/ 
Wild Type 

Geometric Mean 
Ratio (95% CI) 

    

 Heterozygote 
(N=9) 

  Wild Type 
(N=11) 

        

                
Carbon Chain Length Geometric 

Mean 
(SE)   Geometric 

Mean 
(SE)       p-value 

                    
                    
CER[NDS] C54 3683 (1.2)   3854 (1.2)   0.96 (0.61, 1.50)   0.4792 
                    
CER[NH] C38 2866 (1.2)   2564 (1.2)   1.12 (0.65, 1.93)   0.2844 
                    
CER[NH] C40 7559 (1.2)   9963 (1.2)   0.76 (0.48, 1.19)   0.4792 
                    
CER[NH] C42 15749 (1.2)   17367 (1.2)   0.91 (0.57, 1.45)   0.9701 
                    
CER[NH] C44 17317 (1.2)   17533 (1.1)   0.99 (0.64, 1.52)   0.9105 
                    
CER[NH] C46 32196 (1.1)   27007 (1.1)   1.19 (0.81, 1.75)   0.4349 
                    
CER[NH] C48 41010 (1.1)   35043 (1.1)   1.17 (0.81, 1.69)   0.3932 
                    
CER[NH] C50 36962 (1.2)   29874 (1.1)   1.24 (0.83, 1.84)   0.1549 
                    
CER[NP] C40 5073 (1.2)   7514 (1.1)   0.68 (0.45, 1.01)   0.0504   
                    
CER[NP] C42 25801 (1.3)   18511 (1.3)   1.39 (0.68, 2.85)   0.3542 
                    
CER[NP] C44 32292 (1.3)   19457 (1.3)   1.66 (0.74, 3.73)   0.1760 
                    
CER[NP] C46 56761 (1.4)   32988 (1.3)   1.72 (0.68, 4.36)   0.1760 
                    
CER[NP] C48 109277 (1.2)   66652 (1.2)   1.64 (0.92, 2.91)   0.1760 
                    
CER[NP] C50 57700 (1.2)   44747 (1.2)   1.29 (0.83, 2.01)   0.3932 
                    
CER[NP] C52 16834 (1.2)   13485 (1.2)   1.25 (0.75, 2.06)   0.7932 
                    
CER[NP] C54 16 (3.7)   168 (3.3)   0.10 (0.00, 3.89)   0.3623 
                    
CER[NS] C32 4128 (1.3)   5460 (1.3)   0.76 (0.37, 1.54)   0.7362 
                    
CER[NS] C34 6321 (1.3)   6804 (1.3)   0.93 (0.41, 2.11)   0.7362 
                    
CER[NS] C36 3652 (1.2)   3348 (1.2)   1.09 (0.63, 1.90)   0.3932 
                    
CER[NS] C38 2866 (1.2)   2564 (1.2)   1.12 (0.65, 1.93)   0.2844 
                    
CER[NS] C40 7559 (1.2)   9963 (1.2)   0.76 (0.48, 1.19)   0.4792 
                    
CER[NS] C42 15749 (1.2)   17367 (1.2)   0.91 (0.57, 1.45)   0.9701 
                    
CER[NS] C44 17317 (1.2)   17533 (1.1)   0.99 (0.64, 1.52)   0.9105 
                    
CER[NS] C46 32196 (1.1)   27007 (1.1)   1.19 (0.81, 1.75)   0.4349 
                    
CER[NS] C48 41010 (1.1)   35043 (1.1)   1.17 (0.81, 1.69)   0.3932 
                    
CER[NS] C50 36962 (1.2)   29874 (1.1)   1.24 (0.83, 1.84)   0.1549 
                    
CER[NS] C52 24048 (1.1)   18426 (1.1)   1.31 (0.88, 1.93)   0.1359 
                    
CER[NS] C54 5308 (1.1)   4773 (1.1)   1.11 (0.76, 1.62)   0.6271 
                    
Cholesterol 85105 (1.5)   17014 (1.4)   5.00 (1.73, 14.50)   0.0232   
                    
Cholesterol-3-sulfate 163119 (1.1)   135165 (1.1)   1.21 (0.96, 1.51)   0.1549 
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             Heterozygote/ 
Wild Type 

Geometric Mean 
Ratio (95% CI) 

    

 Heterozygote 
(N=9) 

  Wild Type 
(N=11) 

        

                
Carbon Chain Length Geometric 

Mean 
(SE)   Geometric 

Mean 
(SE)       p-value 

                    
                    
FFA 14:0 10201 (1.1)   10196 (1.1)   1.00 (0.82, 1.22)   0.8514 
                    
FFA 16:0 5422 (1.1)   5222 (1.1)   1.04 (0.87, 1.23)   0.6271 
                    
FFA 16:1 563 (1.5)   612 (1.4)   0.92 (0.31, 2.70)   0.9701 
                    
FFA 18:0 4233 (1.1)   4384 (1.1)   0.97 (0.75, 1.24)   0.6271 
                    
FFA 18:1 1165 (1.2)   1090 (1.2)   1.07 (0.68, 1.67)   0.6271 
                    
FFA 24:0 896 (1.1)   731 (1.1)   1.23 (0.89, 1.70)   0.0675   
                    
FFA 24:1 140 (1.1)   131 (1.1)   1.07 (0.87, 1.31)   0.4792 
                    
FFA 26:0 474 (1.6)   224 (1.5)   2.11 (0.59, 7.51)   0.1549 
                    
FFA 28:0 7 (2.3)   26 (2.1)   0.27 (0.03, 2.85)   0.4046 
                    
TG 40:0 704 (2.5)   225 (2.3)   3.12 (0.23, 42.46)   0.2677 
                    
TG 40:1 359 (2.2)   164 (2.1)   2.19 (0.22, 21.40)   0.3925 
                    
TG 44:0 9521 (2.0)   4613 (1.9)   2.06 (0.28, 15.12)   0.8514 
                    
TG 46:1 9625 (1.2)   9848 (1.2)   0.98 (0.52, 1.83)   0.8514 
                    
TG 46:2 9020 (2.1)   6007 (1.9)   1.50 (0.19, 11.94)   0.4349 
                    
TG 48:0 18077 (1.2)   17820 (1.2)   1.01 (0.59, 1.75)   0.8514 
                    
TG 48:1 27429 (1.3)   28871 (1.2)   0.95 (0.47, 1.91)   0.7932 
                    
TG 48:2 18582 (1.3)   20483 (1.3)   0.91 (0.43, 1.91)   0.6271 
                    
TG 49:2 10470 (1.4)   12550 (1.3)   0.83 (0.35, 1.97)   0.7362 
                    
TG 50:1 23438 (1.2)   20641 (1.2)   1.14 (0.66, 1.95)   0.4792 
                    
TG 50:2 22439 (1.2)   20436 (1.2)   1.10 (0.60, 2.00)   0.6271 
                    
TG 50:3 8045 (1.3)   8601 (1.2)   0.94 (0.50, 1.76)   0.9105 
                    
TG 51:2 7197 (1.3)   7456 (1.2)   0.97 (0.51, 1.83)   0.8514 
                    
TG 52:0 4575 (2.0)   7799 (1.9)   0.59 (0.08, 4.36)   0.3179 
                    
TG 52:1 12070 (1.2)   9451 (1.2)   1.28 (0.71, 2.31)   0.4349 
                    
TG 52:2 29691 (1.2)   19221 (1.2)   1.54 (0.96, 2.48)   0.1037 
                    
TG 52:3 19981 (1.2)   12029 (1.2)   1.66 (0.96, 2.86)   0.0902   
                    
TG 52:4 6854 (2.0)   3112 (1.8)   2.20 (0.33, 14.69)   0.5755 
                    
TG 54:1 3020 (2.0)   3946 (1.8)   0.77 (0.11, 5.24)   0.0677   
                    
TG 54:2 4008 (2.6)   2961 (2.3)   1.35 (0.09, 19.56)   0.2118 
                    
TG 54:3 33500 (1.3)   13199 (1.3)   2.54 (1.18, 5.44)   0.1037 
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             Heterozygote/ 
Wild Type 

Geometric Mean 
Ratio (95% CI) 

    

 Heterozygote 
(N=9) 

  Wild Type 
(N=11) 

        

                
Carbon Chain Length Geometric 

Mean 
(SE)   Geometric 

Mean 
(SE)       p-value 

                    
                    
TG 54:4 18971 (1.3)   7836 (1.3)   2.42 (1.06, 5.51)   0.0677   
                    
TG 54:5 4776 (2.6)   2938 (2.4)   1.63 (0.11, 24.99)   0.1650 
                    
TG 54:6 2259 (3.4)   273 (3.1)   8.27 (0.25, 276.04)   0.3506 
                    
TG 56:1 1108 (2.2)   964 (2.1)   1.15 (0.12, 11.24)   0.2389 
                    
TG 56:2 1226 (1.9)   675 (1.8)   1.82 (0.29, 11.38)   0.2535 
                    
TG 56:3 309 (2.7)   355 (2.5)   0.87 (0.05, 14.63)   0.8508 
                    
TG 58:1 274 (2.4)   382 (2.2)   0.72 (0.06, 8.60)   0.3925 
                    
TG 58:2 140 (2.6)   376 (2.3)   0.37 (0.03, 5.38)   0.5008 
                    
TG 60:3 115 (3.0)   10 (2.7)   11.24 (0.50, 253.90)   0.1395 
                    
TG 62:4 346 (4.0)   46 (3.5)   7.59 (0.15, 394.96)   0.2320 

  
P-value generated using a Wilcoxon two-sample test 
P-values <0.05 are denoted in red 
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5.1 General Conclusions and Future Directions 
 

Skin, the largest organ of the mammalian body, provides a protective barrier against 

external assaults (e.g chemicals, invasion by pathogens, UV irradiation and tissue 

dehydration) and its maintenance is critical for survival[1, 2]. Not only structural 

proteins and lipid metabolism are involved in skin barrier formation and maintenance, 

a complex and well-orchestrated transcriptional regulatory network is involved in 

governing those processes[1, 2]. Compromised epidermal permeability barrier (EBP) 

functions have been associated with multiple inflammatory disorders of the skin 

including atopic dermatitis (AD) and skin cancers, such as squamous cell 

carcinoma[3, 4]. Thus, a better understanding of the molecular mechanisms 

underlying the EBP formation and maintenance is needed for the future therapeutic 

targeting of certain cutaneous disorders. In the present work, we have determined the 

in vivo roles of COUP-TF transcription factors (CTIP1 and CTIP2) in epidermal 

barrier development and maintenance, and in skin carcinogenesis by using genetically 

engineered mouse models. Additionally, we have investigated the connection 

between lipid, which is a key skin barrier component, and AD-pathogenesis in 

humans.  

 

The two zinc finger transcription factors, CTIP1 and CTIP2, are homolog genes that 

share many functional properties[5]. CTIP2 has been previously reported to be highly 

expressed in mouse and human skin[6, 7]. Loss of Ctip2 resulted in compromised 

epidermal permeability barrier function during embryogenesis and adulthood[8, 9]. In 

addition, we observed a compensatory increase of CTIP1 expression in the skin of 

Ctip2-null embryos.  In the current study, we observed that CTIP1 was also highly 

expressed in mouse and human skin. Immunohistochemistry revealed co-expression 

of CTIP1 and CTIP2 in most of the proliferating basal cells, however, some of 

suprabasal cells were either CTIP1+ or CTIP2+, suggesting those two proteins may 

play overlapping as well as unique roles in the developing epidermis. Indeed, Ctip1-/- 

embryos exhibited increased TEWL and died shortly after birth, which is very similar 
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to the phenotype of previously characterized barrier-deficient Ctip2-/- embryos[8], 

suggesting a critical role of CTIP1 in EPB development.   

The epidermal proliferation and differentiation program is essential for skin 

epidermal development and barrier formation[1, 2]. CTIP2 had been shown to play 

dual roles in regulating epidermal proliferation and differentiation through integrating 

EGFR and Notch signaling[8, 10].  We observed disrupted epidermal differentiation 

in Ctip1-/- embryos as evidenced by failed processing of profilaggrin into filaggrin 

monomers and altered expression of a subset of epidermal differentiation-associated 

transcription factors, such as p63, Fosl2, Gata3, suggesting an important role of 

CTIP1 in regulating skin terminal differentiation. However, unlike Ctip2-/- embryos, 

epidermal proliferation was not significantly altered in Ctip1-/- embryos, implying a 

functional redundancy between CTIP1 and CTIP2 in the basal cells of the skin 

epidermis and/or existence of a compensatory effect by other factors that can partially 

rescue the loss of CTIP1, such as increased expression of CTIP2 in Ctip1-/- skin. 

Analysis of Ctip1+/- |Ctip2+/-   double heterozygous  and Ctip1-/- |Ctip2-/- double 

homozygous  knockout mice would be necessary to address some of these questions. 

In addition, further studies are needed to determine if crosstalk between the CTIP1 

signaling and the EGFR/Notch or any other signaling pathways exists during 

epidermal development. 

 

We have recently identified CTIP2 as a key regulator of skin lipid metabolism, which 

plays a key role in formation and maintenance of skin permeability barrier[11, 12]. 

Here, we have revealed alterations of lipid composition and lipid metabolism gene 

expression in Ctip1-/- mice.  Although lipid metabolism defects were observed in both 

Ctip1-/- and Ctip2-/- mice, but each protein regulates distinct sets of lipid metabolizing 

genes. Again, these data suggested that the regulation of CTIP1 and CTIP2 in skin 

EPB function and epidermal lipid metabolism might be overlapping but distinct. 

Additional studies in Ctip1-/- |Ctip2-/- double knockout mice are necessary to elucidate 

the functional relationship between these two proteins and the lipid metabolism 

pathway as well as signaling pathways that they jointly regulated in skin.  Moreover, 

studies to investigate whether overexpression of CTIP2 in skin epidermis can rescue 
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the barrier defects phenotype of Ctip1-/- mice and restore normal lipid composition, 

may further clarify the compensatory role of CTIP2 in absence of CTIP1.  

 

Integration of RNA-seq data and ChIP-seq data identified certain well-known skin 

differentiation-associated and lipid metabolism-related genes as potential direct 

targets of CTIP1 in skin, including Fosl2, p63, Elovl4 and Tlr4. It is likely that CTIP1 

directly binds to the active promoter region of Fosl2 gene via previously identified 

GC-rich CTIP1 binding motif[5] and positively regulate the expression of Fosl2, 

which is required for epidermal differentiation[13]. However, no CTIP1 peak 

enrichment was observed for most of well-studied skin-barrier related genes that were 

differentially expressed in Ctip1-/- mice skin, suggesting that the regulation of gene 

expression by CTIP1 is more complex than simply acting at the proximal promoter. 

Indeed, ChIP-seq analysis in keratinocytes showed that the majority of CTIP1-

enriched peaks reside within the intergenic region or intron of the genes.  This 

observation is consistent with the evidence that CTIP1 tends to associate with distal 

control regions in adult human erythroid cells[14]. Therefore, our long-term goal is to 

determine how CTIP1 regulates the expression of skin barrier-associated genes that 

are significantly altered in Ctip1-/- mice skin. Thus, ChIP-seq analysis of CTIP1 in 

combination with histone modification marks for active enhancer (H3K27Ac) and 

poised/enhancer (H3K4Me1) in the epidermis as well as chromatin conformation 

capture (3C) analysis will be required to clarify if CTIP1 function as distal enhancer 

in regulation of a diverse group of genes expression in skin by chromatin looping. 

Furthermore, de novo motif analysis identified a palindromic motif (TCTCGCGAGA) 

for peaks near a subgroup of genes that were differentially expressed in the skin of 

Ctip1-/- embryos, suggesting that it could be a potential CTIP1 binding site in addition 

to the canonical GC box. It has been previously reported that a large group of 

transcription factors recognized multiple, distinct sequence motifs[15]. Additional 

studies including gel-shift assay and luciferase assay are required to establish the 

functional significance of such motif.  Interestingly, we noticed that this de novo 

CTIP1 binding motif is a binding site for a transcription factor named Kaiso [16]. 

Further studies, such as co-immunoprecipitation assay, can provide information 
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whether CTIP1 interacts with other protein partners, such as KAISO, to regulate the 

expression of skin-related genes during epidermal differentiation. At present, the 

function of KAISO in skin development and homeostasis has not been studied.  

Therefore, it will be important to investigate if Kaiso knockout mice displays the 

similar skin phenotype as that observed in Ctip1-/- mice.   

 

Here we have utilized Ctip1-null mice to demonstrate the role of CTIP1 in EBP 

function during embryogenesis.  Further studies are required to determine the cell 

autonomous role of CTIP1 in skin permeability barrier functions by generating K14-

Cre-mediated epidermal-specific Ctip1 knockout mice model. In addition, utilizing 

ligand inducible Cre-recombinase system to selectively ablate Ctip1 in adult 

epidermal keratinocytes will further establish the role of CTIP1 in adult skin 

maintenance and homeostasis. Furthermore, we would also like to determine the roles 

of CTIP1 in other aspects of skin function, such as hair development, hair cycling, 

and wound healing and tissue regeneration.   

 

It had been proposed that loss of key skin barrier genes (e.g  Cdsn, p63, Grhl3) could 

lead to skin barrier disruption resulting in chronic inflammation, which could promote 

skin carcinogenesis over time[4]. By performing spatial-temporal ablation of 

Ctip2/Bcl11b in the keratinocytes of the adult murine epidermis using a ligand 

inducible Cre-recombinase system (Ctip2 ep-/-i), we observed that Ctip2 ep-/-i mice 

exhibited skin barrier defects as evidence by increased trans-epidermal water loss and 

epidermal hyperproliferation and developed AD-like skin lesion, which recapitulate 

the phenotype of mice with constitutively ablated Ctip2[9], suggesting that CTIP2 

might be critical for epidermal homeostasis and permeability barrier maintenance in 

adult skin after barrier establishment. Skin barrier plays a protective role in 

prevention of environmental insults. We have observed that abrogation of Ctip2 in 

adult mouse epidermis enhanced basal keratinocytes proliferating and prevent cell 

apoptosis after subjection to acute stress in the form of TPA and UVB.  TPA is a 

tumor promoter that synchronizes cell proliferation, inducing keratinocytes in G0/G1 

phase to enter S-phase of the cell cycle[17]. UV- irradiation is the most common 
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environmental mutagen of non-melanoma skin cancers[18]. These data imply that 

loss of CTIP2 in skin increased the sensitivity to acute insults. Furthermore, we 

observed Ctip2 ep-/-I mice were highly susceptible to DMBA/TPA-induced skin 

carcinogenesis, which was shown by increased number and size of the tumor. 

Additionally, deletion of Ctip2 led to develop more aggressive and vascularize tumors. 

Accumulating evidences demonstrate that inflammation responses by the immune 

cells within tumor microenvironment contribute significantly to skin 

carcinogenesis[19, 20]. We observed significant up-regulation of a subset of 

inflammatory mediators, such as IL-4, IL-6 and TSLP, in Ctip2 ep-/-I tumor adjacent 

skin, suggesting that CTIP2 might control the initiation of chemical carcinogenesis-

induced skin cancer in a cell-extrinsic manner by regulating inflammation in the 

tumor microenvironment. Altogether, our results uncovered a critical role of 

transcription factor CTIP2 in maintenance of the adult murine epidermal homeostasis 

and skin cancer development. Future studies are necessary to explore the underlying 

molecular pathway by which CTIP2 control DMBA/TPA induced skin carcinogenesis. 

In addition, future work is also required to address the role of CTIP1 in skin cancer 

initiation, promotion and progression. As UV irradiation is a causative agent for 

cutaneous SCC[20-22], it will be worth studying the role of CTIP2 and/or CTIP1 in 

acute and chronic UV induced skin carcinogenesis. As CTIP1 and CTIP2 are highly 

expressed in human skin, it would be interesting to investigate the expression status 

of CTIP1 and/or CTIP2 during progression of nonmelanoma skin cancer and, to 

further link these two transcription factors and skin cancer incidences in humans. 

 

Stem cells (SCs) residing in the epidermis and hair follicle are not only responsible 

for maintenance of skin homeostasis and hair regeneration, but also play an important 

role in would repair and act as cancer of origin for skin cancers[23, 24]. We have 

recently demonstrated that CTIP2 plays a role in maintaining bulge stem cells 

quiescence during adult murine hair cycling[25]. Moreover, CTIP1 was co-expressed 

with stem cell markers (e.g hair follicle bulge marker K15) and we found a subset of 

stem cells related genes that was differentially expressed in the skin of Ctip1-/- mice 

(data not shown). Future lineage tracing analyses are necessary to identify what 
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percentage of SCs and committed progenitor cells are CTIP1 and/or CTIP2 positive, 

and whether loss of CTIP1 and/or CTIP2 has any effects in these cell population. 

Furthermore, we would also like to investigate if CTIP1+ or CTIP2+ skin stem cell 

populations contribute to wound healing and skin carcinogenesis by using a mouse 

model, in which Ctip1 or Ctip2 is specifically deleted in stem cells, such as the bulge 

compartment of the hair follicles.  

 

Defects in lipid composition and/or metabolism have been observed in both Ctip1-/-  

(current study) and Ctip2-/- (previous study[12]) mice models, leading to disrupted 

skin barrier functions. The disruption of skin barrier function is a common hallmark 

of several inflammatory skin diseases including atopic dermatitis (AD)[3]. By 

comparing the major SC lipids, ceramide, cholesterol, fatty acid, and TG, between 

AD and non-atopic (NA) participants, we observed alterations of lipid compositions 

in skin of AD patients. For example, certain short-chain CERs, such as CER[AH] 

C34 and CER[AP]C34, were significantly higher in AD than NA participants, which 

is consistent with previous study by Janssens et al[26]. Furthermore, a significant 

increase in cholesterol-3-sulfate was observed in AD participants compared to NA 

participants, suggesting that increased level of cholesterol-3-sulfate in AD 

participants may be a risk factor for AD in general and a possible contributor to 

barrier disruption commonly observed in AD. It has been reported that patients with 

AD exhibit greater susceptibility to colonization or infection with Staphylococcus 

aureus (S. aureus)[27]. We have investigated association between S.aureus 

colonization and skin lipid composition. Our results indicated that some lipid 

subtypes associated with bacterial colonization, while others correlated with altered 

barrier and increased trans-epidermal water loss, suggesting altered composition of 

epidermal lipids could contribute to barrier integrity and/or susceptibility to S.aureus 

colonization in AD. Additional studies, such as RNAseq analyses for examination of 

lipid-metabolism gene expression and/or Proteomic analyses of skin of AD subjects , 

will help to determine if the alteration of lipid composition observed in AD 

participants is due to, at least in part, inherent defects in lipid biosynthesis and 

metabolism. Some longitudinal studies in AD patients are also necessary to determine 
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whether lipid defects is causally related to the development of AD or whether these 

arise as the consequence of altered signaling from S.aureus colonization, barrier 

disruption, and/or type 2 immune responses present in the underlying tissue 

compartment. Understanding how lipid composition changes in AD individual could 

lead to the eventual development of personalized treatment for AD patients. 

 

In conclusions, our studies significantly expanded the body of knowledge regarding 

the function of COUP-TF interacting proteins (CTIP1 and CTIP2) in skin. Firstly, we 

have found CTIP2 is crucial in adult mice epidermal barrier homeostasis and skin 

cancer development. Secondly, we have characterized the important role of CTIP1 in 

the establishment of functional epidermal permeability barrier by regulating 

epidermal differentiation and lipid metabolism. Additionally, we have demonstrated 

that lipids play an important role in AD, and the alteration of lipid composition could 

contribute to barrier disruption and/or susceptibility to S.aureus colonization in AD. 

Altogether, above collection of studies underscores the role of the transcriptional 

regulators in (1) epidermal permeability barrier functions, (2) skin carcinogenesis, 

and establishes the connection between skin lipids and AD-pathogenesis in humans. 

Ultimately, these information may be useful for the design of new therapeutics 

strategies for prevention of skin cancer and skin disorders associated with 

inflammation. 
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