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ABSTRACT OF THE DISSERTATION 

 

Molecular Regulation of Cutaneous Skin Barrier and Inflammation and Relation to Total 
Body Physiology 

by 

Morgan Ashley Dragan 

Doctor of Philosophy in Biomedical Sciences 

University of California, Irvine, 2022 

Professor Xing Dai, Chair 

 

 

The skin barrier has plethora of important functions including protection from and 

triggering the inflammatory response to mechanical, thermal and physical injury and 

provides insulation against moisture loss. Skin barrier is formed by the continuous 

proliferation and maturation of keratinocytes.  The focus of this dissertation is to 

understand epithelial barrier regulation and immune crosstalk, and how dysfunctional 

barrier can cause systemic physiological response. 

Chapter 3 expands upon a previous study and aims to understand the triggers and 

dynamics of neutrophil recruitment into skin during TLR7-induced skin inflammation. 

Previous work showed a protective role of Ovol1 in mediating the epidermal keratinocyte 

differentiation response and inflammatory response to psoriatic-like inflammation. 

However, the molecular mechanism by which Ovol1 mediates these responses, including 

the infiltration and migration of neutrophils was unknown.  During development Ovol1 

facilitates differentiation of keratinocytes through promoting growth arrest of progenitor 

cells; however, the skin-specific function of Ovol1, especially in adulthood and during 
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inflammation was unknown. This work showed a critical function of Ovol1 in regulating 

barrier and unraveled a novel function for Ovol1 in both directly and indirectly mediating 

inflammation. Using genetic mouse models and immunological assays, we show that loss of 

Ovol1 resulted in exacerbated barrier defects following imiquimod (IMQ) treatment of the 

back skin, followed by elevated neutrophil recruitment to the skin. We find that Ovol1 

balances the extent of inflammation by repressing neutrophil recruitment through 

mitigating barrier-induced Il1a release, repression of Cxcl1 transcription. Interestingly, we 

also found Ovol1 promotes epidermal hyperplasia by repressing of Il33 suggesting Ovol1 is 

important for balancing epidermal maintenance with inflammation.   

Chapter 4 utilizes multidisciplinary biological assays and high throughput 

sequencing technologies to understand Ovol1 and Ovol2 function in barrier maintenance 

during adult homeostasis and how barrier defects can affect total body physiology. The 

current work expands a previous study showing that Ovol1 and Ovol2 are important for 

the development of barrier during embryogenesis through modulating epithelial 

differentiation and adhesion.  In the current work I take a wholistic and unbiased approach 

to focus on the biological and molecular function of Ovol1 and Ovol2 in adult homeostasis 

and established an epithelial-specific genetic knock out mouse model (K14-CreER;Ovol1f/-

;Ovol2f/-) as a system to explore epidermal cross-talks and the contribution of barrier to 

physiological homeostasis. I show that inducible deletion of Ovol1 and Ovol2 in adulthood 

leads to spontaneous barrier defects, followed by activation of epidermal Langerhans cells, 

aberrant T cell response, reduced body weight, and altered metabolism. I find that Ovol1 

and Ovol2 are important for regulating many genes associated with cytoskeletal structure 

and adhesion and loss of both results in increased epithelial to mesenchymal plasticity and 
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aged molecular signature in epidermis. Moreover, I show that that Ovol1 and Ovol2 knock 

out mice have increased immune cells, namely T cells in the skin-draining lymph nodes 

followed by increased energy expenditure and restricted fat accumulation over time. 

Importantly, inhibition of inflammation through continuous dexamethasone treatments 

partially rescues epidermal Langerhans cell activation and body weight phenotype 

suggesting that inflammation is partially instigating changes to whole body metabolism. 

This study suggests the importance of barrier in maintaining total body homeostasis 

through suppressing aberrant immune activation. 

Overall, this thesis work combines multidisciplinary methods to broadly understand 

epidermal-immune cross talks and the role barrier plays in inflammation and in protecting 

total-body physiology, but also focuses on direct transcriptional regulation of gens involved 

in barrier that can trigger systemic responses.  
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CHAPTER 1: Introduction 
 

 Incorporates components from review article (in press) with Cold Spring Harbor 
(2022): 
 
 
Article #1: 
  

Epithelial-mesenchymal plasticity and endothelial-mesenchymal transition in 
cutaneous wound healing 

 
Remy Vu*, Morgan Dragan*, Peng Sun, Sabine Werner, and Xing Dai  

(‘*’ denotes co-first authors) 
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Skin 

Overview 

Skin is the largest organ of the human body composing 15% of the total body weight. 

It is a complex and heterogeneous organ that plays many critical roles including regulation 

of body temperature and moisture and protection (Kolarsick et al., 2011; Natsuga, 2014). It  

provides a blockade against invading pathogens and physical and chemical damage 

(Natsuga, 2014).  

The skin is a multi-layered, complex tissue containing appendages (e.g. hair follicles 

and sebaceous glands) and is comprised of the epidermis, dermis, dermal fats, muscle, and 

subcutaneous fat (Kolarsick et al., 2011). The outermost layer, the epidermis is an epithelial 

tissue primarily composed of keratinocytes with few resident immune cells (~10%) 

(Kabashima et al., 2018). Epidermal appendages like hair follicles, also composed of 

keratinocytes, extend into the underlying dermis (Gonzales and Fuchs, 2017). The dermis is 

a fibroblast-rich tissue that contains resident immune cells (e.g. T cells and macrophages) 

and is vascularized and enervated (Hsu and Fuchs, 2022; Kabashima et al., 2018). Fibroblasts 

in dermis are bound to one another via a dense network of collagen and elastin fibers 

(Kolarsick et al., 2011). Upon damage or wounding, the dermis is one of the main sites of 

immune cell infiltration into the skin through the extending vasculature network 

(Kabashima et al., 2018). The epidermis is bound to the dermis via the extracellular matrix 

(ECM)-rich basement membrane (Hsu and Fuchs, 2022). The adipocyte-rich dermal white 

adipose tissue (dWAT) layer is composed of adipocytes—or lipid storage cells, that provide 

and receive signals to promote epidermal maintenance, supply nutrients, and contributes to 

the regulation of hair follicle cycling and skin wound healing   (Guerrero-Juarez and Plikus, 
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2018; Hsu and Fuchs, 2022). Lastly, skin contains a muscular layer followed by subcutaneous 

fats which provide insulation, thermoregulation, nutrients and structural support to the skin 

(Kolarsick et al., 2011). The subcutaneous fat can also contains immune cells and supply a 

variety of mediators (e.g., growth factors, adipokines, and cytokines) during wound healing 

and inflammation (Nguyen and Soulika, 2019). Collectively, the skin provides the first line of 

defense against the environment and each layer of the skin collaborates to maintain and 

return to skin homeostasis.  

 

Mouse epidermis 

Cutaneous epidermis is the outermost layer of the skin and provides a barrier 

against the external environment. The adult interfollicular epidermis (IFE) is a stratified 

squamous epithelium primarily composed of keratinocytes and contains multiple 

appendages, including hair follicles (HF) and sebaceous glands (SG). The epidermis is 

exposed to the harsh environment so it must constantly turnover (~one week in mice) to 

maintain the barrier and to respond to physical stress and wounding (Gonzales and Fuchs, 

2017). Epidermal turnover is facilitated by the upward progression of differentiating 

keratinocytes towards the surface of the skin that can be visualized as the basal, spinous, 

granular, and stratum corneum layers (Wikramanayake et al., 2014) (Figure 1.1). In 

homeostasis IFE is maintained by distinct local stem cell lineages (Gonzales and Fuchs, 

2017; Mascré et al., 2012). Epidermal stem cells (EpdSCs) that reside in the basal layer are 

capable of self-renewing to retain the pool of EpdSCs, and proliferating to give rise to the 

differentiated cell types (Gonzales and Fuchs, 2017). As keratinocytes differentiate, the 

morphology and biological composition of the cells changes which makes it easy to 
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differentiate the layers (Gonzales and Fuchs, 2017). Keratins are a group of intermediate 

filaments that provide structure to epithelial cells and are one of many types of proteins 

that can be used to mark differentiation in keratinocytes (Natsuga, 2014). The basal layer 

produces primarily keratin 14 (K14) and 5 (K5), followed by keratin 10 (K10) and 1 (K1) in 

the spinous layer, pro-filaggrin (Fil), loricrin (Lor) and keratohyalin granules in the 

granular layer, and finally loricrin (Lor) and involucrin (Inv) in the stratum corneum 

(Figure 1.1) (Wikramanayake et al., 2014).  

Studies using techniques including lineage tracing, genetic labeling and 

transplantation were done to map the trajectory of these basal keratinocytes into 

differentiated cells (Hsu et al., 2014). These studies show that there are some cells that 

have more stem-like potential (i.e., live longer and slow dividing) (Mascré et al., 2012). 

However, until the advent of single cell high throughput sequencing technologies, 

understanding these changes on a cellular level was difficult and convoluted. Recently a 

study from our lab utilizing single cell RNA-sequencing (scRNA-seq), shows that four 

distinct basal cell states exist in homeostasis: Col17a1High, early response (ER), growth 

arrested (GA), and proliferative states (Haensel et al., 2020).  Using RNA velocity analysis, 

we find that Col17a1High cells are the more stem-like population and that these basal cells 

progress through ER to either proliferative or GA states before the GA cells can 

differentiate into spinous cells (Haensel et al., 2020; Liu et al., 2019). This study provided 

interesting conceptual advances on the heterogeneity of adult epidermis and revealed a 

previously undefined molecular signature within cells that can designate their current 

activity level and state.  
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While the general structural framework of skin across the body is the same, 

epidermis adopts different characteristics based on the function of that region. For 

example, murine dorsal skin has dense numbers of HF to provide insulation and protection 

whereas mouse paw has no hair follicles, but contains a highly keratinized nail for 

protection and fine motor function, and a thicker stratum corneum to protect from 

abrasion (Ji et al., 2021; Saito et al., 2015). Studies have examined epidermal maintenance 

in various anatomical locations (e.g., tail, dorsal skin, or paw) and found them to have 

distinct proliferative dynamics or cellular trajectories (Gonzales and Fuchs, 2017). For 

example, the proximity to a HF can influence proliferation dynamics resulting in varied 

results between different skin anatomical locations (e.g. dorsal vs paw skin) (Gonzales and 

Fuchs, 2017). Moreover, nail epidermal stem cells present in the nail matrix, proliferate 

and differentiate superficially into the nail plate and distally into the nail bed as compared 

with the upward momentum of dorsal IFE (Lehoczky and Tabin, 2015; Leung et al., 2014; 

Nakamura and Ishikawa, 2008; Pulawska-Czub et al., 2021). Influencers of epidermal 

proliferation dynamics are also not limited to keratinocyte-intrinsic factors, as immune 

cells and associated factors also induce proliferation and differentiation of epidermal cells 

(Xiao et al., 2020) (see below) 

 

Barrier 

Maintaining a functional skin barrier is one of the most critical tasks of the 

epidermis. After proliferation, basal keratinocytes detach (delaminate) from the basement 

membrane and those daughter cells undergo many morphological and biochemical changes 

to transform into dead squames bound tightly to resist infection and hydrophobic to retain 
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moisture (Gonzales and Fuchs, 2017). As spinous cells transition to granular cells, 

profilaggrin—whose mature form (filaggrin or Flg) interacts with keratin filaments—

accumulates in the cytoplasm to form keratohyalin granules (Freeman and Sonthalia, 

2022). Keratohyalin granules help facilitate dehydration of the cell (Freeman and Sonthalia, 

2022). Of note, Flg and its metabolites are critical for normal cornification which involves 

Flg to be broken down into free amnio acids that are converted into products such as 

urocanic acid and pyrrolidine carboxylic acid leaving these products as a readout for 

barrier defects (Egawa et al., 2016; Fluhr et al., 2010). Moreover, urocanic acid itself is 

important for normal acidification of the skin and pyrrolidine carboxylic acid is a major 

constituent of natural moisturizing factors leaving both metabolites essential for barrier 

function (Egawa et al., 2016; Fluhr et al., 2010).  During terminal differentiation, 

keratinocytes de-nucleate and crosslink into corneocytes (Wikramanayake et al., 2014). 

Concomitantly, fatty acids, ceramides, and cholesterol esters that were accumulating in 

lamellar bodies within those keratinocytes exude into the intercellular space thus tightly 

adhering these corneocytes together creating a “brick and mortar” structure (Coderch et 

al., 2003; Feingold, 2007; Wikramanayake et al., 2014). This process also renders them 

water-resistant.  

Defects in lipid metabolism and transport lead to severe barrier dysfunction in 

mammals.  Transport of free fatty acids across cell membranes is facilitated by fatty acid 

transport proteins and defects in some of these proteins are associated with ichthyosis in 

humans (Natsuga, 2014). Fatty acid transport protein 4 (Fatp4) and ATP-binding cassette 

A12 (Abca12) facilitate the extension of very-long-chain fatty acids (VLFA) in epidermal 

ceramides and mediates lipid transport into extracellular spaces from lamellar bodies, 
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respectively, and germline deletion of these transporters leads to premature lethality due 

to defective barrier in mice (Natsuga, 2014). Ceramides are a complex group of 

sphingolipids and fatty acids are a major component of lamellar sheets which reside in the 

intercellular spaces of the stratum corneum (Coderch et al., 2003). Deficiencies in 

ceramides are associated with a plethora of skin diseases including psoriasis, atopic 

dermatitis (AD), some forms of ichthyosis, severe xerosis and acne (Coderch et al., 2003). 

Defects to the processing of ceramides, including hydrolysis, acylation, and fatty acid 

elongation all have been extensively studied and shown to lead to barrier defects in mice 

and have known mutations in human skin diseases. Of note, mutations in the fatty acid 

elongase (Elovl1-7) family, namely Elovl1 and 4 lead to the loss of VLFA in both ceramides 

and free fatty acids, thus causing detrimental effects to the hydrophobic lipid bilayer 

between corneocytes (Natsuga, 2014). Beyond the functions of lipids within epidermal 

keratinocytes in the formation of barrier, lipid species are also important for protecting 

barrier through moisturizing and hydrating the epidermis. The sebaceous glands residing 

next to hair follicles secretes a mixture of triglycerides, wax esters and squalene, termed 

sebum, which covers the surface of the skin (Pappas, 2009). Stearoyl-CoA desaturase 

(Scd1) knock out mice show hair loss and hypoplastic to absent sebaceous glands that 

result in lower levels of triglycerides, wax esters in addition to the expected deficiency of 

monosaturated fatty acids in the skin (Pappas, 2009; Sampath et al., 2009). 

The formation and maintenance of cellular architecture and cell adhesion in the 

epidermis is pertinent to establishing a water-tight epidermal barrier (Fuchs and 

Raghavan, 2002; Johnson et al., 2014). Basal keratinocytes in intact skin adhere to the 

underlying basement membrane and interact with the dermal ECM through integrins that 



 

8 
 

are organized in large adhesion complexes called hemidesmosomes (Fuchs et al., 1997; 

Margadant et al., 2010; Watt, 2002). Hemidesmosomes connect to the intermediate 

filaments, and focal adhesions, which connect to the actin cytoskeleton (Fuchs et al., 1997; 

Margadant et al., 2010; Watt, 2002). Keratinocytes tightly adhere to one another via 

desmosomes that are linked to the keratin intermediate filament cytoskeleton and via 

adherens junctions that are linked to the actin cytoskeleton (Fuchs and Raghavan, 2002). 

Adhering cells in the epidermal granular compartment also form tight junctions that seal 

intercellular space and form a functional barrier to regulate the diffusion of ions and 

solutes between cells (Rübsam et al., 2018; Yokouchi and Kubo, 2018). Alterations to 

desmosomes (losing hyper-adhesiveness and gaining calcium dependence) and reduction 

in adherens junctions between cells lead to the formation of intracellular gaps, and 

dampening adhesion between neighboring cells is detrimental to barrier function and 

wound re-epithelialization (Beaudry et al., 2010; Garrod et al., 2005; Nunan et al., 2015; 

Simpson et al., 2011; Thomason et al., 2012; Wang et al., 2018). Highlighting the 

importance of junction proteins, mice with Desmocollin1-deficiency show flaky skin and 

impaired epidermal barrier (Natsuga, 2014). Additionally, disrupting tight junction 

function, though Claudin-1 deficient mice, shows both outside-in and inside-out barrier 

permeability (Natsuga, 2014).  

Many things can cause a defective barrier such as physical breach, hyperplasia, and 

disruption to cell adhesion and organization (Natsuga, 2014; Proksch et al., 2006; Segre, 

2006). Barrier integrity can be measured though a multitude of techniques including the 

non-invasive trans-epidermal water loss measurement (TEWL), and through using dyes 

and similar in vivo methods to test the penetrability of the skin (Natsuga, 2014). 
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Histological/ultrastructural techniques like H&E staining or transmission election 

microscopy of skin biopsies have also been utilized to uncover structural changes on a 

cellular level. Moreover, mutant mouse models affecting structural proteins, cell adhesions, 

and lipids have been tested for their contribution to maintaining barrier integrity. Besides 

the above-mentioned mutations in adhesion proteins, mutations in structural proteins like 

keratins can also cause barrier disruption(Natsuga, 2014). While some keratins can 

compensate for the loss of others (i.e., Krt14 can compensate for loss of Krt10), Krt1-null 

mice show perinatal lethality and have elevated TEWL compared with wild type (Natsuga, 

2014). In humans dominant-negative mutations in KRT1 or KRT10 (encoding K1 or K10) 

causes epidermolytic ichthyosis, which is characterized by erythroderma and widespread 

blister formation at birth (Cheng et al. 1992; Rothnagel et al. 1992).  Additionally, 

mutations in Claudin-1 in humans leads to ichthyosis hypotrichosis  sclerosing cholangitis 

(IHSC syndrome), a disease characterized by peeling skin (Haftek et al., 2022).  

Defective skin barrier has ties with various physiological defects, including some 

metabolic disorders. For instance, diabetes and obesity increases the risk of skin lesions 

and psoriasis, respectively (Ramos-e-Silva and Jacques, 2012). Consistent with human 

findings, studies in mice have shown a susceptibility for weakened barrier after diet 

induced obesity or in mouse mutants with diabetes (Aoki and Murase, 2019; Okano et al., 

2016). However, studies have also found the opposite to be true: barrier defects induce 

weight loss or metabolic dysfunction. Skin-specific deletion of several genes in mice have 

led to changes in body weight (Binczek et al., 2007; Chen et al., 2019; Egawa et al., 2016; Oji 

et al., 2010; Sampath et al., 2009; Sano, 2015; Schmuth et al., 2015). Elovl3-deficient mice 

show defective skin barrier characterized by defective hair lipid content, and water 
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repulsion and increased TEWL along with resistance to diet induced obesity (Westerberg 

et al., 2004; Zach‐Avec et al., 2010). Similarly, deletion of Acer1, a gene encoding alkaline 

ceramidase 1 which is important for ceramide synthesis, resulted in barrier defects, cyclic 

alopecia, and reduced fat content with age (Liakath-Ali et al., 2016). K14-Cre-driven 

deletion of Scd1 causes reductions in fats and body weight due to lack of insulation and 

increased thermogenesis (Sampath et al., 2009). Moreover, a study performed on two 

mouse models that cause barrier defects— K14-ACBP-/- (acyl-CoA-binding protein) though 

lipid-defficient barrier defects, and ma/ma Flgft/ft (filaggrin), though structural barrier 

defects— showed increased energy expenditure caused by augmented thermogenesis from 

browning of inguinal white adipose tissue (iWAT) (Neess et al., 2021). They find that 

browning is  is driven by β-adrenergic signaling and that rescue of metabolic defects can be 

achieved by thermoeutraility and though blocking β-adrenergic signaling (Neess et al., 

2021).  

While the exact connection between skin, metabolism, and weight in mice may be 

complicated and situation-dependent, these studies collectively show an inherent link 

between the three. Importantly, keratinocytes are the workhorses that restore the broken 

barrier and coordinate other healing-associated cell types and events within the skin 

(Arwert et al., 2012; Belokhvostova et al., 2018; Dekoninck and Blanpain, 2019; Gonzales 

and Fuchs, 2017; Ito and Cotsarelis, 2008; Plikus et al., 2012; Rognoni and Watt, 2018). 

Therefore, understanding keratinocyte-regulatory mechanisms and inter-cross talk 

between keratinocytes and other tissues throughout the body is important for mediating 

skin-metabolic-associated complications.    
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Ovol1 and Ovol2 proteins in barrier development and epithelial fate 

maintenance 

Ovol1 and Ovol2 

Ovol1 and Ovol2 are two proteins expressed in epithelial tissues and are members 

of the Cys2/His2 zinc finger transcription factor family, Ovo (Mevel-Ninio et al., 1991). Ovol 

proteins are evolutionarily conserved (Mevel-Ninio et al., 1991). In Drosophila, ovo/svb is a 

molecular switch controlled by the competition between the Wingless and DER pathways 

where ovo/svb expression promotes denticle formation and thus epidermal differentiation 

(Payre et al., 1999). In mice, Ovol1 and Ovol2 encode transcriptional repressors and are 

expressed in multiple epithelial tissues including the epidermis and hair follicles. Ovol2 is 

expressed in the progenitor-like epidermal basal layer and can inhibit genes such as Zeb1, 

Vim, and Twist1 that are involved in epithelial-to-mesenchymal transition (EMT) (Lee et al., 

2014; Watanabe et al., 2014)  (see below). In mice and humans, Ovol2/OVOL2 also appears 

to have relevant roles in cancer providing an example of Ovol2’s contribution to EMT as 

cancerous cells lose their ability to differentiate and favor more stem-like and invasive 

characteristics similar to that of EMT (Saxena et al., 2022). Ovol1 is expressed in the 

differentiated suprabasal layer and regulates the growth arrest of embryonic epidermal 

cells (Nair et al., 2006). Loss of Ovol1 during development causes epidermal 

hyperproliferation and a delay in skin barrier formation (Nair et al., 2006; Teng et al., 

2007), and loss of both  Ovol1 and Ovol2 disrupts embryonic skin barrier development and 

keratinocyte adhesion/differentiation in a Zeb1-α-catenin dependent manner (Lee et al., 

2014; Wells et al., 2009). Thus, Ovol1 and Ovol2 are important for maintaining an epithelial 

fate by suppressing undesired mesenchymal-like molecular traits.  
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In adulthood, Ovol2 alone facilitates wound closure by dictating directionality of the 

epidermal migratory front (Haensel et al., 2019). Interestingly, adult Ovol1-deficient mice 

that are treated with a TLR7 agonist imiquimod (IMQ), have hyperplasia and exacerbated 

inflammation (Dragan et al., 2022; Sun et al., 2021). Moreover, human OVOL1 has been 

identified as a susceptibility locus for inflammatory skin diseases such as AD and acne 

(Hirota et al., 2012; Marenholz et al., 2015; Paternoster et al., 2011) and its expression is 

elevated in patients with psoriasis (Sun et al., 2021). The embryonic lethality of 

Ovol1/Ovol2 double knockout mice precluded the analysis of their possible redundant roles 

in maintaining epidermal fate and barrier function in adult skin as well as any potential 

impact on total body metabolism. 

 

Epithelial to mesenchymal plasticity (EMP) 

EMT is a fundamental cellular process in which epithelial cells lose or attenuate 

their epithelial traits and gain partial or complete mesenchymal characteristics (Nieto et al., 

2016; Pastushenko and Blanpain, 2019; Sha et al., 2019; Thiery et al., 2009; Yang et al., 

2020b). EMT occurs during embryonic development to enable morphogenesis and 

generation of cell lineages such as mesoderm or neural crest (Thiery et al., 2009). EMT is 

also believed to play a crucial role in cancer invasion, metastasis, and chemoresistance, as 

well as tissue fibrosis (Lamouille et al., 2014; Lim and Thiery, 2012; Nieto et al., 2016; 

Thiery et al., 2009; Vu et al.; Yang et al., 2020c). During EMT, epithelial cells lose their 

apical–basal polarity, destroy or destabilize cell–cell junctions such as adherens junctions, 

desmosomes, and tight junctions, reorganize cytoskeleton and shape, change interaction 

with the extracellular matrix (ECM), and acquire mesenchymal features including 
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fibroblast-like morphology, enhanced motility and invasiveness (Figure 1.2). These cellular 

events are triggered by microenvironmental signals, including different growth factors, and 

are driven by gene expression changes (e.g., downregulation of epithelial junctional 

proteins such as adherens junction component E-cadherin, and upregulation of 

mesenchymal-specific components such as the intermediate filament protein vimentin), as 

well as by post-translational regulatory mechanisms.  

While past work often used morphological and cellular changes or expression of 

only a few markers (e.g., partial loss of E-cadherin, acquisition of vimentin expression) to 

identify and draw conclusions regarding EMT occurrence, an expanded view of EMT 

identification encompasses multiple layers of molecular changes including, but not limited 

to, transcription factors that are capable of inducing EMT (EMT-TFs), the chromatin 

changes they elicit, and their gene regulatory networks – all in conjunction with EMT-

associated morphological, cellular, and functional changes (Nieto et al., 2016; Yang et al., 

2020c). Core EMT-TFs include members of the Snail (e.g., Snail, Slug), Zeb (e.g., Zeb1), and 

Twist (e.g., Twist1) families, which transcriptionally repress genes encoding junctional 

proteins leading to the loss or decrease of adherens junctions and desmosomes (Nieto et 

al., 2016; Thiery et al., 2009; Yang et al., 2020c). TFs that inhibit EMT and promote the 

reverse process, mesenchymal-epithelial transition or MET, have also been identified and 

these include Ovol1, Ovol2, and Grhl2 (Lee et al., 2014; Nieto et al., 2016; Watanabe et al., 

2014). Several growth factor signals, including transforming growth factor beta (TGF-b), 

epidermal growth factor (EGF) receptor ligands, hepatocyte growth factor (HGF), and 

certain members of the fibroblast growth factor (FGF) family, have been shown to induce 

EMT in diverse contexts, particularly in cancer cells and often through inducing the EMT-
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TFs (Kalluri and Weinberg, 2009; Yang et al., 2020c). EMT regulation also occurs at the 

microRNA (miR), long noncoding RNA, alternative splicing, and post-translational levels 

(Nieto et al., 2016; Pradella et al., 2017; Xu et al., 2016; Yang et al., 2020c).  

Rather than being a binary switch from a typical epithelial state to a typical 

mesenchymal state, EMT has been increasingly recognized as a continuum of states that 

cells can adopt between the stable epithelial and mesenchymal extremes (Haensel and Dai, 

2018; Nieto et al., 2016; Sha et al., 2019; Yang et al., 2020c). The cells that possess 

characteristics of both epithelial and mesenchymal states are said to be in intermediate cell 

states, hybrid states, or in a partial EMT state. More recently, they are described by the 

EMT research community as possessing EMP (Nieto et al., 2016; Sha et al., 2019; Vu et al.; 

Yang et al., 2020c) (Figure 1.2). Importantly, EMP refers to the ability of epithelial cells to 

not only adopt mixed epithelial/mesenchymal (E/M) features, but also readily and 

reversibly convert between various states across the epithelial-mesenchymal spectrum, a 

type of plasticity believed to endow cells with enhanced fitness and flexibility (Yang et al., 

2020c). Computational modeling and experimental evidence underscores the importance 

of mutual inhibitory loops, such as those between miR-200 and Zeb1, between miR-34 and 

Snail, or between Ovol2 and Zeb1, in generating stable or metastable intermediate E/M 

states  (Nieto et al., 2016; Park et al., 2008; Sha et al., 2019).  

Keratinocytes are inherently able to undergo EMP due to the required motility 

needed upon wounding. Importantly, parallels exist between the morphological, cellular, 

and molecular changes that occur as keratinocytes transit into a collective migratory 

phenotype during wound re-epithelialization and those that occur during the EMT process 

(Arnoux V., Come C., Kusewitt D., 2005; Haensel and Dai, 2018; Lambert and Weinberg, 
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2021). These include, as discussed above, the reductions in cell-cell and cell-matrix 

adhesions, reorganization of the cytoskeleton, alterations in cell shape and polarity. For 

example, keratinocytes most proximal to the wound site are alerted to the trauma and are 

activated to alter their adhesion, cytoskeleton, shape and polarity, leading to increased 

migratory potential (Aragona et al., 2017; Coulombe, 1997, 2003; Eming et al., 2014; 

Grinnell, 1992; Ross and Odland, 1968; Stone et al., 2016). Despite the morphological, 

cellular, molecular, biochemical, and regulatory parallels between wound re-

epithelialization and EMT, the changes that occur in migrating epidermal cells are largely 

within the epithelial end of the EMT spectrum. Epidermal migration is also an integral part 

of epidermal morphogenesis and homeostatic tissue renewal, albeit it occurs here at a 

much smaller scale compared to that during wound re-epithelialization. Whether EMP 

regulators such as Ovol1/2 control EMP in the context of adult epidermal homeostasis and 

barrier maintenance had not been addressed.   
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Cutaneous inflammation and inflammatory disease: 

Overview 

As a tissue that has constant pathogen interactions, the skin is primed to mount an 

inflammatory response when damaged or dysregulated. To facilitate the process, immune, 

stromal, and epidermal cell cross talks exist to alert to danger and to facilitate the response 

(Kabashima et al., 2018; Pasparakis et al., 2014).  Murine skin contains a plethora of 

resident immune cells that are part of both the innate and adaptive response. Within the 

epidermis, there mainly exists Langerhans cells, dendritic epidermal γδT cells (DETCs), and 

CD8+ resident memory T cells (Kabashima et al., 2018). The dermis contains resident 

dermal dendritic cells (DCs), macrophages, mast cells, dermal γδT cells , T regulatory cells 

(Tregs) and innate lymphoid cells (ILCs) while few neutrophils, monocytes, and αβT cells 

survey the area for pathogens (Kabashima et al., 2018). Complicating the study of immune 

cells in skin but highlighting the importance of keratinocyte-immune cross-talks, skin 

resident immune cells have functions in skin homeostasis. Both macrophages and Tregs 

affect hair follicle cycling in mouse dorsal skin  (Ali and Rosenblum, 2017a; Ali et al., 2017; 

Castellana et al., 2014). During homeostasis and inflammation, immune cells enter into the 

skin via a dense network of blood vessels and navigate through the dermis using the ECM 

as a scaffold (Kabashima et al., 2018). Upon wounding or during skin inflammation, these 

blood vessels dilate to allow increased influx of immune cells into the dermis where they 

follow chemokine gradients to the afflicted site (Kabashima et al., 2018).  

 

Keratinocytes as source and target of cytokines 
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Beyond supplying the barrier that prevents pathogens from entering, keratinocytes 

can act as members of the innate immune system, and trigger and respond to inflammation. 

Keratinocytes express several different pattern recognition receptors (PRRs) and can 

secrete cytokines and chemokines which are known for activating and recruiting immune 

cells (Kabashima et al., 2018). The cytokines and chemokines produced upon inflammation 

include members of the IL-1 family (IL-1α), IL-33, Cxcl1, thymic stromal lymphopoietin, 

and tumor necrosis factor (TNF) (Hänel et al., 2013). Notably, transcription factors 

involved in keratinocyte function (e.g., Jun and Fos) are also regulators of inflammation and 

dysregulation of these factors can initiate skin inflammation (Pasparakis et al., 2014; Zenz 

et al., 2008). Loss of Junb and Jun but increase in Fos expression has been shown to 

exacerbate psoriasis-like inflammation and trigger inflammation in mice, respectively 

(Briso et al., 2013; Chiang et al., 2013; Guinea-Viniegra et al., 2009; Pasparakis et al., 2014; 

Zenz et al., 2005). TNF and STAT3 signaling also have known functions in skin 

inflammation where ablation of Ikbkb (which encodes IKKβ) or the transgenic expression 

of a mutated super-repressor NF-κB inhibitor-α (also known as IκBα) resulted in psoriatic-

like skin lesions (Pasparakis et al., 2014). Moreover, keratinocyte death has been 

implicated as an effective trigger of skin inflammation. Studies show that keratinocytes 

deficient in Fadd — a protein essential for caspase 8 activation and for apoptosis 

downstream of death receptor signaling—or caspase 8 alone, undergo RIPK3-dependent 

necroptosis (Bonnet et al., 2011; Cho et al., 2009; He et al., 2009; Pasparakis et al., 2014; 

Zhang et al., 2009). Necroptosis leads to release of damage associated molecular patterns 

(DAMPs) which activate TLRs to induce skin inflammation (Pasparakis et al., 2014). 

Moreover, skin specific mutations associated with NF-κB, TGFβ, SHARPIN and caspase 8 
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signaling showed increased apoptosis of keratinocytes followed by skin inflammation and 

in some cases dermatitis (Ikeda et al., 2011; Pasparakis et al., 2014; Tokunaga et al., 2011).  

Not only are cytokines and chemokines important for amplifying and guiding a 

response in immune cells, but they also elicit responses in keratinocytes (Hänel et al., 2013; 

Kabashima et al., 2018). Keratinocytes become activated to proliferate or differentiate by 

numerous signaling molecules including growth factors, chemokines, and cytokines that 

are released by keratinocytes, immune cells, and fibroblasts in the wound 

microenvironment (Arnoux V., Come C., Kusewitt D., 2005; Rousselle et al., 2019). For 

example in an in vitro assay where calcium-induced differentiating keratinocytes were 

treated with recombinant IL-4/IL-13 or TNFα, they observed reduced gene expression of 

FLG, LOR, and/or IVL (Hänel et al., 2013). In vitro analysis of the effect of IL-1α on 

keratinocytes is more controversial due to differing methods. In general, in vitro 

stimulation of keratinocytes with IL-1α affects lipid composition and differentiation. In 

vivo, administration of IL-1α was able to improve barrier function in mice through 

enhancing lipid synthesis and though upregulation of genes associated with cell adhesion, 

proliferation and differentiation of epidermal cells whereas IL-1α overexpressing mice 

developed spontaneous skin lesions (Hänel et al., 2013). Consistently, IL-1 receptor type 1 

knock out mice develop more profound barrier defects followed by increased IL-1α 

expression after barrier perturbation (Hänel et al., 2013). Overall, this suggests that IL-1α 

has effects on epidermal differentiation that must be modulated in physiological conditions 

and IL-1α seems to overall promote an inflammatory skin phenotype. IL-33 has also been 

implicated to have effects on keratinocytes but its effect can vary depending on the 

inflammatory situation. Studies predominantly suggest a pro-inflammatory role of IL-33 in 
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psoriasis (Balato et al., 2014; Duan et al., 2019; Miller et al., 2010; Sehat et al., 2018; 

Theoharides et al., 2010). However, it was recently reported that the introduction of 

recombinant IL-33 suppresses psoriatic inflammation and epidermal hyperplasia showing 

a protective role for IL-33 (Chen et al. 2020). While many of these studies reveal functions 

for these cytokines on keratinocytes, the upstream and downstream regulatory 

mechanisms by which these cytokines operate still has much room for exploration. 

 

Innate immune cells 

Innate immune cells are generally cells that respond rapidly to infection or damage, 

but that have less specificity towards the pathogen and can cause unintended damage to 

the surrounding tissue. While neutrophils, monocytes, macrophages, and innate lymphoid 

cells (ILCs) are classically considered innate immune cells, barrier tissues like skin also 

contain LCs and DETCs, among others, that are initial responders (Nguyen and Soulika, 

2019; Pasparakis et al., 2014). Neutrophils are short-lived circulating innate lymphocytes 

responsible for sensing and rapidly responding to infection (Marzano et al., 2019). In 

homeostasis, neutrophil recruitment to skin is suppressed by repression of G-CSF; however 

after inflammation the release of IL-17 triggers G-CSF production and triggers neutrophils 

to produce IL-8, a potent neutrophil chemoattractant (Marzano et al., 2019). Neutrophils 

can be recruited to skin by a wide assortment of chemokines and signaling molecules (Su 

and Richmond, 2015). For example, neutrophil chemoattractants Cxcl4 and Cxcl12 released 

by the stroma during wounding to facilitate neutrophil recruitment during the early phase 

of wounding (Su and Richmond, 2015). Moreover IL-1α, which are released by damaged or 

stressed keratinocytes, can also recruit neutrophils which was shown in the context of 
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psoriasis-like inflammation (Rider et al., 2011, 2013; Sun et al., 2021). Cxcl1 is also a widely 

known neutrophil-attracting chemokine in various tissues (Rajarathnam et al., 2019; 

Sawant et al., 2015). While the function of these chemokines in recruiting leukocytes has 

been well-studied in a variety of contexts and models, less is known about the molecular 

regulators of these molecules beyond the canonical inflammatory signaling pathways (e.g., 

TNF and IFN signaling). Once neutrophils arrive to the afflicted site, they utilize respiratory 

burst and reactive oxygen species (ROS) generation, degranulation, and extrusion of 

neutrophils extracellular traps (NETs) to clear infection (Chiang et al., 2019). Moreover, 

neutrophils influence the local adaptive immunity by releasing signaling molecules and 

directly interacting with antigen presenting cells (APCs) and lymphocytes at the 

inflammatory site (Chiang et al., 2019). In inflammatory skin diseases like psoriasis, these 

processes become dysregulated and occur when there is no infection (Chiang et al., 2019). 

Neutrophils can also undergo swarm-like migration patterns, termed neutrophil swarming, 

which have been described in various tissue and disease contexts (Kienle and 

Lämmermann, 2016). However, less is known about neutrophil migratory patterns within 

tissues and the mediators of swarm-like events by neutrophils. Future studies investing 

these topics using in vivo live imaging could reveal interesting insight into neutrophil 

behavior and disease progression.   

γδT cells are found the epidermis seeded between the junctions of keratinocytes 

(called DETCs) with dendrites that extend to the suprabasal layer, but are also present in 

the dermis (Nguyen and Soulika, 2019). In homeostasis, DETCs and keratinocytes have 

interdependencies where DETCs rely on keratinocytes to produce IL-7 to promote DETC 

survival and keratinocytes need DETC-derived IGF-1 (Nguyen and Soulika, 2019). To 
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exemplify this point, TCR δ-/- mice have increased epidermal apoptosis due to loss of IGF-1 

showing DETCs are important for homeostatic maintenance (MacLeod and Havran, 2011). 

When activated, DETCs retract their dendrites, and are signaling hubs for secreting many 

cytokines, cytotoxic effector molecules, chemokines and growth factors like IL-17 and can 

even travel to the lymph node in certain inflammatory settings (MacLeod and Havran, 

2011). γδT cells in the dermis are distinct from epidermal γδT cells in that they express 

different chains. Namely dermal γδT cells express Vγ4  or 6 chain instead of 5 and they are 

also more mobile than keratinocyte-interacting γδT cells (Castillo-González et al., 2021; 

Nguyen and Soulika, 2019). Dermal γδT cells are also large producers of IL-17 so can be 

helpful to the skin in the case of certain pathogen infections (e.g., Staphylococcus aureus) 

but can also be detrimental in the case of autoinflammation and is associated with many 

skin diseases (Cai et al., 2011; Castillo-González et al., 2021; Cho et al., 2010; Nguyen and 

Soulika, 2019). γδT cells are not MHC-restricted and can recognize a diverse array of 

antigens including antigens that are soluble, released by damaged cells, or complexed with 

non-classical MHC molecules (Nguyen and Soulika, 2019). γδT cells also have roles in 

promoting skin wound healing, for example by releasing FGF9 to stimulate wound-induced 

HF neogenesis in large murine wounds, and tumor immunity where they are speculated to 

secrete cytolytic effector molecules to directly kill tumor cells (Gay et al., 2013; MacLeod 

and Havran, 2011). 

 

Langerhans cells 

One of the first responders to disrupted skin barrier are Langerhans cells (LCs). LCs 

are epidermal-resident, dendritic-like, APC that maintain tolerance in homeostasis but 
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instigate an inflammatory response after perturbation (Doebel et al., 2017; Merad et al., 

2008). Lineage tracing experiments have revealed that LCs are bone marrow-derived 

monocytes formed mainly from the fetal liver and minorly the yolk sac that migrate to the 

epidermis during embryonic development where they remain as resident immune cells 

(Kolarsick et al., 2011; Merad et al., 2008; Pasparakis et al., 2014). LCs rest in the suprabasal 

layers of the epidermis and extend dendrites towards the surface to constantly surveil for 

damage or infection.  In homeostasis LCs depend on keratinocytes to secrete IL-34 for their 

survival in epidermis (Yan et al., 2020). LCs constantly travel to the skin draining lymph 

nodes to promote tolerance in homeostasis (Nguyen and Soulika, 2019). Upon barrier 

breach, LCs dissolve inter-keratinocyte junctions so their dendrites can extend to the 

stratum corneum and engulf pathogens. They then migrate to lymph nodes to present 

antigen on MHC II receptors for T cell activation (Doebel et al., 2017). Interestingly, recent 

work that analyzes the transcriptional profile and activation of migrating human LCs 

speculated that loss of contact with epidermal cells may drive transcriptional changes that 

activate LCs to promote tolerogenic T cell response and immune homeostasis (Sirvent et al., 

2020). The abundance and morphology of LCs have also been shown to depend on 

neighboring epidermal cells (Park et al., 2021). Intravital imaging of LCs cells show that LCs 

can adjust their shape to their surrounding keratinocytes (Park et al., 2021). Unsurprisingly, 

many skin inflammatory diseases such as psoriasis and AD are linked with barrier defects 

and elicit a LC response (Cumberbatch et al., 2006; Deckers et al., 2018; Eidsmo and Martini, 

2018; Kunz et al., 1991).  

 

Adaptive immune cells 
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Adaptive immune cells are generally highly specialized T and B cells to target 

specific peptides through antigen receptor gene recombination (Murphy et al., 2000). 

During trauma or infection, mature APCs bearing antigen traffic through the lymphatics to 

the draining lymph nodes where they can activate naïve or recirculating central memory T 

cells (Ho and Kupper, 2019). This process of T cell activation and proliferation causes 

lymph nodes to swell to accommodate the increase in T cell numbers (Yang et al., 2014). 

There are different subsets of T cells that can be produced depending on the class of MHC it 

interacts with including CD8+ cytotoxic T cells, generally known for efficient killing, and 

CD4+ helper cells that have a myriad of responsibilities (Xiong and Bosselut, 2012). 

Interestingly, CD8+ T cells are implicated in cachexia-associated weight loss in a cytokine 

independent manner where CD8+ T cells interact with adipocytes and cause morphologic 

and molecular changes to the adipose tissue that leads to depletion of lipid stores (Baazim 

et al., 2019). CD4+ T cells have been implicated in many inflammatory skin diseases (Ho 

and Kupper, 2019). In AD mutations in Flg predispose the skin to barrier defects and 

damage to the skin results in dysregulated T cell function, of note allergic CD4+ T cells 

(including Th2 type cells) (Ho and Kupper, 2019; Yang et al., 2020a). Moreover, Ccl22 can 

recruit CD4+ T cells to skin in mouse models of AD (Wang et al., 2010). One subset of CD4+ 

cells are called regulatory T cells (Tregs) known for their immunosuppressive activities 

and functions in mediating skin homeostatic events (Ali and Rosenblum, 2017b; Nguyen 

and Soulika, 2019). Once an effector T cell with a specific receptor is generated, it hyper-

proliferates and begins to express proteins that allow it to home to skin. Some of these 

proteins include cutaneous lymphocyte antigen (CLA) and various chemokines receptors 

including CCR4, CCR8, and CCR10 where, once expressed, they can then tether, traverse, 
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and extravasate from blood vessels into the dermis (Ho and Kupper, 2019). These newly 

deposited effector T cells can then follow chemokine gradients to the afflicted site (Ho and 

Kupper, 2019). There are different classes of T cells that express different markers based 

on the response they need to mount.  

DCs in the skin can also activate recruited or tissue resident T cells (Ho and Kupper, 

2019).  αβT cells including CD4+, CD8+, and Tregs can be resident in the skin as memory T 

cells which are long-lived and distinct from their circulating and effector counterparts in 

that they express lower levels of CD28 but can still mount a robust local recall response 

(Nguyen and Soulika, 2019). Moreover, circulating and skin-resident memory T cells 

provide immunosurveillance and allow for rapid response to a reoccurring event. As 

mentioned before, Tregs are resident T cells that have important function in skin to 

facilitate hair follicle stem cell activation in mice leading to the possibility that other 

resident T or immune cells have important functions in mediating immune-autonomous 

events (Ali and Rosenblum, 2017b). Overall, the components of the adaptive immune 

response exhibit high selectivity for specific target pathogens depending on the trigger for 

inflammation but show they can be strong mediators of inflammation. T cells dysfunction 

contributes to many skin inflammatory diseases, and the complexity and diversity of T cells 

make it difficult to use one treatment or target as a solution to all problems. Understanding 

the composition of T cells in a given inflammatory setting has helped immensely with 

discovering existing treatments and further investigation into these fields will provide 

insights to further treatments. 

 

Skin inflammatory diseases and models 
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Epidermal barrier defects underlie common inflammatory skin diseases such as 

psoriasis and AD which are also characterized by dysregulated inflammation (Kim and 

Leung, 2018; Sano, 2015; Sun et al., 2021). AD is an allergic-type skin inflammatory disease 

affecting 10-20% of children in industrialized countries and is characterized by highly itchy 

eczematous erythematous plaques (Hänel et al., 2013; Kim and Leung, 2018). 

Predispositions for barrier defects (i.e., mutations in Flg) coupled with barrier breach 

allows allergens (e.g., house dust mite) to enter the skin and leads to an allergic, namely 

Th2, type of T cell inflammatory response in skin (Kim and Leung, 2018; Kortekaas Krohn 

et al., 2022). Of note, dysregulation of both keratinocyte and barrier response along with 

dysregulation of T cell responses is believed to facilitate the disease (Kim and Leung, 

2018). AD is associated with other comorbidities that share similar pathological 

mechanisms termed the “atopic march” where children with AD see the progression of this 

disease to other areas of the body like developing asthma (lungs) and rhinitis (eyes, nose, 

and throat) as they age (Brunner et al., 2017; Oliveira and Torres, 2019; Zheng, 2014). 

There is more mounting evidence to support AD as a systemic disease due to its links with 

autoimmune and inflammatory diseases, cardiovascular risk, risk for cutaneous infections 

and ties with sleep and metal health disorders (Oliveira and Torres, 2019). AD shows that a 

disease that begins in the skin can have whole body detrimental effects. Understanding 

how this develops may help with treating AD and preventing its “spread” throughout the 

body. 

Contrastingly, psoriasis affects roughly 3% of the population and is characterized by 

dry, red  plaques and white non-adherent scales, and hyperproliferation and abnormal 

differentiation of the epidermis (Griffiths, 2003; Roberson and Bowcock, 2010). Psoriasis is 
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classically regarded as a T cell-mediated disease due to elevated levels of Th1/Th17 

markers including IL-1 family members, TNFα, IFNγ, IL-17, IL-20, and IL-22; however, the 

importance of fibroblasts, keratinocytes and other immune cells in facilitating this disease 

are beginning to be recognized (Benhadou et al., 2019; Roberson and Bowcock, 2010).  For 

example, dermal γδT cells can to produce IL-23 receptor so are triggered to release IL-17, a 

key cytokine involved in the pathogenesis of psoriasis, and in humans Tregs can display a 

deficiency in their immunosuppressive capabilities that allows effector T cell functions to 

go unchecked exacerbating disease (Benhadou et al., 2019; Cai et al., 2011). Moreover, 

emerging roles for mast cells, pDCs and neutrophils are becoming more apparent in 

psoriasis (Benhadou et al., 2019; Chiang et al., 2019).  

Neutrophil accumulation in differentiated layers of the epidermis (Munro’s 

abscesses) distinguishes a subset of human psoriasis patients, namely pustular psoriasis, 

and is a key feature of psoriasis-like skin inflammation in mice (Chiang et al. 2019; Pinkus 

and Mehregan 1966; Sumida et al. 2014; Uribe-Herranz et al. 2013). Pustular psoriasis is 

characterized by excessive presence of neutrophils, especially in the form of Munro’s 

abscesses, and many patients with this form of psoriasis do not respond well to 

conventional treatments (Chiang et al., 2019). Much is known about the function of 

neutrophils that can exacerbate psoriasis in this tissue. For example, neutrophils  and blood 

samples acquired from patients with psoriasis exhibit elevated levels of ROS, degranulation 

markers like MPO and NETs in circulation and in tissue, which are hallmark highly 

proinflammatory functions of neutrophils, and are known for causing tissue damage and 

worsened pathology (Chiang et al., 2019). However, much less is known about the 

mechanisms that regulate neutrophil recruitment and trafficking in this subset of psoriasis. 
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While there are many treatments for general psoriasis, these treatments are not as effective 

for all patients and some have secondary unwanted side effects (Chiang et al., 2019). Since 

neutrophils are largely understudied in the context of psoriasis, continued work to 

understand the regulatory mechanisms of keratinocytes and role of neutrophils could 

provide much needed insights to improving medicines for these patients. While much work 

has been done on both barrier defects and skin inflammatory diseases, the mechanisms 

linking epidermal-immune cross talks remains to be fully understood. Illuminating the 

molecular pathways that promote barrier maintenance and the subsequent inflammatory 

response especially under stressful conditions, such as abrasion, are important for effective 

disease prevention and treatment.  

Inflammation is also linked with metabolically related diseases such as obesity (Duff 

et al., 2015; Hirt et al., 2019; Kunz et al., 2019) and some studies also link this inflammation 

to skin dysregulation. For example, skin that was disrupted with Gasdermin-A3 can trigger 

thermogenesis in brown adipose through releasing the IL-6 inflammatory cytokine (Chen 

et al., 2019). Additionally, overexpression of Tslp, a cytokine involved in T helper cell 2 

immune response associated with atopic dermatitis-like inflammation, protects against 

weight gain and fat accumulation (Choa et al., 2021). However, the drivers and regulators 

of the communication between skin and distal organs are still largely unknown; unraveling 

them would provide much needed insights into disease prevention and treatment for both 

metabolic diseases and inflammatory skin diseases. Moreover, many immune studies take a 

narrow approach asking questions about isolated inflammatory responses or immune cells. 

Due to limitations in technology and the complexity of the experiments, less work has been 

done to characterize local mechanisms that cause systemic responses. Understanding these 
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mechanisms, while highly challenging, is critical to better understand how local treatments 

can have global effects, and what methods or treatments can be used to minimize this 

effect. 
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Thesis work 

My thesis research aimed to use genetic mouse models to ask fundamental 

questions about epidermal barrier maintenance and epidermal-immune cross talk in 

homeostasis and disease, and how perturbations to this system can cause systemic effects. 

Chapter 3 examines the function of Ovol1 in adult skin psoriatic-like inflammation and its 

regulation of neutrophil response.  My findings contributed to the identification of multiple 

mechanisms of epidermal-neutrophil cross-talks. Specifically, Ovol1 can both directly 

regulate genes involved in neutrophil recruitment (e.g., Cxcl1), and it can initiate neutrophil 

recruitment through maintaining a robust barrier against environmental perturbations, 

thereby preventing the release of Il1α that in turn recruits neutrophils (Dragan et al., 

2022).  

Chapter 4 examines the redundant and unique functions of Ovol1 and Ovol2 in 

regulating barrier function in homeostasis. I then sought to use Ovol1 and Ovoll2 inducible 

knock out mice as a model system to study how skin barrier defects affect the whole-body 

physiology. I found that inducible Ovol1 and Ovol2 epithelial-specific knock out (iDKO) 

mice develop spontaneous barrier defects through Ovol1/2 repression of genes involved in 

cytoskeletal structure and adhesion. These perturbations to the epidermis cause aberrant 

changes in local skin immune cell composition (e.g. epidermal LC activation and increased 

dermal CD4+ and γδT cells) and increased size and immune presence of skin draining 

lymph nodes in iDKO mice compared with control. This inflammation in part then affects 

iDKO fat accumulation likely caused by elevated baseline energy expenditure. Together this 

work highlights the importance of an epidermally-derived transcription factor and how 

changes to the epidermis can alter total-body metabolism.   
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Figure 1.1: Epidermal structure and TFs regulating specification, maintenance and 

differentiation of interfollicular epidermis (Dai and Segre, 2004). Shown are the 

stages of differentiation color coded to match the schematic diagram of epidermis, shown 

below. The lower basal layer contains progenitor cells that then proliferate and 

differentiate to form the suprabasal layers of the epidermis. The top most layer, the 

stratum corneum is the result of keratinocytes undergoing denucleation, protein cross-

linking, and secretion of fatty acids, carbohydrates and esters to bind the cells together 

creating a strong and hydrophobic “brick and mortar” structure.   
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Figure 1.2: EMT/MET and EMP in epithelial cells. (a) Static epithelial cells, marked by 

tight adhesion to the basement membrane and between neighboring cells, gain migratory 

function and become mesenchymal cells by undergoing EMT. Examples of markers of, and 

regulators that promote, epithelial (left) or mesenchymal (right) fates are provided. (b) 

EMP emphasizes the existence of multiple intermediate E/M states that that can readily 

interconvert. EMT is a cell type transition, whereas EMP is a functional state transition. 

EMT is unidirectional, whereas EMP is bi-directional.  
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CHAPTER 2: Materials and Methods 
 

Mice 

B6N-Ovol1tm1a(KOMP)Wtsi/J mice, where a cassette composed of an FRT site, a LacZ 

sequence, and loxP sites is inserted into the Ovol1 locus, were purchased from UC Davis 

KOMP Repository. These mice were crossed with B6.Cg-Tg(ACTFLPe)9205Dym/J 

(Rodriguez et al., 2000) mice to generate a “floxed” (f) Ovol1 allele. Ovol1+/-; K14-Cre males 

were crossed with Ovol1f/f females to generate Ovol1 SSKO (Ovol1f/-; K14-Cre) mice, which 

were then analyzed along with their sex- and weight-matched control littermates. 

Genotyping primers are provided in Table S1. All animal studies have been approved and 

abide by regulatory guidelines of the Institutional Animal Care and Use Committee (IACUC) 

of the University of California, Irvine. 

Ovol1+/- mice are maintained in a CD1 strain background (Sun et al. 2021) and 

intercrossed to produce homozygous mutant (Ovol1-/-) progeny for study. CD1-Ovol1-/- 

mice survive to adulthood but are sometimes smaller than control littermates, so sex- and 

weight-matched control and mutant littermates were used for all analysis. 

Ovol1 and Ovol2 floxed alleles were previously described (Dragan et al., 2022; 

Haensel et al., 2019; Unezaki et al., 2007) and intercrossed to generate Ovol1fl/fl; Ovol2fl/fl 

breeders. Ovol1fl/fl; Ovol2fl/fl females were crossed with Ovol1+/-; Ovol2+/-; K14-CreER mice 

(Haensel et al., 2019; Sun et al., 2021; Vasioukhin et al., 1999) to generate Ovol1fl/-; Ovol2fl/-; 

K14-CreER (iDKO) mice that were injected with 75 mg tamoxifen/kg body weight for 5 

consecutive days at 7 weeks-old. All controls used are sex-matched littermates. 

Information for all genotyping primers is provided in Table S1. All animal studies have 
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been approved and abide by regulatory guidelines of the Institutional Animal Care and Use 

Committee (IACUC) of the University of California, Irvine. 

 

IMQ-induced psoriasis model      

Mice at 7~8 weeks of age received a daily topical dose of 62.5 mg 5% IMQ cream 

(Perrigo) on shaved backs for one to five consecutive days or as indicated. Based on a 

previously described objective scoring system called Psoriasis Area and Severity Index 

(van der Fits et al. 2009), erythema (redness of skin) and scaling (approximated by dry, 

white cracks and patches on the skin surface) were blindly scored independently by one or 

more investigators, on a score from 0 (none) to 4 (most severe). The cumulative score 

(erythema plus scaling) served as a measure of the severity of clinical signs (score 0–8).   

 

Tape stripping and TEWL measurement   

Tape stripping was performed as described in (Bruhs et al., 2018). In brief, hairs 

were removed from the mouse back by shaving. Three days later, shaved back skin was 

stripped with adhesive cellophane tape for 20 times. For each stripping, a fresh piece of 

tape was lightly pressed onto the back and gently pulled off. 

TEWL was measured on shaved mouse back skin using the Delfin VapoMeter 

(SWL4400) under basal conditions (untapped or untreated), after tape stripping, or after 

two-time IMQ applications. TEWL values are output as g/m2h. 

 

Flow cytometry 

For the IMQ model: T cells were isolated as described in (Ali et al., 2017). Whole 
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skin was digested in 2% collagenase, 0.5 mg/ml hyaluronidase and 0.1 mg/ml DNase in 

RPMI with 1% HEPES, 1% penicillin-streptomycin and 10% fetal calf serum) at 37oC for 45 

minutes. Cells were filtered through 70- and 40-μm filters, rinsed in 5% FBS/1xPBS, and 

stained for 10 minutes with Zombie NIR (Biolegend, 423105). Cells were stained with cell 

surface markers and anti-mouse CD16/32 (Biolegened, 101320) in FACS buffer 

(5%FBS/1xPBS) on ice for 30 minutes. Cells were fixed with the Transcription Factor 

Staining Buffer Set (eBioscience, 00-5523-00), and stained for eFluor450 anti-Foxp3 

(eBioscience, 48-5773-82) for 1 hour at room temperature then analyzed on a FACS Aria 

Fusion™. Surface markers include APC anti-CD45 (Biolegend, 103112), PerCP/Cy5.5 anti-

CD3 (Biolegend, 100218) and anti-CD90.2 (Biolegend, 140322), FITC anti-CD8a (Biolegend, 

100705), BV605 anti-CD4 (Biolegend, 100548), and PE anti-ST2 (Biolegend, 145303). 

Additional details are described in the Supplementary Materials and Methods. 

To obtain single cell suspension, minced samples were digested with 10 ml of a 

solution containing 0.25% collagenase (Sigma, C9091), 0.01 M HEPES (ThermoFisher, 

BP310), 0.001 M sodium pyruvate (ThermoFisher, BP356), and 0.1 mg/mL DNase (Sigma, 

DN25) at 37 oC for 1 hour with rotation, and then filtered through a 70-μm filter, spun 

down, and resuspended in 2% fetal bovine serum (Alphabioregen, Alpha FBS). Five x 105 

cells were stained by incubation for 30 min at room temperature with the following 

antibodies diluted in 2% FBS/1xPBS: Alexa Fluor 488-conjugated anti-CD11b (Biolegend, 

101217), PE-conjugated anti-F4/80 (Biolegend, 123110), APC-conjugated anti-CD45 

(Tonbo biosciences, clone 30-F11, 20-0451), APC-Cy7-conjugated anti-Ly6G (Tonbo 

biosciences, clone 1A8, 25-1276), and 7-AAD (BD, 559925).  
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Lymph nodes, back skin, and paw skin (removed from bone) were dissected. Lymph 

nodes were crushed in FACS buffer (5% fetal bovine serum in 1xPBS), filtered through a 

70-μm filter, rinsed, and resuspended in FACS buffer.  

Epidermis and dermis were separated using incubation with 0.25% trypsin (Sigma; 

T4799) for 30 min to 1.5 hours at 37°C. Epidermis was minced, filtered through a 40-μm 

filter, rinsed, and resuspended in FACS buffer. Minced dermis and whole paw skin were 

digested with 10 ml of a solution containing 0.25% collagenase (Sigma, C9091), 0.01 M 

HEPES (ThermoFisher, BP310), 0.001 M sodium pyruvate (ThermoFisher, BP356), and 0.1 

mg/mL DNase (Sigma, DN25) at 37 oC for 30 min (dermis) or 1 hour (paw)  with rotation, 

and then filtered through a 40-μm filter, spun down, and resuspended in FACS buffer. Cells 

were stained by incubation for 30 min on ice with the antibodies listed in Table S6.  

 

Histology and immunostaining 

Sections from paraformaldehyde-fixed, paraffin-embedded back skin were stained 

with H/E, and epidermal thickness was measured at over 30 positions per section and 

values were averaged. 

Sections from 4% paraformaldehyde-fixed, paraffin-embedded back skin were 

stained with H/E as previously described (Dragan et al., 2022). Sections from mouse toe 

were fixed in 4% paraformaldehyde for 8 hours followed by decalcification in 2% 

paraformaldehyde/0.4 M EDTA for 2-3 weeks at 4˚C followed by paraffin-embedding and 

staining with H/E. 

For indirect immunofluorescence, mouse back skin and toe pads were trimmed and 

freshly frozen in optimum cutting temperature (OCT) compound (Tissue-Tek) and stained 
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using the appropriate antibodies. The primary antibodies used were: K1, K14, and loricrin 

(rabbit or chicken, gifts of Julie Segre, National Institutes of Health, Bethesda, 1:1000), Ki67 

(Cell Signaling, rabbit, clone #D3B5, catalog # 9129; 1:1000), CD207 (Fischer, 12-2075-82). 

The following secondary antibodies were used: FITC-conjugated goat anti-rabbit (Vector 

Laboratories, FI-1000; 1:1000), rhodamine-conjugated donkey anti-goat (Jackson 

ImmunoResearch Laboratories, 711-025-147; 1:1000), rhodamine-conjugated goat anti-

chicken (Jackson ImmunoResearch Laboratories, 103-295-155; 1:1000), and Alexa Fluor 

488-conjugated donkey anti-rat (ThermoFisher, A-21208; 1:1000). Slides were mounted in 

Antifade medium (Vectashield H-1000; Vector Laboratories). Images were quantified using 

Fiji/ImageJ software (Schindelin et al., 2012). 

For indirect immunofluorescence, mouse back skins were freshly frozen in optimum 

cutting temperature (OCT) compound (Tissue-Tek) and stained using the appropriate 

antibodies. The primary antibodies used were: K1, K14, and loricrin (rabbit or chicken, 

gifts of Julie Segre, National Institutes of Health, Bethesda, 1:1000), Ki67 (Cell Signaling, 

rabbit, clone #D3B5, catalog # 9129; 1:1000), and Ly6G (eBioscience, rat, clone 1A8; 

1:200). The following secondary antibodies were used: FITC-conjugated goat anti-rabbit 

(Vector Laboratories, FI-1000; 1:1000), rhodamine-conjugated goat anti-chicken (Jackson 

ImmunoResearch Laboratories, 103-295-155; 1:1000), and Alexa Fluor 488-conjugated 

donkey anti-rat (ThermoFisher, A-21208; 1:1000). Slides were mounted in Antifade 

medium (Vectashield H-1000; Vector Laboratories). 
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RNA extraction and RT-qPCR 

Back skin was collected, and epidermis separated from dermis following incubation 

in a 1:1 dilution of dispase in Epilife media (Cascade Biologics, M-EPICF-500) at 37 °C for 1 

hour. The epidermis was then lysed in TRIzol (ThermoFisher, 15596018), followed by 

chloroform extraction and RNA purification from the aqueous phase using Zymo Research’s 

Quick-RNA MiniPrep per manufacturer’s protocol.  

 For RT-qPCR, 2 μg of RNA was used to generate cDNA (Applied Biosystems, 

4368814) as per manufacturer’s protocol. qPCR was performed using a Bio-Rad CFX96 

Real-Time System and SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad, 172-

5271). Gapdh was used as a loading control. Information for gene-specific primers used is 

provided in Table S1  

 

Transmission electron microscopy 

TEM was processed as previously reported (Kashgari et al., 2020; Lee et al., 2014). 

Briefly, mouse back skin was isolated, trimmed and fixed in 2% paraformaldehyde and 

2.5% glutaraldehyde in 0.2 M sodium cacodylate buffer and incubated at 4˚C for 2-3 days. 

Samples were then rinsed in 0.1 M sodium cacodylate buffer and post fixed for 2 hours at 

room temperature in 1% aqueous osmium tetra oxide in 0.1 M sodium cacodylate buffer. 

The samples were then dehydrated, processed and imaged at the UC Irvine Materials 

Research Institute core by Dr. Li Xing. 

 

Metabolomics analysis 
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Metabolites were extracted from trypsin-isolated back skin epidermis. Nine 

hundred microliters of ice-cold 80% MeOH (extraction solvent) containing 0.5% formic 

acid was added to each well and the plate was gently nutated for 10 seconds. NH4HCO3 

[15% (w/v); 80 μl for 900 μl of an 80% MeOH solution] was added to every well to 

neutralize pH. Plates were placed in −80°C for 1 hour. Cells were scraped and the entire 

content of the well was transferred to an Eppendorf tube. The well was rinsed with a small 

amount of ice-cold 80% MeOH and the remaining cells were added to the tube. Samples 

were vortexed for 10 seconds and centrifuged at 16,000 g for 15 min at 4°C. The 

supernatant was transferred to a new tube (first extraction), and 100 μl of extraction 

solvent was added to resuspend the pellet, followed by vortexing and centrifugation at 

16,000 g for 5 min at 4°C. The resulting supernatant that represents the second extraction 

was combined with the first extraction. The extract was dried down with nitrogen to 

concentrate metabolites 10 times. The samples were centrifuged at 16,000 g for 10 min at 

4°C, and 30 μl of supernatant was transferred to vials for mass spectrometry analysis. 

Metabolite abundance and labeling was measured by quadrupole-orbitrap mass 

spectrometer (Q Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer, 

ThermoFisher), operating in a negative ion mode via electrospray ionization and used to 

scan from mass/charge ratio 70 to 830 and 140,000 resolution. Liquid chromatography 

separation was on an Xbridge BEH Amide column (2.1 mm by 150 mm, 2.5-μm particle size, 

130-Å pore size; Waters) at 25°C using a gradient of solvent A (5% acetonitrile in water 

with 20 mM ammonium acetate and 20 mM ammonium hydroxide) and solvent B (100% 

acetonitrile). Flow rate was 350 μl/min. The liquid chromatography gradient was as 

follows: 0 min, 75% B; 3 min, 75% B; 4 min, 50% B; 5 min, 10% B; 7 min, 10% B; 7.5 min, 
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75% B; and 11 min, 75% B. The injection volume of the sample was 3 μl. Data were 

analyzed using the MAVEN software, and natural isotope correction was performed with 

the AccuCor R code (https://github.com/XiaoyangSu/AccuCor). 

 

Indirect calorimetry and Echo magnetic resonance imaging (MRI) 

Oxygen consumption (ml/h), carbon dioxide release (ml/h), RER, locomotor activity 

(counts), and food intake (grams) were monitored for individually housed mice using the 

Phenomaster metabolic cages (TSE Systems Inc., Chesterfield, MO). The climate chamber 

was set to 21°C, 50% humidity with a 12-hour light-dark cycle as the home cage 

environment. Animals were entrained for two days in the metabolic cages before the start 

of each experiment to allow for environmental acclimation. Data were collected at 40 

minutes intervals and each cage was recorded for 3.25 minutes before time point 

collection.  

Body composition was measured using EchoMRI™ Whole Body Composition 

Analyzer (Houston, TX) which provides whole body fat and lean mass measurements.  

 

Measurement of oxygen consumption rate and extracellular acidification rate  

Basal oxygen consumption rate and extracellular acidification rate were measured 

using Seahorse XF Cell Energy Phenotype Assay on Seahorse XFp Flux Analyzer (Agilent 

Technologies) following manufacturer’s instructions. Briefly, 150,000 isolated epidermal 

cells (see Flow Cytometry for details) processed in Keratinocyte SFM (1X) media (Thermo 

Fisher, 17005042) were resuspended in Seahorse assay medium (114 mM NaCl, 4.7 mM 

KCl, 1.2 mM KH2PO4, 1.16 mM MgSO4, 2.5 MM CaCl2, and 2.8 mM glucose) and seeded in 

about:blank
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triplicate on Cell-Tak (Corning) coated 8-well culture plates. Seeded plates were incubated 

for 1 hour at 37oC without CO2 then run on the XFp for 5 cycles of basal measurements, 

followed by acute injection of oligomycin (50 uM) and FCCP (50 uM). Data were analyzed 

on Seahorse Wave desktop software (Agilent Technologies). Aggregate differences were 

compared using an unpaired t-test with Welch’s correction. 

 

RT-qPCR and RNA-sequencing 

Tissues were collected ad libitum for gene expression analysis. iWAT, BAT, dWAT, 

and single-cell suspension of epidermis (see below) were homogenized in Trizol 

(ThermoFisher, 15596018), followed by chloroform extraction and RNA purification from 

the aqueous phase using ZYMO RESEARCH Quick-RNA MiniPrep per manufacturer’s 

protocol. RNA was quantified using the NanoDrop ND-1000 spectrophotometer 

(ThermoFisher) and quality checked using the Agilent Bioanalyzer 2100 (Agilent). For RT-

PCR, 2 μg of RNA was used to generate cDNA (Applied Biosystems, 4368814) per 

manufacturer’s protocol. qPCR was performed using a Bio-Rad CFX96 Real-Time System 

and SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad, 172-5271). Gapdh was used 

as a loading control. Information for gene-specific primers used is provided in Table S6.  

Library construction was performed according to the Illumina TruSeq® Stranded 

mRNA Sample Preparation Guide. One μg of total RNA was used and mRNA was enriched 

using oligo dT magnetic beads. The enriched mRNA was chemically fragmented for three 

minutes, followed by reverse transcription to make cDNA. The resulting cDNA was cleaned 

using AMPure XP beads, end repaired, and the 3’ ends were adenylated. Illumina barcoded 

adapters were ligated on the ends and the adapter-ligated fragments were enriched by nine 
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cycles of PCR. The resulting libraries were validated by qPCR and sized by Agilent 

Bioanalyzer DNA high sensitivity chip. The barcoded cDNA libraries were multiplexed on 

the Illumina HiSeq 4000 platform to yield 100-bp paired-end reads. FASTQ files were 

trimmed using Trimmomatic version 0.35 (Bolger et al. 2014) and aligned to the mm10 

genome and counted using STAR version 2.5.2a (Dobin et al. 2013). Differential expression 

analysis was performed using DESeq2 version 1.24.0 (Love et al. 2014) on R version 3.6.1. 

 

ChIP-seq and ChIP-qPCR 

ChIP-seq analysis was performed on skin harvested at 6 hours after imiquimod 

treatment, such that the level of Ovol1 protein expression was sufficiently high to enable 

ChIP-seq success (Dragan et al., 2022). To separate epidermis from dermis, back skin was 

collected and digested with 0.25% trypsin for 1 hour at 37°C, scraped, minced, 

resuspended in 5% fetal bovine serum in PBS, and filtered through 70-µm and then 40-µm 

filters. Epidermal cells in single-cell suspension were then cross-linked in 1% 

formaldehyde, followed by ChIP assay using rabbit anti-Ovol1 antibody (Dai et al, 1998) 

and SimpleChIP® Enzymatic Chromatin IP Kit Magnetic Beads (9006, Cell Signaling) 

according to manufacturer’s instructions. DNA was then purified and NexteraPE adapters 

were ligated on the ends and the adapter-ligated fragments were enriched by nine cycles of 

PCR. The resulting libraries were validated by Agilent Bioanalyzer dsDNA high sensitivity 

chip. The barcoded DNA libraries were multiplexed on the Illumina HiSeq 4000 platform to 

yield 100-bp paired-end reads. FASTQ files were trimmed using Trimmomatic version 0.35 

(Bolger et al. 2014), aligned to the mm10 genome using Bowtie2 version 2.2.3 (Langmead 

and Salzberg, 2012), sorted/removed duplicates using Samtools version 1.3 (Danecek et al., 
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2021) and Picard tools version 1.87 (http://broadinstitute.github.io/picard.). Finally, 

peaks were called with MACS2 version (Zhang et al., 2008). 

The back skin of B6 mice was shaved and treated with IMQ for 2-6 hours. To 

separate epidermis from dermis, back skin was collected and digested with 2.5 U/mL 

dispase (Stem Cell Technologies, 07913) for 1 hour at 37°C, scraped, minced, resuspended 

in 5% FBS/1xPBS, and filtered through 70-µm and 40-µm filters. Epidermal cells in single-

cell suspension were then cross-linked in 1% formaldehyde, followed by ChIP assay using 

rabbit anti-Ovol1 antibody (Dai et al., 1998) and SimpleChIP® Enzymatic Chromatin IP Kit 

(Agarose Beads) (Cell Signaling, 9002) according to manufacturer’s instructions. DNA was 

then purified, and qPCR performed using SYBRgreen reagent (QIAGEN, Hilden, Germany) 

and gene-specific primers (Table S1).  

 

In vivo administration of IL-33 neutralizing and anti-Ly6G antibodies 

For IL-33 neutralization experiments, same-sex/same-weight Ovol1 SSKO 

littermates were i.p. injected with 15 μg of goat anti-mouse IL-33 Affinity Purified 

Polyclonal antibody (R&D Systems, AF3626) or goat IgG (R&D Systems, AB0108-C) 30 

minutes before the two IMQ applications and at the same time of day for 6 total 

applications. For neutrophil depletion studies, same-sex/same-weight Ovol1-/- littermates 

were i.p. injected with 500 μg rat anti-mouse Ly-6G antibody (eBioscience, clone 1A8) or 

rat IgG2a (eBioscience, clone eBR2a) once at 24 hours before IMQ application. In separate 

control experiments, same-sex/same-weight wild-type littermates were also treated and 

analyzed. Skin was harvested either 6 days after the first IMQ treatment (IL-33 

neutralizing) or 24 hours after the third IMQ treatment (for Ly6G), and fixed in 4% 
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paraformaldehyde for H/E staining, embedded in OCT and frozen for immunostaining, or 

single cells were isolated for flow cytometry analysis.  

 

In vivo administration of Dex and anti- TCR antibody 

For Dex experiments, same-sex/same-weight control and iDKO littermates were 

intraperitoneally injected with either PBS or 1 mg Dex (in PBS) per kg body weight for 14 

days on and off starting at 30 DPI and ending at 4-5 MPI. For TCR blocking (Koenecke et 

al., 2009)/depletion (Sandrock et al., 2018) experiments, same-sex/same-weight control 

and iDKO mice were intraperitoneally injected with 0.5 mg of hamster anti-mouse TCR γ/δ 

Antibody (UC7-13D5, Biolegend) or hamster IgG control (HTK888, Biolegend) on 30 DPI 

and then 0.2 mg every 3 days starting at 31 DPI and ending at 4 MPI. Mouse tissue samples 

were then collected for either flow cytometry or histology. 

 

OVOL1 knockdown in NHEKs and Ovol1 deletion in primary mouse keratinocytes 

NHEK cells were cultured in Keratinocyte SFM (Gibco™, 17005042). OVOL1 siRNA 

was purchased from Thermo Fisher Scientific (siRNA ID 115544) and transfected into 

NHEK cells on 6-well plates using Lipofectamine® RNAiMAX Transfection Reagent 

(Invitrogen™, 13778030) according to manufacturer’s instructions. One day after 

transfection, the medium was replaced and NHEK cells were treated with Ca2+ (1.8 mM) for 

24 hours. 

Primary mouse keratinocytes were isolated from newborn Ovol1f/f mice as 

described in (Haensel et al. 2019) with minor modification. Briefly, the epidermis was 

separated from the dermis by overnight incubation with dispase. The epidermis was 
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dissociated on a drop of TrypLE™ Express Enzyme (Gibco™, 12604013) for 30 minutes at 

room temperature. Keratinocytes were cultured in Epidermal Keratinocyte Medium 

(CELLNTEC, CnT-07). For acute deletion of Ovol1, 50,000 keratinocytes were infected with 

adenoviruses expressing Cre recombinase (MOI = 100) or control adenoviruses, 

centrifuged at 500g at room temperature for 2 hours, followed by incubation for 24 hours 

on 12-well plates. Keratinocytes were treated with Ca2+ (1.8 mM) in fresh medium for 24 or 

48 hours. 

 

Statistics and reproducibility 

Nearly all experiments were performed on at least three biological replicates or 

repeated at least twice. The sample size and number of independent experiments are 

indicated in the relevant figure legends. Disease pathology scoring was performed blindly. 

No data were excluded. For analysis of differences between groups, Student’s unpaired t-

test was performed with 2-tailed in Excel unless otherwise indicated. p values of 0.05 or 

less were considered statistically significant and are indicated in the figures/legends. Those 

where p values are not indicated are not statistically significant. 
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CHAPTER 3: Epidermis-Intrinsic Transcription Factor Ovol1 
Coordinately Regulates Barrier Maintenance and Neutrophil 

Accumulation in Psoriasis-Like Inflammation 
  

Morgan Dragan, Peng Sun, Zeyu Chen, Xianghui Ma, Remy Vu, Yuling Shi, S. Armando 
Villalta, and Xing Dai; Journal of Investigative Dermatology 2021   
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ABSTRACT 

Skin epidermis constitutes the exterior barrier that protects the body from 

dehydration and environmental assaults. Barrier defects underlie common inflammatory 

skin diseases, but the molecular mechanisms that maintain barrier integrity and regulate 

epidermal-immune cell cross-talk in inflamed skin are not fully understood. Here we show 

that skin epithelia-specific deletion of Ovol1 (ovo-like 1), which encodes a skin disease-

linked transcriptional repressor, impairs the epidermal barrier and aggravates psoriasis-

like skin inflammation in mice in part through enhancing neutrophil accumulation and 

abscess formation. Through molecular studies, we identify Cxcl1, a neutrophil-attracting 

chemokine, and Il33, a cytokine with known pro- and anti-inflammatory activities, as 

potential strong and weak direct targets of Ovol1, respectively. Furthermore, we provide 

functional evidence that elevated Il33 expression reduces, whereas persistent 

accumulation and epidermal migration of neutrophils exacerbates, disease severity in 

imiquimod-treated Ovol1-deficient mice. Collectively, our study uncovers the importance of 

an epidermally expressed transcription factor that regulates both the integrity of the 

epidermal barrier and the behavior of neutrophils in psoriasis-like inflammation.  

 

INTRODUCTION 

Skin epidermis is a self-renewing epithelium composed of stem/progenitor cells 

that terminally differentiate to produce stratum corneum, which constitutes a physical 

barrier at the skin’s outmost surface against myriad external assaults (Gonzales and Fuchs, 

2017). Common inflammatory skin diseases such as psoriasis and atopic dermatitis are 
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associated with disruption of this epidermal barrier either as a trigger for disease or as a 

secondary consequence of immune cell dysregulation (Harden et al., 2015; Ring et al., 

2012; Schmuth et al., 2015; Segre, 2006). Moreover, disease progression is facilitated by 

epidermal cell regulation of, and response to, immune cells (Kobayashi et al., 2019; 

Pasparakis et al., 2014; Zhang et al., 2019). However, the molecular mechanisms that 

regulate epidermally-driven communication between epidermal and immune cells in 

coordination with barrier maintenance remain largely unknown. 

Previously, we reported that germline deletion of Ovol1, which encodes a 

transcription factor known to regulate epidermal development (Dai et al., 1998; Lee et al., 

2014; Nair et al., 2006; Teng et al., 2007), leads to exacerbated skin inflammation and 

epidermal hyperplasia in response to imiquimod (IMQ), an agent widely used to induce 

psoriasis-like symptoms in mice (van der Fits et al., 2009; Sun et al., 2021). Moreover, 

human OVOL1 is upregulated in psoriatic lesions (Sun et al., 2021). Neutrophil 

accumulation in differentiated layers of the epidermis (Munro’s abscesses) distinguishes a 

subset of human psoriasis patients and is a key feature of psoriasis-like skin inflammation 

in mice (Chiang et al., 2019; Pinkus and Mehregan, 1966; Sumida et al., 2014; Uribe-

Herranz et al., 2013). Epidermal keratinocytes play an important role in neutrophil 

recruitment by secreting cytokine/chemokines such as IL-1α, CXCL1, CXCL8, and LTB4 

(Milora et al., 2015; Olaru and Jensen, 2010; Sumida et al., 2014; Sun et al., 2021). Although 

we found elevated levels of IL-1α in IMQ-treated Ovol1 null epidermis (Sun et al., 2021), it 

remains unclear whether Ovol1 functions within the epidermis to directly regulate 

epidermal-neutrophil cross-talk and whether it promotes barrier integrity.  
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In this work, we generated and analyzed mice with skin epithelia-specific knockout 

(SSKO) of Ovol1 and examined their responses to IMQ. We found that epidermal loss of 

Ovol1 dramatically aggravates IMQ-induced barrier disruption, epidermal hyperplasia, and 

neutrophil accumulation. In contrast, there was a reduction of lymphocytes, except for 

regulatory T cells (Tregs). We detected upregulated expression of Il33 - the human 

counterpart of which is suppressed by OVOL1 overexpression (Furue et al., 2019; Tsuji et 

al., 2020) - in the skin of Ovol1 SSKO mice but found IL-33 antibody neutralization to 

further enhance the psoriasis-like skin phenotypes of these mice. We showed that Ovol1 

protein binds weakly to the Il33 promoter but strongly to the promoter of Cxcl1, and indeed 

Cxcl1 expression was elevated in Ovol1-deficient epidermis. Finally, we obtained evidence 

that Ovol1 loss facilitates neutrophil accumulation near, and migration through, the 

epidermis, and that neutrophil depletion partially mitigates the psoriasis-like phenotypes 

of Ovol1-deficient mice. Together, our findings uncover an epidermal-intrinsic transcription 

factor that both promotes barrier integrity and directly suppresses neutrophil 

accumulation in psoriasis-like inflammation.  

 

RESULTS  

Ovol1 acts in the epidermis to promote robust barrier maintenance and to suppress 

IMQ-induced epidermal hyperplasia 

Skin of Ovol1-/- mice exhibit elevated Il1a expression in response to IMQ (Sun et al., 

2021). Since barrier disruption increases Il1a transcription (Wood et al., 1992), we asked 

whether Ovol1-/- skin is barrier-defective by performing TEWL measurements, a widely used 
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method to assess epidermal barrier function (Alexander et al., 2018). During homeostasis 

(Day 0), TEWL values were the same between Ovol1-/- and control littermates (Figure 1a-b). 

However, following IMQ treatment, which is known to induce transient barrier disruption 

(Barland et al., 2004), the Ovol1-/- mutants displayed significantly higher and longer-lasting 

TEWL increases than their control littermates (Figure 1a). Similarly, enhanced barrier 

disruption was observed in Ovol1-/- mice after tape stripping (Figure 1b).  

To ask if Ovol1 functions within the epidermis to regulate barrier maintenance, we 

generated Ovol1 SSKO (Ovol1-/f; K14-Cre, where Ovol1 is deleted in epithelial cells of the skin) 

mice in a congenic C57BL/6 (B6) background. Like Ovol1-/- mice, during homeostasis TEWL 

values in Ovol1 SSKO mice showed no deviation from their control littermates (Figure 1c). 

Consistently, expression of epidermal terminal differentiation markers appeared largely 

normal in Ovol1 SSKO skin (Figure S1a). Upon IMQ treatment, Ovol1 SSKO mice displayed 

significantly more dramatic and persistent TEWL increases compared to control littermates 

(Figure 1c). Therefore, Ovol1 expression in the epidermis is required for maintaining a 

robust barrier when skin is under external physical or chemical assaults. 

We also asked whether Ovol1 suppression of IMQ-induced inflammation is intrinsic 

to the epidermis. Compared with weight- and gender-matched littermate controls, Ovol1 

SSKO mice showed dramatically more severe psoriasis-like phenotypes that included 

erythema, scaling, and epidermal hyperplasia after five consecutive days of IMQ treatments 

(Figure 1d-e). Exacerbated phenotypes of Ovol1 SSKO mice could also be observed after only 

two consecutive days of IMQ treatments (Figure S1b). Interestingly, under identical IMQ 

treatment conditions, the psoriatic-like symptoms including epidermal hyperplasia of Ovol1 

SSKO mice appeared more remarkable than the Ovol1-/- mice, with  the SSKO - but not Ovol1-
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/- - skin presenting finger-like projections reminiscent of the elongated rete ridges in 

psoriasiform hyperplasia of human patients (Murphy et al., 2007) (Figure 1e; Figure S1c-d). 

Together, our findings show that Ovol1 is required in the epidermis to suppress IMQ-induced 

epidermal hyperplasia and associated skin phenotypes.  

 

Acute immune responses in IMQ-treated Ovol1 SSKO skin feature increased 

neutrophil abundance and decreased T cell presence 

Next, we performed flow cytometry to compare the immune cell compositions in IMQ-

treated control and Ovol1 SSKO mice. At 24 hours after the second IMQ treatment, we 

detected a ~3.7-fold increase in neutrophils (CD45+/Ly6G+/CD11b+) in Ovol1 SSKO skin 

compared to control littermate skin, whereas similar numbers of total immune (CD45+) cells 

and macrophages (CD45+/F4/80+/CD11b+/Ly6G-) were observed (Figure 2a-b; Figure S2a). 

These data demonstrate that loss of epidermal expression of Ovol1 results in increased early 

influx of neutrophils in IMQ-treated skin. 

We also examined the impact of Ovol1 deletion on components of the adaptive 

immune response, which generally develops around 5-14 days after IMQ treatment (Miao et 

al., 2010). Specifically, we employed two-consecutive-IMQ applications to minimize indirect 

consequences from dramatic epidermal thickening and barrier disruption (Figure S1a-b), 

and, performed flow cytometry 6 days later. Compared to control counterparts, average 

numbers of both CD45+ (immune) and CD45- cells were increased in Ovol1 SSKO skin, but 

the differences were not statistically significant (Figure 2c; Figure S2b-c). Importantly, the 

percent of CD3+ lymphocytes (CD45+CD3/Thy1+) out of total immune (CD45+) cells was 

significantly lower in Ovol1 SSKO skin than in control skin, whereas the percent of non-
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lymphocytes was significantly elevated (Figure 2d-e). A significant reduction was observed 

for both the CD4+ T cell and CD8-CD4- T cell (which likely includes ɤδT cells; (Cai et al., 2011; 

Tigelaar et al., 1990)) subsets (Figure 2d,f), whereas the relative abundance of Tregs 

(CD4+Foxp3+) showed a trend of increase in the mutant mice (Figure 2g; Figure S2c-d). All 

these differences were normalized by 1-3 months after IMQ treatment (Figure S2e-h).  

Collectively, these data demonstrate that loss of epidermal Ovol1 biases the skin’s response 

to IMQ towards elevated neutrophil accumulation but reduced T cell abundance. 

 

Ovol1 loss results in elevated Il33 expression in inflamed skin, and inhibition of IL-33 

signaling aggravates the IMQ-induced skin phenotypes of Ovol1 SSKO mice  

IL-33, a cytokine of the IL-1 family that is expressed in barrier tissues, has been 

identified as a risk factor and modulator of psoriatic inflammation (Balato et al., 2012; 

Duan et al., 2019; Griesenauer and Paczesny, 2017; Pichery et al., 2012). To seek potential 

targets of Ovol1 in the epidermis of inflamed skin, we first considered Il33 as a candidate 

because recent reports show that OVOL1 depletion in normal human epidermal 

keratinocytes (NHEKs) induces IL33 expression (Tsuji et al., 2020). We found that both 

knockdown of OVOL1 in NHEKs and adenovirus Cre-mediated acute knockout of Ovol1 in 

primary mouse keratinocytes derived from Ovol1f/f mice resulted in elevated IL33/Il33 

expression (Figure 3a; Figure S3a). Thus, like OVOL1 in human, Ovol1 is capable of 

suppressing Il33 expression in mouse epidermal cells.  

Next, we asked if loss of Ovol1 alters Il33 expression in vivo. Interrogation of our 

previously published RNA-seq data on control and Ovol1-/- epidermis at 6 hours after IMQ 

treatment (Sun et al., 2021) revealed elevated Il33 expression in the epidermis from Ovol1-/- 
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mice (3.2x, p<10-5). This said, RT-qPCR showed only a non-statistically significant increase 

for Il33 expression in IMQ-treated Ovol1-/- epidermis, whereas the increased expression of 

Il1a was significant (Figure S3b). We also analyzed our published single-cell RNA-seq data 

on control and Ovol1-/- mice at 24 hours after IMQ treatment (Sun et al., 2021). In the 

interfollicular epidermis, Il33 was found to be predominantly expressed by basal 

keratinocytes and the number of Il33-expressing basal cells increased in the mutant after 

IMQ treatment compared with the control (Figure 3b; Figure S3c-e). Moreover, control 

fibroblasts rarely showed detectable Il33 expression, but fibroblasts from Ovol1-/- mice 

became Il33-positive after IMQ treatment (Figure 3c). Finally, RT-qPCR on RNAs isolated 

from whole skin of control and Ovol1 SSKO mice revealed potential increases at 6 hours and 

2-3 days, as well as a statistically significant increase at 6 days, after IMQ treatment for Il33 

expression (Kakkar and Lee, 2008) (Figure S3f). Taken together, these results suggest that 

epidermal loss of Ovol1 results in mildly elevated expression of Il33 in the epidermis, but 

remarkably increased expression in the dermis, of inflamed skin.  

To investigate the effect of excessive Il33 expression in the psoriasis-like 

microenvironment of IMQ-treated Ovol1-deficient mice, we intraperitoneally injected Ovol1 

SSKO mice with either IgG control or an IL-33 neutralizing antibody (Byrne et al., 2011; Liu 

et al., 2016; Ohno et al., 2011; Peng et al., 2017; Schmitz et al., 2005) prior to, and every day 

succeeding, two IMQ applications (Figure 3d). Interestingly, neutralization of IL-33 signaling 

led to more severe skin defects characterized by exacerbated erythema and scaling, 

enhanced epidermal barrier disruption, and apparent contraction of the IMQ-treated skin 

area (Figure 3e-h; Figure S3g-i). Consistent with enhanced epidermal hyperplasia at a 

histological level (Figure 3i-j), Ki67 immunostaining trended toward elevated proliferative 
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activity in the epidermal basal layer including cells lining the finger-like projections (Figure 

3k-l). However, the expression of keratin 1 and loricrin appeared unchanged (Figure S3j-k), 

suggesting that the process of epidermal terminal differentiation is not affected by IL-33 

neutralization. Despite previous reports of IL-33’s effects on immune cell populations such 

as Tregs and neutrophils in other inflammatory models (Enoksson et al., 2013; Griesenauer 

and Paczesny, 2017; Lan et al., 2016; Matta et al., 2014), we did not detect any statistically 

significant change in non-lymphocytes and various T cell populations (including Tregs) after 

IL-33 neutralization in our model (Figure S3l-p).  Collectively, these data suggest that the 

upregulated expression of Il33 in Ovol1 SSKO skin functions to suppress, rather than 

enhance, the IMQ-induced skin phenotypes and epidermal hyperplasia.  

 

Identification of an Ovol1-Cxcl1-neutrophil regulatory axis that enhances IMQ-

induced skin inflammation in Ovol1 SSKO mice 

To seek additional candidate targets that mediate the enhanced inflammation in 

Ovol1-deficient skin, we returned to the RNA-seq data on IMQ-treated Ovol1-/- and control 

epidermis (Sun et al., 2021), this time focusing on chemokines known to be involved in 

neutrophil recruitment. We found Cxcl1 (2.1x), Cxcl2 (3.0x), and Cxcl3 (3.1x) to be 

significantly increased in IMQ-treated Ovol1-/- epidermis (p<10-6). RT-qPCR analysis using 

independent samples confirmed the increased expression of Cxcl1 in Ovol1-/- epidermis at 

both 6 and 24 hours after IMQ treatment, with the upregulation being more dramatic and 

statistically significant at 24 hours (Figure 4a-b). A possible increase in Cxcl3 expression was 

also observed (Figure 4b). 

Ovol1 encodes a transcriptional repressor (Nair et al., 2006, 2007). Thus, genes that 
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were upregulated in its absence might be direct Ovol1 targets. Indeed, the Cxcl1 gene, but 

not Cxcl2/3, contains Ovol1-binding consensus motifs (CCGTTA) (Nair et al., 2007) at two 

different regions (R1, -3505 ~ -3411; R2, +1262 ~ +1355). To validate Ovol1 binding, we 

performed chromatin immunoprecipitation coupled with real-time quantitative PCR (ChIP-

qPCR) on epidermal cells isolated from wild-type mice at 2-6 hours after IMQ treatment. 

ChIP-qPCR revealed strong Ovol1 binding to the promoter of a known Ovol1 target, Id1 

(Renaud et al., 2015), at -1073 ~ -997 (R1), but not at another site (R2, +1269 ~+1368) 

(Figure 4c). Binding to another known Ovol1 target, c-Myc (Nair et al., 2006), was also 

detected. Importantly, ChIP-qPCR revealed Ovol1 binding to the Cxcl1 gene at both predicted 

sites (Figure 4c). Weak but statistically significant Ovol1 enrichment was also detected 

upstream of the Il33 promoter at a region (-1986 ~ -1903) that contains an Ovol1-binding 

consensus motif. In contrast, no enrichment was seen for Il1a at three different regions (R1-

R3). These results suggest that Cxcl1 is a strong candidate as a direct Ovol1 target in skin 

epidermis, whereas Il33 and Il1a are likely weakly or indirectly regulated by Ovol1. 

The identification of Cxcl1 as a potential Ovol1 target led us to look more closely at 

neutrophil dynamics in inflamed skin with Ovol1 ablation. At 6 hours after the first IMQ 

application, sizable neutrophil clusters (Ly6G-positive) were already formed in Ovol1 SSKO 

skin near the epidermis but were lacking in control littermates (Figure 5a). In Ovol1-/- mice, 

however, neutrophils were detected in the dermis at 6 hours post-IMQ, but visible large 

neutrophil aggregates were observed only at 12-72 hours post-IMQ in Ovol1-/- skin at 

locations near, across, and atop the epidermis (Figure 5b). At all timepoints examined, only 

scattered neutrophils were detected around the epidermis of control counterparts (Figure 

5b). These data provide evidence that loss of Ovol1 in epidermis results in increased 



 

56 
 

neutrophil accumulation, trafficking, and abscess formation near the epidermis of IMQ-

treated skin.  

To assess the functional contribution of neutrophils to IMQ-induced skin pathology 

of Ovol1-deficient mice, we depleted neutrophils using a neutralizing antibody against Ly6G 

(Daley et al., 2008) (Figure 5c). Both immunostaining and histological analysis revealed a 

reduced presence of neutrophils in IMQ-treated Ovol1-/- skin after Ly6G antibody injection 

relative to IgG injection (Figure 5d, Figure S4a). Epidermal thickness and number of Ki67-

positive basal cells were not significantly different between IgG- and Ly6G antibody-injected 

skin at the end point of these experiments (day 3 after IMQ treatment) (Figure S4b-c). 

However, external symptoms such as erythema and scaling/plaque formation in Ovol1-/- 

mice were significantly improved by Ly6G antibody injection (Figure 5e-f; Figure S4d). These 

effects demonstrate that the accumulated neutrophils in Ovol1-deficient skin functionally 

contribute to IMQ-induced erythema and scaling/plaque formation.  

 

DISCUSSION 

Our work unravels novel mechanisms by which an epidermal keratinocyte-intrinsic 

transcription factor modulates innate and adaptive immune responses in skin in tandem 

with barrier maintenance. When the skin is chemically challenged or mechanically 

disrupted, Ovol1 helps maintain a functional barrier to protect from such perturbations. It 

likely does so by regulating the proliferation and differentiation of epidermal cells through 

repressing the expression of genes such as Ovol1, c-Myc (Nair et al., 2007), Ovol2 (Teng et 

al., 2007), Filaggrin (Tsuji et al., 2017), and Id1 (this work). Importantly, our work 



 

57 
 

identifies a role for epidermally expressed Ovol1 to directly and indirectly regulate the 

expression of cytokines and chemokines such as Il1a, Il33, and Cxcl1, thereby modulating 

the ensuing immune response. 

Interestingly, the epidermal hyperplasia in IMQ-treated Ovol1 SSKO mice appeared 

more severe than that in IMQ-treated Ovol1-/- mice (Sun et al., 2021). Moreover, neutrophil 

accumulation kinetics appears more rapid in Ovol1 SSKO skin than Ovol1-/- skin. It is 

possible that this is due to differential IMQ responses of B6 vs. CD1 backgrounds (Swindell 

et al., 2011, 2017). Alternatively, non-epidermal cells in Ovol1-/- mice might play a 

modulatory role in the IMQ responses. In human psoriatic skin, neutrophils infiltrate into 

the dermis from blood vessels at the early inflammatory phase and migrate into the 

epidermis at the chronic phase of psoriasis (Albanesi et al., 2010). Neutrophil dynamics in 

inflamed tissues beyond neutrophil-vasculature interactions is an emerging area of 

research, and swarm-like migration patterns, termed neutrophil swarming, have been 

described in various tissue and disease contexts (Kienle and Lämmermann, 2016). The 

slower neutrophil kinetics in the Ovol1-/- model enabled our discovery that initial dermal 

infiltration of neutrophils does not depend on Ovol1, whereas Ovol1 loss primarily affects 

the accumulation of neutrophils near or at the epidermis and the migration through the 

epidermis to form abscesses with keratinocytes. Our data suggest that Ovol1 expression in 

epidermis constitutes a protective mechanism that prevents epidermal-proximal 

neutrophil accumulation and abscess formation in inflamed skin. Combined with our 

previous study (Sun et al., 2021), we propose that Ovol1 does so by direct transcriptional 

repression of Cxcl1 expression in keratinocytes, and by maintaining a robust barrier, which 

in turn suppresses keratinocyte expression of Il1a (Rider et al., 2011; Sawant et al., 2015; 
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Sun et al., 2021). While a possibility for this type of regulation was suggested previously 

(Hwang et al., 2011), to our knowledge, this study presents the first example of an 

epidermally expressed transcription factor modulating neutrophil behaviors in skin 

inflammation through direct gene regulation.  

Previous studies predominantly suggest a pro-inflammatory role of IL-33 in 

psoriasis (Balato et al., 2014; Duan et al., 2019; Miller et al., 2010; Sehat et al., 2018; 

Theoharides et al., 2010). However, it was recently reported that the introduction of 

recombinant IL-33 suppresses psoriatic inflammation and epidermal hyperplasia (Chen et 

al., 2020). Our results are consistent with this notion and suggest a protective role for IL-33 

in the Ovol1-deficient mouse model against IMQ responses. It is possible that this 

protective function only manifests when the amount of IL-33 is excessive. IL-33 is an 

alarmin that can function both as a traditional cytokine (through receptor signaling) and as 

a nuclear transcriptional regulator (Haraldsen et al., 2009). Our antibody neutralization 

data implicate the signaling function of IL-33 in suppressing IMQ responses when Ovol1 

and barrier are deficient.  In other tissues, IL-33 can recruit a particularly suppressive form 

of Tregs through the ST2 receptor (Halvorsen et al., 2019; Pastille et al., 2019; Siede et al., 

2016). However, despite a trending increase of Tregs in Ovol1 SSKO mice, after neutralizing 

IL-33, the total number of Tregs (including the ST2+ subset) did not drastically vary. In this 

context, the IL-33/ST2 signaling axis may alter cytokine production by Tregs or other 

immune cells, rather than recruiting or inducing their proliferation (Hemmers et al., 2021). 

In Th2 allergic response, IL-33 can induce immune cells to release secreted proteins that 

induce proliferation of keratinocytes, potentially explaining the hyperplasia (Ryu et al., 

2015). Alternatively, keratinocytes in Ovol1-deficient mice may respond directly to 
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excessive IL-33 signals and hyper-proliferate, since ST2L and pathways like ERK and c-Jun 

N-terminal kinase are activated by IL-33 (Du et al., 2016). While future work outside the 

scope of this study is needed to characterize the downstream cellular and molecular 

mediators of IL-33 function, our findings identify Ovol1 as an upstream regulator that 

directly suppresses Il33 expression in mice.  

Collectively, our study adds Ovol1 to a growing list of skin barrier-protective 

transcription factors (Cangkrama et al., 2013; Gordon et al., 2014; Hwang et al., 2011; 

Koegel et al., 2009; Li et al., 2017; Lin et al., 2013; Segre et al., 1999), but highlights its 

unique role in the adult epidermis to promote barrier robustness under external challenges 

in coordination with fine-tuning epidermal-immune cell cross-talk. In an Ovol1-deficient 

skin microenvironment, both anti- (Il33) and pro-inflammatory (Cxcl1, Il1a, neutrophils) 

components are upregulated and functionally contribute to skin pathology (Figure 6). 

These data underscore Ovol1 function as part of a self-limiting, counter-balancing 

keratinocyte-intrinsic mechanism that maintains inflammation competence, but at the 

same time keep inflammation in check to restore tissue homeostasis. Dissecting the 

intricate and complex control of psoriasis-like inflammation by epidermal keratinocytes 

sheds new light onto our understanding of psoriasis pathogenesis in human patients.  
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Figure 3.1: Loss of Ovol1 in epidermis aggravates IMQ-induced barrier disruption and 
epidermal hyperplasia. 
 

A. TEWL measurements of Ovol1-/- with their control littermates after IMQ treatment. 
n=3 for control, n=5 for mkutant 

B. TEWL measurements of Ovol1-/- after tape, starting at D0. n=3 pairs  
C. TEWL measurements of Ovol1 SSKO with their control littermates after IMQ 

treatment. n=3 pairs 
D. External appearance at different days after the first IMQ application.  
E. Skin histology at D0 and D5. Black and white arrows point to finger-like epidermal 

projections and neutrophil aggregates on the skin surface, respectively.  
 
Data information: (Hom.)  represents days before perturbation, or homeostasis. Scale bar: 
100 μm in E. For statistical analysis in (A-C), we used an unpaired two-tailed Student’s t-test. 
*** p<0.005; ** p<0.01; * p<0.05. Errors bars are represented as ± SD. 
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Supplemental Figure 3.1: Ovol1 SSKO mice show exacerbated epidermal hyperplasia 
after only two IMQ applications. 
 

A. Representative immunofluorescent staining of untreated Ovol1 SSKO and littermate 
control back skin  

B. Representative images of Ovol1 SSKO mice and control littermates 6d after two IMQ 
applications.  

C. External appearance and of the skin of Ovol1–/– (left) and Ovol1 SSKO (right) mice 
and their respective control littermates at the indicated times after five IMQ 
treatments. 

D. Histology of the skin of Ovol1–/– (left) and Ovol1 SSKO (right) mice and their 
respective control littermates at the indicated times after five IMQ treatments. Bar = 
100.  

 
E. Data information: Scale bar: 15 μm in A and 100 μm. d, day; IMQ, imiquimod; K, 

keratin; LOR, loricrin; SSKO, skin epithelia‒specific knockout for C-D. 
 

 
 
 
 
 
 

https://www.sciencedirect.com/topics/medicine-and-dentistry/immunofluorescence-test
https://www.sciencedirect.com/topics/medicine-and-dentistry/loricrin
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Figure 3.2:  Immune cell profiles in IMQ-treated control and Ovol1 SSKO skin. 
 

A. Representative flow cytometry plots collected at 24 hours.  
B. Summary of flow cytometry data collected at 24 hours. (n=3 pairs) 
C. Summaries of flow cytometry data collected at 6 days after the second IMQ 

application. Representative flow plots are shown in Figure S2. n=7 control and n=6 
mutants in C-G.  

D. Representative flow cytometry plots collected at 6d after the second IMQ application 
for (E-F). 

E. (E-G) Summaries of flow cytometry data collected at 6 days after the second IMQ 
application. Representative flow plots are shown in Figure S2. n=7 control and n=6 
mutants in C-G.  
 

Data information: For statistical analysis in (A-C), we used an unpaired two-tailed Student’s 
t-test. *** p<0.005; ** p<0.01; * p<0.05. Errors bars are represented as ± SD. 
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Supplemental Figure 3.2: Flow plots and immune cell profiles in control and Ovol1 
SSKO skin at 1-3 months after IMQ treatment. 
 

A. Representative flow cytometry plots for Figure 3.2 A.  
B. Gating strategy for Figure 3.2C-G.  
C. Representative flow cytometry plots for Figure 3.2 C,G.  
D. Representative immunofluorescent staining and quantification of Foxp3+ Tregs in 

skin at 6 days after 2 IMQ applications. Arrows point to Tregs.  
E. (E-H) Summary of flow cytometry data for the respective immune cell populations 

1-3 months after two IMQ applications. n=7 controls at 1 month and n=6 controls at 
3 months. n=6 and =3 for Ovol1 SSKO mice for 1 and 3 months, respectively. 

 
Data information: Scale bar: 50 μm in D. For statistical analysis in (D-E), we used an unpaired 
two-tailed Student’s t-test. *** p<0.005; ** p<0.01; * p<0.05. Errors bars are represented as 
± SD. 
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Figure 3.3. Expression and function of Il33 in Ovol1-deficient skin.  
 

A. RT-qPCR analysis on primary mouse keratinocytes derived from Ovol1f/f mice and 
infected with control (Adv-Ctr) or Cre-expressing (Adv-Cre) adenoviruses. Results 
from a single experiment are shown but are representative of 3 independent 
experiments.  

B. Violin plot showing the expression of Il33 in interfollicular epidermal cells from 
scRNA-seq datasets (Sun et al. 2021). 

C. Violin plot showing the expression of Il33 in fibroblasts from scRNA-seq datasets (Sun 
et al. 2021).  

D. Design of experiments for IL-33 neutralizing antibody (IL33n), or IgG control, on 
Ovol1 SSKO mice E-L.  

E. External appearance of the skin at day (D)6. 
F. Time courses showing phenotype progression.  
G. Time courses showing TEWL measurements. 
H. Time courses showing treated back skin area (using images in Figure S3e).  
I. Skin histology at D6 
J. Quantification of epidermal thickness of (I) at D6.  
K. Representative immunofluorescence staining of proliferative basal (Ki67+K14+) cells 

at D6.  
L. Quantification of proliferative basal (Ki67+K14+) cells at D6 from epidermis in (K). 

n=3 pairs of IgG- and IL33n-treated Ovol1 SSKO mice.  
 

Data information: Scale bars: 50 μm in J. For statistical analysis in (A-K), we used an unpaired 
two-tailed Student’s t-test. * p<0.05. Error bars represent mean +/- SD for (A, G, J, L) and SEM 
for (F,H). 
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Supplemental Figure 3.3: Supplementary data on the expression and function 
of Il33 in Ovol1-deficient skin. 
  

A. RT-qPCR analysis on control (siCtr) and Ovol1 siRNA-treated NHEK cells. Results 
from a single experiment are shown but are representative of 3 independent 
experiments.  

B. RT-qPCR analysis at 6 hours after IMQ treatment in Ovol1-/- mice. n=5 for Ovol1-/- 
and =4 for control littermates.  

C. Feature plot showing the expression of Il33 in all cell types detected in single-cell 
analysis of mouse at 24 hours after IMQ treatment. tSNE plots from Sun et al. 2021 
depicting the samples (center) and cell (right) types are included for comparison. 
Ctr-UT and Ctr-IMQ, untreated and IMQ-treated control littermate (Ovol1+/-) skin, 
respectively. Null-UT and Null-IMQ, untreated and IMQ-treated Ovol1-/- skin, 
respectively.  

D. tSNE plots from single-cell data on interfollicular epidermal cells. 
E. Gene-specific feature plots from single-cell data on interfollicular epidermal cells.  
F. RT-qPCR analysis on whole skin of control and Ovol1 SSKO mice at the respective 

times after two IMQ applications. n=2 pairs of Ovol1 SSKO and controls for 6 hrs.; 
n=4 pairs of Ovol1 SSKO and controls for 2-3 days; and n=3 pairs of Ovol1 SSKO and 
controls for 6 days.  

G. External appearance of Ovol1 SSKO mice treated with mIL-33 neutralizing antibody 
(IL33n), or IgG control. 

H. Erythema scoring at the indicated times of Ovol1 SSKO mice treated with mIL-33 
neutralizing antibody (IL33n), or IgG control. 

I. Scaling scoring at the indicated times of Ovol1 SSKO mice treated with mIL-33 
neutralizing antibody (IL33n), or IgG control. 

J. Representative immunofluorescent staining of the indicated markers at D6.  
K. The relative thickness of the K1- or Lor-positive layers relative to the total combined 

epidermal thickness was calculated and shown in (J).  
L. (L-P) Flow cytometry at D6 for the indicated cell populations. n=3 pairs of IgG- and 

IL33n-treated Ovol1 SSKO mice. * p<0.05. Error bars represent mean +/- SD for (a-b, 
e, g-h, j-o). 

 
Data information: Scale bar: 50 μm in j. For statistical analysis in (A-C), we used an unpaired 
two-tailed Student’s t-test. *** p<0.005; ** p<0.01; * p<0.05. * p<0.05. Error bars represent 
mean +/- SD for (A-B, E, G-H, J-O). 
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Figure 3.4: Molecular analysis of Ovol1 targets in epidermis.  
 

A. RT-qPCR analysis at 6 hours after IMQ treatment. n=5 for Ovol1-/- and 4 for control 
littermates; note that 2 pairs of these mice were also used for RNA-seq analysis. 

B. RT-qPCR analysis at and 24 hours after IMQ treatment. n=5 pairs.  
C. ChIP-qPCR for the indicated genes in epidermal cells isolated from 2-6 hours post 

IMQ-treated adult skin. IgG control values were normalized to 1 for all. Results are 
summarized from 1-4 independent experiments.   

 
Data information: For statistical analysis in (A-C), we used an unpaired two-tailed Student’s 
t-test. *** p<0.005; ** p<0.01; * p<0.05. p values were calculated using two-tailed Student’s 
paired t-test. Error bars represent mean +/- SEM. 
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Figure 3.5: Ovol1 loss alters neutrophil dynamics, and neutrophil depletion rescues 
psoriasis-like phenotypes in Ovol1-/- skin.   
 

A. Representative images of immunostaining in Ovol1 SSKO mice 
B. Representative images of immunostaining Ovol1-/- mice.  
C. Design of neutrophil depletion experiments in (D-F). IgG was used as a control.  
D. Immunostaining at D3. 
E. External appearance of Ovol1-/- mice.  
F. Phenotypic score of Ovol1-/- mice at the respective times. n=3 pairs.  

 
Data information: Arrows in (A), (B), and (D) point to neutrophils. Scale bar: 50 μm in A,B 
and 100 μm in D. For statistical analysis in (A-C), we used an unpaired two-tailed Student’s 
t-test. * p<0.05. Errors bars are represented as mean ± SEM. 
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Supplemental Figure 3.4: Supplemental data on neutrophil depletion experiments.  
 

A. Skin histology of Ovol1-/- mice treated with IgG or Ly6G antibody at D3.  
B. Analysis of epidermal thickness in Ovol1-/- mice treated with IgG or Ly6G antibody at 

the experimental end point. n=3 for Ovol1-/-, and n=1 for wild-type control 
littermate. 

C. Analysis of cell proliferation in Ovol1-/- mice treated with IgG or Ly6G antibody at 
the experimental end point. n=3 for Ovol1-/-, and n=1 for wild-type control 
littermate.  

D. External appearance at different days before and after IMQ treatment. Note that 
these mice are distinct from those shown in Figure 5. 

 
Data information: Scale bar: 100 μm in E. For statistical analysis in (A-C), we used an 
unpaired two-tailed Student’s t-test. Error bars represent mean +/- SEM. 
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Figure 3.6: Working model of Ovol1 function in IMQ-induced skin inflammation 
 
In normal skin treated with IMQ, epidermally expressed Ovol1 not only promotes barrier 
maintenance, thereby suppressing alarmin (IL-1α) production, but also directly represses 
the gene expression of Cxcl1 chemokine and possibly Il33 cytokine, to modulate the 
inflammatory and hyperproliferative responses. In Ovol1-deficient skin treated with IMQ, 
barrier is disrupted and Il1a and Cxcl1 are upregulated, resulting in excessive and 
persistent neutrophil accumulation and exacerbated inflammation. On the other hand, Il33 
is upregulated likely as a protective mechanism to suppress excessive epidermal 
hyperplasia. 
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CHAPTER 4: Ovol loss-induced epidermal barrier dysregulation causes 

skin inflammation and metabolic adaptation 
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ABSTRACT 

Skin epidermis constitutes the outer permeability barrier that protects the body 

from dehydration, heat loss, and myriad external assaults. Mechanisms that maintain 

barrier integrity in constantly challenged adult skin and how epidermal barrier 

dysregulation shapes the local immune microenvironment and whole-body metabolism 

remain poorly understood. Here we show that inducible and simultaneous ablation of 

transcription factor-encoding Ovol1 and Ovol2 in adult epidermis results in barrier 

dysregulation through impacting epithelial-mesenchymal plasticity, cell adhesion, 

cytoskeleton, and inflammatory gene expression of epidermal keratinocytes. We 

demonstrate that long-term aberrant immune composition then arises, characterized by 

precious epidermal Langerhans cell activation and aberrant T cell responses. Moreover, we 

identify failure to accumulate dermal and body fat as well as increase in carbohydrate-

fueled energy expenditure as long-term consequences, and provide proof-of-principle 

evidence that skin inflammation partially contributes to these whole-body changes. 

Collectively, our study provides the first known adult epidermal-intrinsic mechanism that 

induces local skin inflammation and shapes whole-body metabolism.  
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INTRODUCTION 

Skin is a vital permeability barrier that protects the body from dehydration and 

myriad environmental assaults. It is also the largest organ in the body, constituting ~10-15% 

of the body weight, and regulates important aspects of physiology including body 

temperature. How barrier dysregulation shapes the skin immune microenvironment is not 

fully understood, and little is known about how barrier-associated skin defects might 

instigate whole-body physiological and metabolic changes.  

Within skin, terminal differentiation of the epidermal cells produces stratum 

corneum - a lipid-rich physical barrier, while innate and adaptive immune cells such as tissue 

resident Langerhans cells (LCs), dendritic cells, macrophages, and gamma delta T (γδT) 

lymphocytes collectively provide an immunological barrier to fend off pathogens and resolve 

insults (Chambers and Vukmanovic-Stejic, 2020; Elias, 2007; Niec et al., 2021). Barrier 

defects are associated with inflammatory skin diseases such as psoriasis and atopic 

dermatitis (Dainichi et al., 2018; Elias and Wakefield, 2014; Proksch et al., 2006). 

Furthermore, tantalizing links exist between skin inflammation and whole-body 

perturbation, evident through higher incidence of psoriasis and atopic dermatitis in patients 

with obesity (Brunner et al., 2017; Zheng, 2014), growth failure in patients with ichthyosis 

the clinical severity of which parallels the extent of barrier perturbation (Dereksson et al., 

2012; Elias et al., 2012; Yamamoto et al., 2020), and weight loss in animals following acute 

inflammation (Gabay and Kushner, 1999; de Oliveira et al., 2022). However, the mechanistic 

connections and potential causality among skin barrier dysregulation, inflammation, and 

whole-body metabolism remain to be established.  
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A great deal has been learned about genetic mechanisms that regulate embryonic 

epidermal development and barrier acquisition (Hardman et al., 1998; Nair et al., 2006; Yu 

et al., 2006), but less is known about mechanisms that maintain barrier integrity in adult skin 

that is more heavily exposed to environmental aggressors (Natsuga, 2014; Proksch et al., 

2006; Segre, 2006). This is a valid and important issue as adult skin differs from developing 

skin in barrier strength, overall structure, immune microenvironment, cellular 

heterogeneity, molecular makeup, as well as turnover rate and differentiation trajectory 

(Haensel et al., 2020; Henneke et al., 2021; Lin et al., 2020; Moretti et al., 2022; Moulin et al., 

2001; Oranges et al., 2015; Rognoni et al., 2018).  

Ovol1 and Ovol2 encode two homologous transcription factors required for barrier 

development, and their constitutive and/or epidermal-specific deletion results in perinatal 

lethality (Lee et al., 2014; MacKay et al., 2006; Nair et al., 2006; Teng et al., 2007). By 

generating and analyzing mice in which both Ovol1 and Ovol2 are deleted specifically in 

epidermis and inducibly at adult stage, we identify a critical role for Ovol1/2 in adult 

epidermal barrier maintenance and terminal differentiation through regulating overlapping 

target genes associated with epithelial-mesenchymal plasticity (EMP), actin cytoskeleton, 

cell adhesion, or inflammation. We show that Ovol1/2 loss-induced epidermal dysregulation 

elicits altered skin immune cell changes that involves both innate and adaptive immune 

responses, reduction of dermal and body fats, and consequential metabolic adaptation 

featuring increased energy expenditure fueled by carbohydrates. We also provide evidence 

that anti-inflammatory agent dexamethasone (Dex) can partially restore fat and weight gain 

in Ovol1/2-deficient mice. Together, our findings not only identify key regulators of adult 
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barrier maintenance, but also suggest causal connections between skin barrier 

dysregulation, inflammation, and whole-body metabolism.  

 

RESULTS  

Inducible, simultaneous, and epidermal-specific deletion of Ovol1 and Ovol2 in adult 

skin results in defective barrier, disrupted cell-cell adhesion, and aberrant terminal 

differentiation  

To ask if adult skin requires Ovol genes for barrier maintenance during homeostasis, 

we generated tamoxifen (TAM)-inducible double knockout or iDKO (K14-CreER;Ovol1F/-

;Ovol2f/-) mice to enable the simultaneous deletion of Ovol1 and Ovol2 in adult epidermal 

cells. Successful deletion of both genes was evident through reduced expression of Ovol1 and 

Ovol2 mRNAs after TAM injection (Figure S1A-B).  

Prior to TAM induction, adult iDKO mice showed no detectable difference from their 

control littermates in back skin trans-epidermal water loss (TEWL), suggesting normal 

barrier function before gene deletion (Figure 1A). Following TAM injections, both iDKO mice 

and their littermates with various control genotypes exhibited a trend of increased TEWL 

especially starting at ~15 days post-first injection (DPI), soon after one full epidermal 

turnover cycle (Koster, 2009) (Figure 1A). However, TEWL values were consistently and 

significantly higher in iDKO mice than in control littermates throughout the course of 

measurement (90 DPI) (Figure 1A). To understand the nature of the barrier defect, we 

performed morphological and metabolomics analyses to examine the structural and 

biochemical integrity of the iDKO epidermis. Both histology and transmission electron 

microscopy (TEM) revealed disrupted cell-cell adhesion and abnormal nuclear morphology 
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of epidermal cells, evident by 15 DPI, in the basal and suprabasal layers of iDKO mice but not 

control littermates (Figure 1B-C). Moreover, iDKO epidermal granular cells showed altered 

morphology of keratohyalin granules (Figure 1C), suggesting a dysregulation of the 

epidermal differentiation process (Hoober and Eggink, 2022). Metabolomics of trypsin-

isolated epidermis for nonpolar metabolites revealed a significantly decreased production 

of urocanic acid and triacylglycerol (50:3), which are known to occur with skin barrier defect 

(Choi and Maibach, 2005; Fluhr et al., 2010), in iDKO epidermis at 52 DPI compared with 

control littermates (Figure 1D-E). Trending decreases in other metabolites associated with 

cellular stress and skin barrier, such as hypoxanthine and ceramide-dihydro (d18:0/26:0) 

(Coderch et al., 2003; Kim et al., 2017), were also observed (Figure S1C-D). Collectively, these 

findings demonstrate that Ovol1 and Ovol2 are required in adult skin for robust barrier 

maintenance, epidermal cell-cell adhesion, and optimal epidermal terminal differentiation.  

Compared to back skin, mouse paw skin faces more physical abrasion and mechanical 

stress. Strikingly, as early as ~30 DPI (mice are 3-4 months of age), the iDKO mice started to 

show visibly elongated toenails which became exacerbated over time (Figures 1F-G, S1E-F). 

Underneath the iDKO nails we frequently observed blood clots, and their paw pads appeared 

more calloused and contained darker pigmentation (Figure 1F). The iDKO paws also 

appeared swollen, and the overall toe width was significantly increased compared with the 

control (Figure 1F-G). Sagittal sections through the toes revealed clearly longer nails, overall 

expanded epithelia and apparently thickened stratum corneum, especially in the ventral 

digit area (Figure 1H). While immunofluorescence using antibodies against Ki67, K14, K1, 

loricrin, and filaggrin proteins failed to reveal remarkable alterations in toe pad epidermal 

cell proliferation and early differentiation, the filaggrin-positive compartment in iDKO toe 
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pads was expanded and the size of their filaggrin-positive granules was significantly 

increased compared to the control counterparts (Figures 1I-J, S1G-K). As such, terminal 

differentiation of the paw epidermis is likely also perturbed by loss of Ovol1 and Ovol2, 

reminiscent of the defect in back skin epidermis.  

 

RNA sequencing (RNA-seq) analysis reveals unchecked EMP, dysregulated cell 

adhesion and cytoskeleton, aberrant inflammation, and reduction of growth-arrested 

basal transcriptional state in Ovol1/Ovol2-deficient adult epidermis 

To dissect the molecular consequences of Ovol1/Ovol2 deletion in adult epidermis, we 

performed RNA-seq analysis on trypsin-isolated epidermis (also contains LCs and dendritic 

epidermal T cells or DETCs; see below) from iDKO and control littermates at 25 DPI and 52 

DPI. Only 31 differentially expressed genes (DEGs; ≥ 2-fold-change and p < 0.05) were 

detected at 25 DPI, of which 29 were upregulated and 2 downregulated in iDKO epidermis 

(Figure 2A-B; Table S1). By 52 DPI, 133 DEGs were detected, of which 89 were upregulated 

and 44 downregulated by≥ 2-fold (p < 0.05) in iDKO epidermis (Figure 2A-B; Table S1). 

Analysis of aggregated data from 25 DPI and 52 DPI revealed a similar number of DEGs, 

among which 12 genes were upregulated at both time points (Figure 2B). These include 1) 

Zeb1, a known direct target of Ovol2 transcriptional repression that encodes a transcription 

factor capable of inducing epithelial-mesenchymal transition (EMT), an extreme form of EMP 

(Lee et al., 2014; Watanabe et al., 2014; Yang et al., 2020); 2) those associated with 

membrane/cytoskeletal processes: Lix1l, Flot2, Dennd5a, Ccdc88a, Cep170, Sacs, and Fez1 

(Bärenz et al., 2018; Gentil et al., 2019; Moore et al., 2022; Suzuki et al., 2005; Völlner et al., 

2016; Wang et al., 2018; Yoshimura et al., 2010); 3) other genes with apprarently diverse or 
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unknown functions: Fkbp14, (Ishikawa and Bächinger, 2014), Zcchc24 (Cieply et al., 2016),  

Klk10 (Hu et al., 2015), and Gm4265.  Vim, another Ovol2 direct target and well-known 

EMT/mesenchymal cell marker (Haensel and Dai, 2018; Lee et al., 2014; Watanabe et al., 

2014), was not among the DEGs at 25 DPI but was significantly upregulated in iDKO 

epidermis at 52 DPI. RT-qPCR analysis of epidermal RNAs from additional pairs of control 

and iDKO mice confirmed the significantly elevated expression of several of these genes 

including Zeb1, Vim, Flot2, Dennd5a, and Ccdc88a, in iDKO epidermis at both 25 and 52 DPI 

(Figure 2C).  

To further elucidate the impacted cellular and molecular processes in iDKO 

epidermis, we performed gene ontology (GO) analysis on the DEGs at 52 DPI using Enrichr 

(Chen et al., 2013; Kuleshov et al., 2016; Xie et al., 2021). The top two GO molecular terms 

enriched for the 89 genes that were upregulated in iDKO epidermis are actin binding 

(Ccdc88a, Fscn1, Lcp1, Fxyd5, Iqgap2, and Coro1A) and sialyltransferase activity (St3gal4 and 

St6galnac6) (Figure 2D), both important for cellular migration (Guo et al., 2021; Qi et al., 

2020; Wu et al., 2018). Of note, GO analysis also identified the upregulated expression of 

serine-type peptidase activity, specifically Klk5/6/8 - members of the kallikrein (KLK) family 

of secreted serine proteases involved in regulating desquamation and inflammation 

(Kishibe, 2014; Nauroy and Nyström, 2020). The top two GO terms enriched for the 44 genes 

that were downregulated in iDKO epidermis included receptor ligand activity (e.g., Bmp2/3, 

Epgn, and Wnt16) and neurotrophin binding (e.g., Ngfr and Ntrk2) (Figure 2E), some of which 

are known to be involved in epidermal fate control and keratinocyte proliferation/survival 

(Adly et al., 2017; Cai et al., 2019; Kandyba et al., 2013; Mendoza-Reinoso and Beverdam, 

2018; Richardson et al., 2009).  
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We also performed gene set enrichment analysis (GSEA) on genes expressed in iDKO 

vs. control epidermis using Hallmark gene signatures, which identified EMT and apical 

junction as being significantly enriched in iDKO epidermis (Figure 2F; Table S2). 

Interestingly, GSEA also identified a significant enrichment of inflammatory gene signatures 

(e.g., inflammatory response, interferon gamma response, IL2-STAT signaling, and 

complement) in iDKO epidermis (Figure 2F). A closer look into the immune-associated genes 

revealed the increased expression of different cytokines, chemokines and chemokine 

receptors (Table S2). Of particular interest, several genes known to be enriched in LCs, which 

include T cell chemokine gene Ccl22 and major histocompatibility complex (MHC) class II 

genes H2-Aa, H2-Ab1, and H2-Eb1 (Cumberbatch et al., 1991; Esaki et al., 2015), were also 

upregulated in iDKO epidermis (Figure 2A-B; Tables S1-2). RT-qPCR analysis of epidermal 

RNAs confirmed the significantly elevated expression of Ccl22 in iDKO epidermis at both 25 

and 52 DPI (Figure 2G). Collectively, our data so far underscore the altered expression of 

genes associated with EMP, cell adhesion, actin cytoskeleton, and inflammatory response as 

molecular consequences of Ovol1/2 deletion in adult epidermis. 

In previously published single-cell RNA-seq studies, we identified molecular 

signatures of epidermal basal and spinous cells and dermal fibroblasts in adult homeostatic 

skin (Haensel et al., 2020; Vu et al., 2022). To better define how Ovol1/2 loss impacts the 

process of epidermal differentiation, we performed GSEA on genes expressed in iDKO vs. 

control epidermis using these signatures. Our analysis revealed significantly enriched 

expression of fibroblast markers and a trending enrichment of spinous markers in iDKO 

epidermis, whereas the expression of basal markers was significantly de-enriched (Vu et al., 

2022) (Figure 2H; Table S2). As basal cells in adult skin exist in four major transcriptional 
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states, namely Col17a1High, early response (ER), proliferative, and growth arrested (GA) 

(Haensel et al., 2020), we also performed GSEA using top markers of these basal cell states. 

Interestingly, a significant de-enrichment was seen for ER and GA state markers, but not for 

Col17a1High or proliferative state markers (Figure 2I; Table S2). Taking these molecular 

alterations together with aberrant EMP gene expression detected by analyses from above, 

we extrapolate that Ovol1/2-deficient adult epidermal cells gain fibroblast-like molecular 

characteristics at the specific expense of basal ER/GA transcriptional states, whereas the 

basal stem-like (Col17a1High) and spinous states are apparently spared (Figure 2J).  

 

Chromatin immunoprecipitation (ChIP)-seq and integrative analyses reveal both 

cytoskeleton-associated and immune-modulatory genes as common, direct 

downstream targets of Ovol1 and Ovol2 

To further elucidate the molecular mechanisms of Ovol1/2 function, we performed 

ChIP-seq analysis on adult skin epidermis to identify potential direct Ovol1 targets genome-

wide. Using MACS2 narrow peak calling, a total of 1177 Ovol1-bound peaks were identified 

that passed a significance threshold (q value < 0.05) (Table S3). A large fraction (59.3%) of the 

peaks were found to reside in gene promoter regions within 1 kb of the transcription start 

site (TSS) (Figure 3A), suggesting preferential binding of Ovol1 to proximal gene promoters. 

Substantial binding to promotor regions at 1-3 kb upstream of TSS (6.4%) and to distal 

intergenic sequences (16.8 %) was also seen (Figure 3A). Homer analysis revealed that 

49.95% of the Ovol1-bound loci contain at least one consensus binding motif (CCGTTA) 

(Figure 3B), which is identical to the consensus sequence previously identified for 

recombinant Ovol1 binding using an in vitro site selection assay (Nair et al., 2007). 
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Mediascape analysis of the Ovol1-bound genes revealed cell cycle process, regulation of 

cytoskeleton organization, and cell part morphogenesis as top terms (Figure 3C; Table S4), 

suggesting a direct role of Ovol1 in regulating these processes.  

Ovol2 binds to a similar DNA sequence motif as Ovol1 both in vitro and in cultured 

mammary epithelial cells (MECs) (Nair et al., 2007; Watanabe et al., 2014; Wells et al., 2009). 

To compare Ovol1-bound and Ovol2-bound loci, we reanalyzed our previously published 

Ovol2 ChIP-seq data (Watanabe et al., 2014) using the same parameters used for Ovol1 ChIP-

seq. As reported (Watanabe et al., 2014), Ovol2 also preferentially binds to gene promoter 

regions (59.6%) and distal intergenic sequences (16.5%) (Figure 3A). Interesting, the exact 

spatial patterns of promoter occupancy differ for Ovol1 and Ovol2 (Figure 3D), possibly 

reflecting differences in cell types (epidermis vs. MECs) and/or precise protein-DNA 

interfaces. This said, and despite each having its own unique binding loci (697 for Ovol1 and 

849 for Ovol2), 361 genes bound by Ovol1 in epidermis are also bound by Ovol2 in MECs 

(Figure 3E). Comparing Ovol1 and Ovol2 ChIP-seq tracks at select target loci against tracks 

for histone modifications (H3K27Ac, H3K4me1, and H3K4me3, marks for active chromatin, 

enhancer, and promoter, respectively) in mouse epidermis (Bae and Lesch, 2020; Rada-

Iglesias et al., 2011; Sethi et al., 2017; Spicuglia and Vanhille, 2012) revealed the co-

localization of Ovol1- and/or Ovol2-binding peaks with one or more of these histone marks 

(Figures 3F, S2A). The emerging picture is that Ovol1 and Ovol2 can bind to both weakly and 

strongly active promoters or enhancers. 

GOCompare analysis (https://github.com/ccsosa/GOCompare) of all Ovol1-bound 

versus Ovol2-bound genes revealed common terms such as phospholipid binding, 

transcription coregulator activity, actin binding, tubulin binding, and microtubule binding 
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(Figure 3G). Furthermore, Metascape analysis of genes bound by both Ovol1 and Ovol2 

identified cell cycle process, positive regulation of organelle organization, and regulation of 

microtubule-based process as top functional terms (Figure S2A; Table S4). These findings 

underscore the potential of Ovol1 and Ovol2 to regulate common downstream target genes 

and cellular/molecular processes, which include cytoskeleton-associated functions. This 

said, results of the GOCompare and Metascape analyses also suggested some functional 

specialization, with Ovol1 primarily being involved in epidermal cell 

homeostasis/differentiation and Ovol2 in cell adhesion and migration (Figures 3G, S2B; 

Table S4).  

We also compared Ovol1-bound and Ovol2-bound genes to the Genotype-Tissue 

Expression (GTEx) datasets. Ovol1/2-bound genes that are expressed in skin (sun-exposed 

and non-exposed) were found to most closely correlate with genes expressed in epithelial 

tissues such as vagina, esophagus, salivary gland, kidney, prostate, and intestine (Table S5). 

This finding supports the possibility that Ovol1 and Ovol2 may play a general regulatory role 

in maintaining epithelial tissue functions.  

To identify functional and direct targets of Ovol1 and Ovol2 (i.e., bound by Ovol1 

and/or Ovol2 and differentially expressed between iDKO and control epidermis), we 

compared Ovol1 and Ovol2 ChIP-seq datasets with the RNA-seq data from above. GSEA of 52 

DPI RNA-seq data against ChIP-seq targets showed that genes with elevated expression in 

iDKO compared with control epidermis, but not genes with reduced expression, trended 

toward being enriched for both Ovol1- and Ovol2- bound peaks (Figure 3H; Table S4). This 

data is consistent with the reported finding that Ovol1/2 proteins act predominantly as 

transcriptional repressors (Nair et al., 2006, 2007; Watanabe et al., 2014). Comparison of 
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Ovol1/2-bound gene lists with >2-fold DEG lists at 25 and 52 DPI revealed a small number 

of top Ovol1 and/or Ovol2 target genes, most of which were upregulated upon Ovol1/2 loss 

(Figure 3I; Table S4). Importantly, the core set of genes upregulated in iDKO epidermis at 

both 25 and 52 DPI, which include Zeb1, Vim, Lix1l, Flot2, Dennd5a, and Ccdc88a, are among 

the top targets bound by both Ovol1 and Ovol2 (Figure 3F).   

Considering that Ovol1/2-bound loci may exert long-range gene regulatory activities, 

we used BEDTools closest function (Quinlan and Hall, 2010) to find which gene's TSS is 

closest to a given peak and compared the resulting expanded list with DEGs >2-fold 

upregulated in iDKO epidermis at 25 and 52 DPI. This yielded a greater number of potential 

Ovol1/2 target genes, and a majority of them (e.g., 29 for Ovol1, 37 for Ovol2, and 22 for 

Ovol1/2 at 52 DPI) were upregulated upon Ovol1/2 loss (Figures 3J, S2C-D; Table S4). 

Metascape analysis of the Ovol-bound and upregulated-at-52DPI genes showed Ovol1 

targets to be associated with terms including MHC II protein complex assembly (e.g., H2-Aa, 

H2-Ab1, and H2-Eb1), skin development, and cell-substrate adhesion; Ovol2 targets to be 

associated with terms including lymphocyte activation, response to wounding, and actin 

filament organization; and Ovol1/2 common targets to be associated with terms including 

negative regulation of neuron projection development and positive regulation of leukocyte 

cell-cell adhesion (Figure S2C; Table S4). Ccl22 was identified as a d gene bound by both 

Ovol1 and Ovol2 in the list of the “expanded” peaks that overlap with DEGs upregulated in 

iDKO at 52 DPI (Tables S1, S4). Peaks for Ovol1, Ovol2, and H3K27Ac were identified in the 

downstream intergenic region (~21.8 kb from the Ccl22 promoter) that contains an Ovol 

consensus motif, suggesting this site might be a potential enhancer (Figure 3J). Although not 

significantly upregulated in iDKO epidermis at the time points examined, additional 
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inflammation-associated genes, such as Il12b, Il6, Nfkb2, Cx3cl1, Ccl27a and Ccl17 were found 

to be adjacent to Ovol1-bound or Ovol2-bound enhancers/promoters (Table S3), suggesting 

that they are also potential Ovol1/2 targets.  

Taken together, our results show that Ovol1 and Ovol2 regulate both overlapping and 

distinct target genes that are involved in diverse biological processes, of which two main 

categories are EMP/cytoskeleton and inflammation/immunity.  

 

Ovol1/Ovol2 iDKO skin exhibits precocious LC activation and heightened γδT/CD4+ T 

cell responses and abnormal immune composition changes 

 The identification of inflammatory genes as Ovol1/2 targets prompted us to examine 

whether loss of Ovol1 and Ovol2 from the epidermis induces local changes in skin immune 

cells. The mouse epidermis contains two resident immune cell types: 1) LCs, epidermal-

resident, dendritic-like antigen-presenting cells that maintain tolerance in homeostasis but 

instigate an inflammatory response after perturbation (Doebel et al., 2017; Merad et al., 

2008; Vulcano et al., 2001); 2) DETCs, which normally contribute to epidermal homeostasis 

but release cytokine/chemokines to recruit inflammatory cells and facilitate keratinocyte-

immune cell cross-talk in response to perturbation (MacLeod and Havran, 2011). 

Interestingly, the abundance and morphology of LCs have been shown to depend on 

neighboring epidermal cells (Park et al., 2021). Flow cytometry on trypsin-isolated 

epidermis from iDKO and control mice revealed that although there may be a trending 

decrease in percent of LCs of CD45+ (all immune) cells in iDKO, the total numbers of immune 

cells, LCs and DETCs per gram of tissue were not significantly affected (Figures 4A, S3A-B). 

Interestingly however, the mean fluorescent intensity of MHCII staining was significantly 



 

87 
 

higher in LCs from iDKO epidermis compared with control counterparts (Figure 4B). As MHC 

II upregulation is a feature of activated LCs that are known to exhibit a more rounded 

morphology(Van den Bossche and Van Ginderachter, 2013; Yan et al., 2020), we performed 

whole-mount immunostaining on back skin epidermal sheets to visualize the langerin+ 

(CD207) LCs in their natural environment. We also co-stained the epidermal sheets for 

adherence junction component β-catenin, which revealed somewhat reduced membrane 

signals in iDKO samples (Figure 4C), consistent with reduced epidermal cell adhesion 

observed in preceding sections. Compared to LCs in control epidermis that extended 

multiple dendrites (Yang et al., 2021), LCs in iDKO epidermis showed a more rounded 

morphology and lack extensive dendritic projections (Figure 4C-D). Collectively, these data 

show that LCs in iDKO epidermis are in a preciously “activated” state (Kubo et al., 2009; 

Nishibu et al., 2006; Redd et al., 2016). 

We also surveyed the immune cell populations in control and iDKO dermis. There was 

a trending increase in the number of immune cells (CD45+) and of T cells (CD3+) per gram of 

tissue in iDKO dermis compared to control dermis, but the differences were not statistically 

significant (Figure S3C-D). γδT cells are dermal resident, innate-like T cells important for 

cutaneous immunosurveillance (Castillo-González et al., 2021; O’Brien and Born, 2015; 

Sumaria et al., 2011). Their relative abundance out of immune cells was significantly 

increased, and their quantity per gram of tissue was trending toward being increased, in 

iDKO dermis compared to control dermis (Figures 4E, S3E). Contrastingly, the abundance of 

FoxP3+ regulatory T cells (Tregs), shown to be immune-suppressive and with a role in hair 

follicle cycling (Ali and Rosenblum, 2017; Ali et al., 2017), was not significantly altered 

(Figures 4E, S3E). CD4+ T cells were a relatively minor immune cell population in control 
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skin and their percent out of immune cells was significantly increased in iDKO dermis (Figure 

4F, S3F). Of the innate, myeloid-derived immune cells, CD11B+ F4/80- cells and macrophages 

were the most abundant populations (>30% each out of total immune cells), whereas 

neutrophils were barely detectable (Figures 4G, S3G). The relative abundance of these 

populations was unchanged between control and iDKO dermis (Figures 4G, S3G). 

Importantly, we also observed significantly increased abundance of T cells, specifically T 

and CD4+ T cells, out of immune cells but unchanged as cells per gram of tissue in the iDKO 

paw skin relative to the control paw skin (Figures 4H, S3H). Concurrent reductions in dermal 

γδT and CD4+ T cells have been previously observed (Sumaria et al., 2011). Taken together, 

our data suggest heightened γδT and CD4+ T cell responses in both back and paw skin of 

iDKO mice.  

CD4+ T cells are known to be activated in regional skin-draining lymph nodes (LNs) 

and then migrate to skin (García Nores et al., 2018). We found that compared to littermate 

controls, skin-draining LNs in iDKO mice were significantly larger (Figure 4I-J) and 

contained an increased number of immune cells (Figure 4K). While we did not observe 

skewing towards any specific T cell subset (Figure S3I), the total numbers of all T cell 

populations examined (e.g., γδT, CD4+) per LN were increased in iDKO mice (Figure 4L-M). 

Moreover, the total numbers of LCs and MHCII+ cells were higher in the skin-draining LNs of 

iDKO mice compared to the controls (Figure 4N-O). These data, together with the precocious 

activation of LCs and increased abundance of dermal γδT /CD4+ T cells in iDKO skin support 

the notion that iDKO mice suffer from local long term immune cell changes that features 

aberrant innate and adaptive T cell responses. 
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Ovol1/2 iDKO mice fail to accumulate fats, increase carbohydrate-fueled energy 

expenditure, and their whole-body defects are partially rescued by Dex treatment 

Immune cell dysfunction and chronic inflammation can affect both metabolism and 

body weight (Bindels and Thissen, 2016; Chen et al., 2019; Freigang et al., 2013; Pfitzenmaier 

et al., 2003). Thus, the iDKO mice offered a useful model for us to examine potential long-

term consequences of Ovol1/Ovol2 deletion at the whole-body level. Interestingly, around 85 

DPI (~4 months of age), iDKO mice started to exhibit a visibly smaller body size than their 

control littermates, a phenotype that further exacerbated over time (Figures 5A-C, S4A). By 

~200 DPI (8 months of age), these mice also showed signs of premature aging (e.g., hunched 

stature and puffy eyes) (Figure S4A). Consistently, GSEA of the 52 DPI RNA-seq data revealed 

enriched expression of genes upregulated in skin basal cells of aged mice compared to young 

counterparts in two published datasets (Ge et al., 2020; Keyes et al., 2016) (Figure S4B). 

Older iDKO mice also exhibited ruffled and greasier fur than their littermate controls 

(Figures 5A, S4C-D). While the percent of various hair types, average hair lengths, and hair 

cycle progression were not obviously different between iDKO and control mice (Figures 5D, 

S4C-D), the iDKO skin showed a significant reduction of adiposity in their dermal fats 

(dWAT) by 3 MPI, and by 9 MPI the dWAT near-completely disappeared in some cases 

(Figure 5D-E). Furthermore, RT-qPCR analysis revealed significant (Tnfa) and trending (e.g., 

Il1B, Cxcl10) expression increases of several inflammatory cytokine/chemokines in dWAT of 

iDKO mice (Figure S4E), consistent with an overall inflammatory skin microenvironment. 

Tracking body weight over time revealed that compared with control littermates, 

iDKO mice failed to gain weight (rather than losing weight) and this became particularly 

evident starting at ~3 MPI (4 months of age) (Figure 5A,C). As a control, iDKO mice that were 
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not treated by TAM gained weight properly (Figure S4F). Using EchoMRI to analyze body 

mass composition, we found that iDKO mice show reduced fat mass (but no change in lean 

mass) compared to their littermate controls detectable at ~4 MPI (5 months of age) but not 

at ~2-3 MPI (3-4 months of age) (Figures 5F, S4G; also see below). Reduced body fat can be 

caused by activation of thermogenesis in brown adipose tissue (BAT) (Cannon and 

Nedergaard, 2004; Matsushita et al., 2021), but our RT-qPCR analysis did not detect any 

statistically significant difference in the expression of thermogenesis-associated genes in 

iDKO BAT (Figure S4H). We also did not observe any detectable difference in the body 

temperature between iDKO and control mice (Figure S4I). Interestingly, analysis of inguinal 

white adipose tissue (iWAT) revealed statistically significant decrease in the expression of 

Lipe and Mgll, as well as trending decrease in Atgl, all encoding enzymes involved in lipolysis, 

in iDKO mice compared with their littermate controls (Figure S4J). In contrast, the 

expression of Fasn, encoding fatty acid synthase, was not different between control and iDKO 

iWAT (Figure S4J). Moreover, inflammatory genes previously implicated in cachexia-

associated weight loss, Ifng, Il1a, and Tnf (Baazim et al., 2019, 2021) showed trending or 

significant increases in expression in iDKO iWAT (Figure S4K). These findings reveal overall 

body fat loss accompanied by decreased lipolysis as a long-term consequence that associate 

with adult-onset Ovol1/2 deletion in epidermis.  

To further understand the global metabolic changes occurring in iDKO mice, we 

performed metabolic cage analysis. At all ages examined, food intake of the iDKO mice were 

not significantly different from the control littermates, and movement was slightly decreased 

at 4-5 MPI (~5-6 months of age) (Figures 5G-H, S4L-M). At 2-3 MPI (~3-4 months of age) 

when weight phenotype was not yet pronounced, there was no statistically significant 
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difference between iDKO and control mice in respiratory exchange ratio (RER) (Figure S4N-

O). By 4-5 MPI when body weight difference was evident, RER was significantly higher at 

night in iDKO mice than control littermates and the difference was exacerbated by exposure 

to cold temperature (Figure 5I-J), suggesting that epidermal Ovol1/2 loss led to a switch in 

fuel utilization from fats to carbohydrates (Ramos-Jiménez et al., 2008; Škop et al., 2020; 

Speakman, 2013).  Importantly, iDKO mice compared to the controls showed trending and 

significant increases in energy expenditure/kg body weight at 2-3 MPI and 4-5 MPI, 

respectively, that persisted upon cold exposure (Figure 5K, S4P). These whole-body 

metabolic changes are not accompanied by detectable metabolic reprogramming of 

epidermal cells per se, as mitochondrial respiration and glycolysis - measured as oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR), respectively - in iDKO 

epidermis were comparable to the control counterparts (Figure S4Q). Together, our results 

demonstrate that the barrier-deficient iDKO mice fail to accumulate fat and they undergo 

whole-body metabolic adaptation to increase carbohydrate usage and energy expenditure 

but not at the expense of lean mass. 

To begin probing whether aberrant immune response and inflammation in iDKO mice 

contribute to their whole-body phenotype, we first performed experiments to block γδTcell 

function through i.p. injection of a neutralizing antibody against γδTCR (Figure S5A). While 

γδT cells exhibited reduced γδTCR detection in flow cytometry suggesting effectiveness of 

the treatment, the γδTCR antibody-treated iDKO mice still showed detectable barrier 

dysfunction, displaying higher TEWL than that of antibody- or IgG-treated control 

littermates and similar to that of the IgG-treated iDKO littermates at 4 MPI (Figure S5B-D). 

Intriguingly, γδTCR blockage seemed to increase the body weight of both iDKO and control 
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mice, but the weight and fat percentage differences between respective iDKO and control 

mice persisted (Figure S5E-H). Furthermore, the difference between control and iDKO mice 

in the size of skin-draining LNs remained despite γδTCR antibody treatment, whereas the 

size of spleens was the same across genotypes/conditions (Figure S5I-J). These data argue 

against a role for γδT cells in causing the weight/fat reduction of iDKO mice.   

We next turned to administering Dex, a widely used inflammatory suppressant in 

mice and human (Barshes et al., 2004; Giles et al., 2018; Lay et al., 2018), to the skin of iDKO 

and control mice (Figure 6A-B). Dex treatment drastically reduced the size of both spleen 

and skin-draining LNs (Figure 6C-D). Interestingly, it reduced the MFI of MHC II on LCs in 

the epidermis and reduced the total number of immune cells such as LCs, MHC II expressing 

cells, and various T cell populations within the LNs, of both control and iDKO mice (Figure 

6E-J), consistent with its known immune-suppressive effect. While the differences between 

control and iDKO mice in LN size and antigen-presenting cells (MHC II+, including LCs) 

content persisted despite Dex treatment (Figure 6D, G-H), Dex was able to normalize the 

numbers of T cell populations in iDKO LNs to the same levels as that in Dex-treated control 

littermates (Figure 6D-J). Importantly, Dex-treated iDKO mice no longer differed 

significantly in TEWL and body weight from their Dex-treated control littermates monitored 

through 4-5 MPI (Figure 6B, K-L). Furthermore, in contrast to non-DEX-treated iDKO mice 

showing significant deviations in fat and lean mass from control littermates at 4 MPI (Figures 

5F, and 6M-N), Dex-treated iDKO mice at this stage showed largely similar body fat content 

as their Dex-treated control littermates (Figure 6M-N). These findings show that Dex 

administration partially rescues the T cell responses as well as the barrier, weight and fat 
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phenotypes in iDKO mice, providing tantalizing evidence that immune cell changes in the 

skin of iDKO mice contributes to their whole-body changes.   

DISCUSSION 

Our study has unraveled previously unknown transcriptional regulators of adult 

barrier maintenance. Similar to their roles in embryonic barrier development (Lee et al., 

2014), Ovol1 and Ovol2 suppress the aberrant expression of EMT-associated genes such as 

Zeb1 and Vim, highlighting a shared function in controlling the extent of EMP in embryonic 

and adult epidermis. Importantly, our work identifies other common direct and functional 

targets of Ovol1/2 that include genes associated with cytoskeletal structure and cellular 

adhesion (e.g., Lix1l, Flot2, Ccdc88a, and Dennd5a). These overlapping molecular functions 

provide a mechanistic explanation for the redundant/compensatory roles of Ovol1 and 

Ovol2 in skin barrier development and maintenance, and they broaden the initial view that 

Ovol1 and Ovol2 are simply EMT regulators. The Ovo prototype, Drosophila Ovo/Svb is 

known to be a master regulator of actin cytoskeletal reorganization (Stern and Franke, 

2013), and our data now show that this function is evolutionarily conserved in mammalian 

skin. Based on our finding that Ovol1/2 downstream targets align with genes expressed in 

various other epithelial tissues throughout the body, particularly the stratified epithelia such 

as vagina and esophagus (Xiao et al., 2020), we speculate that Ovol1/2 play a general role in 

regulating epithelial cytoskeleton and adhesion especially in barrier tissues. 

The specific and significant reduction of ER/GA basal transcriptional states but not 

Col17a1High basal, proliferative basal, and spinous transcriptional/cell states, together with 

the upregulation of fibroblast-like gene expression in iDKO epidermis raises interesting 

points regarding epidermal homeostasis and mechanism of Ovol1/2 action. 1) The GA basal 
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state is likely a point of divergence where Ovol1/2-deficient epidermal cells lose proper 

control of EMP and gain aberrant mesenchymal features. This is interesting in light of our 

previous finding that GA basal transcriptional state scores the highest for EMT-like gene 

signature and is enriched predominantly at the migrating front during wound healing 

(Haensel et al., 2020). It is probable that GA represents a transient plastic state to enable the 

migration and subsequent differentiation of epidermal basal stem/progenitor cells, but this 

plasticity needs to be strictly controlled to ensure proper homeostasis and repair ((Haensel 

et al., 2020); this work). By directly regulating cytoskeletal organization and keeping EMP in 

check, Ovol genes likely occupy a central position in promoting the plasticity of GA cells but 

at the same time preventing them from going “overboard” to gain excessive mesenchymal 

traits. 2) Although our previous computational work predicts a sequential progression of 

basal cells through GA to become spinous cells (Haensel et al., 2020), it seems that a GA state 

and spinous gene expression can be uncoupled at least under some conditions such as in 

iDKO epidermis. In the absence of functional Ovol1/2, basal cells occupying the GA 

transcriptional state may even precociously but aberrantly undergo spinous differentiation 

leading to their own depletion.  

Epidermal barrier dysfunction has been linked to skin inflammation such as in 

psoriasis and AD, but its causal and mechanistic roles remain elusive. Importantly, we find 

evidence that epidermis-originated Ovol1/2 loss is sufficient to trigger local, low-grade 

immune composition changes in skin. iDKO mice exhibit precocious LC mobilization, an 

apparent shift in immune cell populations favoring γδT and CD4+ T cells evident in both back 

and paw skin, as well as enlarged skin-draining LNs with increased abundance of LCs and T 

cells. It has been speculated that loss of contact with epidermal cells drives transcriptional 
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changes in LCs to promote tolerogenic T cell response and immune homeostasis (Sirvent et 

al., 2020). Evidence also suggests that LC dendrite structure and morphology adapt to 

epidermal cell junctional spaces (Park et al., 2021). Finally, keratinocytes and LCs are known 

to share transcripts through intercellular connections (De La Cruz Diaz and Kaplan, 2019; Su 

and Igyártó, 2019). Indeed, Ovol1 and K14 transcripts are detected in LCs 

(http://rstats.immgen.org/Skyline_microarray/skyline.html) (and our data not shown).  

Along these lines, the reduced adhesive properties of Ovol1/2-deficient epidermal cells likely 

drive aberrant activation of LCs. We also cannot formally exclude the possibilities that 

Ovol1/2 act cell-autonomously within LCs, or that Ovol1/2-deficient epidermal cells alter 

their expression of inflammatory cytokines that normally signal to LCs. Among the immune-

modulating genes upregulated in iDKO epidermis and/or bound by Ovol1/2, Ccl22 is of 

particular interest because it can recruit either Tregs or effector T cells depending on the 

local immune microenvironment (D’Ambrosio et al., 1998; Iellem et al., 2001). In addition to 

enrichment in LCs, Ccl22 is known to be upregulated in keratinocytes of lesional atopic 

dermatitis skin (Guttman-Yassky et al., 2009). Therefore, dysregulation of Ccl22 potentially 

ties together epidermal perturbation, precious LC activation, and T cell accumulation in iDKO 

skin. Future experiments are needed to test these intriguing possibilities.  

Skin-specific deletion of several genes in mice have led to changes in body weight 

(Binczek et al., 2007; Chen et al., 2019; Egawa et al., 2016; Oji et al., 2010; Sampath et al., 

2009; Sano, 2015; Schmuth et al., 2015). For example, overexpression of Tslp, a cytokine 

involved in T helper cell 2 immune response associated with atopic dermatitis-like 

inflammation, protects against weight gain and fat accumulation, and mutation in Gasdermin-

A3 triggers thermogenesis in BAT through epidermal secretion of IL-6 cytokine (Chen et al., 

about:blank
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2019; Choa et al., 2021). Similarly, K14-Cre-driven deletion of Scd1 causes reductions in fats 

and body weight due to lack of insulation and increased thermogenesis (Sampath et al., 

2009). Our study now adds Ovol1/2 iDKO to the growing list of genetic perturbations in 

mouse skin epidermis that result in adipocyte and whole-body defects. Importantly, our 

proof-of-principle finding that Dex treatment partially rescues the LC activation in the 

epidermis,  LN, T cell, body weight and adiposity changes in iDKO mice underscores immune 

cells as a critical missing link between epidermal dysregulation and whole-body metabolism.  

A defective epidermal barrier would result in excessive heat and water loss. In order 

to sustain all metabolic functions including maintaining a stable body temperature, animals 

must counter heat loss through behavioral changes (e.g., huddling), mechanical insulation 

(e.g., increasing fur density), or increasing the active generation of heat through metabolic 

reprogramming (Forni et al., 2017). Energy expenditure can occur in many forms: through 

internal metabolism, heat production, and physical activity (Wilson et al., 2019). Since 

iDKO mice move less and muscle mass is the same, and not increased (Periasamy et al., 

2017; Weiss et al., 2017) between iDKO mice and control, one conclusion is that iDKO mice 

are releasing more energy as heat. This is curious as I did not detect any consistent changes 

in thermogenesis gene expression from BAT (one of the main thermogenic tissues in mice) 

(Speakman, 2013; Zhao et al., 2022). Another possibility is that iDKO mice expend more 

energy as shivering which can also utilize carbohydrate stores as shown by cold exposure 

studies (Research et al., 1996; Vallerand and Jacobs, 1989). However, more metabolic 

studies would need to be done to isolate the exact metabolic tissues responsible for 

increase energy demand in iDKO mice. Tracking isotype labeled glucose molecules is one 

such experiment that could reveal the tissues with a higher energy demand in iDKO mice 
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(Haman et al., 2004; Jung et al., 2021). Due to their proximity to the epidermis, it has been 

postulated that the dermal fats can shuttle fatty acids to keratinocytes to help facilitate 

barrier maintenance (Rivera-Gonzalez et al., 2014).  It would be interesting to test whether 

increasing the availability of fat or carbohydrates would be sufficient to rescue the body 

weight, alter the energy metabolism, and help rescue barrier. Understanding the metabolic 

landscape could provide insights into how barrier defects and inflammation can affect 

metabolism. 

Given the literature showing connections between inflammation and metabolism we 

speculated that barrier defects might be causing low-grade, chronic inflammation that was 

affecting weight gain. While γδT cells were among one of the few immune cells in skin to be 

altered in the mutant, blocking antibody against γδT cells did not affect barrier defects nor 

body weight changes in mice. This suggests that alteration in γδT cells populations is likely 

a consequence of damaged barrier than a trigger for localized inflammation. However, γδT 

cells are found in and may affect metabolic processes in many other tissues, including iWAT, 

so we cannot rule out the possibility that inhibition of γδT cells was not causing a direct effect 

on fat pads (Hu et al., 2020). Importantly, I found that inhibiting inflammation using the 

steroid dexamethasone was able to partially rescue the weight/fat phenotype and notably 

reducing lymph node size and T cell populations. This suggests that inflammation is at least 

to some extent responsible for the metabolic changes. However, since dexamethasone has 

known functions in activating adipogenesis, further work would need to be done to 

understand the direct contribution of dexamethasone to fat accumulation in iDKO mice 

(Zubiría et al., 2020). Interesting to note, is that dexamethasone brought baseline levels of 

immune cells down in the lymph nodes, but differences still existed between iDKO and 
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control. This suggests that the triggers for differences in immune composition within the 

iDKO mice are not rescued, just reduced down to levels that are no longer as detrimental to 

the mice. One speculation is that LCs and MHC II+ cells are still slightly more activated in the 

iDKO mice compared with control and this is responsible for the subtle changes in T cell 

composition. Similar to universal medicines used in the clinic, this work shows that even 

though specific differences between control and iDKO could not be rescued, there are 

threshold levels of inflammation that permit rescue despite resilient triggers. 

Our findings suggest that increased energy production from carbohydrates is a way 

by which barrier-deficient iDKO mice meet the increased metabolic demands. In contrast, 

iDKO mice show decreased expression of lipolysis genes in iWAT, suggesting that they do 

not efficiently use lipolysis as a means to mobilize triglyceride stores for energy production 

(Ahmadian et al., 2007; Grabner et al., 2021). Adipocyte tissue lipids are mobilized for energy 

through lipolysis during acute inflammation and sepsis (Feingold et al., 1992; Jha et al., 2014; 

Sherwood et al., 1970), whereas catecholamine-induced lipolysis is reduced in chronic 

metabolic inflammation (Mowers et al., 2013). Moreover, chemical inhibition of lipolytic 

enzyme Atgl inhibits adipose tissue lipolysis while protecting mice from high fat diet-

induced obesity (Schweiger et al., 2017). Thus, it is possible that epidermal barrier 

dysregulation and its associated aberrant immune cell responses instigate whole-body 

metabolic reprogramming in a manner that differs from what occurs during acute 

inflammation.  
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Figure 4.1: Induced deletion of Ovol1 and Ovol2 in adulthood leads to skin epidermal 
defects. 
 

A. Time course of TEWL measurements in control and iDKO mice prior to (-2 DPI – 0 
DPI) and following TAM injections. n=4 pairs.  

B. H/E images of mouse epidermis from control and iDKO mice at 15 DPI.  
C. TEM images of control and iDKO mice at 15 DPI. Red arrows point to gaps in cellular 

adhesion and yellow arrows point to abnormal keratohyalin granules. SC is stratum 
corneum.  

D. Volcano plot of differential lipid contents between control and iDKO epidermis.  
E. Ion counts of the indicated lipid species. Control: n=7; iDKO: n=4.  
F. Images of the paws of control and DKO mice at 7 months post-first injection (MPI) 

(~9 months old).  
G. Quantification of toe thickness in control and DKO mice (n=6 pairs).  
H. H/E images of toes at 7 MPI.  
I. Representative immunofluorescent images of the toe pad for filaggrin (FLG). K14 

marks basal keratinocytes and DAPI marks nuclei.  
J. Quantification of the average size of filaggrin+ deposits at 52 DPI as shown in (I). 

n=3 pairs.  
 

Data information: Scale bar: 20 µm in (B), 1 µm in (C), 250 µm in (H), and 25 µm in (J). For 
statistical analysis in (A, G, J), we used an unpaired two-tailed Student’s t-test. *** p<0.005; 
** p<0.01; * p<0.05. Errors bars are represented as ± SD. 
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Supplemental Figure 4.1: Additional data on back and paw skin defects in iDKO mice.  
 

A. RT-qPCR of the indicated genes in epidermis at 25 DPI. n=4 pairs.  
B. RT-qPCR of the indicated genes in epidermis at 52 DPI. Control: n=10; iDKO: n=6.   
C. Ion counts of the indicated lipid species: hypoxanthine. 
D. Ion counts of the indicated lipid species: ceramide-dihydro(d18:0/26:0). 
E. Images of front (left) and back (right) paws of control and DKO mice at the indicated 

times.  
F. Quantification of toe thickness in control and iDKO mice at 52 DPI. Control: n=5; 

iDKO: n=3.  
G. Representative immunofluorescent staining of the indicated proteins in toe pads at 

52 DPI.  
H. Quantification of immunofluorescent staining of the indicated markers. n=3 pairs for 

K1/Lor. 
I. Quantification of immunofluorescent staining of the indicated markers. n=4, 2 pairs 

for Fil. 
J. Representative immunofluorescent staining of the indicated proteins in toe pads at 

52 DPI.  
K. Quantification of immunofluorescent staining of the indicated markers. n=2 pairs for 

Ki67. 
 
Data information: Scale bar: 100 μm in E. For statistical analysis in (A-K), we used an 
unpaired two-tailed Student’s t-test. *** p<0.005; ** p<0.01; * p<0.05. Errors bars are 
represented as ± SD. 
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Figure 4.2: Transcriptional and cell state changes in adult epidermis as a 
consequence of Ovol1/2 deficiency. 
 
A. (A-B, D-F, H-I) RNA-seq of control and iDKO mouse epidermis at 25 and 52 DPI. n=2 

pairs per time point. (A) Volcano plots.  
B. Venn diagrams of DEGs from separate Ovol1 vs. Ovol2 data (top) and aggregated data 

(bottom) analyses. The 12 DEGs shared between 25 and 52 DPI is shown in the orange 
box.  

C. RT-qPCR of the indicated genes in epidermis at the indicated times. For 25 DPI, n=4 
pairs. For 52 DPI, Control: n=10; iDKO: n=6.  

D. Enricher Go molecular function analysis of genes up-regulated in iDKO epidermis 
compared with control.  

E. Enricher Go molecular function analysis of genes down-regulated in iDKO epidermis 
compared with control.  

F. GSEA using the indicated Hallmark gene pathway signatures.   
G. RT-qPCR of the indicated genes in epidermis at the indicated times. For 25 DPI, n=4 

pairs. For 52 DPI, Control: n=10; iDKO: n=6.  
H. GSEA using top 100 marker genes of skin cell types (Vu et al., 2022). 
I. GSEA using top 100 marker genes of epidermal basal cell states (Haensel et al. 2019). 
J. Working model of epidermal differentiation trajectories in control and iDKO mice. 
 
Data information: For statistical analysis in (C,G), we used an unpaired two-tailed Student’s 
t-test. *** p<0.005; ** p<0.01; * p<0.05. Errors bars are represented as ± SD. 
 



 

104 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

105 
 

Figure 4.3: Identification of Ovol1/2 direct targets. 
 

A. (A-G) ChIP-seq analysis of Ovol1 and Ovol2. (A) Pie charts depicting annotated 
genomic features of called ChIP-seq peaks.  

B. Homer motif analysis for Ovol1, showing the predominance of the Ovol consensus 
motif.  

C. GO Enrichment analysis for all the genes associated with peaks for Ovol1 or Ovol2. 
Individual genes associated with the top two terms are shown in the box below.  

D. Spatial distribution of Ovol1- or Ovol2-bound peaks in relationship to the 
transcriptional start site (TSS).  

E. Venn diagram depicting the numbers of Ovol1- or Ovol2-specific and overlapping 
peaks.  

F. ChIP-seq tracks of Ovol1, Ovol2, and histone marks of the select loci.  
G. Dot plot of GO Enrichment analysis for genes that contain peaks for Ovol1 or Ovol2.  
H. GSEA comparing Ovol1 or Ovol2 ChIP-seq peaks with 52-DPI RNA-seq data pre-

ranked by highest fold change enrichment in iDKO compared with control.   
I. Venn diagram comparing the overlap between DEGs and Ovol1- and/or Ovol2-

bound genes identified using a narrow range for distance to ChIP peaks. 
J. Venn diagram comparing the overlap between DEGs and Ovol1- and/or Ovol2-

bound genes identified using an expanded range for distance to ChIP peaks.  
K. Metascape analysis on narrowly defined Ovol1-bound and/or Ovol2-bound genes 

that overlap with all 52-DPI DEGs. Genes associated with relevant select top terms 
are shown in the boxes below. 

L. Metascape analysis on expanded Ovol1-bound and/or Ovol2-bound genes that 
overlap with only upregulated DEGs. Genes associated with relevant select top 
terms are shown in the boxes below.  
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Supplemental Figure 4.2: Ovol1/2 directly regulate genes involved in cellular 
structure and adhesion. Related to Figure 3.  
 

A. Metascape analysis on narrowly defined Ovol1- and/or Ovol2-bound genes.  
B. ChIP-seq tracks of Ovol1, Ovol2, and histone marks of the select loci.  
C. Metascape analysis on the expanded list of Ovol1- and/or Ovol2-bound genes that 

overlap with DEGs from 52 DPI 
D. Metascape analysis on the expanded list of Ovol1- and/or Ovol2-bound genes that 

overlap with DEGs from 25 DPI (D) RNA-seq. For  
 

Data Information: Genes associated with select top terms are shown in the boxes below for 
(A, C-D).  
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Figure 4.4: iDKO mice exhibit altered immune composition in the skin and skin-
draining LN. 
 

A. Flow cytometry analysis of isolated epidermis at 52 DPI. Control: n=8; iDKO: n=7. 
B. Flow cytometry analysis of isolated epidermis at 52 DPI. Control: n=8; iDKO: n=7. 

MFI, mean fluorescence intensity.  
C. Representative whole-mount immunofluorescent staining of LCs in mouse back skin 

at 52 DPI.  
D. Quantification of primary dendrites in LCs as shown in (C). Control: n=5; iDKO: n=4.  
E. Flow cytometry analysis of isolated dermis at 52 DPI. Control: n=10; iDKO: n=5. 
F. Flow cytometry analysis of isolated dermis at 52 DPI. Control: n=4; iDKO: n=3. 
G. Flow cytometry analysis of isolated dermis at 52 DPI. Control: n=4; iDKO: n=3. 
H. Flow cytometry analysis of paw at 52 DPI. Control: n=6; iDKO: n=5.  
I. Representative images of skin draining LNs.  
J. Quantification of LN weight. Control: n=12; iDKO: n=7.  
K. (K-O) Flow cytometry analysis of LNs at 52 DPI. Control: n=10, iDKO: n=5 for (K-M). 

n=4 pairs for (N-O). 
 
 

Data information: Scale bars: 50 µm (left) and 20 µm (two right images) for C. statistical 
analysis in (A-O), we used an unpaired two-tailed Student’s t-test. *** p<0.005; ** p<0.01; * 
p<0.05. Errors bars are represented as ± SD. 
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Supplemental Figure 4.3: Flow cytometry data on back skin epidermis and dermis, 
paw skin, and lymph nodes from control and iDKO mice.  
 

A. Shown are matching data for Figure 4A-B, E, F-H, and K-O now represented as cell 
number per gram of tissue (A-H) or frequency of all live cells (I). 

 
Data information: For statistical analysis in (A-I), we used an unpaired two-tailed Student’s 
t-test. *** p<0.005; ** p<0.01; * p<0.05. Errors bars are represented as ± SD. 
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Figure 4.5: Whole-body defects and metabolic adaptation in iDKO mice 
 

A. Timeline of Ovol1/2 DKO phenotypes.  
B. Representative images of control and iDKO mice at 3 MPI.  
C. Body weight measurements of paired control and DKO mice over time. n=9 pairs.  
D. H/E images of control and iDKO mice at the indicated times showing changes in 

dWAT. Scale bar: 100 µm.   
E. Quantification of fat cell area in (D). n=4 pairs.  
F. EchoMRI measurements of body composition at 4 MPI. n=5 pairs. 
G. (G-K) Results from metabolic cage analysis of 4-5-MPI control and iDKO mice at 

room temperature (RT; white band) or after cold exposure (CE; blue band). Gray 
bands designate night. (G) Quantification of average food intake/day. n=5 pairs. 

H. Quantification of average movement/day. n=5 pairs. 
I. Quantification of body weight. n=5 pairs. 
J. Quantification of average RER/day. n=5 pairs. 
K. Quantification of average energy expenditure/day.  n=5 pairs. 

 
Data information: For statistical analysis in (A-K), we used an unpaired two-tailed Student’s 
t-test. *** p<0.005; ** p<0.01; * p<0.05. Errors bars are represented as ± SD. 
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Supplemental Figure 4.4: Characterization of the aging, hair, and whole-body 
metabolic defects in iDKO mice. Related to Figure 5 
 

A. Images of control and iDKO mice at 9 months of age (~7 MPI).  
B. GSEA using genes known to be upregulated in aged skin over young (Ge et al., 2020; 

Keyes et al., 2016).  
C. Quantitative analysis of the type (top) and length (bottom) of hairs plucked from 

control and iDKO mice at 9 months of age.  
D. Images of shaved back skin from control and iDKO males at the indicated times. “p” 

= postnatal day.  
E. RT-qPCR of the indicated immune-related genes in dWAT of control and iDKO mice 

at 4-5 MPI. n=4.  
F. Body weight measurements of non-TAM-injected control and iDKO mice over time. 

n=9 pairs.  
G. EchoMRI measurements of body composition at 2-3 MPI (3–4-month-old). Control: 

n=6; iDKO: n=5.  
H. RT-qPCR of the indicated genes in BAT of control and iDKO mice at 4-5MPI (5-6-

month-old). n=6 pairs.  
I. Representative FLIR thermogun images and quantification of body temperature at 5 

MPI (6-month-old). n=4 pairs.  
J. RT-qPCR of genes involved in lipolysis or “fatty acid synthesis” (FAS) in iWAT of 

control and iDKO mice at 4-5 MPI. Control: n=4; iDKO: n=3.  
K. RT-qPCR of genes involved in immune-related genes in iWAT of control and iDKO 

mice at 4-5 MPI. Control: n=4; iDKO: n=3.  
L. (L-P) Results from metabolic cage analysis of control and iDKO mice at 2-3 MPI (3-4-

month-old). Quantification of average food intake/day. Control: n=5; iDKO: n=4. 
M. Quantification of average movement/day. Control: n=5; iDKO: n=4. 
N. Quantification of body weight. Control: n=5; iDKO: n=4.  
O. Quantification of average RER/day. Control: n=5; iDKO: n=4.  
P. Quantification of average energy expenditure/day. Control: n=5; iDKO: n=4.  
Q. Seahorse analysis for OCR and ECAR on epidermis from control and iDKO mice at 2 

MPI (3-month-old). n=3 pairs.  
 
Data information: statistical analysis in (A-Q), we used an unpaired two-tailed Student’s t-
test. *** p<0.005; ** p<0.01; * p<0.05. Errors bars are represented as ± SD. 
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Figure 4.6: Dex partially rescues epidermal LC activation, immune composition in the 
LN and the body weight phenotype of iDKO mice. 
 

A. Schematic depicting treatment strategy for dexamethasone (Dex) experiments in (B-
G).  

B. Images of mice with the indicated treatment at 4 MPI.  
C. Quantification of spleen weight. Control-PBS: n=13; iDKO-PBS: n=4; Control-Dex: 

n=8; iDKO-Dex: n=7. 
D. Quantification of LN weight. Control-PBS: n=10; iDKO-PBS: n=4; Control-Dex: n=9; 

iDKO-Dex: n=7.  
E. Flow cytometry analysis of MFI of MHC II on LCs in epidermis at 52 DPI. Control-

PBS: n=9; iDKO-PBS: n=4; Control-Dex: n=7; iDKO-Dex: n=5.  
F. Flow cytometry analysis of LNs at 52 DPI. Control-PBS: n=8; iDKO-PBS: n=4; 

Control-Dex: n=5; iDKO-Dex: n=4.  
G. Flow cytometry analysis of LNs at 52 DPI. Control-PBS: n=7; iDKO-PBS: n=4; 

Control-Dex: n=5; iDKO-Dex: n=5.  
H. Flow cytometry analysis of LNs at 52 DPI. Control-PBS: n=7; iDKO-PBS: n=4; 

Control-Dex: n=5; iDKO-Dex: n=5.  
I. Flow cytometry analysis of LNs at 52 DPI. Control-PBS: n=8; iDKO-PBS: n=4; 

Control-Dex: n=5; iDKO-Dex: n=4.  
J. Flow cytometry analysis of LNs at 52 DPI. Control-PBS: n=8; iDKO-PBS: n=4; 

Control-Dex: n=5; iDKO-Dex: n=4.  
K.  TEWL measurements after the indicated treatments. Control-PBS: n=9; iDKO-PBS: 

n=4; Control-Dex:  n=8; iDKO-Dex: n=6. 
L. Body weight over time represented as a percentage of the starting weight. Control-

PBS: n=13; iDKO-PBS: n=4; Control-Dex:  n=9; iDKO-Dex: n=5.  
M. EchoMRI measurements of body composition at the indicated times. For 30 DPI 

Control-PBS: n=10; iDKO-PBS: n=3; Control-Dex: n=7; iDKO-Dex: n=6. For 4 MPI 
Control-PBS: n=12; iDKO-PBS: n=4; Control-Dex: n=9; iDKO-Dex: n=6. 

N. Bar graphs showing iDKO/Ctr fold change in fat content at 4 MPI for PBS control and 
Dex treated mice, calculated from (M).  

 
Data information: For statistical analysis in (C-I), we used one-way Anova. For (J-K, M) we 
used 2-way Anova.  *** p<0.005; ** p<0.01; * p<0.05. Errors bars are represented as ± SD. 
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Supplemental Figure 4.5: γδTCR blocking antibody fails to normalize body weight 
deviation of iDKO mice. Related to Figure 6.  
 

A. Schematic depicting treatment strategy for IgG/γδTCR blocking antibody 
experiments in (B-H). Tissues were harvested at 4 MPI. n=3.  

B. Representative flow cytometry plots of γδTCR staining from the indicated tissues.  
C. Quantification of γδTCR+ cells in the lymph node.  
D. TEWL measurements after the indicated treatments.  
E. Body weight over time represented as a percentage of the starting weight.  
F. EchoMRI measurements of body composition at the indicated times.  
G. Bar graphs showing relative lean, fat, and other (extra) masses in control and iDKO 

mice with the indicated treatments.  
H. iDKO/Ctr fold change in fat content at 4 MPI, calculated from (G). 
I. Lymph node weight of the indicated genotypes. 
J. Spleen weight of the indicated genotypes. 

 
Data information: For statistical analysis in (C, H-J), we used one-way Anova. For (D-E, G) we 
used 2-way Anova.  *** p<0.005; ** p<0.01; * p<0.05. Errors bars are represented as ± SD. 
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CHAPTER 5: Conclusions and Perspectives 
 
 

Overview 

Much work has been done to show that a functional skin barrier is integral for 

maintaining skin homeostasis, and that defects in barrier are associated with inflammation 

or can be detrimental. For my thesis I used epithelial-specific genetic mouse models that 

are either susceptible to, or have, epidermal barrier defects to address questions about 

epidermally-driven inflammatory responses and how barrier defects can activate systemic 

responses. While the context of these projects is different – induced inflammation vs 

homeostasis, both centers around transcriptional regulation of epidermis and barrier. Here 

I (1) identified a function for Ovol1 to modulate barrier and hyperplasia of epidermis and 

facilitate recruitment of neutrophils in an inflammatory disease model, and (2) utilized a 

global approach to show that Ovol1 and Ovol2 maintain barrier through regulating genes 

involved in cytoskeletal structure and adhesion, and barrier defects instigate metabolic 

defects partially triggered by localized aberrant immune response that seems distinct from 

typical inflammation. Collectively my work focuses on the function of keratinocyte-intrinsic 

transcription factors to epidermal barrier and inflammation, and how epidermal barrier 

defects affect inflammation and physiology.  

 

Chapter 3 

Chapter 3 of the dissertation includes published work that highlights the role of 

Ovol1 in psoriatic-like inflammation and the role it pays in neutrophil recruitment and 

barrier integrity (Dragan et al., 2022). Using various in vivo and cell-biological assays I 
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report that Ovol1 provides a protective function in epidermis by modulating the epithelial 

and immunological response to inflammation (Dragan et al., 2022). Strikingly, Ovol1 

modulates this response using multiple regulatory branches including (1) through 

protecting barrier, (2) through promoting hyperplasia, (3) through repression of Cxcl1-

neutrophil recruitment (Dragan et al., 2022). 

Ovol1 has been extensively studied in the context of cancer and morphogenesis, but 

the function of Ovol1 in inflammation is less known (Renaud et al., 2015; Saxena et al., 

2022). Moreover, the function of chemoattractant in recruiting immune cells has been well-

studied in a plethora of contexts and models, but less is known about the molecular 

regulators of these molecules beyond the canonical inflammatory signaling pathways (e.g., 

TNF and IFN signaling). My work provides evidence of another epidermally-derived 

transcription factor that can both directly and indirectly modulate recruitment of 

neutrophils to skin. Interestingly, time course imaging of neutrophils in Ovol1-/- mice shows 

more accumulation and migration from the dermis through the epidermis forming plaque-

like abscesses on the surface. However, it is still unclear the exact dynamics of and the 

molecular mediators that instigating extravasation from the dermis through the epidermis 

especially at particular locations. Based on our previous finding that IL-1α inhibition 

reduced neutrophil accumulation, we can speculate that it is one of the molecules that 

recruit neutrophils to the epidermal surface. However, we cannot rule out Cxcl1, a 

combination of both Cxcl1/IL-1α, or a novel molecule as triggers for neutrophil 

extravasation through the skin. Studies on neutrophil extravasation through endothelium 

show that neutrophils migrate though using a combination of chemoattractant signals and 

integrin “crawling” (McDonald et al., 2010). Live imaging of neutrophil extravasation may 
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provide lights to the physical and temporal dynamics of neutrophil migration though the 

epidermis/HF and whether well-timed blocking Cxcl1 or IL-1α or additional candidate 

molecules can prevent neutrophil migration after swarming.  

From a clinical standpoint, the neutrophil-induced abscesses observed in the Ovol1 

SSKO mice closely resemble pustular psoriatic plaques, suggesting the Ovol1-/-/SSKO mice 

might provide a great model for understanding and finding more targeted treatments for 

this disease. Currently, this study broadens our understanding of the potential epidermal 

and neutrophil landscape of pustular psoriasis and may offer a new marker to test for 

severity of disease. While much work needs to be done, this study takes the first steps to 

explain the dynamics of neutrophil infiltration and migration and shows keratinocyte-

intrinsic mechanism that can regulate it.  

While most groups report a pro-inflammatory role of IL-33 in psoriasis, we find that 

our experiment is consistent with a study where overexpression of IL-33 suppress 

psoriatic inflammation and epidermal hyperplasia (Balato et al., 2014; Chen et al., 2020; 

Duan et al., 2019; Miller et al., 2010). It is important to note that this protective function 

might only occur when IL-33 is in excess.  One likely possibility is that IL-33 activates other 

immune cells to secrete proteins that induce proliferation of KCs, like in the case of T 

helper type 2 allergic responses, which would explain the hyperplasia (Ryu et al., 2015). 

Another possibility is that IL-33 itself induces hyperproliferation of KCs through ST2L and 

signaling pathways such as extracellular signal-regulated kinase and c-Jun N-terminal 

kinase (Du et al., 2016). However, more work needs to be done to test both the regulation 

of Il33—to provide exacting evidence that Ovol1 is direct regulator—and how IL-33 

molecularly regulates keratinocyte proliferation. 
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Chapter 4 

In chapter 4 of the dissertation, I provide novel insights into the function of Ovol1 

and Ovol2 in maintaining epidermal barrier and investigate a new context for how barrier 

defects are physiologically detrimental. Using a combination of morphological, 

metabolomics and high throughput sequencing assays, I show new functions for Ovol1 and 

Ovol2 to regulate adult skin barrier through regulating EMT-like genes, cytoskeletal 

structure and adhesion and effective terminal differentiation. I then show, using metabolic, 

immunological, and in vivo techniques, that iDKO mice have an altered immune response 

followed by reduced fat and weight gain which can be, in part, rescued by inhibiting 

inflammation.  

While Ovol genes are master regulators of EMT-associated genes, most studies 

conducted on Ovol1 and Ovol2 have been under the context of epithelial development and 

cancers and the molecular basis for Ovol1/Ovol2 functional redundancy lacked clarity 

(Renaud et al., 2015; Saxena et al., 2022). In this work I use an unbiased approach to 

classify the unique and redundant functions of Ovol1 in Ovol2 that are preserved in 

adulthood where Ovol1 and Ovol2 both control the extent of EMP (e.g., Zeb1 and Vim) and 

cellular adhesion (e.g., Lix1l and Dennd5a), but also add to that list a novel and conserved 

function in regulating cytoskeletal structure (e.g., Flot2 and Ccdc88a). Moreover, my work 

expands upon previous data that defines basal transcriptional states and shows that the ER 

and GA cell states are likely the most plastic among all basal cell states and are subjected to 

intricate regulation. Additionally I show differentiation progression is intact provided the 

key drivers are still functional even if  gene expression of many cellular processes is 

disturbed. Likely, GA cells need this flexibility to allow for both migration and 
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differentiation of epidermal cells during upward stratification or during wound healing. 

Future work can focus on the plasticity of basal cells through these states to understand the 

key regulatory drivers of epidermal differentiation.  

Most current research show a relation between barrier and metabolism caused by 

increased thermogenesis while others show an association of barrier defects with 

inflammation, but few studies show a relation between all three processes (Brunner et al., 

2017; Dereksson et al., 2012; Elias et al., 2012; Gabay and Kushner, 1999; Yamamoto et al., 

2020; Zheng, 2014). Skin barrier-associated inflammation is generally dependent on the 

disease where psoriasis is characterized by a Th17 response and atopic dermatitis is driven 

more by a Th2 response (B. Brandt, 2011; Benhadou et al., 2019). In this work I aimed to 

bridge this gap and I show that aberrant immune response is in part responsible for weight 

loss in mice with barrier defects.  

While this connection is interesting, much work needs to be done to understand the 

mechanisms of these phenomenon and probe deeper into the specifics of the immune 

response that does not seem to involve activation of classical inflammatory molecules such 

as IL-6 and TNF-. First, we hypothesize that LC activation in skin activates T cells in the 

skin-draining lymph node; however, future studies need to provide evidence that LCs are 

activating the T cells. Furthermore, more work must be done to determine how LCs are 

activated and whether Ccl22, a cytokine most commonly released by LCs, is a direct target 

of Ovol1/2 (Vulcano et al., 2001). Currently, there are two main hypothesis to explain this: 

1) loss of adhesion/contact with epidermal cells may drive changes, possibly 

transcriptional, in LCs that activate them (Sirvent et al., 2020); and 2) since keratinocytes 

share transcripts with LCs (Su and Igyártó, 2019), which express transcripts of K14 and 
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Ovol1 (http://rstats.immgen.org/Skyline_microarray/skyline.html), then Ovol1 and Ovol2 

may have cell autonomous functions in LCs.  

Preliminary RT-qPCR data on sorted LCs from control and iDKO mice showed 

decreased expression of Ovol1, Ovol2 K14, and Ccl22 in LCs, however, expression of other 

Ovol1/2 target genes involved in cytoskeletal structure and adhesion and found to be 

highly expressed in normal LCs from the Immgen database, were unchanged in iDKO LCs 

(Appendix B).  Ccl22 is a chemokine that can facilitate recruitment of T cells (Vulcano et al., 

2001). Interesting to note is that Ccl22 expression seemed to mostly come from LCs, and 

Ovol1/2 binds to an enhancer region of Ccl22 which makes it tempting to speculate that 

Ovol1/2 may have a LC-specific function to partially regulate Ccl22 expression. Much work 

including luciferase reporter assay of this Ccl22 peak and in vitro knock down of Ovol1/2 

from sorted LCs would be needed to prove this point. Moreover, to understand if loss of 

contacts with LCs are enough to drive activation, in vivo studies can be done at an early 

timepoint after tamoxifen-deletion of Ovol1/2 to characterize keratinocyte-LC adhesion 

and determine whether it is enough to activate LCs. Furthermore in vitro analysis of LC-

keratinocyte adhesions would also provide enlightening insights.  

Second, iDKO mice exhibit altered metabolism. Energy expenditure can occur in 

many forms: through internal metabolism, heat production, and physical activity (Wilson et 

al., 2019). While my work focused on the connection between skin, immune cells, and 

weight gain, more metabolic studies would need to be done to isolate the exact metabolic 

tissues responsible for increase energy demand in iDKO mice. Tracking isotype labeled 

glucose molecules is one such experiment that could reveal the tissues with a higher energy 

demand in iDKO mice (Haman et al., 2004; Jung et al., 2021). Due to their proximity to the 

about:blank
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epidermis, it has been postulated that the dermal fats can shuttle fatty acids to 

keratinocytes to help facilitate barrier maintenance (Rivera-Gonzalez et al., 2014).  It would 

be interesting to test whether increasing the availability of fat or carbohydrates would be 

sufficient to rescue the body weight, alter the energy metabolism, and help rescue barrier. 

Understanding the metabolic landscape could provide insights into how barrier defects and 

inflammation can affect metabolism. 

Lastly, my data suggest that inflammation was partially responsible for lack of 

weight gain in iDKO mice. However, since dexamethasone has known functions in 

activating adipogenesis, further work would need to be done to understand the direct 

contribution of dexamethasone to fat accumulation in iDKO mice (Zubiría et al., 2020). 

Moreover, the molecular regulators driving metabolic changes within the iDKO mice are 

still unknown and leaves for an interesting area to investigate from both immune and 

epidermal cells. Clinically, this research is important for patients with inherent barrier 

defects or with skin inflammatory diseases and, along with other studies, shows that skin 

diseases can have systemic effects and could be more detrimental that anticipated. 

Understanding how these processes are regulated and how barrier defects affect other 

tissues is important for alleviating secondary symptoms and providing insights into future 

therapeutics. 

Overall, my work contributes new understanding of epidermally-originated 

regulation of skin barrier maintenance, inflammation, and physiological adaptation to 

barrier defects. I first show the protective function of Ovol1 in epidermis upon psoriasis-

like inflammation and describe a key function for Ovol1 in mediating barrier and 

neutrophil response through both directly and indirectly mediating neutrophil attracting 
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factors Il1α and Cxcl1 and though promoting hyperplasia though causing repression of Il33. 

I then show that Ovol1 and Ovol2 maintain barrier by regulating genes involved in 

cytoskeletal structure and adhesion. Finally, I show that dysfunctional barrier leads to 

altered metabolism and that some of these changes can be partially rescued through 

inhibiting inflammation.  
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APPENDIX 1: Ovol1 and Ovol2 contribution to wound healing. 
 

 
Incorporates information from published review articles: 
 
Article: 
  

Epithelial-mesenchymal plasticity and endothelial-mesenchymal transition in 
cutaneous wound healing 

 
Remy Vu*, Morgan Dragan*, Peng Sun, Sabine Werner, and Xing Dai  

(‘*’ denotes co-first authors) 
 

 
 

Introduction 

Chronic wounds are more common among the elderly and wound healing in general 

is known to slow with age (Gould et al., 2015). Wound healing is a concerted process 

involving a multitude of cell types (e.g. keratinocytes, fibroblasts, immune cells, endothelial 

cells) in the wound microenvironment and consists of several overlapping phases that 

include injury-induced hemostasis and inflammation, new tissue formation fueled by 

migration and proliferation of different cell types, and finally tissue remodeling (Eming et 

al., 2014; Shaw and Martin, 2009). Central to the healing process is re-epithelialization, 

where keratinocytes in wound-edge epidermis and within the injured hair follicles 

proliferate, migrate, and differentiate in a highly controlled and spatiotemporally 

orchestrated manner to produce a new epidermis that covers the wound. A long-held view 

has been that during wound healing, wound peripheral keratinocytes undergo partial and 

reversible EMT to facilitate migration and re-epithelialization (Arnoux V., Come C., 

Kusewitt D., 2005; Haensel and Dai, 2018). However, this process is now termed epithelial-

mesenchymal plasticity (EMP) to describe the morphological/cellular/molecular events 
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that occur during wound epidermal cell migration and re-epithelialization that do not 

require full reversion since keratinocytes still maintain their identity. TFs that inhibit EMT 

and promote the reverse process, mesenchymal-epithelial transition or MET, have also 

been identified and these include Ovol1, Ovol2, and Grhl2 (Lee et al., 2014; Nieto et al., 

2016; Watanabe et al., 2014). 

Ovol2 zinc finger TF has been identified as a master transcriptional suppressor of 

EMT-associated gene expression, and its major target is core EMT-TF Zeb1 (Lee et al., 

2014; Watanabe et al., 2014). Ovol2 is expressed by epidermal cells in the proliferative 

region but not the migrating front of the wound, and K14-Cre-directed Ovol2 deletion in 

keratinocytes delays wound healing (Haensel et al., 2019). The migrating front is 

aberrantly extended in wounds of Ovol2-deficient mice, and genetic lineage tracing of 

epidermal cells reveals dissemination of what appear to be single cells in the wound dermis 

(Haensel et al., 2019). This latter finding is seemingly consistent with typical EMT-like 

behavior, i.e., the ability of epithelial cells to breach the basement membrane and to lose all 

cell-cell contacts (Yang et al., 2020c). This said, such single cells are very rare and whether 

they adopt a true mesenchymal fate has not been investigated. Live cell imaging of wound 

explants and cultured hair follicle stem cells (HFSCs) support a requirement of Ovol2 for 

cohesive and directional migration, and in its absence, cells become mesenchymal-like and 

migrate at a faster speed than their normal counterparts but with significantly reduced 

directionality (Haensel et al., 2019). Importantly, such defects are near-completely rescued 

when Zeb1 is simultaneously deleted. The demonstrated functional significance of 

balancing the actions of EMT-inhibiting TF Ovol2 and EMT-TF Zeb1 in achieving directional 

cell migration of epidermal cells implicates the importance of maintaining an E/M 
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intermediate state for optimal wound re-epithelialization. In a nut shell, wound-edge 

keratinocytes not only undergo partial EMT-like changes in order to migrate, they also 

need to actively prevent adhesion dissolution from going too far so this process becomes 

more like a full EMT. This may be one of the mechanisms that prevent malignant 

transformation of these cells in a wound environment that exhibits various tumor-

promoting features (Schäfer and Werner, 2008).  

While Ovol2 proved to be important for wound healing, Ovol1-defficient mouse, 

shown to have more of a function in maintaining skin barrier and inflammation, epidermis 

showed no difference in wound closure in preliminary studies (data not shown) (Dragan et 

al., 2022; Sun et al., 2021). Since my current thesis work in Chapter 4 shows that Ovol1 and 

Ovol2 have some unique and redundant functions, we sought to discover if loss of Ovol1 

and Ovol2 in adulthood removed any compensatory mechanisms that may have prevented 

Ovol1-deficient mice from displaying a defect in re-epithelialization of cutaneous wounds 

 

Results 

Initial time course characterization of epithelialization of wounds in Ovol1/2 iDKO 

mice show no visual changes in wound of mice that were treated with TAM at P21 and 

wounded at P49 showed no obvious delay in wound closure (Appendix Figure 1.1 A). Given 

that there were no changes to mice at a younger timepoint we next tested if aged Ovol1/2 

iDKO have deficiencies in wounding when keratinocytes are less plastic. We saw no 

differences in wound closure between Ovol1/2 iDKO and control littermates that displayed 

differences in bod weight (Appendix Figure 1.1 B). We also did not observe any differences 

in vascularization of the wounds between Ovol1/2 iDKO and control mice (Appendix Figure 
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1.1 A). When analyzing histology of wounds at 7d after wounding we did not see any 

changes to reepithelization or to resolution of the wound bed (Appendix Figure 1.1 C). 

When combining wound closure measurements between the young and aged mice we saw 

no difference in wound closure (Appendix Figure 1.1 D). 

 

Conclusions 

Interestingly, there was no difference seen in this particular experiment between 

aged Ovol1/2 iDKO wound closure against the young. In chapter 4, I show that Ovol1 and 

Ovol2 alters transcriptional networks important for keratinocyte maturation and function 

leading to the question of whether the Ovol1/2 iDKO keratinocytes become “exhausted” 

over time. It appears as that this may not be the case, or if it were, it did not manifest in 

wounding experiments. It is also curious that loss of Ovol1 and Ovol2 did not cause any 

changes in wound closure in both aged and young mice since loss of Ovol2 alone was 

enough to cause delayed wound healing. It is possible that since Ovol1 and Ovol2 

transcriptionally repress one another that there is a cancellation effect where the loss of 

regulation by Ovol1 or 2 can nullify the function of the other. It is interesting to note that 

homeostatic Ovol1/2 iDKO already exhibits EMP-like structural and adhesion qualities 

(Chapter 4), perhaps priming keratinocytes such that they are pre-transcriptionally 

activated for epithelial migration.  Since Ovol1 and Ovol2 are important for maintaining 

barrier, it is also possible that in the case of severe trauma, like a wound, other 

compensatory mechanisms are upregulated to offset for the deficiency. Future work could 

be done to progressively track the migration the leading edge and proliferative zone of 

wounded Ovol1/2 iDKO epidermis to understand whether there are subtle defects or an 
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definitive explanation as to why Ovol1/2 iDKO skin heals normal in aged and young mice 

compared to Ovol2 SSKO mice.  

 

Additional materials and methods 

 

Wounding 

7-week-old (p49, telogen) and 8 MPI mice were anesthetized using isoflurane (Primal 

Healthcare; NDC-66794-017-25), their backs shaved, and then a 6-mm punch (Integra; 33-

36) was used to generate a full-thickness wound on each side of the mouse. Wounds were 

collected 7 days later for analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/isoflurane
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Appendix Figure 1.1: Loss of Ovol1 and Ovol2 in adulthood does not lead to wound 
healing defects in young or aged mice. 
 

A. Representative time course images of wounded mice back skin treated with TAM at 
P21 and wounded at P49. 

B. Image of wounded mice back skin (top) and underlying vasculature to the wound 
(bottom) at day 7 after wounding treated with TAM at P49 and wounded at 8 MPI. 

C. H&E images of the whole wounds from mice wounded at 8 MPI at 7d. 
D. Combined measurements of young and old mouse wound closure area over time. 

n=2 pairs. 
 

Data information: Scale bar: 500 µm in C. MPI = Months post injection, d = days post 
wounding. 
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APPENDIX 2: Gene expression changes in sorted LCs from iDKO mice. 
 

 
Introduction 

LCs are a tissue resident immune cells residing in the epidermis. In homeostasis 

when LCs are not cycling to the LN to promote tolerance, they must be adhered to 

keratinocytes to maintain structure and barrier (Yan et al., 2020). During mild barrier 

disruption, LCs promote preventative immunity by activating humoral responses and after 

severe barrier defects, LCs can initiate T cell responses by trafficking to the lymph node to 

present antigen (Yan et al., 2020). While much research has gone into LC development and 

response to pathogens, less is known about non-canonical molecular regulation of LC 

function and the cross-talk between LCs and keratinocytes and how this cross-talk can 

affect LC activation and migration.  

LCs can regulate adhesions with keratinocytes in order to maintain barrier integrity 

while sampling pathogens near the cornified layer (Yan et al., 2020). When LCs become 

activated to present LCs to the lymph node, they must also break adhesions with 

keratinocytes and retract their dendrites before they can migrate (Yan et al., 2020). 

Interestingly, it has been speculated that loss of contact with epidermal cells drives 

transcriptional changes in LCs to promote tolerogenic T cell response and immune 

homeostasis (Sirvent et al., 2020). Evidence also suggests that changes in LC dendrite 

structure and morphology can change their special patterning in the epidermis (Park et al., 

2021). My work in Chapter 4 shows that LCs appear activated in the Ovol1/2 iDKO mice 

exhibiting the characteristic rounded morphology and increased expression of MHC II 

(Figure 4.4A-D) (Van den Bossche and Van Ginderachter, 2013; Yan et al., 2020). Since 
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Ovol1 and Ovol2 ChIP-seq cross analyzed with Ovol1/2 iDKO RNA-sequencing data from 

Chapter 4 showed that Ovol1 and Ovol2 likely regulate genes involved in cytoskeletal 

structure and adhesion, we wondered whether Ovol1 and Ovol2 could have cell 

autonomous functions in LCs.  

 

Results 

Using the publicly available microarray dataset Gene Skyline by the Immgen 

database gene (https://www.immgen.org/ImmGenApps.html), we found that LCs express 

RNA transcripts for K14, Ovol1, and Ovol2 (Appendix Figure 2.A). Since Keratinocytes are 

known to transfer functional transcripts to LCs via nanotubes, we wondered whether Ovol1 

and Ovol2 could be dysregulated in LCs and whether they can regulate LC gene expression. 

First, we sorted LCs from Ovol1/2 iDKO mice and littermate controls and performed RT-

qPCR on K14, Ovol1 and Ovol2 and found them to be downregulated in the Ovol1/2 iDKO 

mice compared with control and similar to that of CD45- cells (namely keratinocytes) 

sorted from the same tissue (Appendix Figure 2.B-C). We next asked whether Ovol1 and 

Ovol2 target genes identified by ChIP- and RNA-seq analysis in Chapter 4 were also 

downregulated. We screened some of the top candidate genes involved in cytoskeletal 

structure and adhesion on the Gene Skyline database and found that LCs do express a 

number of the genes that Ovol1 and Ovol2 co-regulate (e.g., Vim, Dennd5a, and Ccl22 among 

others, not shown) (Appendix Figure 2.D). We then performed RT-qPCR on the top three 

genes that appeared most highly expressed in LCs from the microarray data on sorted LCs 

from control and Ovol1/2 iDKO mice, but only found Ccl22 to be upregulated in the Ovol1/2 

https://www.immgen.org/ImmGenApps.html
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DKO sample. Interestingly, Ccl22 appears to be decreased in CD45- cells while Dennd5a and 

Vim appear to be upregulated. 

 

Discussion 

LCs in the epidermis of iDKO mice appear more activated than their control 

counterparts. We speculated three main hypothesis. 1) It is possible that the reduced 

adhesive properties of Ovol1/2-deficient epidermal cells may be a potential mechanism to 

drive aberrant activation of LCs. 2) Alternatively, Ovol1/2-deficient epidermal cells may 

alter their expression of inflammatory cytokines that signal to LCs. 3) Lastly, it is possible 

that Ovol1 and Ovol2 have cell autonomous function in LCs.  

These data show that K14, Ovol1 and Ovol2 are reduced in the LCs of Ovol1/2 DKO 

mice and Ccl22 appears to be upregulated. It appears that the gene expression changes we 

observed from RNA-seq of Ccl22 are mostly driven by LCs. LCs are known to be the most 

prolific expressors of Ccl22 and our findings showing that iDKO LCs had higher expression 

of Ccl22 compared with control and CD45- actually expressed lower levels of Ccl22 is 

consistent with this (Vulcano et al., 2001). While we did see an elevated expression of 

Ccl22, suggesting a possible function for Ovol1 and Ovol2 within LCs, none of the other top 

candidates for Ovol1 and Ovol2 showed any change in gene expression. There were other 

candidate genes not shown here that can be screened to see if there is a LC-Ovol1/Ovol2 

specific function in regulating those genes. It is also possible that Ovol1 and Ovol2 have 

highly specific functions in LCs and only regulate few genes, possibly only inflammatory 

genes. However, we did not rule out the possibility that the keratinocyte-driven loss of 

contact with LCs is a trigger for LC activation in and of itself. Much work would need to be 
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done to 1) prove that Ovol1/2 can regulate expression of Ccl22 in LCs or 2) to show that 

loss of contact with neighboring cells can induce transcriptional changes in LCs. Answering 

these questions would provide new lights to keratinocyte-immune cross talks and how 

transferring of regulators may be a major function of mediating inflammatory responses. 
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Appendix Figure 2.1: Transcriptional changes from LCs sorted from Ovol1 and Ovol2 
iDKO mice. 
 

A. Microarray gene expression data from the designated immune cell subtypes from 
Gene Skyline from the Immgen database 
(https://www.immgen.org/ImmGenApps.html) for the indicated genes.  

B. RT-qPCR data of the indicated genes from sorted LCs at 52 DPI post TAM injections. 
n=2 pairs 

C. RT-qPCR data of the indicated genes from sorted CD45- cells at 52 DPI post TAM 
injections. n=1 pair 

D. Microarray gene expression data from the designated immune cell subtypes from 
Gene Skyline from the Immgen database 
(https://www.immgen.org/ImmGenApps.html) for the indicated genes.  

E. RT-qPCR data of the indicated genes from sorted LCs at 52 DPI post TAM injections. 
n=2 pairs 

F. RT-qPCR data of the indicated genes from sorted CD45- cells at 52 DPI post TAM 
injections. n=1 pair 

 
 
Data information: Scale bar: LCs = Langerhans cells 
 

https://www.immgen.org/ImmGenApps.html
https://www.immgen.org/ImmGenApps.html
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APPENDIX C: The Role of Ovol1 during Pseudomonas aeruginosa 

infection of the Corneas 

 

(In collaboration with Dr. Bridget Ratitong and Dr. Eric Pearlman.) 

Introduction 

Microbial keratitis, or infection of the cornea, is one of the leading causes of 

blindness worldwide. In immunocompromised individuals, the infection could lead to fatal 

disseminated disease if left untreated (Ratitong and Pearlman 2021). Risk factors include 

ocular trauma and contact lens use that allow opportunistic pathogens such as 

Pseudomonas aeruginosa to breach the corneal epithelial barrier. Treatment for microbial 

keratitis include antimicrobial agents followed by corticosteroids to suppress 

inflammation. However, corticosteroids globally reduce immunity and could potentially 

allow rapid growth of bacteria or fungi in the absence of an immune response. Thus, 

understanding the molecular mechanisms governing corneal barrier maintenance and 

regulation of inflammation will provide a more targeted treatment for the disease.  

The cornea consists of a stratified corneal epithelial cell barrier, the corneal stroma, 

and a singular layer of endothelium. The corneal stroma is primarily composed of 

extracellular collagen matrix and is avascular to maintain transparency (Blackburn et al. 

2019). Thus, the cornea has relatively few resident immune cells, and upon ocular trauma 

is highly susceptible to infections. Previous studies revealed that the transcription factor 

Ovol2, an inhibitor of epithelial-to-mesenchymal transition (Lee et al., 2014), maintains the 

cell identity of corneal epithelial cells through repressing mesenchymal gene expression 
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(Kitazawa et al 2016; Chung et al. 2019). However, its homolog Ovol1 has not been studied 

in the cornea despite being expressed in the corneal epithelial layer and the limbus and 

conjunctiva of the eye. 

Ovol1 is a transcription factor present in stratified squamous keratinized 

epithelium, such as the skin. Embryonically, Ovol1 is shown to repress proliferation of 

epidermal keratinocytes (Nair et al 2006). Using adult Ovol1fl/-; K14-Cre+/- (SSKO) mice, 

that Ovol1 helps maintain skin barrier function upon external challenges that induce 

inflammation (Dragan et al., 2021). Moreover, in psoriatic-like skin inflammation, Ovol1 

can regulate an inflammatory response, namely neutrophil recruitment, through directly 

repressing expression of Cxcl1 and indirectly reducing expression of Il1a (Sun et al 2021, 

Dragan et al 2021). Ocular trauma is the most common risk factor for infection of the 

corneas (microbial keratitis) which is the second major cause of permanent blindness 

worldwide. Despite advances in the field, there is still a need for better and more targeted 

treatment for keratitis. Understanding the molecular regulation behind corneal epithelial 

cell barrier maintenance and exploring the role Ovol1 has in the corneal-immune cell cross-

talks could provide potential targets for better therapeutics. 

 

Results 

The function of Ovol1 in the cornea has not been explored. Preliminary data 

suggests that corneal progenitor cells located in the conjunctiva and limbus express K14 

(Appendix Figure 3A). Moreover, expression levels of human OVOL1 (GDS2682/206604) 

and mouse Ovol1 (GDS2682/206604) from the Gene Expression Omnibus show the 



 

170 
 

presence of Ovol1 transcripts in cornea of mice and humans, and also in the conjunctiva of 

humans (Appendix Figure 3B-C). Using RNA-scope for Ovol1 and immunofluorescent 

staining of K14, expression of Ovol1 is found to be predominantly at the transition from the 

corneal region to the limbus (K14+) where the progenitor cells reside (Appendix Figure 3D-

E). In order to understand the function of Ovol1 in corneas after bacterial infection, we 

scratched and infected littermate control mice and Ovol1fl/-;K14-Cre+/- (SSKO) mice GFP-

labeled P. aeruginosa (PAO1) for either 28 or 48 hours and measured the bacterial burden 

(Appendix Figure 3F). 28 hours post infection (hpi) we found that Ovol1 SSKO mice had 

decreased bacterial burden compared with controls (Appendix Figure 3G). However, 48 hpi 

we saw both increased keratitis and bacterial burden in light fluorescence images of GFP 

and by colony counting of plated bacteria from the corneas (Appendix Figure 3H-I). Given 

this data, we hypothesize that Ovol1 deficiency leads to decreased corneal epithelial cell 

differentiation, and therefore impaired healing of the ocular surface and reduced bacterial 

killing during infection. 

 

Discussion 

Preliminary data shows that corneal progenitor cells located in the conjunctiva and 

limbus express K14 and corneal cells between the cornea and limbus express Ovol1 

(Appendix Figure 3A-E). We show that K14-driven Ovol1 deletion leads to initially (28 hpi) 

less bacterial burden with a higher bacterial inoculum, but after 48 hpi of normal bacterial 

inoculum, we observe more severe keratitis after infection (Appendix Figure 3F-I). We 

hypothesize that Ovol1 helps maintain corneal barrier function and facilitates corneal 
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epithelial cell differentiation. Given that Ovol1 has known function in regulating neutrophil 

recruitment and cytokine expression in both a direct and indirect manner within skin 

epithelium, we also hypothesize that Ovol1 may have site-specific immune regulatory 

function in the corneal epithelium as well (Sun et al. 2020; Dragan et al. 2021). Existing 

ChIP-sequencing of Ovol1 done in skin can be used as a screen for potential targets. Future 

studies will need to test the function of Ovol1 in corneas so in vitro iRNA knock down of 

Ovol1 in corneal cell lines can provide insights into the relevance and function of Ovol1 in 

the eye. Moreover, corneal scratch assays and single cell RNA-seq can provide insights into 

the molecular regulation of Ovol1 in homeostasis and after damage when eye barrier needs 

to be repaired. We hypothesize that the loss of Ovol1 leaves the cornea susceptible to 

barrier defects especially after ocular trauma. Therefore, we anticipate that siRNA KD of 

Ovo1 in corneal epithelial cell cultures will result in reduced cellular adherence and 

impaired corneal stratification. Further, we anticipate that infection of these cell lines will 

exacerbate barrier defects and transiently delay healing. Since loss of Ovol1 can cause 

subtle phenotypes to emerge when unstimulated, one way to combat this is to induce 

ocular trauma by scratching the cornea. In vivo, we expect the scratches to reveal barrier 

defects in Ovol1 SSKO mice with a potential delay in healing. We expect to see increased 

pro-inflammatory cytokines in SSKO mice along with corneal epithelial cell death and 

delayed epithelial differentiation. The defects caused by Ovol1-deficient corneal epithelial 

cells are expected to delay bacterial clearance. Finally, we expect that scRNA-seq analysis 

will reveal a delay in transition from the basal states to the differentiated states for corneal 

epithelial cells. We also expect that CellChat will reveal a shift in communication between 

epithelial cells and the “preferred” immune cell response in the infected WT control and we 
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would observe an “altered” cellular response where there is a change in recruited immune 

cell composition in the infected SSKO mice.  

 

Additional Materials and Methods 

Bacterial strains and culture conditions 

P. aeruginosa ExoS-expressing strains PAO1 and PAO1-GFP were obtained from Dr. A. 

Rietsch (Case Western Reserve University). Bacteria were grown to midlog phase (∼1 × 

108 bacteria/ml) in high-salt Luria–Bertoni broth, which enhances expression of the type 

III secretion system (T3SS) at 37°C with 5% CO2, 200 rpm. Bacteria were then washed and 

resuspended in sterile PBS to 5 × 104 bacteria/2 μl for all in vivo infections. 

 

Murine model of Pseudomonas keratitis 

Corneal epithelial abrasion of 3 × 10 mm was performed using a sterile 30-gauge needle 

followed by topical infection of 5 × 104 PAO1 or PAO1-GFP in 2 μl PBS as described 

previously (5). CFU was quantified at 2 hpi to verify the inoculum for each experiment. At 

24, 28, or 48 hpi, mice were euthanized, and corneal opacity and GFP fluorescence were 

imaged and quantified. 

 

CFU quantification 

https://www.jimmunol.org/content/209/3/548#ref-5
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At 2 (inoculum), 24, 48, or 72 hpi, whole eyes were collected and homogenized in 1 ml PBS. 

Serial log dilutions of homogenate were plated on LB plates and incubated at 37°C with 5% 

CO2 overnight. Colonies were counted manually, and CFUs were calculated as: (number of 

colonies × dilution factor × 100 [10 μl of the 1 ml was used for plating and dilution]). 
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Figure 1: Ovol1 SSKO corneas have increased bacterial burden during Pseudomonas 
keratitis.  

 

A. Immunofluorescent staining of uninfected, WT eyes for K14 (green) and DAPI. Scale 
bars: 500um (top, whole eye), 50um (bottom, conjunctiva).  

B. Expression levels of human GDS2682/206604 OVOL1 from the Gene Expression 
Omnibus. N=3. 

C. Expression levels of mouse GDS2682/206604 Ovol1 from the Gene Expression 
Omnibus. N=4 

D. RNA-scope immunofluorescent images of noninfected (top) and 24-hpi (bottom) 
eyes focusing on the limbus to cornea region for the indicated markers. 

E. Zoom in of the cornea from (D) on the Ovol1+ region where the cornea transitions to 
the limbus. 

F. Diagram depicting the treatment strategy for corneal eye infections of SSKO mice. 
G. Colony formation units (CFUs) of bacteria counted from infected WT and Ovol1 

SSKO eyes 28-hpi but with 300,000 units of P. Aeruginosa. N=4. 
H. Colony formation units (CFUs) of bacteria counted from infected WT and Ovol1 

SSKO eyes 48-hpi. For T=2 n=11, for Control n=13, and for SSKO, n=6. 
I. Images of corneal opacity (top) and GFP-labeled PAO1 48-hpi of the indicated 

genotypes.  
 

 

Data information: For statistical analysis in (B-C, and G), we used an unpaired two-tailed 
Student’s t-test. For statistical analysis in H, we used one-way Anova. *** p<0.005; ** p<0.01; 
* p<0.05. Errors bars are represented as ± SD. 
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