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ABSTRACT	  OF	  THE	  DISSERTATION	  

	  

A	  Genomics	  Approach	  to	  Studying	  Transcriptional	  Regulation	  in	  Epithelial	  Development	  
	  

By	  

Rachel	  Herndon	  Klein	  

Doctor	  of	  Philosophy	  in	  Biomedical	  Sciences	  

University	  of	  California,	  Irvine,	  2015	  

Professor	  Bogi	  Andersen,	  Chair	  

	  

As	  epithelial	  tissues,	  the	  cornea	  epithelium	  and	  epidermis	  share	  many	  functional,	  

morphological	  and	  regulatory	  similarities.	  They	  both	  serve	  important	  barrier	  functions,	  

protecting	  the	  organism	  and	  underlying	  tissues	  from	  the	  external	  environment,	  and	  

undergo	  constant	  cell	  turnover,	  requiring	  a	  precise	  balance	  of	  proliferation	  and	  

differentiation	  to	  maintain	  tissue	  integrity.	  To	  accomplish	  this	  balancing	  act,	  they	  make	  use	  

of	  similar	  mechanisms,	  and	  integrate	  information	  from	  pre-‐existing	  regulatory	  domains	  

with	  the	  expression	  and	  actions	  of	  lineage-‐specific	  transcriptional	  regulators.	  The	  

importance	  of	  transcription	  factor	  binding	  to	  distal	  regulatory	  regions	  is	  demonstrated	  by	  

our	  finding	  that	  SNPs	  linked	  to	  disease	  in	  cornea	  or	  epidermis	  cause	  alterations	  in	  

enhancing	  ability,	  and	  disrupt	  transcription	  factor	  motifs,	  a	  potential	  mechanism	  

underlying	  the	  observed	  increased	  risk	  for	  disease.	  GRHL3	  is	  an	  important	  regulator	  of	  

both	  epidermal	  keratinocyte	  differentiation	  and	  migration;	  we	  have	  identified	  unique	  

mechanisms	  of	  action	  for	  this	  single	  factor	  under	  the	  two	  different	  physiological	  

conditions:	  GRHL3	  associates	  with	  enhancers	  and	  super	  enhancers	  to	  activate	  structural	  



	   xi	  

and	  barrier	  genes	  in	  differentiating	  keratinocytes,	  and	  with	  promoters	  to	  repress	  genes	  

involved	  in	  inhibition	  of	  migration.	  Selectivity	  may	  come	  about	  through	  differential	  

association	  with	  co-‐factors	  during	  migration	  and	  differentiation.	  Based	  on	  opposing	  

expression	  patterns	  for	  KLF4	  and	  KLF7	  in	  cornea	  epithelium,	  we	  characterize	  and	  define	  a	  

role	  for	  KLF7	  in	  maintaining	  corneal	  epithelial	  progenitor	  cells	  in	  an	  undifferentiated	  state,	  

acting	  antagonistically	  to	  KLF4,	  a	  pro-‐differentiation	  factor.	  Our	  work	  with	  CLIMs	  points	  to	  

the	  importance	  of	  these	  factors	  in	  corneal	  epithelium	  development	  and	  maintenance,	  in	  

part	  through	  regulation	  of	  noncoding	  RNA	  H19.	  	  
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Chapter1. Introduction 

Epithelial Tissues 

Epithelial tissues play crucial roles in modulating the interactions of an organism with the 

external environment. Based on the requirements of a given tissue, this diverse group of cells 

can: absorb and transport nutrients to underlying tissues; detect stimuli in the environment and 

transmit this information internally; act as a structural, mechanical, and permeability barrier; and 

secrete mucous, enzymes, and other molecules into the ducts of epithelial glands. Examples of 

such tissues include the epidermis, cornea, intestine and lung epithelium, as well as the 

mammary gland.  

Cells in epithelial tissues are organized into one of several patterns to meet the unique 

functional requirements of a given tissue. Simple epithelia, which are a single cell layer thick, are 

commonly found in tissues that specialize in absorption of gases or nutrients, such as the lung 

and intestinal epithelium. Epithelial tissues that must withstand large amounts of mechanical 

stress are often structured as stratified squamous epithelium. Both cornea epithelium and 

epidermis, which serve crucial barrier functions, protecting underlying tissues from UV damage, 

toxins, invasion of pathogens, and dehydration, are examples of such stratified squamous 

epithelial tissues. In this organization, cells are arranged in layers, becoming progressively 

flattened as they move outward in the tissue.  

Despite their diverse functions and structural organization, epithelial tissues share a 

number of features related to their common roles. Cell adhesion is a defining and crucial aspect 

of epithelial cells, which must adhere to each other to serve as barriers. A number of junctional 

complexes including desmosomes, hemidesmosomes, adherens junctions, and gap junctions are 

produced by epithelial cells, and allow different epithelial tissues to customize their permeability 
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to suit their specific combination of absorption, and barrier functions. Many epithelial tissues 

also produce large amounts of intermediate filaments, which can connect to the nucleus as well 

as the plasma membrane at desmosomal cell junctions, giving the cell structure and providing 

strength to withstand high levels of mechanical stress. Additionally, due to their extensive 

contact with the external environment and potential for damage that results, most epithelial 

tissues must continually replenish themselves throughout the lifetime of the organism, and must 

be able to rapidly heal wounds. Such tissue homeostasis requires a precise balance between 

proliferation and differentiation, suggesting a high level of transcriptional control involved in 

this process.   

The epidermis and cornea epithelium are two examples of stratified squamous epithelial 

tissues that both arise from the embryonic ectoderm. However, their execution of epithelial 

functions are crucially distinct due to the unique requirements and physiologies of each tissue. 

While much work has been done to morphologically characterize corneal and epidermal 

development and tissue homeostasis, mechanisms of transcriptional regulation in effect in each 

tissue are not well defined.  

 

Epidermal Structure 

The primary function of the epidermis is to provide a rigid barrier between the organism and the 

external environment; it prevents pathogens, toxins, and UV rays from penetrating and reaching 

underlying tissues, and also prevents deydration by blocking water loss from underlying tissues 

to the external environment. The epidermis is primarily composed of layers of keratinocytes; 

each layer plays a vital role in the formation of the epidermal barrier. Cells in the basal layer are 

proliferative and serve to replenish the tissue through horizontal divisions, giving rise to 
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additional basal keratinocytes [1]. Asymmetrical divisions of basal cells produces one basal 

progenitor cell, and one suprabasal cell, which will go on to differentiate as it moves upward in 

the epidermis [1]. Differentiation involves the progressive activation of genes required for cell 

adhesion (including claudins and occludins), genes involved in forming the rigid structure of the 

cornified envelope, a crucial barrier component (including transglutaminases, loricrin, and late 

cornified envelope proteins), as well as genes encoding enzymes involved in lipid synthesis, 

which help to seal the barrier [2].  

 

                        

Figure 1-1. Structure and organization of the epidermis. 

Corneal Structure 

The cornea is the outermost layer of the eye, and is composed of three layers: endothelium, 

stroma, and epithelium. The cornea serves a barrier function, protecting the underlying ocular 

structures from UV damage, dehydration, and infection, while also refracting light to aid in 

vision; approximately 70 percent of the refractive power of the eye is directly attributable to the 
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cornea [3]. Due to this function in vision, the cornea must be completely clear; unlike other 

systems, this means the corneal stroma is avascular, and the cornea epithelium is not keratinized 

[4]. Rather than receiving oxygen and nutrients from the blood vessels, if must rely on the tear 

film and the aqueous humor [4]. 

In the multi-layered cornea epithelium, cells are continually sloughed off from the 

surface and are replenished by proliferation of limbally-located corneal epithelial stem cells [5, 

6]. These cells divide infrequently and give rise to transient amplifying cells that move toward 

the center of the cornea and upward in the tissue, activating a terminal differentiation program in 

the process. While transcription factors [7-13] and signaling pathways [14-16] maintain limbal 

stem cells, how these multiple transcriptional inputs are integrated remains poorly understood. 

       

Figure 1-2. Structure of the limbus, and cornea epithelium. 
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Development of Ectoderm 

In the early embryo, the ectoderm arises from the outermost cell layer; among the many tissues 

derived from this layer are the epidermis, the cornea, mouth and olfactory epithelia, and the 

central and peripheral nervous system. Cells from the surface ectoderm that receive BMP and 

WNT signals will go on to become the epidermis [17]. In the mouse, epidermal commitment of 

the primitive ectoderm occurs around (embryonic) day E9.5, when simple epithelial keratins 8 

and 18 are replaced by expression of Keratin 14 and 5, markers of basal epidermal cells [18]. 

Around E15.5, the basal cells begins to stratify, and those in the upper layers acquire Krt1 and 

Krt10 expression, eventually resulting in a stratified squamous epithelium with a functional 

barrier soon after birth [18]. 

The neuroectodermal lineage also derives from the surface ectoderm; it diverges from the 

epidermal lineage by receiving Bone Morphogenic Protein (BMP) and WNT inhibitor signals 

[17]. This neuroectoderm will form the neural crest and neural tube; the neural crest will later 

produce melanocytes, cartilage, connective tissue, and a number of other cell lineages, while the 

neural tube will give rise to the brain and central nervous system. 

The corneal epithelium also derives from the surface ectoderm; prior to specification, 

signals from the optic vesicle, a neuronal outgrowth, contact the surface ectoderm directly above 

and guide these ectodermal cells along an ocular fate, forming lens and corneal tissues [19]. 

Expression of master transcriptional regulator PAX6 is essential to this process, and to corneal 

epithelial fate specification [20]. Additional BMP inhibiting signals from migrating neural crest 

cells, which will eventually become stromal keratocytes, help specify the corneal epithelial fate 

[21]. By mouse embryonic day E14.5, all three cellular layers of the cornea are present, and the 

cornea epithelium is a single layer [22]. Prior to birth, proliferation will result in two layers, and 
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the formation of tight junctions, desmosomes, and hemidesmosomes helps to seal the epithelial 

barrier [23]. Upon eyelid opening around postnatal days 12-14, the epithelium continues to 

differentiate, acquiring corneal specific keratin 12 expression, and further stratifying to 5-6 cell 

layers thick [24]. 

 

Transcriptional Regulation 

In a multicellular system a cell must integrate signals from itself, its neighbors, and its 

environment to produce the proper expression pattern for the given time and location. Such 

integration of diverse signals is most easily accomplished by a network of interconnected 

transcriptional regulators that allow input from differing sources, and provide many opportunities 

for regulation and fine-tuning of the transcriptional response. An additional layer of complexity 

added to this network is the idea that different networks act in different cells within a single 

tissue, and that a single transcription factor can be part of several unique networks depending on 

the spatial and temporal characteristics of the cell, as well as external stimuli. Under such 

circumstances, a transcription factor can have different targets in different cells based on the co-

factors and co-regulators they interact with and the permissibility of the epigenetic landscape.  

Grainyhead-like epithelial transactivator (Get1/Grhl3) is a transcription factor expressed 

in numerous epithelial tissues, and has been identified as a key regulator of epidermal terminal 

differentiation and barrier formation, a function that is evolutionarily conserved from flies to 

mammals. Grhl3 knockout mice die at birth, with numerous epidermal abnormalities including 

altered expression of adhesion proteins and changes in lipid composition, resulting in increased 

barrier permeability [25]. Gene expression profiling of Grhl3-/- mouse embryonic skin revealed 

over 200 genes aberrantly regulated in the absence of Grhl3, including many genes localized to 



	   7	  

the Epidermal Differentiation Complex (EDC), a chromosome region containing many genes 

involved in barrier formation [26].  

 Intriguingly, GRHL3, also plays a major role in the regulation of wound healing, an 

epidermal function distinct from barrier formation, which requires activation of coordinated 

movement of keratinocytes and suppression of the differentiation program. In this process, 

GRHL3 is localized to keratinocytes at the leading edge of migrating cells in both embryonic and 

adult wounds [27], where it was shown to regulate genes involved in actin polymerization, 

possibly by affecting planar cell polarity pathways [28]. The role of GRHL3 in coordinating and 

regulating epidermal differentiation and wound healing offers a biologically and clinically 

relevant opportunity to understand a fundamental aspect of transcription factor function, namely 

their ability to regulate distinct genetic programs in the same cell type under different conditions. 

Among the identified factors that have been linked to regulation of epithelial progenitor 

cell maintenance and differentiation are the Kruppel-like family of transcription factors (KLF). 

Members of this family of seventeen zinc finger transcription factors, which share a common 

DNA binding motif, have been implicated in the regulation of a diverse array of cellular 

functions; in many cases times the same factor can promote differentiation in certain systems, 

while maintaining the stem cell population in others [29]. For example, a role for KLF4 has been 

well established in embryonic stem cell maintenance [30], and KLF4 was among the original 

factors used to create induced pluripotent stem cells [31]. Intriguingly, this factor also plays a 

key role in promoting differentiation of epithelial tissues, including the intestine, epidermis, and 

cornea epithelium [8, 32, 33]. Another Kruppel-like family member, KLF7 appears to primarily 

play a role in maintaining progenitor cell state in systems like adipocytes [34], but is required for 

certain stages of neuronal differentiation [35].  
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Epigenetic Regulation 

Epigenetic mechanisms of gene regulation, including DNA methylation and histone modification 

have been shown to play a major role in tissue development, homeostasis and repair after injury. 

In eukaryotes, DNA is wrapped around an octamer of histone proteins, forming a structure 

known as the nucleosome. Each nucleosome contains two copies each of histones H2A, H2B, 

H3, and H4. The tails of these histones extend out from the nucleosome core, and can be 

modified by the addition of various functional groups, including methyl, acetyl, and phosphate 

groups, among others. These modifications demarcate important regulatory domains, and have 

been shown to play a role in recruiting the enzymes and transcription factors necessary to effect 

gene expression or repression. For example, the H3 histone tail is marked by three methyl groups 

on lysine 4 (H3K4me3) at active promoters and is bound by factors involved in nucleosome 

remodeling as well as by a subunit of the TFIID complex [36]. In contrast, the repressive mark 

H3K27me3 is created by the histone methyltransferase Ezh2, a subunit of the Polycomb 

Repressive Complex 2 (PRC2). This mark is bound by the PRC1 complex, which then promotes 

ubiquitination of histone H2B, an example of the step-wise progression of gene activation or 

silencing [37]. There are many possible histone modifications, and it appears that a specific 

combination of modifications identifies the type of regulatory region; for example, the presence 

of H3K4me1 and H3K27ac in the absence of high levels of H3K4me3 marks active enhancers 

[38].  

An additional level of regulation comes from the multiple copies of each histone, with the 

exception of histone H4, encoded in the genome. Some of these variants can confer unique 

architectures to the nucleosome structure and are associated with specific functions like 
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transcription, replication, recombination, and gene silencing. For example, the histone H3 variant 

known as CENP-A is found at active centromeres, and the combination of histone variants H3.3 

and H2A.Z in a nucleosome causes instability and more rapid turnover, potentially acting to 

facilitate transcription factor access to regulatory regions [39]. 

 In addition to histones and histone tail modifications, nucleosomes as an entity also play 

a role in the regulation of transcription. Active transcription is associated with regions of 

relatively open chromatin, and areas where histone modifications cause associations between 

histone protein and DNA helix to be much more relaxed. In fact, nucleosomes have been shown 

to act as a barrier to transcription factor binding in many situations. It has been suggested that a 

significant amount of nucleosome remodeling must occur both at promoters and at distal 

enhancers during the process of transcriptional activation [40]. This is reflected in the 

characterization of pioneering factors like Foxa1, which have been shown to bind first to 

nucleosome occupied sites, and recruit chromatin remodeling enzymes and other factors to alter 

the nucleosome landscape and allow for subsequent binding of other transcription factors to the 

now open chromatin [41]. 

 

Trithorax complex members regulate methylation of lysine 4 on histone H3 

Lysine 4 on the tail of histone H3 can be mono-, di-, or tri-methylated. All three modifications 

can be found at active promoters, however, trimethylation (H3K4me3) localizes directly to the 

proximal promoter and has been most strongly associated with gene transcription. H3K4 

dimethylation is found at active promoters, enhancers, and within the body of genes undergoing 

transcription [42]. H3K4 monomethylation is found at distal regulatory regions, including active 

and poised enhancers, and has also been identified more recently at the 3 prime ends of actively 
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transcribed genes [43]. Recent research points to a role of H3K4me1, which often encompasses 

broad domains that fully contain other marks, in restricting readers of other chromatin marks to 

specific domains, for example, containing readers of H3K4me3 like ING proteins in proximal 

promoter regions of active genes. 

There are many different enzymes that can catalyze the transfer of a methyl group to 

lysine residues on a protein; however, all Trithorax family methyl transferases are characterized 

by the specific SET methyltransferase domain. The SET1 family of histone lysine 

methyltransferases catalyze the transfer of methyl groups to lysine 4 of histone H3. In humans, 

there are six such enzymes: MLL1-4, and SETd1A/B. MLL1 and MLL4 are most closely related 

to Drosophila Trithorax, while MLL2 and MLL3 are homologous to Drosophila Trithorax-

related [44]. Each SET1 family enzyme interacts with the WRAD complex of proteins, so named 

because it comprises WD-40 repeat protein 5 (WDR5), Retinoblastoma-Binding Protein 5 

(RBBP5), Absent Small Homeotic-2-like (ASH2L), and Dumpy-30 (DPY-30) [45, 46]. The 

exact function of each of these WRAD complex members is unclear, however, their association 

with a SET1 family member dramatically increases the enzyme’s methyltransferase activity [45]. 

Drosophila Set1 and it’s human counterparts SETD1A and SETD1B are thought to be 

the primary H3K4 -trimethylating SET1 enzymes, while the Trithorax-related homologs MLL4 

and MLL3 have recently been shown to be responsible for H3K4 monomethylation at enhancers 

[47]. Trithorax homologs MLL1 and MLL4 have both been identified as mediators of H3K4 

trimethylation at select loci, including bivalently-marked gene promoters in embryonic stem 

cells. 
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Chromatin regulation in epidermal development 

The importance of chromatin regulation in epidermal differentiation dynamics has been well 

established through studies that show roles for a varied list of chromatin enzymes in the 

epidermis. Many of these epigenetic regulators have dynamic expression patterns during 

epidermal differentiation. For example, the Polycomb complex was found to be a repressor of the 

epidermal differentiation program, and is required to maintain keratinocytes in the basal, 

progenitor state [48]. Upon differentiation, levels of Ezh2, the catalytic component of Polycomb 

decrease in keratinocytes, concomitant with a release of epidermal differentiation genes from 

repression. Chromatin remodeling enzymes SATB1 and Brg1 are direct targets of master 

epidermal regulator p63 and are required for proper remodeling of the epidermal differentiation 

complex, a cluster of epidermal genes activated coordinately during differentiation [49, 50]. The 

downregulation of ACTL6A during differentiation is also required for Brg1-containing 

SWI/SNF complexes to remodel chromatin and activate differentiation genes [51]. 

 

Trithorax proteins regulate the epidermal differentiation program through interaction 

with GRHL3 

In contrast to other chromatin regulators, whose expression levels change within a tissue in 

response to different physiological conditions, SET1 family members are highly expressed in the 

epidermis throughout development, homeostasis, and during wound healing [52]. This indicates 

that presence of Trithorax complexes in the cell is not enough to activate the epidermal 

differentiation program, and that targeting of Trithorax to the proper gene loci requires additional 

factors. While levels of each Trithorax complex member remain relatively constant across the 

differentiation process, there is great variation in the levels of different Trithorax complex 
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proteins within the epidermis. In differentiating keratinocytes, ASH2L is the most highly 

expressed Trithorax-associated protein, followed by WDR5 and MLL1 [52]. High expression of 

MLL1 and WDR5 is also observed in human whole epidermis samples; however, in mouse, 

when dermis and epidermis are separated, MLL2 is more highly expressed and is enriched in the 

epidermal fraction [52]. It is likely that unique combinations of Trithorax complexes are at work 

at the same time and in the same tissue, allowing for regulation of unique subsets of genes by 

these different Trithorax complexes. The composition of the Trithorax complex can also 

influence the enzymatic activity of the SET1 protein towards H3K4 mono-, di- or tri- 

methylation, therefore it is possible that multiple Trithorax complexes catalyze different 

methylations of lysine 4 at the same promoter, adding additional layers of regulation of 

epidermal gene expression. 

 There is strong evidence that multiple Trithorax complexes are involved in epidermal 

differentiation, as knockdown of SET1 enzymes MLL1, MLL2, MLL4 or Trithorax core 

component WDR5 causes a reduction in expression of epidermal differentiation marker gene 

TGM1 [52]. Of these Trithorax complex members, only MLL2 and WDR5 bind directly to the 

TGM1 promoter, indicating that MLL2-containing Trithorax complexes are direct regulators of 

TGM1, and suggesting that other complexes regulate TGM1 indirectly through promotion of 

epidermal differentiation at other targets. It is also possible that other Trithorax complexes 

regulate TGM1 through catalyzing H3K4 monomethylation at distal enhancer regions, rather 

than regulating H3K4 methylation in the proximal promoter. 

TGM1 is also directly regulated by the epidermal differentiation-promoting transcription 

factor Grainyhead-like 3 (GRHL3), pointing to a potential interaction between MLL2 and 

GRHL3. GRHL3 knockout mice die at birth with numerous abnormalities including defects in 
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the epidermal barrier [26]. Microarray and ChIP-Seq experiments in mouse and human revealed 

that GRHL3 is important for coordinating the regulation of epidermal differentiation genes, as 

well as the activation of other transcriptional regulators. The role of GRHL3 extends beyond 

initial creation of the barrier; it is also required for repair after injury and in response to immune-

mediated hyperplasia [53], it is required for keratinocyte migration [27], to close both embryonic 

and adult wounds [28], and it also regulates the barrier function of other tissues including bladder 

epithelium [54]. Depletion of GRHL3 during epidermal differentiation causes a reduction of 

MLL2 localization and H3K4 methylation at the promoters of genes it regulates [52]. Additional 

support for GRHL3 recruitment of MLL2-containing Trithorax complexes can be found in the 

observation that knockdown of GRHL3 or MLL2 affects a significant shared set of genes in 

epidermal keratinocytes; the most significant overlap is in genes that are classified as “late” 

differentiation genes, showing an increase in expression during the later stages of differentiation 

[52]. This is consistent with the defined role of GRHL3 in promoting terminal differentiation in 

the suprabasal layers of the epidermis, and indicates GRHL3 effects gene activation through 

recruitment of Trithorax complexes containing MLL2.  

In contrast to GRHL3, MLL2 regulates a large fraction of genes expressed in epidermal 

keratinocytes, indicating a more general role in transcriptional activation, rather than being a 

selective regulator of the epidermal differentiation program. Indeed, siRNA knockdown of 

MLL2 affected a large swath of epidermal genes regardless of their specific expression pattern, 

suggesting it works with a number of transcriptional regulators that may provide additional 

temporal and spatial specificity to gene activation [52]. The large number of genes that are 

affected by MLL2 in epidermal keratinocyte differentiation but that do not appear to be regulated 

by GRHL3 suggests that other epidermal transcription factors also may promote differentiation 
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through recruitment of MLL2 to their target genes. Conversely, GRHL3 may recruit other 

Trithorax complexes to the genes it regulates independently of MLL2, or it may act through 

alternative mechanisms to activate these target genes.  

Of note, GRHL3 is also downregualted by MLL2 knockdown [52]; whether this 

represents a feed-forward positive regulatory loop, whereby GRHL3 activates it’s own 

expression through recruitment of MLL2, or whether this is an example of an alternative 

transcription factor working with MLL2-containing complexes to activate GRHL3 is not known. 

It is possible that both explanations are valid. During differentiation GRHL3 was not detected 

binding to its own proximal promoter, however, it does bind to enhancers within the Grhl3 gene 

body, suggesting positive auto-regulation is possible. WDR5 localizes with GRHL3 to these 

enhancer regions, and is also found in the proximal promoter of GRHL3 indicating other 

transcriptional regulators may recruit Trithorax complexes to the Grhl3 promoter to activate 

expression [52].  

Further evidence comes from the observation that GRHL3 and core Trithorax member 

WDR5 interact directly, and GRHL3 also appears to weakly interact with MLL2, but not MLL1 

or SETD1A [52]. While not conclusive, this suggests that MLL1 and SETD1A are recruited by 

GRHL3-independent mechanisms to gene targets they share with GRHL3 in epidermal 

keratinocytes. The interaction between GRHL3 and certain Trithorax complexes occurs genome-

wide, as ChIP-Seq experiments revealed that WDR5 co-localizes with 88 percent of GRHL3 

bound regions [52]. Forty-three percent of genes with a keratinocyte-differentiation expression 

pattern are bound by GRHL3 and WDR5, indicating Grhl3 provides some of the specificity for 

Trithorax targeting in the epidermis. This mechanism of Trithorax recruitment by GRHL3 may 
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also extend to other tissues where GRHL3 is expressed, and likely reflects a more general 

paradigm, whereby a tissue-specific transcriptional regulator recruits Trithorax to gene targets.  

 

There are multiple mechanisms of epidermal differentiation gene activation 

Initial studies focused on the antagonistic relationship between Polycomb and Trithorax at shared 

gene targets, however, work in the epidermis points to an independent role for Trithorax 

complexes at a subset of genes. While the repressive H3K27me3 modification is reduced 

concurrent with an increase in H3K4me3 during the process of differentiation at many genes, a 

number of epidermal differentiation genes lack any H3K27me3, even in the undifferentiated 

state, when the gene is not expressed. These genes show a strong increase in H3K4me3 upon 

epidermal differentiation [52]. It is possible that these genes were marked by repressive 

H3K27me3 at one point along their lineage trajectory, but that this mark was removed before 

acquisition of keratinocyte cell fate. The uncoupling of Polycomb repression and Trithorax 

activation may allow such genes to respond rapidly to signals for keratinocyte differentiation, as 

they do not need to recruit H3K27 demethylase enzymes to remove repressive marks before gene 

activation can occur. Alternatively, such genes may be regulated by transcription factors like 

GRHL3 that are only expressed in differentiating keratinocytes, and therefore do not need to be 

actively repressed in undifferentiated cells, where they are unable to be activated due to absence 

of transcription factor. This separation of Polycomb and Trithorax regulatory functions at certain 

gene promoters may also be a more general mechanism active in a number of tissue types. 

Recent work has identified regulatory domains, termed super enhancers, which are 

characterized by the presence of clusters of enhancers that result in long stretches of active 

regulatory domains, and very high levels of histone modifications and transcription factor 
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binding [55, 56]. In accordance with their high levels of H3K27ac and other enhancer associated 

histone marks, these domains often overlap highly expressed genes. Intriguingly, these super 

enhancer-linked genes are not housekeeping genes, which are expressed highly in a number of 

cell types, but rather are tissue-specific genes that play a role in cell identity and carry out the 

functions of the particular cell type. The core Trithorax complex member WDR5 has recently 

been shown to localize to super enhancers; this is perhaps not surprising as Trithorax complexes 

are responsible for the deposition of the H3K4me1 histone mark found at enhancer domains. 

Indeed, in epidermal keratinocytes, many WDR5 binding events occur outside of proximal 

promoter regions [52]. GRHL3 and WDR5 co-binding events also occur in many distal 

regulatory regions, it is possible that GRHL3 also regulates epidermal differentiation through 

targeting of Trithorax to super enhancers. 

 

Diseases of Trithorax complexes 

Aberrant epigenetic regulation has been linked to many diseases, including cancer and 

developmental defects; due to their roles as crucial regulators of gene expression in many cell 

types, Trithorax and Polycomb have been found to be mutated in a variety of cancers. MLL 

proteins are so named because fusion proteins placing the N terminus of MLL1 together with 

another protein are common in mixed lineage leukemias. Intriguingly, the SET domain of MLL1 

is located near the C terminus, and is not included in these fusion proteins, indicating that MLL1 

promotes leukemiagenesis through mechanisms other than H3K4 methylation [57]. One common 

fusion is between MLL1 and the C terminus of DOT1, another methyltransferase that creates the 

active H3K79 methylation mark [58]. Because the MLL1 fragment can still bind DNA, this 
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fusion results in the incorrect targeting of H3K79me3 to domains that should have H3K4 

methylation, an error that may promote the progression of leukemia.  

 In addition to roles in the progression of cancers of the hematopoietic system, MLLs have 

been found to be mutated in a number of solid tumors, including those of epithelial tissues. 

While MLL4 has been found to be mutated in a significant proportion of hepatocellular 

carcinomas [59], MLL3 is mutated in a wide range of cancers, including aggressive squamous 

cell carcinoma [60]. Furthermore, MLL2, MLL3, and the Polycomb enzyme EZH2 have been 

identified in a significant number of head and neck squamous carcinomas, a cancer that develops 

from epithelial mucosa in the upper aerodigestive tract, and is linked to tobacco use [61]. In 

contrast to the gene fusions that occur in leukemia, MLL mutations found in epithelial cancers 

are inactivating, pointing to a tumor suppressive role for MLL2 and MLL3 in epithelia, possibly 

through promotion of terminal differentiation.  

Due to the role of Trithorax in regulation of HOX and other developmental clusters of 

genes, mutations in MLLs are also the cause of several developmental syndromes that share 

similar phenotypes; syndromes caused by mutation in MLL proteins are generally characterized 

by growth restriction leading to short stature and low weight, intellectual disability and facial 

structure abnormalities [62, 63]. Patients with these syndromes also have abnormal epidermal 

ridges on palmoplantar epidermis and abnormal hair growth, including long eyelashes, and 

excessive hair on forearms and elbows [63]. These findings suggest a role for MLL proteins in 

the establishment of epidermal structures during development, and in the hair follicle, an 

epidermal appendage. These syndromes occur with the mutation of a single copy of the MLL 

gene in question, leading to haploinsufficiency.  
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Figure 1-3. Comparison of H3K4 methylating SET enzymes between S. cerevisiae, D. 
melanogaster, and H. sapiens.  
 
 
 
 

 
 

Figure 1-4. The WRAD complex associates with Trithorax SET enzymes. 
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Figure 1-5. Model for GRHL3, Polycomb, and Trithorax –mediated regulation of epidermal 
differentiation genes. 

 

Distal Regulatory Regions 

During tissue development and homeostasis, distal regulatory regions called enhancers, which 

contain binding sites for numerous transcription factors, help to control and coordinate gene 

expression in a temporal and spatial specific manner. Unlike gene regulation that occurs at the 

proximal promoter, these enhancer regions can be situated at long distances from the 

transcription start site of the gene they regulate, and are thought to physically interact with the 

gene through chromatin looping [64]. Overcoming the inhibitory forces of RNA Pol II pausing to 

achieve transcriptional activation is thought to require the concerted action of many transcription 

factors and cofactors. In this context, with their increased density of transcription factor motifs, 

enhancers act to concentrate the factors necessary to produce transcription. 

Prior to their time of action, enhancers can be poised for action, displaying both 

H3K4me1 and H3K27me3; in order to become fully active regulatory regions, they must 
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exchange H3K27me3 for H3K27ac, paving the way for transcription factor binding and gene 

regulation [38, 65]. In addition to regulating distal gene expression, enhancers have also been 

shown to be transcribed into short-lived eRNAs [66, 67]. This transcription may be partially a 

consequence of the proximity of enhancers to the transcriptional activity of the promoters they 

activate; however, these eRNAs have also been shown to affect gene expression.  

The active enhancers within a given tissue show variation in intensity, both of histone 

modification and of transcription factor binding. Some enhancers, recently termed super 

enhancers, stretch for kilo bases and are extremely highly enriched in enhancer histone 

modifications as well as mediator and transcription factor binding [55]. These super enhancers 

are frequently tissue specific and thought to regulate the unique gene expression programs in 

each tissue [55]. 

 

Genomics Techniques 

Rapid advances in DNA and RNA sequencing technologies have revolutionized approaches for 

studying transcriptional regulation. Assays that had until recently been directed toward a small 

number of genomic regions, can now be performed on a global, genome-wide scale; this includes 

the technique chromatin immunoprecipitation, which identifies protein-DNA interactions, and is 

a crucial aspect of transcriptional regulation studies. Chromatin immunoprecipitation sequencing 

(ChIP-Seq), can show all the map-able sites of transcription factor binding across the genome. It 

can also be used to define genomic regulatory regions and chromatin states based on histone 

modification.  

These advances in sequencing technologies have also resulted in high throughput forms 

of numerous other transcriptional regulation techniques, including DNAse-Seq to identify open 
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chromatin domains, and 4C and 5C, which look at chromatin conformation and dynamics. A 

related technique is the newly developed ChIA-PET, which also looks at three dimensional 

chromatin, but focuses on the structure around the DNA binding sites of a specific transcription 

factor [68]. This is accomplished through an initial chromatin immunoprecipitation step; the 

technique is made high-throughput by paired-end sequencing of the ligated DNA fragments. 

Using RNA Pol II for the immunoprecipitation, Ruan et. al. showed that chromatin looping is 

very common throughout the genome, and that many regions containing gene clusters have large 

numbers of interacting domains, including multiple enhancers and promoters [69]. 
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Chapter 2. Cofactors of LIM domain (CLIM) proteins regulate corneal 

epithelial progenitor cell function through noncoding RNA H19 

 
Abstract 

Cofactors of LIM domain proteins, CLIM1 and CLIM2, are widely expressed transcriptional 

cofactors that are recruited to gene regulatory regions by DNA-binding proteins, including LIM 

domain transcription factors. In the cornea, epithelial specific expression of a dominant negative 

(DN) CLIM under the Keratin 14 (K14) promoter causes blistering, wounding, inflammation, 

epithelial hyperplasia and neovascularization, followed by epithelial thinning and subsequent 

epidermal-like differentiation of the cornea epithelium. The defects in corneal epithelial 

differentiation and cell fate determination, suggest that CLIM proteins may be involved in 

regulating corneal progenitor cells and the transition to differentiation. Consistent with this 

notion, the K14-DN-Clim cornea epithelium has fewer progenitor cells, and altered proliferation 

dynamics during epithelial development. Differentially regulated genes in DN-CLIM corneas 

include those in pathways crucial for progenitor cell maintenance, regulation of proliferation, and 

cornea differentiation. In vivo ChIP-Seq experiments in the cornea epithelium show that CLIM 

associates with DNA regulatory elements containing binding sites for HLH and other non-LIM 

homeodomain factors, as well as the estrogen receptor. Many genes that are highly expressed in 

the limbal epithelium, as well as genes with known roles in progenitor maintenance, are directly 

bound by CLIM cofactors. DN-CLIM binds to and decreases the expression of noncoding RNA 

H19, consistent with alterations in proliferation dynamics of DN-CLIM corneal cells during 

development. Together our results suggest an important role for H19 in corneal epithelial 

progenitor maintenance, and identify CLIMs as upstream regulators of H19 in the cornea. 
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Introduction 

Epithelial tissues make an excellent model to study the regulation of the balance between 

progenitor state maintenance, proliferation, and differentiation. In the multi-layered cornea 

epithelium, cells are continually sloughed off from the surface as they are replenished by 

proliferation of limbally located corneal epithelial stem cells [5, 6]. While transcription factors 

[7-13] and signaling pathways [14-16] balance limbal stem cell maintenance with differentiation, 

how these multiple transcriptional inputs are integrated remains poorly understood. 

CLIMs are a family (CLIM1/LDB2 and CLIM2/NLI/LDB1) of ubiquitously expressed 

co-factors [70-72] that form homo- and possibly heterodimers [70, 73] to mediate activation of 

genes in embryogenesis. CLIM2 is required for maintenance of fetal and adult hematopoietic 

stem cells [74], and epithelial stem cells in the crypts of the small intestine [75], in the bulge of 

hair follicles [10], and in the basal layer of the mammary gland [76]. Intriguingly, CLIM2 has 

also been shown to regulate the final stages of erythroid differentiation [77], making it likely that 

this factor acts at multiple stages of differentiation, maintaining progenitor cells in the stem cell 

niche while also promoting cell differentiation at later stages outside of the niche.  

Characterized by their N-terminally located dimerization domain and C-terminally 

located LIM interaction domain, CLIM proteins lack DNA binding capacity and rely on 

interactions with other transcription factors to regulate gene expression. Through 

homodimerization, CLIMs have the potential to bring together multiple interacting proteins to 

form large multiprotein complexes that coordinate and integrate different input signals to 

regulate transcription [78]. It has also been suggested that the dimerization of CLIM proteins can 

mediate chromatin looping between promoters and enhancers [79]. While numerous interacting 

partners of CLIMs have been identified in various systems, the transcriptional regulators that 
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coordinate with CLIMs in the cornea remain undefined, as does the precise regulatory role of 

CLIM in this system. 

Noncoding RNAs, an integral component of gene regulation during development, provide 

an additional layer of complexity to transcriptional regulation. These genes include both short 

RNA species, such as microRNAs, and long noncoding RNAs, which have been implicated in a 

wide range of transcriptional processes, including X chromosome inactivation and Hox locus 

regulation. H19, one of the few lincRNAs conserved between mouse and human, is a key 

regulator of proliferation during embryonic development, acting to antagonize the growth 

promoting effects of IGF2 expression. H19 and IGF2 are located adjacent to each other and are 

imprinted (IGF2 is expressed from the paternal allele, and H19 from the maternal allele) [80]. 

Differential methylation of an insulator element between the two determines which promoter can 

make contact with downstream enhancers, highlighting the importance of chromatin structure to 

gene regulation [80]. Both IGF2 and H19 are highly expressed in fetal tissues, underscoring the 

importance of balanced proliferation during development, and both are downregulated in most 

tissues soon after birth. While much work has been done to establish the mechanism of 

imprinting gene activation in this system, many questions remain about the tissue- and temporal- 

specific regulation of this locus during development, as well as the tissue-specific funtions of this 

noncoding RNA. Interestingly, H19 is expressed at a higher level in female than male corneas 

[81]; however, whether H19 plays a role in corneal epithelial cells is unknown. 

Clim2 knockout mice die at E9.5 with severe patterning defects [78], whereas Clim1 

knockout mice are phenotypically normal, suggesting redundancy in function between the two 

genes.  To avoid the embryonic lethality and the complex issue of redundancy, we developed a 

mouse expressing a dominant negative (DN) CLIM under the Krt14 promoter (K14-DN-Clim), 
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targeting DN-CLIM to the basal layer of stratified epithelial tissues including epidermis, hair 

follicles, and cornea [10].  The K14-DN-Clim mice exhibit decreased numbers of hair follicle 

stem cells, resulting in hair loss, and have abnormal corneas.  

Right after birth, the K14-DN-Clim mice develop epithelial hyperplasia and corneal 

opacity [10]. Due to defective cell adhesion, caused at least in part by decreased expression of 

the hemidesmosome gene Bp180, stromal edema and blistering frequently occur, resulting in a 

strong inflammatory reaction and neovascularization. Recurrent wounding and inflammation 

persist, dramatically perturbing the ability of the cornea epithelium to maintain homeostasis. 

After this period of hyperplasia, the epithelium of K14-DN-Clim mice undergoes thinning around 

postnatal days 11 and 16, which persists up to 5 months of age, at which point the corneal 

epithelium begins to develop abnormal characteristics that mimic epidermal differentiation, 

including cornification in the upper layers of the epithelium; occasional terminal-phenotype mice 

also develop sebaceous- or goblet-like cells.  

While we have shown that cell adhesion defects cause blistering and wounding [10], they 

alone cannot fully explain the defects in DN-CLIM cornea, suggesting additional regulatory 

roles for CLIMs. The epithelial thinning and later epidermal-like differentiation seen in K14-DN-

Clim mice share similarities with some symptoms of corneal diseases in humans, including 

inflammatory human keratopathy, corneal epithelial squamous metaplasia, and limbal stem cell 

deficiency (LSCD), where inflammation, neovascularization, recurrent erosions of the epithelium 

and a period of epithelial thinning are characteristic [82-84]. Some of these diseases also result in 

abnormal keratinization of the cornea epithelium.  

In this study we examined the early cellular and molecular cornea epithelial 

abnormalities, testing whether CLIMs have a role in corneal epithelial progenitor cells. We show 
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that when the function of CLIM is disrupted in the cornea epithelium, there is a reduction in self-

renewal capacity of epithelial progenitor cells. Through gene expression profiling of K14-DN-

Clim corneas as well as in vivo ChIP-Seq, we identify a number of genes known to be involved 

in epithelial progenitor cell function that are directly regulated by CLIM factors, including 

regulators of cell proliferation. Furthermore, we show that CLIMs bind to and regulate the 

noncoding RNA H19, pointing to an important and previously undefined role for this RNA as a 

regulator of proliferation in corneal progenitor cells. Together, these studies identify direct 

targets of CLIM in cornea epithelium indicate and a role for CLIMs in cornea epithelial 

maintenance and regulation of cell proliferation dynamics.  

 

Results 

Genes important for progenitor cell maintenance and tissue homeostasis are misregulated 

in K14-DN-Clim corneas 

To identify early transcriptional changes that could underlie the striking terminal phenotype of 

the K14-DN-Clim corneas, we characterized the gene expression differences in whole corneas 

from WT and K14-DN-Clim mice at postnatal day 3 (P3). We identified 1099 differentially 

expressed genes with a significance of p<0.05 and a fold cutoff of 1.5; 361 genes are up 

regulated, while 738 genes are down regulated. Up regulated genes are overrepresented in eye 

development-related gene ontology (GO) categories [85, 86] (Figure 2-1A). These include 

retinal/neural crest genes, such as Opn1sw, and Rcvrn, which are not normally expressed in the 

cornea. The enriched GO categories for the down-regulated genes included blood vessel 

development, cell adhesion and extracellular matrix organization (linking gene expression 

changes to the loss of epithelial adhesion and stromal edema in the K14-DN-Clim corneas), as 



	   27	  

well as regulation of proliferation (Figure 2-1A). The cell adhesion category of CLIM regulated 

genes contains a diverse group of proteins, including numerous laminins, integrins, and claudins. 

Among the cell proliferation genes down regulated by K14-DN-Clim in the cornea are cell cycle 

inhibitors Cdkn1a/p21 and Cdkn1b/p27, consistent with the hyperproliferation observed in the 

early time points in DN-CLIM corneas [10]. We also found enrichment for components of 

several signaling pathways among the downregulated genes (Figure 2-1B). These include focal 

adhesion, TGF-beta, MAP kinase, and cytokine signaling pathways.  

 

CLIM targets share similar expression dynamics across corneal development 

We previously profiled gene expression changes in the cornea over the lifetime of the mouse 

(from embryonic day E14 through 2 years), identifying genes with similar spatial and temporal 

expression patterns [7]. By overlapping these data with genes differentially regulated in K14-

DN-Clim mice, we found that several of the previously described developmental time course 

clusters harbor an overrepresentation of genes affected by DN-CLIM (Figure 2-1C). Of the genes 

upregulated by DN-CLIM, many fall in supercluster G, which contains genes involved in eye 

development and nervous system function. Many K14-DN-Clim downregulated genes are found 

in Cluster B, which is enriched for genes most highly expressed in the stroma, containing many 

genes with functions in extracellular matrix organization. Response to wounding is among the 

enriched GO categories for DN-CLIM affected genes in this cluster; the majority of genes that 

fall into this category, like Tgfbr2, Igfbp4, and Pros1, are highly stromally enriched and likely 

represent secondary effects of DN-CLIM expression in the cornea epithelium. Downregulated 

genes are also highly enriched in cluster D. Both clusters B and D contain many genes that are 

involved in the processes of cell adhesion and extracellular matrix organization, such as Aebp1, 
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Thbs1, and Spon1 (Figure 2-1D), correlating well with the observed adhesion defect in the DN-

CLIM corneas. These results suggest that CLIMs coordinately regulate groups of genes that are 

co-expressed across development and have similar functions. It also points to a role for CLIMs in 

higher level transcriptional organization of processes like cell proliferation, cell adhesion and 

cell signaling; which are crucial both to progenitor cell maintenance as well as the proper 

differentiation required to form a functional tissue.  

 

K14-DN-Clim cornea epithelium exhibits altered proliferation dynamics 

The enrichment of cell proliferation regulators among the genes affected by K14-DN-Clim in the 

cornea at P3, along with previous observations that the K14-DN-Clim phenotype includes a 

period of epithelial thinning, suggest that CLIM may play a role in regulating the balance 

between cell proliferation and differentiation, and in helping to maintain the progenitor 

population. To study the proliferation dynamics of the developing K14-DN-Clim corneal 

epithelium, we evaluated BrdU incorporation at P3, P8, and P10, in both the peripheral/limbal 

(Figure2-2A, B) and the central cornea (Figure 2-2A, C), corresponding to limbal stem cells/TA 

cells and TA cells/basal cells respectively (Figure 2-2A). At P3, the number of proliferating cells 

was significantly higher in K14-DN-Clim mice in both the central and peripheral cornea. A 

similar trend was observed at P8, although the difference did not reach statistical significance. 

By P10, BrdU labeling decreased in K14-DN-Clim mice, with significantly fewer proliferating 

cells in the peripheral cornea.  Therefore, the corneal epithelium in K14-DN-Clim mice 

proliferates more actively than wild type cornea in the early days after birth, but as the phenotype 

progresses, as early as P10, the K14-DN-Clim limbally located cornea epithelial cells are less 

proliferative. 



	   29	  

 

Progenitor cells are reduced and have less proliferative potential in K14 DN-Clim mice 

To test whether the epithelial progenitor cells are perturbed in young K14-DN-Clim mice we 

adapted a method of culturing primary corneal epithelial cells for use in colony forming assays 

(Figure 2-3A). After isolation, the epithelial cells have high expression of progenitor cell 

markers Abcg2 and Krt19, and low expression of corneal epithelial differentiation markers like 

Krt12. After two weeks in culture, the expression of these progenitor markers still remains high 

compared to differentiation markers. Additionally, loricrin, a marker of epidermal differentiation 

is low at all timepoints. These results suggest the cells remain progenitor-like after two weeks in 

culture. 

 Corneal epithelial cells from K14-DN-Clim mice formed significantly fewer colonies than 

those from wild type littermates (Figure 2-4A, B).  In addition, the size of K14-DN-Clim corneal 

epithelial cell colonies was smaller than controls, with the ratio of all K14-DN-Clim colonies 

skewed towards smaller sized colonies and away from large colonies, which comprised up to 

10% of wild type colonies but less than 2% of K14-DN-Clim colonies (Figure 2-4C).  Taken 

together, these data suggest that K14-DN-Clim mice have fewer corneal epithelial progenitor 

cells with decreased proliferative potential compared to wild type mice. 

 

Limbal-enriched genes are regulated by CLIM 

To gain insights into the effect of DN-CLIM on genes characteristic for limbal epithelial cells, 

we took advantage of previously published data comparing gene expression in central corneal 

and limbal cell populations captured by laser microdissection in the mouse [87] (Figure 2-5). 

There is a statistically significant overlap of genes differentially regulated by DN-CLIM at P3 
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and the limbal enriched genes determined by the aforementioned study [87]. Interestingly, all of 

the limbal epithelial enriched genes that are affected by DN-CLIM in the mouse cornea are down 

regulated, further supporting a role for CLIMs as transcriptional activators of a gene program 

regulating corneal progenitor cells (Figure 2-5). Among these are genes involved in cell growth, 

cell adhesion and in extracellular matrix deposition (Figure 2-5). These categories are highly 

similar to the GO categories found in the overall analysis for genes affected by DN-CLIM in the 

cornea. Several of the limbal enriched genes that are downregulated in the K14-DN-Clim cornea, 

include Thbs2, a cell adhesion gene. Wnt5a, which can act as an inhibitor of the canonical Wnt 

pathway in some systems, is also significantly downregulated in the aging cornea [7], further 

supporting the link between CLIM and regulation of the regenerative potential of the cornea. 

 

Chromatin immunoprecipitation-sequencing (ChIP-Seq) identifies direct targets of CLIMs 

To identify which of the genes affected by K14-DN-Clim are direct targets of CLIMs, we 

performed ChIP-Seq on corneal epithelium isolated from P7 mouse corneas, using an antibody to 

the myc tag of DN-CLIM. The P7 timepoint was selected as the earliest age from which 

sufficient chromatin could be obtained from corneal epithelia for ChIP-Seq. ChIP experiments 

were performed in duplicate; at a 5% FDR cutoff, approximately 60 percent of the peaks 

overlapped between the two replicates. These 27616 overlapping peaks were used for all further 

analyses. 

 Whereas 10 percent of CLIM peaks were found in proximal promoter regions, the great 

majority were found in distal regions, defined as 50kb upstream through 5kb downstream of a 

TSS, excluding proximal promoters (0-2kb upstream of TSS); these distal binding sites are 

candidate locations for regulatory regions like enhancers (Figure 2-6A). This genomic 
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distribution of CLIM peaks represents a strong deviation from the background genomic 

distribution, consistent with previous ChIP-Seq studies for CLIM in erythroid cells [77], and for 

the CLIM-interacting factor LHX2 in hair follicle stem cells [88]. Using a 20kb window around 

transcription start sites, genes with a nearby CLIM peak were enriched for gene ontology 

categories that included transcriptional regulation, proliferation, cell signaling, cell fate 

commitment, embryonic morphogenesis, and negative regulation of cell differentiation (Figure 

2-7). 

 

CLIM binding sites are enriched for selective transcription factor motifs 

Using the 250 bases of flanking DNA from each side of the center summits of the ChIP-seq 

peaks (Figure 2-7A), we found over-represented DNA-binding motifs that were highly similar to 

the GATA, RUNX1, and the Estrogen receptor motif (Figure 2-6E). Directed motif searches on 

the CLIM binding regions revealed an enrichment of motifs for additional factors known to 

interact with CLIM in other systems, including GATA factors, TAL1, LMO2, GFI1, and FOXO1 

(Figure 2-6F). Interestingly, LHX motifs were not enriched in CLIM binding regions. To 

determine if CLIM associates with multiple DNA-binding proteins, we looked for co-occurrence 

of motifs within the ChIP-Seq peaks (Figure 2-6G). Nearly all GATA3 motifs had nearby TAL1 

motifs, indicating these two factors bind together. Additionally, we found an increase in the co-

occurrence of GATA3 and RUNX1 motifs, as well as an increase in the number of ESR1 and 

LMO2 motifs found together in peaks, suggesting that biases exist in the grouping of CLIM-

associated transcription factors at different locations. 
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CLIM target genes are involved in both stem cell maintenance and epithelial differentiation 

We next overlapped the DN-CLIM ChIP-Seq peaks in corneal epithelium with genes whose 

transcripts were affected by DN-CLIM in P3 corneas. Four hundred sixty-nine genes, 

representing approximately 40 percent of differentially regulated transcripts, also had a nearby 

CLIM ChIP-Seq peak (Figure 2-6B). These genes were enriched for a subset of GO categories 

from the analysis of all genes bound by CLIM, including cell proliferation, blood vessel 

development, eye development and cytoskeletal development (Figure 2-6C), categories 

associated with the phenotype of the DN-CLIM cornea. Many proteins involved in ECM 

interaction and focal adhesion signaling are directly bound by CLIM, including 

thrombospondins, integrins, collagens and filamin. The Wnt signaling pathway is also 

overrepresented among CLIM targets. Wnt5a, Lrp1, Lrp1b, Ctnnbl1, and Nkd2 are all directly 

bound by CLIM and misregulated in the K14-DN-Clim cornea epithelium. Additionally, several 

of the limbal-enriched genes that are affected by DN-CLIM at P3 also have CLIM ChIP-Seq 

peaks in the corneal epithelium at P7; these include Wnt5a, Fgfr1, and Thbs2 (Figure 2-5).  

 

CLIM targets h19 to regulate corneal epithelial proliferation dynamics 

Among the genes bound by DN-CLIM with expression changes in the microarray is the 

noncoding RNA H19, a factor with well defined roles in regulation of proliferation and growth in 

other systems (Figure 2-8A). During development, H19 counteracts the growth-promoting role 

of IGF2, thereby reducing proliferation in progenitor cells [80]. DN-CLIM binds to two sites 

overlapping the H19 gene body, and to additional upstream and downstream sites. Fitting with 

the higher expression of H19 in the female cornea, we find a high scoring estrogen receptor 

motif within a DN-CLIM peak at the H19 locus, suggesting CLIM may bind with ER to regulate 
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H19 expression. We validated that H19 expression levels are decreased in DN-CLIM mice 

compared to WT littermate controls; H19 is also downregulated in primary human corneal 

epithelial cells (HCE) in the presence of DN-CLIM (Figure 2-8B). To determine the effect of 

DN-CLIM and H19 on cell proliferation, we performed MTT assays; cells transfected with DN-

CLIM alone showed an increase in proliferation, consistent both with the reduction in H19 gene 

expression, and with the observed initial increase in proliferation in the in vivo BrDU assays. 

When H19 and DN-CLIM were co-transfected, the increase in proliferation was not observed, 

These results identify a role for H19 in modulating corneal epithelial proliferation, and indicate 

that CLIMs are important regulators of H19, potentially through interactions with ER.  

 

Discussion 

In this study we provide evidence that CLIM regulates the maintenance and behavior of cornea 

epithelial progenitor cells. Using a combined gene expression and ChIP-Seq approach, we 

identify direct targets of CLIM that are crucial to maintaining the population of corneal 

progenitor cells. One such target is H19, a noncoding RNA that acts to reduce proliferation in 

corneal epithelial progenitor cells, and maintain the proper balance between differentiation and 

proliferation required for tissue function. 

 

CLIM regulates cornea progenitor cell function 

The similarities in morphological changes between numerous corneal diseases, including LSCD 

[82-84] and metaplasia, and aspects of the DN-CLIM cornea phenotype suggest that DN-CLIM 

mice have the potential to be used as a model to gain insights into these diseases. Our data 

identify genes misregulated by DN-CLIM, as well as CLIM binding events on a genome wide 
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scale. Not only are these genes likely responsible for certain aspects of the DN-CLIM phenotype, 

they are also likely candidates to have altered expression levels in corneal diseases; such targets 

could be explored in the search for novel therapeutic approaches to these conditions.  

Overlap of the K14-DN-Clim affected genes with the list of enriched limbal genes [87] 

revealed that a significant number of limbal enriched genes are downregulated by DN-CLIM in 

the cornea, including Thrombospondin 2, and cell signaling molecules Fgfr1 and Wnt5a. 

WNT5A, which promotes quiescence in hematopoietic stem cells [89], can act as an inhibitor of 

canonical Wnt signaling  [90].  

 

CLIMs regulate noncoding RNA H19. 

We identified the noncoding RNA H19 as a CLIM target in cornea epithelium, adding to the 

mechanistic complexity of CLIM-mediated transcriptional regulation, and defining for the first 

time a role for H19 as a negative regulator of proliferation in cornea epithelium. Two genes, H19 

and IGF2, have opposing roles in regulating proliferation and are expressed from the same locus. 

Expression is determined by imprinted methylation that directs shared enhancer elements to the 

proper promoter (IGF2 on paternal allele, H19 on maternal allele) [91]; because of this, the 

structure and chromatin looping formed between enhancer and promoter is crucially important. 

Due in part to it’s ability to homodimerize, CLIMs have been shown to play a major role in 

forming and maintaining chromatin loops at the beta globin locus during hematopoesis [79]; thus 

it is likely that CLIM functions at the H19/IGF2 locus to regulate chromatin structure and 

interactions between enhancer and promoter. Both IGF2 and H19 are expressed at higher levels 

during embryonic and early postnatal development than in mature tissue [80], suggesting they 

are particularly important in regulating progenitor cells. 
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Two developmental syndromes are linked to misregulation of this locus; Silver-Russell 

syndrome causes growth defects and is associated with loss of paternal IGF2 expression. 

Opthamologic abnormalities, including refractive errors have been linked to this syndrome, 

suggesting proper regulation of the IGF2/H19 locus is important for the development of occular 

structures [92]. The converse syndrome, Beckwith-Wiedemann, associated with 

hypermethylation of the locus, causes excessive growth, and predisposes patients toward 

developing tumors [93]. Additionally, sex-specific expression of H19 and IGF2 has been 

documented; both are significantly more highly expressed in the iris, retina, ciliary bodies, 

eyecup and cornea of the female mouse eye compared to the male [81]. This is intriguing, as 

DN-CLIM binding at H19 overlaps ER motifs, suggesting CLIMs may interact with ER to 

upregulate expression of this locus, leading to higher expression in the female eyes. 

 

CLIMs help to regulate proliferation and repopulation dynamics in the cornea epithelium. 

The DN-CLIM corneas exhibit a striking misregulation of genes involved in cell proliferation, 

another aspect crucial for progenitor maintenance and tissue homeostasis. The BrdU 

incorporation data and colony forming assays together suggest that the corneal epithelial 

progenitor cell population in K14-DN-Clim mice is altered, with an initial increase in 

proliferation followed by a decrease by P10. The DN-CLIM cornea epithelial cells also have less 

repopulating potential compared to WT. This initial increase in proliferation, characterized by a 

reduction in cell cycle inhibitor expression, may cause the stem cell compartment to exhaust its 

potential early, resulting in later reductions in proliferation and repopulating capacity. A number 

of cell cycle regulators, including Cdkn1b, are bound directly by CLIM and misregulated in K14- 

DN-Clim corneas, suggesting they are direct targets of CLIM. Based on the large number of 
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potential direct CLIM targets within the Wnt signaling pathway, CLIM likely further influences 

the cell cycle through its regulation of Wnt signaling.  

 

CLIM interacts with distinct cohorts of transcription factors to regulate gene expression in 

the cornea 

Our ChIP-Seq experiments, the first in vivo ChIP-Seq experiments in the developing cornea 

epithelium, establish the feasibility of using such samples to study chromatin and transcriptional 

regulation in the cornea epithelium in vivo. This approach could be applied in the future to 

chromatin samples isolated from the epithelium of diseased corneas to identify the mechanisms 

of gene misregulation and potential gene targets for drug therapy.  

 Identifying genome-wide CLIM binding sites in the cornea provided insights into the 

mechanisms of CLIM function in cornea, including information on potential binding partners 

responsible for recruiting CLIM to chromatin. Thus we found that several DNA-binding motifs 

were enriched in CLIM binding regions, including motifs for TAL1, GATA, RUNX1, and 

others; all are factors known to interact with CLIM in other systems. Intriguingly, among the 

enriched motifs flanking CLIM peaks was the motif for estrogen receptor alpha (ERα). CLIM 

has previously been shown to be a cofactor for ERα in mammary epithelia, but not stratified 

epithelia; in mammary epithelial cells it functions to enhance ERα mediated gene expression 

[94]. Estrogen receptors are expressed in all ocular surface tissues, including the cornea, and a 

recent study highlighted the sex-specific differences in corneal wound healing [95]. These results 

suggest that the ERα-CLIM interaction also occurs outside of reproductive tissues.  

 CLIM was originally identified through its interaction with LHX proteins [70-72]. 

Therefore, it is interesting to note that the motif for Lim homeodomain proteins (LHX) was not 
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enriched within the flanking regions of Clim ChIP-Seq peaks. This is in contrast to hair follicle 

stem cells where CLIM seems to function through interactions with LHX2 [96]. LHX proteins 

are not highly expressed in the cornea [7]; this, combined with the lack of enriched LHX motifs, 

suggests that in the cornea epithelium, CLIM primarily interacts with other factors to effect its 

regulation of gene targets, and that the exact composition of the CLIM-mediated multiprotein 

complexes varies with tissue type. LMO proteins are expressed in the cornea epithelium and 

might play a role in recruiting CLIM to other non-LHX complexes. 

 The biases we discovered in co-occurrence rates for motifs of different CLIM interacting 

partners indicate that CLIM can act through different protein complexes in the same cell type to 

regulate gene expression, and suggests it plays a role in bringing together different transcription 

factors to function synergistically at specific regulatory locations. It is tempting to speculate that 

that these preferences for specific combinations of CLIM co-binding transcription factors may be 

a mechanism of regulation that is also active in other CLIM-expressing tissues. 

 

CLIMs act through unique mechanisms to modulate progenitor cells in different tissues. 

CLIMs play a number of roles in progenitor cell maintenance: they promote quiescence in 

hematopoietic stem cells [89], maintain hair follicle stem cells in the epidermis through 

interaction with Lim homeodomain protein LHX2 [10, 88, 96, 97], and maintain the proliferative 

potential of basal stem cells, acting upstream of FGFR2 in mammary epithelium [76]. In our 

studies characterizing CLIM regulation of corneal epithelial progenitor cell maintenance, we do 

not find evidence for CLIM binding to the proximal Fgfr2 promoter, and motif analysis suggests 

that Clim acts independently of Lhx factors in the cornea. Our results therefore indicate that, 
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while CLIMs have a broad role in regulating progenitor cell dynamics in many tissues, they do 

so through unique mechanisms in different tissues. 

 

Conclusion: 

Interference with CLIM function in corneal epithelial cells causes a dramatic phenotype in mice, 

some aspects of which mirror symptoms of corneal diseases in humans. In this study, we show 

that CLIMs are essential for proper corneal epithelial progenitor maintenance, and suggest that 

they carry out this role by acting at a higher level to coordinate expression patterns for genes 

involved in cell adhesion, regulation of the extracellular matrix environment, and cell 

proliferation. We provide data indicating CLIMs interact with specific combinations of 

transcription factors to effect this regulation. Through identification of direct CLIM targets, we 

identify a role for CLIMs in regulation of H19; balanced proliferation is essential for corneal 

epithelial progenitor cell function.  
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Figure 2-1. Microarray gene expression analysis of postnatal day 3 (P3) whole mouse 
corneas reveals genes and pathways with altered expression in K14-DN-Clim mice. A) Gene 
ontology and pathway analysis for differentially expressed genes in P3 DN-CLIM corneas. 
Separate GO Analysis of up regulated genes and down regulated genes in P3 DN-CLIM corneas 
is also shown. B) Significant enrichment of signaling pathways among downregulated genes in 
P3 DN-CLIM corneas as determined by KEGG pathway analysis. A list of specific genes is 
shown. C) Overlap of genes affected by DN-CLIM with previously defined [7] clusters of genes 
with similar expression patterns and functional classifications across development and aging of 
the cornea. The graph shows the fraction of genes in each cluster affected by DN-CLIM as well 
as the fraction expected based on a random overlap. D) Heatmaps showing previously described 
gene expression changes of DN-CLIM affected genes in each developmental cluster. For each 
cluster, selected GO categories and genes are shown. 
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Figure 2-2. Cornea epithelial cell proliferation dynamics are altered in K14-DN-Clim mice.  
A) Representative images of BrdU labeling in the cornea at the indicated times (40X). B) 
Quantification of the fraction of BrdU labeled cells in central cornea at the indicated times (n= 3 
WT and 3 DN-CLIM mice).  C) Quantification of the fraction of BrdU labeled cells in 
peripheral/limbal cornea at the indicated times (n= 3 WT and 3 DN-CLIM mice). 
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Figure 2-3. Characterization of primary mouse corneal epithelial cell culture.  A) Growth of 
cells in culture over two weeks.  B) Expression of markers at day 0.  C) Expression of markers at 
day 14.  All data were normalized to 18SRNA. 
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Figure 2-4. Cornea epithelial progenitor cells are decreased in K14-DN-Clim mice at P7.  A) 
Giemsa stained representative images of CFU assays from P7 Wt and DN-CLIM primary cornea 
epithelial colonies (CECs) (4X).  B) Quantification of number of colonies/well in WT and DN-
CLIM cells (n= 7 WT and 7 DN-CLIM mice).  C) The ratio of colonies (each genotype totals 1) 
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Figure 2-5. Previously defined limbal enriched genes [87] significantly overlap with 
differentially regulated genes in P3 K14-DN-Clim corneas. The overlapping genes are listed 
with the fold-decrease in DN-CLIM corneas as well as p-value for the differential regulation. 
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Figure 2-6. ChIP-Seq identifies direct targets of CLIMs in cornea epithelium. A) 
Distribution of ChIP-Seq peaks across genomic features: promoter= 0-2kb window upstream of 
TSS, distal = 50kb upstream of TSS through 5kb downstream of TSS. B) Enriched motifs found 
by MEME in regions flanking peaks. C) Enriched motifs found in flanking 250bp of ChIP-Seq 
peaks by directed motif searches. D) Co-occurrence of motifs found in CLIM peaks. E) Venn 
diagram showing overlap of ChIP-Seq peaks and genes affected by DN-CLIM in P3 corneas. F) 
GO Analysis of genes affected by DN-CLIM at P3 that have a Clim peak within a 40kb window 
of the TSS (20kb upstream through 20kb downstream). 
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Figure 2-7. ChIP Seq identified CLIM targets in cornea epithelium. A) GO analysis for 
ChIP-Seq peaks within 40kb of TSS of genes. B) GO analysis of genes with CLIM ChIP-Seq 
peak in 40kb window around TSS. C) ChIP-Seq peaks near CLIM-regulated gene Fgfr1. D) 
ChIP-Seq peak at CLIM-regulated gene Runx1 overlapping GATA binding in MEL cells. 
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Figure 2-8. DN-CLIM regulates noncoding RNA H19. A) View of DN-CLIM ChIP-Seq peaks 
and wig files at H19 gene. B) Expression of H19 in WT and DNC corneas at P7. n=4 WT, 6 
DNC. C) Expression of H19 in empty vector (EV) and DN-CLIM (DNC)- transfected human 
corneal epithelial cells (HCE), n=6 EV, 4 DNC. D) MTT cell proliferation assay for cells 
transfected with indicated constructs, n=6 per condition.  
* p < .05, ** p< .01. 
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Chapter 3. KLF7 regulates the corneal epithelial progenitor cell state acting 
antagonistically to KLF4 
 

Introduction: 

During both tissue development and homeostasis, distal regulatory regions called enhancers, 

which contain binding sites for numerous transcription factors, help to control and coordinate 

gene expression in a temporal and spatial specific manner. Unlike the gene regulation that occurs 

at proximal promoters, these enhancer regions can be situated at long distances from the 

transcriptional start site of the gene they regulate, and are thought to physically interact with the 

gene through chromatin looping. Active enhancers can be identified through chromatin 

signatures correlated with enhancer function. Whereas active histone modifications like 

H3K4me3, H3K9ac, and H3K27ac mark promoters, enhancers have high levels of H3K4me1 

and lower levels of H3K4me3 [43]. More recently, active enhancers have also been shown to be 

marked by high levels of H3K27ac, and inactive or repressed enhancers are enriched for 

H3K27me3 [38].  

Within the library of enhancers in each cell type, a small group of enhancers exist that are 

unusually long (more than 12.5kb) and show extremely high intensity of transcription factor 

binding and chromatin enhancer signature marks. These regions, termed super enhancers, are 

frequently tissue specific and are thought to regulate the unique gene expression programs in 

each tissue. Within an organism, many different cell types share function and lineage history; 

epithelial cells are one such example. The extent of shared super enhancer usage in these cell 

types is not well understood. Additionally, the mechanisms by which these super enhancers 

integrate with typical enhancers in a cell to effect gene regulation remain to be defined. 
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The cornea epithelium provides an excellent system to study the process of enhancer 

mediated gene regulation during tissue development and homeostasis; it is a stratified squamous 

epithelium that undergoes constant cell turnover through the sloughing-off of cells from the 

surface and replenishment by the proliferating limbally-located cells [98, 99]. As these cells 

divide and move toward the center of the cornea and up to the surface of the tissue, they activate 

a terminal differentiation gene expression program. Such a process requires very precise 

regulation of gene expression to balance proliferation and differentiation and maintain a 

functioning epithelium.  

To study the regulatory mechanisms of this balancing act, we identified enhancers in 

primary human corneal epithelial cells, through histone modification ChIP-Seq. These data 

provide a view of the complex regulatory dynamics active in proliferating cells; enhancer regions 

point to shared mechanisms of regulation among different epithelial cell types, while also 

highlighting cell type specific regulatory regions that control uniquely corneal functions. In 

addition, these data provide insight into corneal disease, as GWAS-associated SNPs lie within 

corneal enhancers, and cause alterations in the functionality of these regions. Motif analysis 

highlights the important role of KLF transcriptional regulators in cornea epithelium, and led to 

the discovery of a novel and previously undescribed role for KLF7 in cornea epithelial 

progenitor cells. We also defined a novel mechanism of KLF regulation: KLF7 acts to prevent 

corneal epithelial differentiation through competition for binding at epithelial differentiation 

genes and enhancers with KLF4, a pro-differentiation factor. The expression levels of these 

factors and their competing functions are crucial to the balancing of proliferation and 

differentiation during cornea epithelial development and homeostasis.  
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Results: 

ChIP-Seq with histone modifications H3K4me1, H3K27ac and H3K4me3 identifies active 

enhancers in human corneal epithelial cells. 

To gain insight into the regulatory landscape in corneal epithelial cells, we performed ChIP-Seq 

with antibodies to the histone marks H3K4me3, H3K4me1, and H3K27ac in primary human 

corneal epithelial cells (HCE). Using previously defined parameters; enhancers were identified 

as having high levels of H3K27Ac and H3K4me1 with relatively low levels of H3K4me3 [38]. 

Due to their importance in cell type specific functions, we also identified super enhancers using 

the H3K27ac mark. We identified 1,154 super enhancers (SE) in corneal epithelial cells, and 

12,424 typical enhancers (TE), as well as 76,205 inactive regulatory regions, marked by 

H3K4me1 alone (Figure 3-1A). 

 As is characteristic of enhancers, the majority of these regions were found in intergenic 

and intronic regions of the genome rather than in proximal promoters (Figure 3-1B). While 

typical enhancers show a trend toward being localized near genes, super enhancers are even 

more strongly enriched near genes; most are found within 50kb of a transcriptional start site 

(TSS).  

Both typical (TEs) and super enhancers (SEs) were located near key corneal epithelial 

identity genes, including transcription factor PAX6, a master regulator of sensory organ 

development. A super enhancer is located directly over the PAX6 gene body, and four typical 

enhancers are found within the upstream and downstream regions that have been linked to 

regulation of PAX6 expression [100], suggesting that both TEs and an SE regulate this gene 

(Figure 3-1C). 
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SE –linked genes are involved in regulation of apoptosis, epidermal development 

(encompassing many epithelial factors), hemidesmosome assembly, and regulation of fibroblast 

proliferation (Figure 3-1D). TE linked genes were enriched for similar categories (Figure 3-1D). 

Both TEs and SEs fall near highly expressed corneal epithelial genes, SEs more significantly so 

than TEs (Figure 3-1E), again highlighting the association of SEs with high levels of gene 

expression. While TEs may be more general regulators of genes expressed in numerous tissues, 

the genes linked to TEs in HCE are still very important to corneal and epithelial function, as 

evidenced by the fact that mouse phenotypes linked to these genes include abnormal corneal 

morphology, corneal opacity, and fused cornea and lens, in addition to numerous epidermal 

abnormalities (Figure 3-2). 

Motif analysis identified many similar transcriptional regulators predicted to bind the two 

types of enhancers, with only subtle differences between the two. Motifs enriched in both SEs 

and TEs include AP1 family members, KLF, and ETS factors, all known to have important roles 

in corneal epithelial development (Figure 3-1F). Interestingly, TEs showed a low but significant 

enrichment for FOX family motifs that was not found in SEs (Figure 3-1F).  

 We next compared our enhancer data for corneal epithelial cells with the publicly 

available ChIP-Seq data from the ENCODE project for histone modifications in four additional 

primary cell types: mammary epithelium (HMEC), epidermal keratinocytes (NHEK), lung 

fibroblasts (NHLF), and skeletal muscle (HSMM) [101]. When clustering the TEs, we found that 

the epithelial cell types clustered together, indicative of their related functions and gene 

expression; within the epithelia, NHEK and HMEC cells clustered most closely (Figure 3-3A).  

Analysis of super enhancers revealed similar relationships among the tissue types, with 

HMEC and NHEK the most similar. Interestingly, there was less similarity overall between cell 
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types, possibly indicative of the unique locations and roles of SEs in each tissue due to their 

association with tissue-specific functions (Figure 3-3A). Additionally, HCE no longer clustered 

with HMEC and NHEK, suggesting SEs in cornea are more distinct from SEs in HMEC and 

NHEK (Figure 3-3A). Comparing SEs between different epithelial cell types also shows that 

HMEC and NHEK share more overlapping SEs than either one does with HCE (Figure 3-3C). 

We next examined the relationship between super enhancers and typical enhancers among the 

different epithelial cell types and found that only about a third of super enhancers are shared 

between two or more epithelial cell types. However, SEs in one cell type are frequently TEs in 

another, suggesting that the majority of epithelial regulatory regions are common to multiple 

epithelial cell types, differing only in the levels of enhancer activity (Figure 3-3D).  

 To explore the active epithelial enhancers further, we identified overlapping and unique 

typical enhancers for each epithelial cell type. Gene ontology (GO) analysis for the genes near 

the TEs unique to each epithelial cell type revealed potential functional differences. While GO 

categories related to epithelial or ectodermal development appeared in many cases, genes 

involved in the cellular response to hypoxia were only enriched around uniquely corneal 

epithelial enhancers, perhaps reflective of the importance of dealing with hypoxic stress in this 

avascular tissue (Figure 3-3E). GO analysis for genes found near only NHEK enhancers revealed 

a group of actin cytoskeleton genes, which may reflect the importance of resistance to 

mechanical stress in the function of the skin (Figure 3-4A). The genes near HMEC unique 

enhancers were enriched for the GO category steroid metabolic process, which could be related 

to the hormone signaling that occurs in this reproductive tissue (Figure 3-4A).  

 Because SEs are thought to be more cell-type specific than TEs, we next looked at the 

unique SEs for each cell type. Using the SEs that did not overlap SEs or TEs in another epithelial 
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cell type, we found that unique HCE SEs were located near genes involved in sensory organ 

development and cell signaling (Figure 3-3F). SEs unique to NHEK were found near clusters of 

histone genes, as well as near the HOXA and HOXC gene clusters (Figure 3-4B), suggesting 

these SEs act as sites for coordinated regulation of genes within the cluster. Cell adhesion was 

the most enriched category for genes near HMEC-unique SEs; HMEC SE-linked genes were also 

found near histone clusters (Figure 3-4B). De novo motif analysis on the unique corneal 

epithelial SEs and TEs revealed that the motif for the ETS family member EHF was enriched in 

both unique SEs and TEs (Figure 3-3G, 3H). TEs unique to HCE also were enriched for the 

retinoic acid receptor alpha (RXRA), whereas SEs unique to HCE were enriched in AP1 and 

KLF motifs, further underscoring the important role for ETS and KLF family members in cornea 

epithelium. 

The identification of KLF family motifs in both typical and super enhancers in cornea 

epithelium is not surprising, given the well defined roles of KLF4 and KLF5 in the cornea [8, 9, 

102, 103]. However, the KLFs are a large family of transcription factors, many of which are 

highly expressed in both mouse and human cornea epithelium, and we wanted to understand the 

functions of these additional KLF family members, including how multiple KLFs could 

potentially interact to regulate gene expression within the same cell type. Using a previously 

published cornea transcriptome profiling gene expression changes over the lifetime of the mouse 

[7], we identified two significant patterns of KLF family member expression in the cornea: the 

majority of KLF factors, including KLF4, KLF5, and KLF6 showed a strong increase in 

expression across cornea development. In contrast, KLF7 and KLF12 were initially highly 

expressed, but decreased significantly during cornea development (Figure 3-5A).  
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 Based on the opposing expression patterns, we hypothesized that KLF7 and KLF12 could 

be working in cornea development to maintain the progenitor state, acting antagonistically to 

pro-differentiation factors like KLF4, whose increase in expression parallels cornea terminal 

differentiation. We first established that a similar expression pattern was observed in human 

corneal epithelial cells in culture: KLF7 was more highly expressed in proliferating cells than 

differentiating, and KLF4 was more highly expressed in differentiating cells (Figure 3-7B). To 

test the role of KLF4 and KLF7 in corneal epithelium, we performed siRNA knockdown 

experiments in proliferating HCE with KLF7 or KLF4 and assessed gene expression changes by 

microarray. We found a significant difference in the proportion of upregulated and 

downregulated genes between siKLF7 and siKLF4: a significantly larger proportion of genes are 

upregulated when KLF7 is knocked down, indicating that KLF7 acts to repress a large number of 

genes in proliferating cornea epithelium; in contrast, a significantly larger proportion of genes 

are downregulated by siKLF4, pointing to an important role for KLF4 in gene activation (Figure 

3-7C). Genes upregulated by knockdown of KLF7 include cornea differentiation genes Pax6 and 

Aldh3a1 (Figure 3-7D), further supporting the role of KLF7 as a progenitor factor that acts to 

repress the terminal differentiation program in cornea epithelium. We also identified many cell 

cycle regulators that are misexpressed in siKLF7 cells (Figure 3-7D), indicating KLF7 may also 

modulate the proliferation dynamics of progenitor cells. In comparing the two knockdown 

experiments, we found that KLF7 and KLF4 regulate similar functional categories of genes, but 

in the opposite direction; genes that are downregulated by siKLF7 fall into categories that 

contain genes upregulated by siKLF4, and vice versa (Figure 3-5B, 5C). Genes upregulated by 

siKLF7 include many epithelial differentiation factors, and epithelial differentiation is also a 

functional category for genes downregulated by siKLF4. Immune response and wounding 
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response were common categories for genes upregulated by siKLF4 and downregulated by 

siKLF7. We also found a significant overlap in specific genes regulated in opposite directions by 

KLF7 and KLF4 (Figure 3-5D, 5E).  

We next performed the same experiment in cells that had been induced to differentiate. 

We did not observe an opposing expression pattern for genes regulated by KLF7 and KLF4 in 

differentiating corneal epithelial cells; however, such a relationship existed between proliferating 

and differentiating corneal epithelial cells. There was a significant overlap in genes 

downregulated by siKLF4 in differentiation that were upregulated by siKLF7 in proliferating 

cells, and genes upregulated by siKLF4 in differentiated and downregulated by siKLF7 in 

proliferating (Figure 3-6A). In differentiating cornea epithelial cells, we also observed a 

difference in the proportion of upregulated and downregulated genes in each siRNA experiment. 

In contrast to differentiation, siKLF7 was associated with significantly more downregulated 

genes, and siKLF4 with more upregulated genes, suggesting a shift in regulatory mechanisms for 

the two factors (Figure 3-7C). Interestingly, many other KLF family members are affected by 

knockdown of KLF4 or KLF7: KLF12 is downregulated by siKLF7, and KLF10 and KLF5 are 

upregulated by siKLF4, suggesting auto regulation of family members is an important part of 

KLF function in cornea epithelium.  

Due to the strong enrichment for genes in functional categories related to cell cycle in the 

KLF7 knockdown experiments in proliferating cells, we next wanted to understand the role of 

KLF7 in regulation of cell proliferation in cornea epithelium. MTT assays revealed a significant 

increase in proliferation in undifferentiated HCE when KLF7 is knocked down, suggesting KLF7 

may act to temper proliferation and maintain progenitor cell quiescence (Figure 3-6B). This is 
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consistent with CFSE analysis, which showed that siKLF7 cells underwent more divisions than 

control cells (Figure 3-6C). 

To investigate the functional role of enhancers in disease in corneal epithelium; we 

overlapped our active enhancer data for corneal epithelial cells with single nucleotide 

polymorphisms (SNPs) that have been linked to diseases through GWAS studies. Two cornea-

specific enhancers overlap SNPs associated with disease phenotypes in cornea: rs3815087, a 

SNP on chromosome 6 associated with Stevens-Johnson syndrome [104], an immune-mediated 

condition that affects both skin and cornea, and rs6758183, a SNP on chromosome 2  linked to 

corneal astigmatism [105](Figure 3-8A). rs3815087 is located in an exon of Psors1c1 (Figure 3-

8A, 3-9A), a gene identified as a psoriasis susceptibility locus, however, evidence points to this 

SNP being non-coding; the exon in which it is located is not translated in detected isoforms. 

Additionally, the enhancer histone modification pattern suggests that this SNP may affect disease 

risk through non-coding mechanisms. Even though enhancers are often thought of as distal 

regulatory regions, many have been found to directly overlap gene exons. rs6758183, linked to 

corneal astigmatism, is located in a gene desert, approximately 500kb from the nearest coding 

gene (Figure 3-8B). We cloned these regions into luciferase reporter vectors, and validated that 

both regions showed enhancer function (Figure 3-8C). We next mutated the SNP nucleotide to 

the disease-linked variant and compared enhancer activity to the WT variant. The region 

containing the disease-linked allele of rs3815087 showed significantly reduced enhancer activity, 

compared to the WT allele. In contrast, the region containing the disease-linked variant of 

rs6758183 showed significantly increased enhancer activity compared to the WT allele (Figure 

3-8C). These results suggest that alterations in cornea enhancer function caused by the SNP 

variants could contribute to the risk of disease at these loci.   
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We hypothesized that SNP variants could disrupt motif recognition and transcription 

factor binding, leading to differences in enhancer activity for each allele. To study this, we 

identified transcription factor binding motifs overlapping each SNP that show significant 

differences in motif scores between WT and disease-linked alleles. At rs6758183, the disease 

associated A allele increased the strength of a SMAD motif, and decreased the strength of an 

ETS motif (Figure 3-8D), the disease associated allele of rs3815087 strengthened a CEBPB 

motif, among others (Figure 3-9B). The Ets factor EHF is highly expressed in cornea epithelium 

and has been shown to be an important regulator of this tissue [7], making it a candidate for 

binding to the disrupted Ets motif. Using ChIP, we found that EHF binds to rs6758183, 

suggesting disruption of EHF binding by the SNP could result in the observed differences in 

enhancer activity (Figure 3-8C). Intriguingly, the WT version of the SNP shows less enhancer 

activity than the mutant, suggesting EHF binding acts to repress the enhancer region. When this 

binding is lost, the enhancer becomes overactive, and could result in growth imbalances that 

cause alterations in the curvature and refractive power of the cornea. 

Since rs6758183 is located in a gene desert, we looked for studies mentioning the 

surrounding area to this SNP. We found that a number of SNPs in the vicinity of rs6758183 have 

been linked to type II diabetes. Additionally, ChIA-PET studies in MCF7 cells found that this 

region (and the diabetes-linked SNPs) looped to form contact with the IRS1 promoter, 500kb 

away [69]. Insulin signaling is also very important for growth and development of the cornea, 

both epithelium and stroma, making IRS1 a strong candidate target for the enhancer containing 

rs6758183. Furthermore, in previously published siRNA data for EHF in corneal epithelial cells, 

we find that knockdown of EHF causes a small but significant increase in IRS1 gene expression 

(Figure 3-9C) [7]. Combined, these data suggest EHF may regulate IRS1 through binding to the 
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rs6758183 enhancer; disruption of the EHF motif causes a reduced affinity of EHF for this site, 

likely resulting in reduced EHF binding, and increased enhancer activity, potentially causing 

over expression of IRS1, which could disrupt the precise balance required for corneal growth 

that results in proper light refraction.  

 

Discussion: 

Our identification of enhancers in cornea epithelium has provided important insights into the 

mechanisms and factors involved in the dynamic regulation of epithelial tissue development and 

homeostasis. We have defined roles for both SEs and TEs in these processes, and characterized 

the regulatory relationships between epithelial cell types, helping further define the factors 

involved in cell identity. In combination with data from other sources, we have characterized 

GWAS-associated SNPs that lie within corneal enhancers, identifying factors with a potential 

role in disease risk and defining previously uncharacterized regulatory relationships. We have 

also defined a role for a novel KLF factor in cornea epithelium, and characterized the regulatory 

dynamics between KLF7 and pro-differentiation factor KLF4. Our work highlights the 

importance of regulating the balance between proliferation and differentiation, both for proper 

tissue development and for homeostasis. 

Our identification and analysis of corneal epithelial enhancers has led to a number of 

interesting findings. In comparing SEs to TEs, we have confirmed that, as in other tissues, HCE 

SEs tend to show more tissue-specific function than TEs. Consistent with results for SEs in other 

cell types, we find that SEs are more positively correlated with gene expression, and are located 

near genes more strongly enriched in corneal epithelial functional categories. However, there is 

also a great amount of evidence that TEs are very important for gene regulation in cornea 
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epithelium. Genes near TEs are more strongly linked to corneal phenotypes in mice than genes 

near SEs. We also found both an SE and TEs in the more than 200kb upstream and downstream 

of the PAX6 TSS that is required for proper expression of this gene, suggesting that both types of 

enhancers can act together to regulate the same gene. It is possible that SEs, with their highly 

enriched transcription factor binding, provide the largest component of transcriptional activation, 

with TEs providing the fine tuning mechanism, allowing for more precise and controlled gene 

expression.  

While SEs seem to be more involved in tissue specific regulation, the vast majority of 

SEs in HCE are either TEs in other epithelial cell types or show marks of regulatory potential.  

Epithelial tissues express many of the same genes, and appear to have very similar regulatory 

landscapes. The main differences are in the level of intensity of each enhancer; this suggests that 

rather than a binary ON-OFF determination, these regulatory regions that can be TEs or SEs 

depending on the cell type may serve to modulate the levels of expression of epithelial genes; 

providing the right dose of each for a given epithelial tissue. 

Evidence for functionality of our identified enhancers comes in part from the finding that 

two GWAS-linked SNPs with corneal disease phenotypes overlap HCE TEs, and that the single 

base substitution is sufficient to cause changes in enhancer activity at these loci. It is interesting 

that GWAS SNPs linked to corneal disease are located in TEs instead of SEs; this supports the 

idea that TEs also have an important role in gene regulation. It is also possible that GWAS SNPs 

in cornea epithelium are found TEs but not in SEs because mutations in super enhancers have a 

higher chance of being very deleterious to the organism and are quickly selected against.  

 The finding that many GWAS-linked SNPs occur outside of coding regions led to the 

hypothesis that these variants fall within enhancers and other key regulatory regions, affecting 
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gene expression levels, rather than causing mutations in protein sequence. Our data supports this 

idea, as we found SNPs linked to corneal diseases overlap active enhancers in HCE, and that the 

single base difference causes a change in enhancer activity. A challenge to understanding the 

disease promoting mechanism for these noncoding SNPs, is that enhancers can be located at a 

great distance from the genes they regulate, making the link between gene expression and SNP 

variant difficult to decipher. Using a combination of data from published ChIA-PET studies, 

motif analysis, and siRNA experiments, we have been able to establish a role for ETS factor 

EHF in binding to the SNP region and regulating nearby gene IRS1. This is the first such study 

for a corneal-disease linked SNP, and it demonstrates the importance of integrating data from 

multiple sources in elucidating mechanisms of disease risk and progression. 

 Both cornea epithelium and stroma contribute to the refractive power of the eye and the 

stroma is primarily implicated in corneal astigmatism. While our studies were carried out in 

epithelial cells, this enhancer may also be active in stromal keratinocytes, leading to alterations 

in insulin signaling in both tissues that could underlie corneal astigmatism risk. Additionally, 

extensive signaling occurs between epithelium and stroma, and alterations in IRS1 expression in 

one tissue could lead to downstream growth effects in both.  

Motif analysis highlighted the important role of KLF transcriptional regulators in cornea 

epithelium, and led to the discovery of a novel and previously undescribed role for KLF7 in 

cornea epithelial progenitor cells. KLF7 regulates neuronal and olfactory development [35], and 

has been characterized as an inhibitor of adipocyte differentiation [34, 35]. We found that KLF7 

works to repress the corneal epithelial differentiation program and also reduces proliferation, 

potentially acting to maintain progenitor cells in a quiescent state. We also defined a novel 

mechanism of KLF7 regulation in corneal epithelium, which may apply to KLF7 regulation in 
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other tissues as well. We found that KLF7 acts to maintain the corneal progenitor state in part 

through antagonistic regulation of KLF4 gene targets. The expression levels of each KLF 

determine the transcriptional state of shared target genes; as KLF7 levels drop and KLF4 

expression increases during differentiation, it is likely that KLF4 is able to out-compete KLF7, 

and change the response of shared targets. It appears that the expression levels of these factors 

and their competing functions are crucial to the balancing of proliferation and differentiation 

during cornea epithelial development and homeostasis. KLF4 and KLF7 are only two of the 

many KLF family members expressed in cornea epithelium. In the future, it will be interesting to 

understand both the unique roles of each factor, and how they work together to accomplish gene 

regulation. 
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Figure 3-1. Identification of Typical (TE) and Super Enhancers (SE) in primary corneal 
epithelial cells (HCE). A) Quantification of regulatory domains in HCE. B) Distribution of TE 
and SE around TSS. C). TE and SE near corneal identity regulator PAX6. D). Gene ontology 
(GO) for genes linked to TE and SE. E) GSEA analysis of TE and SE across HCE expressed 
genes (ranked high to low). F) Top enriched motifs in TE and SE. 
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Figure 3-2. Corneal epithelial TE are linked to genes associated with corneal and epithelial 
phenotypes in mice. Mouse phenotype gene ontology analysis for nearest genes to HCE TE. 
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Figure 3-3. Comparison of regulatory regions between HCE and ENCODE cell types. A) 
Clustering of primary cells based on similarities in TE. B) Clustering of primary cells based on 
similarities in SE. C) Assessment of regulatory cell state of HCE SE regions in other epithelial 
cells (HMEC, NHEK). D) Overlap of SE between different epithelial cell types. E) Gene 
ontology for genes linked to cornea-specific TE. F) Gene ontology for genes linked to cornea-
specific SE. G). Enriched motifs in cornea-specific TE. G) Enriched motifs in cornea-specific 
SE. 
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Figure 3-4. Unique SE and TE demonstrate important properties of each cell type. A) 
Enriched gene ontology for epidermis-specific TE. B) Enriched gene ontology for epidermis-
specific SE. C) Enriched gene ontology for mammary epithelial-specific TE. D) Enriched gene 
ontology for mammary epithelial-specific SE. 
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Figure 3-5. KLF7 and KLF4 have opposing expression patterns and regulate corneal 
epithelial genes antagonistically. A) KLF4 expression in the cornea across the mouse lifespan: 
embryonic day (E) 14.5 to 2 years (yr). B). KLF7 expression in the cornea across the mouse 
lifespan. B) Enriched gene ontology for genes upregulated (blue bars) or downregulated (red 
bars) by knockdown of KLF7 (siKLF7). C). Enriched gene ontology categories for genes 
upregulated (red bars) or downregulated (blue bars) by knockdown of KLF4 (siKLF4). D) 
Overlap between genes downregulated by siKLF7 and genes upregulated by siKLF4. E) Overlap 
between genes upregulated by siKLF7 and genes downregulated by siKLF4. 
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Figure 3-6. KLF7 and KLF4 also show an antagonistic regulatory relationship across 
differentiation, and KLF7 is a negative regulator of proliferation. A). Overlap between genes 
upregulated by siKLF7 in differentiating HCE (HCE-D) and genes downregulated by siKLF4 in 
undifferentiated HCE (HCE-U), overlap between genes downregulated by siKLF7 in HCE-U and 
upregulated by siKLF4 in HCE-D. B) MTT cell proliferation assays in HCE in siRNA control 
and siKLF7 treated cells, n=6. C) CFSE staining of siRNA control, siKLF4, and siKLF7 treated 
cells, n=1. D) Model for KLF7- and KLF4-mediated regulation of corneal epithelial 
differentiation. 
* p < .05, ** p< .01. 
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Figure 3-7. KLF7 and KLF4 antagonistically regulate HCE differentiation. A) qPCR 
validation of KLF7 and KLF4 expression in mouse whole cornea at selected time points across 
mouse lifespan, n=3 for E14.5, E17.5, P28. n=5 for P7, n=6 for P180. B) KLF7 and KLF4 
expression in 48 hour differentiated HCE. C) Proportion of upregulated and downregulated 
genes by siKLF4 or siKLF7 in undifferentiated HCE (U) or differentiated HCE (D). D) Cell 
cycle and corneal epithelial differentiation genes upregulated by siKLF7. 
* p < .05, ** p< .01. 
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Figure 3-8. HCE enhancers overlap SNPs linked to corneal disease. A). Table of GWAS 
SNP information. B) Genomic view of rs6758183 with HCE enhancer data. C) Luciferase 
reporter assays for WT and mut (disease-associated allele) SNPs, n=6. D) Analysis of motif 
disruption by SNP rs6758183, scores calculated by TRAP: differential score= mut score – WT 
score. E) EHF ChIP in HCE at rs6758183. 
* p < .05, ** p< .01. 
 
 



	   75	  

 
 
 

A.

B.

7.0

6.0

5.0

4.0

1.2

0.8

0.4

0.0
pos neg

rs3815087

mut

rs6758183 

mut

Re
lat

ive
 lu

cif
er

as
e u

ni
ts

WT WT

Odds ratio p-value Nearest
genes

Corneal
Astigmatism 1.39 Irs1, Nyap2

Steven’s Johnson
Syndrome 1.53 3x10^-7 Psors1c1

3x10^-6

GWAS DiseaseSNP

rs3815087

rs6758183 

D.C. Motifs Disrupted by rs6758183
Differential scoreMotif Disruption

14.6

C
SMAD

-9.3

E.

Astigmatism Neg
0

1

2

3

Ehf ChIP 

ETS

A

no
rm

al
iz

ed
 p

er
ce

nt
 in

pu
t

**

**

HCE_TE

SNPs

10 kb

rs6758183

H3K27ac
200 -

1 _

H3K4me1
200 -

1 _

H3K4me3
200 -

1 _

1 Mb hg19

NYAP2 IRS1
RHBDD1

COL4A4

COL4A3



	   76	  

 

 

Figure 3-9. HCE enhancers overlap SNPs linked to corneal disease. A) Genomic view of 
rs3815087 with genes, HCE enhancers, and chromatin marks. B) Motif-disruption analysis for 
rs3815087, scores calculated by TRAP: differential score= mut score – WT score. C) IRS1 
expression in siRNA control and siEHF treated HCE cells, n=2. 
* p < .05, ** p< .01. 
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Chapter 4. GRHL3 interacts with super enhancers and the neuronal repressor 
REST to regulate keratinocyte differentiation and migration 
 
Introduction 

Stem cells are unique in their pluripotency and self-renewing potential, characteristics that 

require unique chromatin organization. As these cells divide and differentiate, they undergo 

dramatic shifts in gene expression, as well as large-scale re-organization of chromatin. The 

process of differentiation is tightly controlled, and such complex coordination of gene expression 

requires many layers of regulation. One such mechanism of regulation occurs through distal 

genomic regions called enhancers, which are believed to act as concentrating sites for 

transcription factors and other regulators, forming loops to contact promoters and enhance 

transcription. Active enhancers have been shown to have high levels of H3K4me1 and H3K27ac 

modified nucleosomes, with low levels of H3K4me3, while poised developmental enhancers 

have been shown to have H3K27me3 in place of H3K27ac [38]. Additionally, in each cell type, a 

select few enhancers have been found to be unusually long (more than 12.5kb) and show high 

intensity of transcription factor binding and chromatin enhancer signature marks [56]. These 

regions, termed super enhancers, are frequently tissue-specific and are thought to regulate the 

unique gene expression programs in each tissue. A great deal of work has been done to document 

the chromatin and transcriptional changes that occur as stem cells differentiate; however, 

whether similar mechanisms mediate the different functional states of a single cell lineage is not 

known.  

The epidermal keratinocyte is an excellent example of a cell that undergoes such 

transitions. In the epidermis, progenitor cells reside in the basal layer; as they divide and move 

upward in the tissue, they progressively differentiate, losing proliferative potential, and acquiring 

the gene expression program required to form the epidermal barrier. After injury to the 
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epidermis, keratinocytes must activate a cell migration gene expression program and move into 

the wound, before differentiating to restore the barrier. Both migration and differentiation require 

large-scale changes in gene expression, however, the extent of chromatin changes between these 

states have not yet been characterized.  

Grainyhead-like epithelial transactivator (GET1/GRHL3) is a transcription factor 

expressed in numerous epithelial tissues, and has been identified as a key regulator of epidermal 

terminal differentiation and barrier formation. Grhl3 knockout mice die at birth, with numerous 

epidermal abnormalities including altered expression of adhesion proteins and changes in lipid 

composition, resulting in increased barrier permeability [26]. Intriguingly, GRHL3 also plays a 

role migration during of wound healing, an epidermal function distinct from barrier formation, 

which requires activation of coordinated movement of keratinocytes and suppression of the 

differentiation program. In this process, GRHL3 is expressed in keratinocytes at the leading edge 

of migrating cells in both embryonic and adult wounds [27], where it was shown to regulate 

genes involved in actin polymerization, possibly by affecting planar cell polarity pathways [28]. 

The role of GRHL3 in promoting both epidermal differentiation and cell migration 

provides an interesting opportunity to study the regulation of transitions between different 

keratinocyte cell states through the actions of a single transcription factor. We also sought to 

place GRHL3-mediated epidermal regulation in the context of the different chromatin states 

within a single cell type, defining an interaction between GRHL3 and chromatin in the process; 

characterization of super enhancers revealed an unexpectedly strong enrichment of GRHL3 

binding events at these domains, pointing to the key role of this factor at the regulatory regions 

governing transitions between the different keratinocyte cell states. Further analysis of GRHL3 

ChIP-Seq data revealed mechanistic differences between modes of GRHL3-mediated gene 
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regulation in differentiating and migrating keratinocytes, and identified a role for the 

transcriptional repressor REST in epidermal keratinocyte migration. 

 

Results: 

The changing landscape of active enhancers points to key regulatory mechanisms for the 

transition of keratinocytes between different cellular states. 

To study in more detail the differences between keratinocytes as they transition between the 

different cellular states, we performed ChIP-Seq to identify active regulatory regions based on 

histone modification signatures in migrating and differentiating keratinocytes, and compared to 

data from proliferating keratinocytes from the ENCODE project [101]. Active typical enhancers 

were identified based on the presence of H3K4me1 and H3K27ac, and absence of high levels of 

H3K4me3. We identified approximately 20,000 typical enhancers in proliferating, 31,000 in 

differentiating, and 11,000 in migrating keratinocytes (Figure 5-1A). Due to their importance in 

cell type specific functions, we also identified super enhancers (SEs) using the H3K27ac mark. 

We identified 783, 761, and 363 SEs in proliferating, differentiating, and migrating 

keratinocytes, respectively (Figure 5-1A). 2144 typical enhancers (TEs) overlapped between all 

three conditions, while the majority of enhancers were active under only one or two conditions, 

pointing to differences in transcriptional regulation required in each situation (Figure 5-1B). 

Only 89 super enhancers were found in all 3 cell states, again pointing to the unique gene 

expression programs active under each cellular condition (Figure 5-1B). 

Genes near typical enhancers active uniquely in one cell type are enriched for categories 

important to all epidermal cells, including keratinization and fatty acid and phospholipid 

synthesis (Figure 5-2A). In contrast, genes linked to SEs in each cell type are enriched for cell-
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type specific functions (Figure 5-2B). In proliferating keratinocytes, where cells adhere to the 

basal lamina, super enhancers are located near genes important for hemidesmosome assembly. 

Super enhancers in proliferating keratinocytes are also located near important epidermal identity 

genes, including p63. SEs in differentiating keratinocytes are located at important differentiation 

regulators, including GRHL3, and ZNF750 (Figure 5-2C). SEs in migrating cells are located at 

genes involved in actin filament regulation, and include FLNA, among others (Figure 5-2D).  

To understand the scale of chromatin changes between different cellular states, we 

compared enhancers (both TEs and SEs) in migrating and differentiating keratinocytes to the 

chromatin state at these same regions in the proliferating cells from which they are derived. 

Approximately one third of active enhancers in differentiating or migrating cells are also active 

enhancers in proliferating keratinocytes (Figure 5-1C). H3K4me1 marks another third alone in 

proliferation, suggesting these regions, while not active, are already marked for future activation. 

A very small fraction of enhancers derive from the poised state in proliferating cells, and less 

than 10 percent do not show any histone marks associated with enhancers in the proliferating 

state (Figure 5-1C). These results suggest that the chromatin landscape is already well 

demarcated in proliferating keratinocytes, and that the poised enhancer chromatin state may be 

more important during development and lineage specification than within a single cell type 

transitioning between different states. 

To examine how SEs change in the transition between different cellular states compared 

to the transition from embryonic stem cell (ESC) to keratinocyte progenitor cell (NHEK-P). 

Between ESC and NHEK-P, only 8 percent of SEs persist, 16 percent are converted to TEs, 43 

percent lose active enhancer marks and only retain H3K4me1, and 32 percent of ESC SEs lose 

all enhancer chromatin marks in NHEK-P. In contrast, all SEs in NHEK-P retain some chromatin 



	   81	  

marks in the transition to differentiating (NHEK-D) or migrating (NHEK-M) cells; the majority 

are converted to TEs in each case (Figure 5-1D). This suggests that the regulatory regions for all 

keratinocyte states are already defined in NHEK-P, and that changes during transitions between 

the different cell states primarily involve alterations in the intensity and activity of these 

regulatory regions, rather than the creation of new regulatory regions. 

 SNPs that are linked to disease often fall outside of coding regions of the genome; it is 

thought that these SNPs occur in key regulatory regions including enhancers, and that the 

polymorphism can disrupt transcription factor binding, leading to alterations in enhancer activity 

and subsequent gene expression. To determine if the identified enhancers in keratinocytes 

contained SNPs linked to disease, we overlapped them with GWAS SNP coordinate data. Three 

keratinocyte enhancers overlap SNPs linked to psoriasis, an inflammatory skin disease 

characterized by both epidermal and immune dysfunction; one of these enhancers is active in 

only proliferating cells, while the other two are active only in migrating cells (Table 1). To test if 

these SNPs could have an effect on enhancer function, we cloned both alleles of SNP rs4649203 

into luciferase reporter vectors, and tested for ability to enhance luciferase expression. This 

region significantly enhances transcription, and the psoriasis-associated variant caused a 

decrease in enhancer activity, highlighting the importance of these distal regulatory regions to 

keratinocyte function (Figure 5-1E).  

 Closer examination of the genomic locations of super enhancers in differentiating and 

proliferating keratinocytes revealed that many such regions are positioned at the edges of the 

epidermal differentiation complex on chromosome 1 (Figure 5-3A), and at the edges of the 

keratin complexes on chromosomes 12 and 17 (Figure 5-4), which may be concentrating and 

loading sites for transcription factors that activate gene expression in these domains, and may 
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also be indicative of higher order chromatin structure at these loci. Intriguingly, these flanking 

SEs are not found in migrating keratinocytes, suggesting a reorganization in chromatin structure 

may occur during this transition. Comparing our enhancer data to a previously published 

microarray time course of NHEK differentiation, we found a strong correlation between genes 

upregulated during mid and late differentiation and the location of differentiation SEs (Figure 5-

3B).  

We next examined the motifs enriched in SEs under the different conditions; AP-1 motifs 

are significantly enriched in SEs from all three classes of keratinocytes, consistent with a general 

activating role for this factor in epithelial tissues (Figure 5-3C). KLF and AP-2 motifs were also 

enriched in proliferating and differentiating keratinocytes (Figure 5-3C). A motif similar to 

FOXD1 was more highly enriched in differentiating keratinocytes compared to the other cell 

states, whereas the MYC motif was found in more migrating cells, and a half-site for NF1 was 

more highly enriched in proliferating cells (Figure 5-3C).  

To understand how GRHL3-mediated gene regulation integrates with the chromatin 

landscape in each situation, we combined newly generated GRHL3 ChIP-Seq data in migrating 

keratinocytes with previously published data for GRHL3 in NHEK-D [52]. We compared 

GRHL3 binding across different chromatin features. GRHL3 was more highly enriched in SEs 

compared to TEs for each cell condition. Additionally, GRHL3 was highly enriched in regions 

marked by H3K4me3, particularly in migrating keratinocytes (Figure 5-3D). 

 A number of key transcriptional regulators of keratinocyte cell states have been identified 

and characterized [106, 107]; we used published ChIP-Seq data for these factors to identify their 

rate of overlapping binding with super enhancers in the three keratinocyte states. Intriguingly, 

while factors like KLF4, ZNF750, and MAFB bound to a significant fraction of super enhancers, 
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GRHL3 bound to the largest proportion of super enhancers of any factor tested (Figure 5-3E). On 

average, GRHL3 bound 3 times to each of its target super enhancers, and approximately one 

third of SEs had greater than 5 GRHL3 binding events, further underscoring the important role of 

GRHL3 in keratinocyte gene regulation. There was much less overlap of GRHL3 peaks (in 

migrating and differentiating keratinocytes) with proliferation super enhancers (Figure 5-3E).   

 

Grhl3 is required for epidermal keratinocyte migration through regulation of a set of genes 

distinct from terminal differentiation. 

Further analysis of the GRHL3 migration ChIP-Seq data revealed that about 30 percent of 

binding events were found in proximal promoters of annotated genes (Figure 5-5A), a much 

larger fraction than in differentiation [52]. To identify direct targets of GRHL3 in migrating 

keratinocytes, we combined the ChIP-Seq peak data with microarrays for siRNA knockdown of 

GRHL3 in migrating keratinocytes. About half of the genes affected by the siRNA knockdown 

of Grhl3 in migration conditions had a Grhl3 peak in their promoter (Figure 5-5B), suggesting 

they are direct targets of Grhl3 during keratinocyte migration. These direct targets are enriched 

in gene ontology categories including cell adhesion, epidermis development, and cell motion 

(Figure 5-5C). 

Our data points to a key role for GRHL3 in modulating the transitions between different 

keratinocyte states; to study this in more detail, we compared GRHL3 binding in the different 

cellular conditions. To identify statistically significant differentially bound GRHL3 sites between 

migration and differentiation we used the R program DiffBind [108]. GRHL3 binds to 1800 

unique genomic regions in differentiating cells, and 2700 unique regions in migrating cells 

(Figure 5-5E). 
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Comparing the direct targets of Grhl3 in the two conditions of epidermal differentiation 

and migration, we found an interesting difference. Whereas the majority of direct targets of 

Grhl3 in differentiating cells are downregulated when Grhl3 is knocked down, indicating Grhl3 

binds and activates these genes, the majority of direct targets of Grhl3 in migration are 

upregulated when Grhl3 is knocked down, indicating Grhl3 binds and represses these genes 

(Figure 5-5F). Based on this observation, it appears that Grhl3 primarily acts as a transcriptional 

activator during epidermal differentiation and as a transcriptional repressor during keratinocyte 

migration. Interestingly, the majority of unique migration peaks are found in the proximal, 3kb 

promoter, while the majority of unique peaks in differentiation are found outside the promoter 

(Figure 5-5G). 

Further analysis of the genes repressed by Grhl3 in migration revealed that a number of 

these genes have been previously shown to act as inhibitors of migration in various different 

systems. One example of such a gene is SMAP1 (Figure 5-5D), a small GTPase-activating 

protein that regulates E-cadherin endocytosis during cell migration. Overexpression of SMAP1 

causes a reduction in epithelial migration [109], suggesting it functions to inhibit cell migration, 

and that GRHL3-mediated downregulation of such genes promotes migration. 

 Based on the differences in Grhl3 binding and potential mechanisms of regulation, we 

next asked if these differences were related to differential co-factor association under the two 

conditions. We performed de novo motif searches on the DNA sequences from the unique 

migration and differentiation ChIP-Seq peaks. In both sets of unique peaks, we found enrichment 

of motifs with significant similarity to those bound by STAT and ETS factors, which have well 

established functions in epithelial tissues (Figure 5-5H). The differentiation peaks also had 

enrichment for a motif that is significantly similar to the KLF4 motif. This is consistent with the 
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known role of KLF4 in epidermal differentiation [107], and suggests GRHL3 and KLF4 could be 

acting together to regulate shared targets during differentiation.  

 In the unique migration Grhl3 ChIP-Seq peaks, a motif matching the transcriptional 

repressor REST was significantly enriched (Figure 5-5H). This is intriguing, as a role for REST 

in epidermal keratinocyte migration has not been conclusively identified. The enrichment of the 

REST motif fits with the predicted role of GRHL3 in repressing gene expression during 

migration, as REST commonly functions as a repressive factor, recruiting HDACs to turn off 

gene expression. Further support for this idea comes from the finding that Semaphorin 3a, which 

plays a role in inhibiting keratinocyte migration, is a direct target of REST in keratinocytes 

[110].  

 To test the effect of REST on keratinocyte migration we performed scratch assays after 

siRNA knockdown of REST. Cells depleted for REST closed the scratch at a slower rate than 

scramble control cells, indicating REST is required for keratinocyte migration (Figure 5-7A, B). 

We also tested the effect of depleting both REST and GRHL3 and found no additional decrease 

in rate of migration compared to either siRNA alone, suggesting REST and GRHL3 act on a 

similar set of targets to regulate cell migration in epidermal keratinocytes (Figure 5-7A, B). 

 To explore the role of REST in migrating keratinocytes, we knocked down REST with 

siRNA. We found a significant overlap of genes affected by REST knockdown and genes 

affected by GRHL3 knockdown (Figure 5-7C); the majority of these overlapping genes are 

upregulated by knockdown of REST or GRHL3 (Figure 5-7D), further supporting the repressive 

co-regulatory role for these two factors suggested by the motif analysis of GRHL3 peaks. Many 

of the genes fall into both cell migration and neuron projection categories, suggesting genes that 
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have been characterized as crucial components of regulation of neuronal migration during 

development are also important for cell projection and movement during keratinocyte migration.  

 

Discussion: 

In this study, we have identified regulatory regions in epidermal keratinocytes under different 

physiological states, providing insights into the mechanisms that govern gene expression in these 

different conditions, and the transitions between different states. We have defined roles for both 

SE and TE in these processes, and characterized the relationships between regulatory regions in 

different cellular states. We also identified regulatory regions with links to psoriasis and 

demonstrated their enhancer ability. Our work places GRHL3 regulation of the transitions 

between physiological states in the context of the chromatin landscape, where we found an 

unexpected enrichment of GRHL3 binding in migrating and differentiating SEs. Further analysis 

of GRHL3 regulation of differentiation and migration identified different mechanisms of 

regulation in these two physiological cell states, and identified REST as a co-factor of GRHL3 in 

migrating keratinocytes.  

Through analysis of enhancers in migrating and differentiating keratinocytes, we found 

that, in contrast to the transition between embryonic stem cell and keratinocyte, cells 

transitioning inside the keratinocyte lineage do so within the confines of a pre-defined regulatory 

landscape; differences in gene regulation are likely due to changing the activity of these 

regulatory regions, rather than creating new regions. In comparing SEs to TEs, we have 

confirmed that, as in other tissues, NHEK SEs tend to show more tissue-specific function than 

TEs.  We have also identified a potential role for SEs at the boundaries of gene clusters 

important for epidermal function, including the EDC and keratin clusters. These data suggest that 
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SEs could act as transcription factor loading and enrichment sites for coordinated regulation of 

genes occurring in these clusters.  

Our data shows that GWAS SNPs linked to psoriasis risk that are found in enhancers 

affect the regulatory potential of these regions, and points to mechanisms of disease progression. 

While psoriasis had been thought to be primarily an immune disorder, more recent work 

implicates the epidermis in disease development [53]. Our data support these findings, and 

suggest that alterations in the expression levels of certain epidermally-expressed genes, due to 

nucleotide differences in distal regulatory regions, can contribute to disease. 

The unexpected finding that GRHL3 binding is highly enriched in SEs of migrating and 

differentiating NHEK affirms the importance of GRHL3 in regulation of these keratinocyte 

states. Indeed, many of the genes linked to SEs with the highest number of GRHL3 binding 

events have been implicated in psoriasis or other diseases of the epidermis, suggesting that 

GRHL3 is very important to the proper functioning of the epidermis. 

A single transcription factor performing unique regulatory functions under two conditions 

is not uncommon in biological systems, and our data adds to the understanding of the 

mechanisms behind such regulation. We find that GRHL3 regulates genes through very distinct 

mechanisms in each case; binding to distal regulatory regions and activating genes in 

differentiation, and binding to promoters and repressing migration genes. Our data suggest that 

GRHL3 may be able to accomplish these different forms of regulation through differential 

association with co-factors under the two conditions. Association with KLF4 in differentiation 

and REST in migration may determine the mechanism of GRHL3 action. Such a system might 

influence the specificity of other transcription factors with dual roles.  
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The association of GRHL3 and REST is a novel finding; REST was originally defined as 

an inhibitor of neuronal genes in non-neuronal tissues, but additional roles for this factor in 

tissue-specific regulatory processes are being uncovered. While targets of REST have been 

shown to have a role in keratinocyte migration, our study is the first to identify a direct role for 

REST in regulation of this process. Many of the shared targets of REST and GRHL3, the 

majority of which are repressed by the two factors, are inhibitors of cell migration and of axon 

projection in neurons. Consistent with our finding for GRHL3 and REST in repressing inhibitors 

of migration including genes regulating cell projection, GRHL3 has been shown to act in leading 

edge cells during migration and Grhl3-/- mice have reduced filopodia projections. Our results 

suggest GRHL3 and REST co-regulate a group of genes involved in neuronal and keratinocyte 

axon projection during cell migration and development. 
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Table	  1.	  SNPs	  linked	  to	  psoriasis	  that	  overlap	  enhancers	  in	  keratinocytes.	  
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Figure	  4-1.	  Identification	  of	  Typical	  (TE)	  and	  Super	  Enhancers	  (SE)	  in	  differentiating	  
(NHEK-D)	  and	  migrating	  (NHEK-M)	  epidermal	  keratinocytes.	  A).	  Quantification	  and	  
comparison	  of	  regulatory	  domains	  in	  proliferating,	  differentiating,	  and	  migrating	  
keratinocytes.	  B.	  Comparison	  of	  the	  chromatin	  state	  in	  proliferating	  cells	  at	  TE	  locations	  in	  
migrating	  or	  differentiating	  NHEK.	  C)	  Overlap	  of	  TE	  between	  the	  three	  cell	  conditions,	  
overlap	  of	  SE	  between	  the	  three	  cell	  conditions,	  overlap	  of	  SE	  between	  the	  three	  cell	  
conditions.	  D)	  Comparison	  of	  changes	  in	  SE	  and	  TE	  as	  cells	  differentiate	  from	  embryonic	  
stem	  cells	  (ESC)	  to	  keratinocyte	  progenitors	  (P),	  with	  changes	  that	  occur	  in	  the	  transition	  
between	  keratinocyte	  cell	  states	  (P	  to	  M),	  (P	  to	  D).	  E)	  Genome	  view	  of	  SNP	  rs4649203,	  
luciferase	  reporter	  assays	  with	  WT(G)	  and	  disease-‐linked	  allele	  (A),	  n=6.	  	  
*	  p	  <	  .05,	  **	  p<	  .01.	  
	  



	   91	  

	  
	  
	  
	  

Chromatin DomainsA.

Proliferation Differentiation Migration

Active
Transcription 

(H3K4me3)

Typical Enhancer

Super Enhancer

13873 1422114253

20084

783

1059930933

761 363

other

H3K4me1+H3K27me3

H3K27me3

H3K4me1

enhancer

Migration Differentiation

B.

Proliferation Differentiation

Migration

Typical Enhancers

1677213801

4542

3125

3414

1973
2144

C. Super Enhancers

Proliferation
Differentiation

Migration

466
493

148

363

154

4

89

D.

Proliferation State

rs4649203
GPos Neg

0.00

0.02

0.04

0.06

0.08

0.10

+ −
0.0

1.00

1.50

2.00

2.50

A

rs3893319
rs4649203

IFNLR1
IFNLR1
IFNLR1

10 kb

NHEK H3K4m3

NHEK H3K27ac

NHEK H3K4m1

rs4649203

E.

**

re
la

tiv
e 

lu
ci

fe
ra

se

Super Enhancer Typical Enhancer

H3K4me1

Unmarked Region

.106

.493

.400

0.000

.299

.604

.092

0.000

P -->D P -->MESC -->P

Super Enhancer Super Enhancer

.165

.322

.079

.434Super Enhancer

Super Enhancer



	   92	  

	  
Figure	  4-2.	  SE	  are	  found	  near	  genes	  with	  more	  cell-type	  specific	  functions	  than	  TE.	  A)	  
Enriched	  gene	  ontology	  terms	  for	  genes	  near	  TE	  unique	  to	  differentiating,	  proliferating,	  or	  
migrating	  cells.	  B)	  Enriched	  gene	  ontology	  terms	  for	  genes	  near	  SE	  in	  proliferating	  NHEK,	  
SE	  near	  epidermal	  fate	  regulator	  P63.	  C)	  Enriched	  gene	  ontology	  terms	  for	  genes	  near	  SE	  in	  
differentiating	  NHEK,	  SE	  near	  epidermal	  fate	  regulator	  GRHL3.	  D)	  Enriched	  gene	  ontology	  
terms	  for	  genes	  near	  SE	  in	  migrating	  NHEK,	  SE	  near	  epidermal	  fate	  regulator	  FLNA.	  
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Figure	  4-3.	  SEs	  are	  found	  near	  differentiation	  genes;	  GRHL3	  binds	  to	  super	  
enhancers	  during	  differentiation	  and	  migration.	  A)	  Genomic	  scale	  view	  of	  the	  
Epidermal	  Differentiation	  Complex	  (EDC)	  of	  genes	  on	  chromosome	  1	  flanked	  by	  SE.	  B)	  
Differentiation	  SEs	  correlate	  strongly	  with	  mid	  (24	  hour)	  and	  late	  (96	  hour)	  differentiation	  
genes.	  C)	  Motif	  analysis	  on	  SEs	  in	  each	  condition.	  D)	  Distribution	  of	  GRHL3	  peaks	  in	  
chromatin	  domains.	  E)	  Fraction	  of	  SEs	  bound	  by	  epidermal	  transcription	  factors	  in	  
proliferating	  (NHEK-‐P),	  differentiating	  (NHEK-‐D),	  and	  migrating	  (NHEK-‐M)	  cells.	  
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Figure	  4-4.	  NHEK	  TEs	  overlap	  SNPs	  linked	  to	  psoriasis;	  SEs	  are	  located	  at	  edges	  of	  
gene	  clusters.	  A)	  Genomic	  view	  of	  NHEK	  TEs	  overlapping	  SNPs	  linked	  to	  psoriasis.	  B-‐C)	  
Genomic	  views	  of	  SEs	  at	  edges	  of	  Krt	  clusters.	  
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Figure	  4-5.	  GRHL3	  regulates	  genes	  through	  unique	  mechanisms	  in	  migrating	  and	  
differentiating	  keratinocytes.	  A)	  Distribution	  of	  GRHL3	  peaks	  in	  NHEK-‐M	  across	  genomic	  
features.	  B)	  Overlap	  of	  genes	  with	  GRHL3	  peaks	  and	  genes	  affected	  by	  siRNA	  knockdown	  of	  
GRHL3	  (siGRHL3).	  C)	  Enriched	  gene	  ontology	  categories	  for	  overlapping	  genes	  in	  (B).	  D)	  
Genomic	  view	  of	  GRHL3	  peak	  at	  Smap1	  promoter.	  E)	  Identification	  of	  significantly	  
differentially	  bound	  GRHL3	  sites	  in	  migration	  and	  differentiation.	  Proportion	  of	  GRHL3	  
bound	  genes	  upregulated	  or	  downregulated	  by	  siGRHL3	  in	  differentiation	  and	  migration.	  
G)	  Percentage	  of	  GRHL3-‐unique	  peaks	  in	  promoter	  in	  differentiation	  and	  migration.	  H)	  
Enriched	  motifs	  in	  unique	  migration	  or	  differentiation	  GRHL3	  peaks.	  
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Figure	  4-6.	  GRHL3	  regulates	  differentiation	  genes	  through	  SEs,	  and	  migration	  genes	  
through	  promoters.	  A)	  GSEA	  analysis	  correlating	  GRHL3	  binding	  in	  SE,	  TE,	  or	  promoters	  
with	  genes	  affected	  by	  siGRHL3	  in	  differentiating	  NHEK.	  B)	  GSEA	  analysis	  correlating	  
GRHL3	  binding	  in	  SEs,	  TEs,	  or	  promoters	  with	  genes	  affected	  by	  siGRHL3	  in	  migrating	  
NHEK.	  
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Figure	  4-7.	  GRHL3	  and	  REST	  regulate	  shared	  targets	  during	  keratinocyte	  migration.	  
A)	  Images	  of	  migration	  assays	  in	  siControl,	  siREST,	  siGRHL3,	  and	  combined	  siREST	  and	  
siGRHL3	  treated	  cells.	  B)	  Quantification	  of	  rate	  of	  migration	  in	  siControl,	  siREST,	  siGRHL3,	  
and	  combined	  siREST+siGRHL3,	  n=12	  control,	  siREST,	  n=10	  siGRHL3,	  siGRHL3+siREST.	  C)	  
Overlap	  of	  genes	  affected	  (p<.05)	  by	  siGRHL3	  and	  siREST	  in	  NHEK	  migration	  (p<.05).	  D)	  
Enriched	  gene	  ontology	  terms	  for	  overlapping	  genes	  in	  C.	  E)	  Percentage	  of	  genes	  
upregulated	  in	  both	  siGRHL3	  and	  siREST	  (up	  both)	  treated	  cells,	  downregulated	  in	  both	  
siGRHL3	  and	  siREST	  (down	  both),	  upregulated	  in	  siREST	  and	  downregulated	  in	  siGRHL3,	  
or	  downregulated	  in	  siREST	  and	  upregulated	  in	  siGRHL3	  treated	  cells.	  F)	  Enriched	  gene	  
ontology	  terms	  for	  genes	  upregulated	  in	  both	  siREST	  and	  siGRHL3	  treated	  cells.	  
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Chapter 5. Methods 
 
Cell culture:  

Normal Human Corneal Epithelial Cells (HCEC) were purchased from LifeLine Technologies 

and grown according to the manufacturer’s instructions in OcuLife medium (LifeLine Tech) 

supplemented with OcuLife growth factors (LifeLine Tech). Telomerase- immortalized hTCEpi 

cells were grown in KBM medium (Lonza) supplemented with SingleQuots (Lonza). 

Normal Human Epidermal Keratinocytes (NHEK) were purchased from LifeLine 

Technologies and grown according to the manufacturer’s instructions in DermaLife medium 

(LifeLine Tech) supplemented with DermaLife growth factors (LifeLine Tech). Immortalized 

(HaCaT) Keratinocytes were grown in Epilife medium (Life Technologies) supplemented with 

EDGS (Life Technologies). Cells were induced to differentiate by addition of high calcium 

medium (1.8mM Ca2+). To induce migration, cells were grown to a confluent monolayer, and 

the scratched with a pipette tip. 

 

Culture of primary mouse corneal epithelial cells: 

After sacrifice, mice were sprayed with 70% EtOH and a drop of Betadine applied to each eye 

for 15 seconds.  Eyes were flushed with PBS + Pen/Strep (100u/100ug per ml 

penicillin/streptomycin) and enucleated.  Whole eye globes were washed in PBS + Pen/Strep 

3x10 minutes and whole corneas dissected, removing all non-corneal tissues.  Corneal epithelium 

was isolated by digestion in EMEM + dispase (20x dispase, CellNTec) with 50 mM sorbitol and 

Pen/Strep for two hours at 37°C, vortexing the whole eye globes gently every 15 minutes to aid 

separation. Corneal epithelial sheets were then peeled off the eye globes. The corneal epithelial 
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sheets were trypsinized for 15 min at 37C to obtain a single cell suspension and plated 100,000 

cells/ well in a 6 well dish, using cells from one eye for each well.  Prior to plating, culture 

dishes were coated with a 1:15 dilution of PureCol, incubated for two hours at 37C, and rinsed 

twice with PBS + Pen/Strep. Cells were grown in CnT50 medium (CellNTec). To verify the 

identity of the cultured primary corneal epithelial cells after two weeks in culture, we performed 

QPCR on a panel of limbal and basal cell markers, corneal differentiation markers, and 

epidermal differentiation markers (Supplemental Figure 1B). The isolated epithelial cells have 

high expression of progenitor cell markers Abcg2 and Krt19, and low expression of corneal 

epithelial differentiation markers like Krt12 at day 0 of isolation. After two weeks in culture, the 

expression of these progenitor markers still remains high compared to differentiation markers. 

Additionally, loricirn, a marker of epidermal differentiation is low at all timepoints, indicating 

these cells are not transitioning to an epidermal cell fate, as has been noted in other studies. 

These results suggest the cells remain progenitor-like after two weeks in culture. 

 

Chromatin Immunoprecipitation Assays: 

ChIP assays were performed as previously described [54] with the following changes: 24ug of 

sonicated chromatin was used for each IP, magnetic Dynabeads (Invitrogen) were used for 

immunoprecipitation and, for ChIP- qPCR analysis, enrichment was calculated over IgG and 

normalized to an intergenic negative control region. The following antibodies were used: IgG 

(Sigma), H3K4me1 (AbCam), H3K27ac (Millipore), H3K4me3 (Milipore), GRHL3 (Andersen 

Lab).  
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ChIP-Seq: 

Sequencing libraries were generated using the NEB Next reagents and Illumina adaptors and 

oligos, according to the Illumina protocol for ChIP-Seq library prep, with some modification. 

Following the protocol by Schmidt et.al., after adaptor ligation, PCR amplification was 

performed prior to size selection of the library [111]. Clustering and 50-cycle single end 

sequencing were performed on the Illumina Hi-Seq 2000 Genome Analyzer.  

 

Bioinformatics Analysis: 

ChIP-Seq reads were aligned using Bowtie [112], and only uniquely aligning reads were retained 

(-m 1). Histone modification peaks were called using SICER [113] with a 200bp gap for 

H3K4me3 and H3K27ac, and a 400bp gap from H3K4me1. Enhancers were identified through 

intersection of H3K4me1 peaks with H3K27ac peaks, and subtraction of H3K4me3 peaks using 

BEDTools [114]. GRHL3 peaks were called using MACS [115]. Input samples were used as the 

control for both methods of peak calling. Galaxy software was used for further analysis 

identifying overlaping and unique peaks [116-118]. DAVID and GREAT were used to identify 

enriched gene ontology terms for the nearest genes for each super enhancer or typical enhancer 

(dtermined by BEDTools nearestBed function) [85, 119]. Enriched motifs were identified from 

the top 1000 peaks de novo usng MEME, and pekas were scanned for known motifs using FIMO 

[120]. Super enhancers were called using ROSE, with default settings [55, 121], including 

exlusion of the 2.5kb TSS regions. To identify enriched motifs within the broad super enhancer 

domains, nucleosome free regions for SE and TE were identified using Homer’s –nfr option 

[122]. Enriched motifs were identified within these nfr regions using Homer- 5 iterations of peak 

calling were performed per sample and only motifs found enriched in multiple runs were 
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reported [120]. Galaxy [116, 117] software was used for further analysis of overlaping and 

unique regions. Gene Enrichment Analysis was performed using GSEA [123, 124]. 

 
Quantitative Real Time PCR: 

For mRNA expression analysis, cDNA was prepared using iScript cDNA kit and RT-PCR was 

performed using SsoFast for Probes and SsoFast EvaGreen (Biorad Laboratories) master mixes 

in CFX384 Real-Time PCR Detection System (Biorad Laboratories). GAPDH or RPLPO were 

used as endogenous controls. Primer and probe sequences available upon request. 

 

RNA extraction from cell culture: 

Cells were collected and lysed in Trizol, followed by Chloroform extraction. RNA was extracted 

from the aqueous phase as previously described. RNA concentration and quality were quantified 

on a NanoDrop. 

Isolation of RNA from tissues for microarray: 

Eye globes were removed from K14-DN-Clim transgenic mice and wild type littermates 

immediately after sacrifice.  Whole corneas were dissected, removing all non-corneal tissues but 

retaining the peripheral cornea, or limbal region.  Total RNA from whole cornea was isolated 

with Trizol (Life Technologies) and further purified with the Qiagen RNEasy Micro Kit. Corneal 

RNA sample purity was validated by QPCR expression of tissue specific markers and absence of 

markers for adjacent tissues.   

P3 samples were prepared for microarray with the NuGEN Ovation RNA Amplification 

System V2 and NuGEN FL-Ovation cDNA Biotin Module V2 (NuGEN Technologies, San 

Carlos CA). Gene expression was assessed with Affymetrix Mouse Gene 1.0 ST Arrays in 

triplicate. 
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Luciferase Assays: 

Approximately 1kb regions surrounding each SNP were cloned into PGL3 reporter vectors. Site 

directed mutagenesis was performed following the manufacturer’s specifications (Agilent Quick 

Change II Site Directed Mutagenesis kit). Successful mutagenesis was verified by sequencing. 

Cells were transfected with each plasmid and a renilla control, and collected after 72 hours. 

Luciferase was quantified using the Promega Luciferase Assay System. 

 

MTT Assays: 

Cells were plated to a density of 10,000 cells per well in 96 well plates, and transfected the 

following day. Proliferation was assayed after 72 hours using the Cell Titer proliferation assay 

(Promega). 20 uL MTT assay reagent (Promega) was added to each well and incubated in the 

dark for 2 hours. Absorbance was read at 490nm. Wells were transfected with the following 

vectors: empty vector (pcDNA3.1), DN-CLIM, h19 (Dharmacon 3449920), and siKLF7 

(Dharmacon L-019540-00-0005).  

 

Microarray Analysis: 

Gene expression analysis for HCE cells was performed with biological duplicates, as previously 

described [26] except Affymetrix Human Gene 1.0 ST arrays (26,869 probe sets) were used and 

washed according to manufacturer's recommendations (Affymetrix, Santa Clara, CA. Gene 

Ontology analysis was performed using DAVID [125].  Statistical significance of overlaps was 

calculated using the Fisher’s exact test. The RNA collected from the corneal epithelial cells was 

hybridized to Affymetrix Human Gene 1.0ST arrays in duplicate. Plier analysis was performed, 
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and the data were then filtered for expression levels. Probes with raw expression values below 

200 were considered not expressed for subsequent analysis. CyberT was used to compare the 

cornea gene expression to both undifferentiated and differentiated epidermal keratinocyte gene 

expression data previously generated in the lab.     

 

Colony-forming assays: 

Primary corneal epithelial cells were isolated as described above and plated 10,000 cells/well in 

a 12 well dish.  Medium was changed every 3 days.  After 2 weeks, cells were fixed with 10% 

neutral buffered formalin, washed 3 x 5 min with PBS, and stained with Giemsa (Sigma) for 15 

min. Wells were then rinsed with dH2O, dried, and photographed under a dissection microscope. 

 

BrdU labeling of K14-DN-Clim mice:  

K14-DN-Clim mice and wild type littermates were injected intraperitoneally with 10mg/ml BrdU 

solution (BD Biosciences) to a concentration of 50 ug/g of body weight two hours prior to 

sacrifice.  Whole eye globes were dissected, fixed in neutral buffered formalin at 4C O/N, then 

processed for paraffin embedding.  Eyes were sectioned at 8 um and stained with rat antiBrdU 

(Abcam) and biotinylated antiRat IgG (Vector Laboratories).  Labeling was detected with the 

Vectastain ABC Elite Kit (Vector) and DAB/DAB+ Chromogen Solution (Dako). 

 

Transfection: 

Primary human corneal epithelial cells were transfected with Lipofectamine LTX with Plus 

reagent (Life Technologies), according to manufactorer’s protocol. Medium was changed after 

16 hours, and cells were collected 72 hours after the addition of transfection reagents. 
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siRNA Transfection: 

Lipofectamine RNAi Max (Life Technologies) in OptiMEM medium was used for siRNA 

transfections: 30nM pooled siRNA was used for knockdown each of GRHL3 (Dharmacon L-

014017-02), REST (Qiagen hs_REST_5: S104153765, hs_REST_1: s100701407), siKLF7 

(Dharmacon L-019540-00-0005) and siKLF4 (Qiagen and scramble control (Dharmacon D-

001810-10-05).  Experiments were performed 72 hours after transfection. 

 

Animal model and procedures: 

All procedures were reviewed and approved by the University of California Irvine Institutional 

Animal Care and Use Committee (IACUC animal protocol number 2001-2239). 

 

Migration Assays: 

72 hours after transfection, cells were incubated for 2 hours with 3.5ug mitomyosin C. Scrapes 

were made with a pipette tip and medium was changed. Images were taken immediately after 

scratching (0 hour), 12, 14, 16, 20, 24, and 36 hours after scratching. The area of the scratches 

was measured by Image J. 

 

Cloning:  

Approximately 1kb of enhancer regions containing the identified GWAS SNPs were cloned into 

PGL3 luciferase reporter vectors (Promega). Site directed mutagenesis at the SNP locus was 

performed using the Quick Change II Kit (Agilent Technologies) and confirmed by sequencing. 

Each reporter construct (containing WT or disease associated variant) was transfected into 
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HaCaT immortalized keratinocytes using Lipofectamine LTX and Plus reagent (Life 

Technologies). After 48 hours, cells were lysed and luciferase levels measured using a 

luminometer and the Promega luciferase assay system (Promega). 
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Chapter 6. Summary and Conclusions 
 
Cornea epithelium and epidermis share many functional and regulatory similarities: they both 

serve important barrier functions, protecting the organism and underlying tissues from the 

external environment, they also both undergo constant cell turnover, requiring a precise balance 

of proliferation and differentiation to maintain tissue integrity. To accomplish this balancing act, 

they make use of similar mechanisms, and integrate information from pre-existing regulatory 

domains with the expression and actions of lineage-specific transcriptional regulators. While 

many regulatory regions and transcription factors are important across a wide range of epithelial 

cell types, the specificity in each tissue arises from the actions of a select group of unique 

regulatory domains and transcription factors. 

Super enhancers make a significant contribution to the cell type specificity of gene 

expression, and are an important part of regulation for both cornea epithelium and epidermis, 

enhancing the expression of key genes. We found that many SE-linked genes are themselves 

transcriptional regulators, suggesting SEs may promote cell-specific functions through activation 

of lineage-specific transcription factors. Indeed, Grhl3, a key regulator of epidermal 

differentiation and migration, contains a super enhancer within its gene body. In addition, 

GRHL3 binding is also highly enriched in epidermal SEs, demonstrating that transcription 

factors with cell-specific functions can be regulated by SEs and also bind to and act upon SEs to 

regulate gene expression. We have also identified super enhancers positioned at the edges of 

gene clusters, suggesting a function in recruiting and loading transcription factors and the 

transcriptional machinery necessary for coordinated regulation of these genes. 

The importance of distal regulatory regions is further underlined by the observation that 

many SNPs linked to increased risk of disease fall outside of protein-coding regions of the 
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genome. It has been hypothesized that these SNPs overlap and interfere with important 

regulatory domains, and that they exert their effect on disease risk through alterations in levels of 

gene expression, rather than through changes to the amino acid sequence of a protein. Our data in 

both cornea epithelium and epidermis support this hypothesis; we find that SNPs linked to 

disease in each tissue alter the enhancing ability of the region in which they fall. Furthermore, we 

find evidence for disruption of transcription factor binding motifs by these SNPs, suggesting a 

mechanism for the observed alterations in regulatory potential. 

The transcriptional regulator GRHL3 had previously been shown to regulate both 

epidermal terminal differentiation and cell migration. We now provide mechanistic insight into 

how it carries out these unique functions within the same tissue under different conditions. 

GRHL3 appears to act very distinctly under the two conditions; it is associated with gene 

activation of structural and barrier genes in differentiating keratinocytes, and with repression of 

migration inhibitors in migrating cells. It acts mainly through enhancers and super enhancers in 

differentiation, and through promoter binding in migration. We find evidence that these different 

mechanisms of GRHL3-mediated regulation correlate with the unique associations of GRHL3 

with co-factors under the different keratinocyte cell conditions. This brought to light a previously 

undescribed and uncharacterized interaction between GRHL3 and the transcriptional repressor 

REST. We find that they both target and repress a shared set of migration inhibitor genes that 

also play a role in neuronal axon projection, suggesting the role of REST as an inhibitor of 

neuronal genes is conserved in this context. The interaction between GRHL3 and REST may be 

a more general epithelial mechanism of gene regulation, particularly under migration conditions, 

as GRHL3 is expressed in a wide range of epithelial tissues including bladder, intestine, and 

trachea. 
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Roles for several KLF family members have been defined in epithelial tissues, however 

the high epithelial expression of so many members of this large gene family indicate that the 

fully story of KLF function has not yet been defined. We have identified a novel role for KLF7 

in maintaining corneal epithelial progenitor cells in an undifferentiated state and preventing 

uncontrolled proliferation. KLF7 acts in an opposing manner to KLF4, a factor known to 

promote differentiation; the two appear to regulate the same genes in opposite directions. We 

also find a contrasting expression patterns of these two KLFs: KLF7 is highly expressed in 

progenitor cells and decreases during corneal epithelial differentiation, whereas KLF4 expression 

increases during differentiation, suggesting the two may compete for binding to shared targets, 

exerting opposing effects on transcription at these loci, and the more abundantly expressed KLF 

determines the readout at a given locus. KLF7 and KLF4 have similar expression patterns in 

epidermis compared to cornea epithelium; KLF7 is most highly expressed in progenitor cells, 

and KLF4 in differentiated cells. From this, it is possible to speculate that a similar mechanism is 

at work in the epidermis and other epithelial tissues, where KLF7 promotes progenitor cell 

maintenance, and KLF4 promotes the terminal differentiation program. 

 Chromatin structure is also a key aspect of transcriptional regulation, and factors like 

CLIMs/LDBs, which can interact with transcription factors at two different loci through 

homodimerization, are thought to aid in the formation of chromatin loops between distal 

regulatory regions and promoters. Our work has highlighted the importance of CLIMs in corneal 

epithelium development and maintenance, where we have found a role for these factors in 

regulating proliferation dynamics, acting in part through the noncoding RNA h19. This factor is 

an important growth inhibitor that helps to balance proliferation during embryonic development 

and in progenitor cells. The structure of the h19 locus and its regulatory domains is very 
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important for proper expression; the downregulation of h19 by DN-CLIM suggests that CLIMs 

are important mediators of the structure at this locus. Additionally, there is evidence for sex-

specific expression of this gene, as h19 is much more highly expressed in the female cornea 

compared to the male. Consistent with this, we find estrogen receptor motifs co-localize with 

CLIM binding to the h19 gene. Our results suggest that CLIMs regulate the chromatin structure 

required for proper expression of h19, which acts to ensure the balanced proliferation necessary 

for correct development and maintenance of the cornea epithelium. 

Transcriptional regulation is a dynamic and highly complex process. It involves 

contributions from more general regulatory domains and transcription factors, as well as input 

from unique regulatory regions and transcriptional regulators in each cell type. Reciprocal 

interactions, between transcription factors and chromatin state are also important to generate 

cell-type specific gene expression patterns. Our studies define the global regulatory landscape in 

epidermal and corneal epithelial cells, and examine the specific roles of key transcription factors 

within the chromatin context, providing mechanistic insight into transcriptional regulation in 

these tissues. 
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