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Abstract of the Dissertation 

 

Role of IRX5 in epidermal and hair follicle stem cells 

by 

Jefferson K. Chen 

Doctor of Philosophy in Cellular & Molecular Biosciences 

University of California, Irvine, 2021 

Professor Bogi Andersen, Chair 

 

 

In tissues undergoing constant cellular turnover, DNA damage repair is critical as 

proliferating cells are prone to replication errors.  Genomic instability, especially in adult 

stem cells, can result in senescence, apoptosis, or uncontrolled growth. Here, we focus 

on two stem cell types, hair follicle stem cells and basal keratinocytes, both of which 

rapidly proliferate to maintain tissue homeostasis. We characterize an novel 

transcription factor, IRX5, as a critical mediator of DNA damage repair and stem cell 

activation. In a Irx5 knockout mouse model, HFSC exhibit prolonged senescence in part 

due to defective DNA damage repair. Furthermore, we identify FGF18 and 

BRCA1/BARD1 as downstream targets of IRX5. 
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Chapter 1. Background 

 

Skin 

The skin serves as a complex organ containing a diverse set of features that are critical 

for survival. The outer most layer, the epithelium, contains layers of keratinocytes that 

undergo biochemical and morphological changes to maintain a outermost layer of dead 

cornified cells that serves as protection from the external environment. This epidermal 

layer houses numerous specialized cells such as: Merkel cells, mechanoreceptors that 

relay light touch of the tissue to the CNS; Melanocytes which produce melanin, 

pigmented granules that are transferred to surrounding cells for UV protection; 

Langerhans cells, epidermal resident macrophages that responds to invading microbes 

and serve as antigen presenting cells.   Below the epidermis, specialized structures 

such as hair follicles, sebaceous glands, and blood vessels act in synchrony to maintain 

tissue homeostasis such as thermoregulation and toxin secretion. 

 

Epidermal differentiation 

Epidermal differentiation occurs in three major instances: 1) In the initial development of 

the epidermis in late embryogenesis when surface ectoderm progenitor cells proliferate 

to give rise to differentiated progeny that form a stratified epithelium through progressive 

addition of cell layers (1); 2) During normal epidermal homeostasis in the adult when the 

epidermis rests in a homeostasis of balanced cell proliferation in the basal cell layer and 

cell death in the cornified layer (1,2); 3) In epidermal injury repair (3).  
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The epidermis is a stratified squamous epithelium containing a proliferating basal cell 

layer that gives rise to the suprabasally located post-mitotic keratinocytes. These 

keratinocytes undergo progressive specialization as they approach the surface where 

they terminally differentiate to form the stratum corneum, a layer of dead cells with 

crosslinked cornified envelopes (4). Numerous genes are activated in differentiating 

keratinocytes to form an effective permeability barrier. These genes primarily fall into 

four classes: 1) structural proteins like keratins, other cornified envelope components, 

and enzymes that crosslink these proteins (5); 2) adhesion molecules like tight junction 

and desmosomal proteins (6,7); 3) lipid producing enzymes required for lipids in the 

stratum corneum (8); 4) innate immunity components which protect the epidermis from 

microorganisms (9). While strong advances have been made (10), we don’t fully 

understand the transcriptional mechanisms driving epidermal barrier formation. 

 

Hair Follicle 

Hair follicles serve as vital appendages for thermoregulation, sensation, and UV 

protection (11). Like the skin, hair follicles undergo constant replenishment which 

requires the activation and maintenance of pluripotent stem cells (12). Hair follicles are 

first developed in utero concurrently with prenatal epidermal development. Unknown 

activators drive keratinocytes to proliferate and form the hair placode. NfKB and Wnt 

signaling promote these epidermal cells to continue to proliferate and eventually forms 

the hair germ (13). A variety of activating signals such as Shh/Smo/Gli2, Wnt10, Lef1, 

and fibroblast growth factors continue to induce proliferation of these germ cells (14). 
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After birth, the follicle undergoes continuous regeneration through cycles of growth 

(anagen), destruction (catagen), and quiescence (telogen) of the hair fiber with each 

cycle resulting in a new hair fiber to take the place of the old shredded fiber (11).  

 

The mature hair follicle base rests upon dermal cells, with the outer root sheath 

containing the hair follicle stem cells. Hair follicle stem cells undergo periods of 

quiescence and activation to replenish a pool of transit amplifying cells. These transit 

amplifying cells form the matrix, a bulbous condensation of cells located at the base of 

the hair follicle (15). Upon activation at anagen, the matrix cells proliferate and 

differentiate to form the Inner Root Sheath and hair shaft (13).  

 

Balance between activation and quiescence is vital for HFSC population homeostasis. 

When in Telogen, the HFSC remain in a dormant state due to BMP signaling from a 

variety of sources. Adipocytes secrete BMP2 in a temporal pattern that aligns with the 

anagen to telogen transition while the dermal papilla and bulge inner layer secretes 

BMP6 (16,17). High levels of BMP maintains quiescence through NFATc1 mediated 

repression of cyclin activity (18). Expression of potent CDK inhibitors like CDKN1a (p21) 

is upregulated, fixing the cell in a dormant state (19). As the levels of BMP drop, Wnt 

and FGF7/10 signaling prevail and induce HFSC activation (20,21). This carefully 

controlled choreograph of quiescence/activation signal expression is mediated by 

transcription factors. 

 

Transcriptional Regulation 
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Strong advances have been made in distinguishing factors which drive epidermal 

differentiation or hair follicle activation. Developmental transcription is driven by 

enhancers, positive DNA regulatory sequences residing few kb to 1Mb from their target 

promoters (22,23). Enhancers contribute to activation of target genes, which can be 

upstream, downstream, or within the enhancer, by serving as binding sites for 

transcription factors, co-activators, and histone modulators (24). Through advances in 

genomics, investigators have developed methods to identify global enhancer regions 

with the histone modification marks H3K4me1 and H3K27Ac (marks active enhancers) 

(25). These methods typically identify 20,000 to 150,000 enhancers per cell type, 

though not all of these enhancers are functional in promoting cell identity (26). Recent 

studies have classified enhancers as either typical enhancer (TE), 1-2kb long regions, 

or super-enhancers (SE), 12.5kb or larger regions with unusually strong enrichment of 

transcription factor binding, co-activator binding, and H3K27ac marks (27). Unlike TEs, 

SEs are thought to be particularly important for the specification of distinct cell types by 

driving gene expression programs unique to each cell type (28,29). To drive cell identity, 

SEs tend to be bound by a combination of unique transcription factors characteristic for 

that cell type (30).  

 

Iroquois like homeobox domain is an example of such transcriptional regulator.  

First discovered in Drosophila, Irx homologs function early in development to 

differentiate the dorsal head and mesothorax, but also remain active in later stages of 

development to subdivide these territories (31,32). Irx homologs in Xenopus control cell 

fate decision between neuronal and epidermal lineages during embryonic neural plate 
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development (33). Like the epidermis, the neural plate is ectodermally derived, later 

invaginating along the midline, forming neural folds that then fuse to create the neural 

tube (34). The mammalian Irx gene family comprises of six genes (Irx1 – Irx6) in 

paralog pairs of Irx1/Irx3, Irx2/Irx5 and Irx4/Irx6 attributed to an ancestral duplication 

event(35). In vertebrates, Irx plays a major role in myocardial development (36), bone 

formation (37), and neuronal development (38).  

 

A limited number of studies have implicated IRX5 in the regulation of cell cycle, 

apoptosis and cell migration (39–41). In adult vascular smooth muscle cells, IRX5 

promotes G1/S transition through regulation of P27, E2F1, and PCNA (42). In 

hepatocellular carcinoma, IRX5 was also found to promote proliferation and also 

suppress apoptosis through regulation of BCL-2 (40). Studies in tongue squamous cell 

carcinoma attributed NFKB signaling to IRX5 in tongue squamous cell carcinoma 

proliferation and cell migration (39).  

 

Cell cycle and DNA damage checkpoints 

The cell cycle is a highly regulated process that is consecutively subdivided into growth 

(G1), DNA Synthesis (S), Mitosis preparation (G2), and Mitosis (M) (43). There are 

various checkpoints within the cycle to ensure proper cell growth and prevent 

uncontrolled cell proliferation, specifically with three main checkpoints: G1-S, G2-M, and 

metaphase-anaphase. The transition between phases at these checkpoints is 

dependent on the interaction between cyclin-dependent kinases (Cdks) and cyclin. 
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Throughout the entire cycle, cyclins expression is upregulated at specific cell cycle 

stages whereas the Cdk concentrations remain relatively constant.  

 

Activated cyclin-Cdk complexes catalyze the progression of the cell cycle through 

subsequent phosphorylation of cyclin-Cdk substrates (43,44). Specific subsets of 

cyclins and Cdks are recruited and activated: Cyclin E-Cdk2, Cyclin A-Cdk1/Cdk2, and 

Cyclin B-Cdk1 complexes allow for the advancement to S phase, completion of S 

phase, and initiation of M phase, respectively (45). 

 

The advancement through the G1-S checkpoint is characterized by a highly conserved 

DNA replication process that is initiated by activation of Cdks and Dbf4-dependent 

kinases (DDKs), which ultimately lead to the formation of replisomes that catalyze DNA 

replication (46). At this checkpoint, the integrity of the DNA is assessed for double-

stranded breaks (DBSs) before engaging in DNA replication, ensuring genomic stability. 

One of the main regulators for this process is p53-binding protein 1 (53BP1) where it 

promotes DBS repair, specifically with non-homologous end-joining (NHEJ) (47). Upon 

the detection of a DSB on chromatin, 53BP1 accumulates around the DSB site to 

prevent DNA end resection, the initial process of homologous recombination DSB repair 

(47). Thus, 53BP1 directs the DSB site towards NHEJ as the primary form of DSB 

repair in the G1 phase (48). 
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Chapter 2: IRX5 promotes basal keratinocyte proliferation and DNA 

damage repair 

 

Impaired epidermal differentiation and the resulting barrier defects underlie many skin 

diseases, including Atopic Dermatitis and Ichthyosis. Atopic Dermatitis, affecting 18% of 

all children and often observed within the first 6 months of life (49), is linked to genetic 

changes in the Epidermal Differentiation Complex (EDC), a 1.6Mb locus of 30+ genes 

encoding proteins that participate in barrier formation (50). Prominently, mutations in 

filaggrin, a resident in the EDC, have been identified as a strong predisposing factor for 

Atopic Dermatitis (51). Lamellar ichthyosis, characterized by an increase in cell 

proliferation and a delay in cell shedding during the first 2 weeks of life, has been linked 

to multiple regions of the genome, suggesting that a diversity of genetic defects gives 

rise to the ichthyosis phenotype (52). In particular, loss of TGM1, an enzyme involved in 

the formation of the cornified envelope, has been found to be one cause of lamellar 

ichthyosis (53,54). A fuller understanding of how transcription factors regulate 

differentiation and barrier formation may ultimately lead to new treatment ideas for 

diseases of defective barrier formation. 

 

Grainyhead-like 3 (Grhl3), an example of such a transcription factor, serves as a key 

regulator of epidermal terminal differentiation and barrier formation during 

embryogenesis. Germline Grhl3 knockout (ko) mice are embryonically lethal due to 

defective barrier formation, and neural tube defects, spinal bifida and exencephaly (55). 

The impaired epidermal barrier phenotype in Grhl3 knockout mice is due to defective 
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activation of key gene expression programs required for cell adhesion, lipid production, 

cornified envelope formation, and protein crosslinking (56,57). Intriguingly, by 

modulating a gene expression program distinct from differentiation, Grhl3 can also 

promote migration of keratinocytes for epidermal wound repair(58,59). These results 

indicate that Grhl3 is an essential gene with evolutionary conserved function in 

epidermal development, wound repair, and neuronal development. 

 

Enhancers regulating GRHL3 are enriched with IRX motifs 

Recent work characterizing enhancers and GRHL3 chromatin binding (60,61) in 

differentiating human keratinocytes identified changes in enhancer regions upon 

knockdown of GRHL3. While over half of typical enhancers are insensitive to GRHL3 

levels, approximately 3,000 and 4,000 typical enhancers were lost and gained, 

respectively, upon GRHL3 knockdown (61). Approximately 25% of gained typical 

enhancers and 10% of lost enhancers upon GRHL3 knockdown correspond to regions 

that are normally directly bound by GRHL3. In contrast, only about 5% of unaffected 

GRHL3 knockdown typical enhancers are bound by GRHL3, suggesting that in some 

cases binding of GRHL3 directly stimulates or suppresses active typical enhancer 

formation.  

 

Genes linked to the newly gained typical enhancers are enriched in functional 

categories like spinal cord neuron specification, lymphocyte differentiation, and foregut 

morphogenesis (Fig. 2.1A). Lost typical enhancers contained genes involved in 

regulation of MAP kinase signaling, cell adhesion, wound repair, and cholesterol 
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metabolism – all of which are ontology categories associated with epithelial tissue (Fig. 

2.1B). Mouse phenotype ontology of the genomic regions associated with gained typical 

enhancer include abnormal bone structure, whorled hair, abnormal vertebral 

morphology, and keratinocyte proliferation (Fig. 2.1C). In contrast, mouse phenotype 

ontology associated with lost typical enhancers include abnormal hemopoiesis, skin 

inflammation, abnormal stratum corneum, and corneal scarring (Fig. 2.1D). Previous 

studies have attributed GRHL3 to some of the mouse phenotype ontology associated 

with lost typical enhancers such as wound healing (62), corneal development (59), and 

epithelial barrier formation (57). These results indicate that the absence of GRHL3 

results in the formation of new, heterologous typical enhancers that deviate from 

keratinocyte cell identity.  

 

While knockdown of GRHL3 resulted in the loss of only 4 super-enhancers, 58 new 

super-enhancers emerged (61). All of the regions corresponding to these newly formed 

super-enhancers after GRHL3 knockdown are normally bound by GRHL3, compared to 

approximately 40% of random regions of similar size, suggesting that binding of GRHL3 

directly suppresses the formation of heterologous super-enhancers in differentiated 

keratinocytes. Furthermore, many of the super-enhancers formed upon GRHL3 

knockdown are linked to genes with roles in neuronal migration and axon guidance, 

including UNC5A and Netrin. These gained super-enhancers upon GRHL3 knockdown 

are strikingly enriched for a motif matching IRX4 (Fig. 2.1E). This suggests that GRHL3 

functions in part to maintain epidermal cell fate by suppressing the formation of 

neuronal super-enhancers that in neuronal cells might be activated by IRX. Intriguingly, 
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many of the mouse phenotype ontology found in gained typical enhancers have been 

previously linked to IRX such as bone mineralization (37), neural patterning (63), and 

adipocyte thermogenesis regulation (64) (Fig. 2.1C).  

 

Analysis of the super-enhancer that contains the GRHL3 gene (Fig. 2.1F) revealed 

enrichment of IRX binding motifs, suggesting that IRX may play a role in regulating the 

expression of GRHL3 (Fig. 2.1G). Furthermore, the gene bodies of IRX2, IRX4, and 

IRX5 also lie within differentiating super-enhancers, suggesting that IRX genes may 

also be regulated by the same enhancer program that regulates GRHL3 expression 

(Fig. 2.1H). GRHL3 ChIP-seq revealed that GRHL3 binds on the gene bodies of IRX1-6 

(see representative examples in Fig. 2.1H,I). This indicates that GRHL3 may possibly 

also regulate IRX gene expression. GRHL3 knockdown in differentiating human 

keratinocytes results in a slight decreased of IRX2 expression (Fig. 2.1J) while IRX2 

knockdown results in decreased expression of GRHL3 (Fig. 2.1K). Together, this data 

suggests a complex regulatory role between GRHL3 and IRX that ultimately promotes 

the expression of epidermal differentiation genes.  

 
IRX Depletion in keratinocytes result in downregulation of GRHL3 

To determine the role of IRX in epidermal differentiation, we conduced siRNA 

knockdown of IRX2, IRX4, and IRX5, the top 3 highest expressing IRX genes during 

epidermal keratinocyte differentiation (Fig 2.2A). IRX knockdown experiments were 

done in 6 different donor human epidermal keratinocytes. Replicates were pooled for 

RNA-seq and selective results were confirmed with individual qPCR validation. For 
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knockdown experiments in differentiating keratinocytes, we transfected 30nM of siRNA 

in proliferating keratinocytes, then differentiation was induced with Calcium 15 hours 

later, and cells were collected 48 hours later. 

 

Upon knockdown of IRX4 and IRX5, a compensatory upregulation of IRX3 expression is 

observed, suggesting potential cross regulation between IRX family genes or the 

existence of a compensatory mechanism (Fig. 2.2A). Knockdown of IRX5 resulted in a 

three and two fold decrease in the expression of differentiation markers Involucrin and 

Keratin 1 respectively (Fig. 2.2B). Knockdown of IRX2, IRX4, and IRX5 significantly 

affected the expression of GRHL3 in both proliferating and differentiating keratinocytes 

(Fig. 2.2C), indicating that these IRXs potentially acts upstream of GRHL3.  

 

Keratinocyte proliferation and differentiation segregate into distinct gene clusters 

To characterize global changes in gene expression, bulk RNA sequencing was 

conducted with pooled siIRX knockdown experiments and we identified 821 differentially 

expressed genes (p<0.05) which clustered into 9 unique expression patterns among 

proliferating control, differentiated control, and differentiated siIRX knockdowns (Fig. 

2.3A-B). Cluster 1-2 expression remained relatively unchanged during NHEK 

differentiation and contained genes involved in proliferation and cell signaling. Cluster 3-

5, which are enriched in cell cycle activation and hemidesmosome genes, is 

characteristically expressed in proliferating keratinocytes. Cluster 6-9 gene ontologies 

are comprised of categories associated with differentiating keratinocytes like epidermal 

development, keratinization, cell-cell adhesion, and cornification (Fig. 2.3A-B). These 3 
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distinct gene expression clusters models the transcriptome changes observed during 

keratinocyte differentiation and serves as a reference for us to classify how IRX 

knockdown affects keratinocyte biology.  

 

Knockdown of IRX downregulates cell cycle progression genes in differentiating 

keratinocytes 

siIRX2, siIRX4, and siIRX5 knockdown samples all shared characteristic 

downregulation of cluster 4 which is highly enriched in cell cycle checkpoint genes. 

Closer analysis of the genes that contribute to mitotic and DNA repair GO categories in 

cluster 4 revealed enrichment of genes involved in G0/Early G1, G1/S transition, G2/M 

transition, prometaphase, mitotic spindle checkpoint, and anaphase. This category 

contains pro-proliferation genes RBL1 (65), CDC6 (66), MYBL2 (67), CDK1 (68), and 

CCNA2 (69). Master regulators of cell cycle progression, Cyclin A, Cyclin B, CDK1 are 

significantly downregulated upon IRX2 knockdown (Fig. 2.3A-B). Cyclin A binds to 

CDK2 to initiate DNA replication in S phase while at G2/M phase, Cyclin A binds with 

CDK1 to activate and stabilize the Cyclin B/CDK1 complex. Cyclin B/CDK1 complex 

forms at the onset of S phase and high levels of this complex triggers Mitosis initiation 

(43). These significantly downregulated Cyclins in siIRX2 suggests that IRX2 promotes 

cell cycle progression during the S, G2, and M phase. siIRX4 and siIRX5 downregulated 

genes include genes that promote the G1/S and G2/M transition (Fig. 2.3 A-B). 

Downregulated cell cycle genes included WSB2, a gene involved in replication stress 

response at the G2/M checkpoint (70), and CDK6, a cyclin kinase which binds with 

Cyclin D to promote G1/S progression (71) (Fig. 2.3A-B).  
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Knockdown of IRX5 resulted in unique gene expression changes not observed in the 

normal course of keratinocyte proliferation or differentiation. Cluster 2 is downregulated 

upon IRX5 knockdown and contains genes involving regulation of TP53 activity 

(PRDM1,BLIMP1, PDPK1, NUAK1) and Type 1 Hemidesmosome assembly (LAMB3, 

LAMA3, LAMC2) (Fig 2.3B). PRDM1 is involved in the regulation of P53 and depletion 

of PRDM1 induces cell cycle arrest (72). Cluster 6 is upregulated only in the siIRX5 

sample and not expressed in normal proliferating or differentiating keratinocytes. Cluster 

6 includes genes like NOTCH3, a transmembrane protein that upon overexpression, 

induces cell cycle arrest through activation of CDH1 (73).  All of these changes indicate 

that knockdown of IRX5 results in an increased senescent state. 

 

Collectively, these striking gene expression changes we observed in all IRX knockdown 

suggests that absence of IRX results in a more senescent state. It is unclear what role 

cluster 4 proliferating genes have in differentiating keratinocytes as proliferating gene 

programs are normally expressed in basal keratinocytes. However, the occurrence of 

the same proliferation defect among knockdown of IRX2, IRX4, and IRX5 strongly 

suggests that IRX promotes proliferation regardless of the cell state. 

 

IRX knockdown disrupts normal differentiation  

Cluster 7-9 contains genes that are normally upregulated during keratinocyte 

differentiation but is downregulated upon knockdown of IRX2, IRX4, and IRX5.  
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Cluster 7 contains genes involved in keratinization, such as FLG, LCE, KRT8, SPRR4 

and is downregulated mainly in siIRX2 and siIRX5. Cluster 8 contains cornification 

genes such as TGM1, SPRR2D, KRT13, and KRT16 and is downregulated in siIRX2 

and siIRX4. Cluster 9, which contains epidermis development genes such as CDSN, 

SPRR2A, KRT4, KRT7, KRT15,and CALML5, is downregulated in all IRX knockdowns. 

While siIRX4 and siIRX5 seem to have moderate downregulation in these differentiation 

gene programs, siIRX2 displayed striking downregulation in all differentiation clusters. 

 

IRX2 and IRX5 maintains differentiating keratinocyte identity  

Cluster 6 gene expression is downregulated in proliferating keratinocytes and not 

expressed in differentiating keratinocytes. However, cluster 6 gene expression is 

notably upregulated in siIRX5. Many of the cluster 6 genes are prevalent in ovarian or 

breast carcinogenesis: The top ontology group includes Mucin O-linked glycosylation 

such as MUC15 and MUC16. MUC16 is membrane bound and expressed in areas like 

the conjunctival and uterine epithelium where it contributes towards a dense mucinous 

gel layer as a protective layer against pathogens and external debris (74). Deregulated 

expression of MUC16 has been linked psoriasis, Sjogren’s syndrome, and cancer 

(75,76). MUC16 has been linked to Psoriasis susceptibility locus 6 and while its role in 

psoriasis has not been characterized, MUC16 has been shown to be expressed in the 

histology of psoriatic skin, with staining localized to basal epidermis and stronger 

expression in suprabasal cells (75). In ovarian cancer, MUC16 is overexpressed and 

serves as a clinical marker (77). FGFBP1, which has been shown to be upregulated in 

breast and colon cancers, is also in Cluster 6 and upregulated upon IRX5 knockdown 
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(78). In skin, FGFBP1 has been found to be significantly upregulated in invasive 

squamous cell carcinoma and also in psoriatic lesions but not in normal skin (79).  

 

Cluster 1 is downregulated upon knockdown of IRX2 and contains genes involved in 

AKT signaling and migration such as AKT3, CHUK, FOXO3, and RUNX2. RUNX2, a 

transcription factor, plays a crucial regulatory role in epidermal and hair follicle cells: 

Runx2 null mice display delayed follicle maturation, reduced epidermal thickness, and 

reduced proliferation (80). In the hair follicle and epidermis, activation of AKT signaling 

induces proliferation (81). Cluster 5 is uniquely upregulated in siIRX2 samples and 

includes GO categories such as negative regulation of cell proliferation and IL-17/IL-10 

signaling. Contributory GO category genes include PTGS2, CXCL1, CXCL5. 

PTGS2/COX-2, a prostaglandin signaling mediator, plays a critical role in epidermis and 

hair growth cycle. Transgenic overexpression models of Ptgs2 exhibit reduced hair 

follicle density and delayed hair follow morphogenesis and epithelial hyperplasia due to 

aberrant epidermal differentiation (82). 

 

Combined, these IRX knockdown experiments in differentiating keratinocytes reveal 

changes in global transcriptome that affect proliferation, differentiation, and cell identity. 

To better understand the role of IRX in proliferation, we conducted similar siIRX 

knockdown on proliferating keratinocytes.  

 

IRX2 and IRX4 depletion in proliferating keratinocytes results in defective cell 

cycle checkpoint 
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Bulk RNA sequencing was conducted with pooled siIRX knockdown experiments and 

we identified 776 differentially expressed genes (p<0.05) which clustered into 8 unique 

expression patterns among proliferating control and proliferating siIRX knockdowns 

(Fig. 2.4A-E). To quantify the impact each IRX knockdown has on cell cycle during 

proliferation (Fig. 2.4B) and differentiation (Fig. 2.4C), we used Seurat’s (83) cell cycle 

scoring function.  Seurat analyzes the gene expression of known cell cycle regulators 

and produces an quantifiable value that is used to predict the sample’s cell cycle stage. 

Knockdown of IRX2 and IRX4 in proliferation keratinocytes and differentiating 

keratinocytes results in G1 phase gene expression. However, only knockdown of IRX5 

during differentiation results in G1 phase gene expression. These results suggests that 

IRX2 and IRX4 is needed for cell cycle progression. 

 

Cluster 1-3, which is expressed in normal proliferating keratinocytes, is comprised of 

genes involved in cell cycle checkpoint. These include genes involved in G1/S and 

G2/M transition such as E2F2, MYBL2, ORC1, and MCM10. K-means clustering 

identified siIRX2 and siIRX4 proliferating keratinocytes with downregulated cell cycle 

checkpoint in cluster 1 and 2 (Fig. 2.4D-E). This suggests that IRX2 and IRX4 is 

upstream of critical cyclin activating factors. 

 

IRX maintains basal keratinocyte state 

Cluster 7 genes, which are upregulated upon knockdown of IRX2, contains 

keratinization genes such as SPRR4 and Late Cornified Envelope genes (Fig. 2.4D-E).  

Previous in vivo and in vitro studies on keratinocytes have found that SPRR4 is 
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normally expressed at low or undetectable levels but upon UV damage, is upregulated 

and incorporated into the damaged keratinocyte’s cornified cell envelope (84).  In 

addition, we also detected upregulated expression of LCE3E, another component of 

cornified cell envelope that is upregulated upon UV damage (85). This upregulation of 

aberrant UV induced differentiation factors in siIRX2 proliferating keratinocytes could be 

a consequence of inefficient DNA damage repair. 

 

Cluster 5-6 is strikingly upregulated in siIRX4, contains gene ontologies such as retina 

morphogenesis, MAPK cascade involved in immune cell migration, and calcium 

concentration regulation. Retina morphogenesis include PROX1, a neuronal 

transcription factor expressed by neuronal stem cells during hippocampus development 

where it promotes cell cycle exit and neuronal differentiation (86).  

 

Cluster 8, which is upregulated in the siIRX5 treated proliferating keratinocytes, contains 

enrichment of GO categories such as hair follicle differentiation and cell-cell junction 

(Fig. 2.4D-E). Aberrant upregulation of hair follicle factors such as RUNX3, which 

promote hair follicle development (87), DSG1, which plays an key role in hair follicle 

anchorage (88), and SPINK6  was observed in siIRX5 treated proliferating 

keratinocytes. These finding suggests that IRX5 maintains keratinocyte cell identity. 

 

Collectively, our siIRX knockdown in proliferating keratinocytes reveal IRX2 and IRX4 

as pro-proliferative factors necessary for cell cycle progression. Furthermore, we also 
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identify IRX2, IRX4, and IRX5 as factors which preserves basal keratinocyte cell 

identity. 

 

Irx5-/- epidermis is intact and without pathology  

To follow up on these in vitro results, we analyzed an global Irx5 knockout mouse. Irx5-/- 

mice are embryonically viable with an intact epidermal barrier. Histology of Irx5-/- and 

Irx5+/+ epidermis reveal no apparent pathology (Fig. 2.5A-C).  Immunofluorescent 

staining of P20 adult mice back skin revealed normal K14 basal and LOR terminally 

differentiated epithelial layer (Fig. 2.5D-I).  

 

IRX5 promotes keratinocyte proliferation 

To characterize the aberrant gene programs in Irx5-/- epidermis, we isolated 20 day old 

whole epidermis of Irx5-/- (n=2) and Irx5+/+ (n=2)  mice for bulk transcriptome. We 

identified 478 upregulated genes and 1,513 downregulated genes in Irx5-/- epidermis 

(Fig. 2.5J-K). Gene ontology of downregulated genes revealed significant enrichment in 

pro-proliferation categories such as RNA metabolism, translation, and cell cycle (Fig. 

2.5J). Consistent with our NHEK in vitro studies, downregulated genes in the cell cycle 

related ontology categories include cell cycle checkpoint and P53 dependent DNA 

damage response genes. 

 

Upregulated genes in the Irx5-/- epidermis were enriched with ontology categories such 

as negative regulation of epithelial differentiation, hair follicle development, positive 

regulation of cell death, and negative regulation of cell proliferation (Fig. 2.5K). 
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Keratinocyte differentiation ontology included genes such as Gata3, Hoxa7, Mycl, 

Numb, Xdh, Yap1, Spry2, Sgpp1, and Cd109. Upregulated gene were also enriched 

with gene ontology category hair follicle development which include Tgm3.  Previous 

work characterizing TGM3 have found that it does not play a role in epithelial barrier 

formation but is essential for hair follicle development (89). 

 

 Irx5-/- basal keratinocytes are more quiescent 

To confirm these transcriptome findings of defective proliferation, we quantified 

proliferation with EdU in 20 day old Irx5-/- (n=4) and Irx5+/+ (n=4) mice (Fig. 2.6A-B).  

Positive EdU staining was present throughout the basal layer. Irx5+/+ keratinocytes were 

8% EdU positive while Irx5-/- keratinocytes were 2% EdU positive (Fig. 2.6C). This result 

confirm that Irx5-/- basal keratinocytes are more quiescent than wild type basal 

keratinocytes. 

 

IRX5 is protective against DNA damage 

Our human keratinocyte transcriptome data indicate that knockdown of IRX results in an 

inability to clear the G1/S checkpoint, where DNA integrity is verified. Detection of DNA 

damage or replication error stabilizes P53 which in turn activates P21 to induce 

quiescence (90). γH2AX, an histone which binds to unrepaired DNA double stranded 

breaks (DSB), is rarely detected in the epidermis under physiological conditions (91). 

We did not detected any γH2AX staining in Irx5+/+ epidermis (n=2) but found a small 

percentage of γH2AX positive keratinocytes in Irx5-/- epidermis (n=3) (Fig. 2.6D). 
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Presence of increased γH2AX  staining in Irx5-/- keratinocytes suggests an impaired 

ability to repair DNA damage incurred from physiological conditions. 

 

Upon DSB detection, γH2AX recruits factors such as P53, which then either mediates 

DNA damage repair, cell cycle arrest, or apoptosis. To determine if DNA damage in 

Irx5-/- keratinocytes is repaired, we conducted immunofluorescent staining of  P53BP1, 

a DNA repair recruiting factor that promotes nonhomologous end joining mediated 

repair of DSB (92). Consistent with γH2AX staining, P53BP1 was rarely found in Irx5+/+ 

epidermis but present in Irx5-/- keratinocytes in the form of sharp distinct focuses (Fig. 

2.6G-I).  Sharp distinct 53BP1 nuclear bodies is indicative of active DNA repair, 

suggesting that these Irx5-/- basal keratinocytes are undergoing replication stress and is 

stalled at G1/S (93). 

 

Unrepaired DNA damage activates P21 cell cycle arrest in Irx5-/- keratinocytes 

DNA damage activates P53-P21 induced cell cycle arrest, which allows the cell to repair 

the lesion before replicating (94). To determine if Irx5-/- basal keratinocytes are indeed 

experiencing stalled cell cycle, we quantified the prevalence of P21 (CDKN1A) in the 

epidermis (Fig. 2.6J-K). 8% of Irx5+/+ keratinocytes were P21 positive compared to the 

35% of keratinocytes in Irx5-/- epidermis (Fig. 2.6J-L). This 4 fold increase in P21 

positive keratinocytes suggests that Irx5-/- basal keratinocytes are quiescent due in part 

to an activated DNA damage-P53-P21 pathway.  

 

Discussion 
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We have characterized a novel transcription factor that plays an critical role in 

keratinocyte DNA damage repair. In proliferating and differentiating keratinocytes, IRX 

maintains keratinocyte identity.  Absence of IRX2, IRX5, and IRX4 during differentiation 

results in aberrant keratinocyte differentiation, as observed by the upregulation of genes 

such as Mucin production and hair follicle development. In both proliferating and 

differentiating keratinocytes, we observed cell cycle defects upon knockout or 

knockdown of IRX2, IRX4, and IRX5. Upon knockdown of IRX2 and IRX4, proliferating 

keratinocytes were stuck in the G1 phase, with specific downregulation of spindle 

assembly and DNA damage repair genes. 

 

These in vitro findings was validated with an Irx5-/- mouse model. While the Irx5-/- mice 

epithelial barrier was intact, bulk transcriptome analysis reveal aberrant downregulation 

of proliferation genes. In basal keratinocytes, Irx5 ablation results in accumulation of 

DNA DSB, which in turn induces P53-P21 mediated quiescence. 

 

How IRX5 plays a role in both differentiation and proliferation is an intriguing question 

that requires further investigation. Previous studies on DNA damage in keratinocytes 

may provide some context. In keratinocytes overburdened with genotoxic stress, P21 is 

activated to promote differentiation (95). Recent studies have proposed an novel 

keratinocyte differentiation pathway – whereby DNA damage induced mitotic arrest is 

triggered to promote differentiation (96).  
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Keratinocytes have an robust DNA damage repair program – with many redundant 

factors promoting DNA damage repair. We have identified IRX5 as an novel factor that 

plays a key role in the DNA damage repair of basal epithelial cells. IRX5 may be a 

prognostic marker in epithelial based diseases such as breast, lung or ovarian 

carcinomas. While the effects of Irx5 ablation seems to be limited in the epidermis, IRX5 

could play a central role during massive epithelial repair such as barrier insults or UV 

radiation damage. 
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Figure 2.1: Unique epidermal enhancers in the absence of GRHL3 
A) Gene ontology categories of TE gained upon GRHL3 KD. B) Gene ontology categories of TE 
lost upon GRHL3 KD C) Mouse phenotype ontology categories of TE gained upon GRHL3 KD. D) 
Mouse phenotype ontology categories of TE lost upon GRHL3 KD E) Irx4 motif enriched in SE 
gained after GRHL3 KD. F) Super-enhancer on the GRHL3 gene. G) Irx2 motif on the Grhl3 super-
enhancer. (p=1e-16 ) H) The Irx5 gene is within a SE containing multiple GRHL3 peaks (in green). 
I) The IRX6 gene features GRHL3 binding but is not within a SE. J) Expression of Irx1-Irx6 in the 
knockdown of Grhl3. K) Expression of Grhl3 upon knockdown of Irx2, Irx4, and Irx5. 
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Figure 2.2: Gene expression changes after IRX knockdown 
qPCR validation in differentiating siControl NHEK (n=6), differentiating siIRX2 (n=6), 
differentiating siIRX4 (n=6), and differentiating siIRX5 (n=6) for A) IRX gene expression,   B) 
epidermal differentiation markers, and C) GRHL3 gene expression 
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Figure 2.3: IRX in differentiating keratinocyte maintains keratinocyte cell state 
A) NHEK-D IRX knockdown differential genes are clustered with K-means clustering. B) Gene 
ontology categories of each clusters.  
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Figure 2.4: IRX factors promote human keratinocyte proliferation.  
A) IRX1-5 gene expression in proliferating and differentiation keratinocytes. B-C) A Seurat 
scatter plot based on cell cycle score of controls and after siRNA knockdowns. After 
knockdowns of IRX factors, cell cycle gene expression becomes more characteristic with the G1 
stage of the cell cycle.  D) A heatmap showing hierarchical clustering based on transcript 
expression in control keratinocytes and after IRX2, IRX4, and IRX5 siRNA knockdowns in NHEK-
P. E) Top Gene Ontology categories of each cluster. Cluster 1 contains cell cycle and DNA 
damage related genes; these are downregulated upon knockdowns of IRX2 and IRX4.  
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Figure 2.5: Irx5-/- epidermis is intact  
A-B) Representative H&E images of 20 day old littermates. C) Measurement of epidermis 
thickness in Irx5-/- mice (n=2) and Irx5+/+ mice (n=2). D-E) Representative images of K14 
immunofluorescent staining in 20 day old littermates F) Quantification of K14, in Irx5-/- mice 
(n=2) and Irx5+/+ mice (n=2) G-H) Representative images of LOR immunofluorescent staining in 
20 day old littermates I) Quantification of LOR, in Irx5-/- mice (n=2) and Irx5+/+ mice (n=2). J) 
Gene ontology of upregulated genes in P20 epidermis bulk RNAseq in Irx5-/- mice (n=2) and 
Irx5+/+ mice (n=2). K) Gene ontology of downregulated genes in P20 epidermis bulk RNAseq in 
Irx5-/- mice (n=2) and Irx5+/+ mice (n=2). 
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Figure 2.6: Activated P53-P21 DNA damage response in Irx5-/- epidermis  
 
A-B) Representative images of EdU staining in 20 day old littermates. C) Quantification of % EdU 
positive cells in keratinocytes of Irx5-/- mice (n=4) and Irx5+/+ mice (n=4). D-E) Representative 
images of H2AX immunofluorescent staining in 20 day old littermates. L) Quantification of % 
H2AX positive cells in keratinocytes of Irx5-/- mice (n=3) and Irx5+/+ mice (n=2). G-H) 
Representative images of P53BP1 immunofluorescent staining in 20 day old littermates. I) 
Quantification of % P53BP1 positive cells in keratinocytes of Irx5-/- mice (n=2) and Irx5+/+ mice 
(n=2). J-K) Representative images of CDKN1A immunofluorescent staining in 20 day old 
littermates. L) Quantification of % CDKN1A positive cells in keratinocytes of Irx5-/- mice (n=2) 
and Irx5+/+ mice (n=2).  
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Chapter 3: IRX5 promotes hair follicle stem cell activation and DNA 

damage repair 

Due to the cyclic nature of hair follicle growth, the hair follicle is an ideal organ to 

characterize the mechanisms that drive stem cell differentiation, identity, proliferation, 

and quiescence. Recent findings have identified a handful of transcription factors which 

regulate hair follicle stem cells (HFSC) cell states though different mechanisms. TCF3/4 

represses HFSC activation when it forms a complex with TIE4 to represses HFSC but 

activates hair growth when bound to B-Catenin (97,98).  In the telogen-anagen 

transition, NFATc1 prevents HFSC activation through repression of CDK6, a cyclin 

kinase that inactivates RB thus allowing G1/S progression (18,71).  FOXC1 promotes 

quiescence through activation of Nfatc1 and BMP signaling. In addition, FOXC1 

promotes expression of intercellular adhesion molecules such as E-cadherin, which 

allows retention of the old bulge. (99,100). LHX2 promotes HFSC maintenance and also 

plays an essential role in hair follicle morphogenesis (101). Conversely, HFSC 

proliferation is driven by transcription factors like Runx1, which is expressed during 

anagen to inhibit P21 (19).  

 

In tissues undergoing constant cellular turnover, DNA damage repair is critical as 

proliferating cells are prone to replication errors.  DNA repair is also crucial for quiescent 

cells like HFSC, which reside in their niche over an extended period of time thus 

accumulating mutations from environmental insults (102). Adult stem cells have diverse 

methods for addressing DNA damage: In response to radiation, cycling intestinal stem 
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cells undergo apoptosis via LGR5 activated WNT signaling while quiescent intestinal 

stem cells are radioresistant in part due to SOX9 mediated repression of WNT signaling 

(103,104). In mammary stem cells, induced double stranded breaks (DSB) are 

efficiently repaired by p21 mediated Non-homologous end joining (NHEJ) (105,106). 

Melanocyte stem cells exposed to ionizing radiation triggers premature differentiation 

into mature melanocytes (107). Collectively, these findings indicate that cellular 

response to DNA damage is cell type dependent. 

 

As one of the most prolific cycling stem cells, HFSC are at highly susceptible for 

acquiring DNA damage.  Yet HFSC are radioresistant and readily repair DNA damage 

(108). While upper hair follicle cells and matrix cells respond to DNA damage with 

apoptosis, HFSC rely on elevated expression of DNA damage repair factors such as 

Bcl-2 (108). BCL-2 suppresses DNA damage induced apoptosis and homologous 

recombination (HR), promoting the efficient but error prone NHEJ for DNA damage 

repair (109). In its quiescent phase, HFSC are resistant to DNA damage induced 

apoptosis in part due to anti-apoptotic factors like BCL-2 and stabilization of P53 

(109,110). In the quiescent phase, HFSC induced with irreversible DNA damage 

undergo massive proliferation, driven by PI3K-Akt (111). If unresolved, acute 

accumulation of DSB results p53/p38 induced apoptosis (111). Aging HFSC accumulate 

DNA damage and is removed from the bulge through DNA damage induced terminal 

epidermal differentiation by COL17A1 proteolysis (112).  
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Very little is known about the transcriptional and epigenetic regulators that confers   

HFSC DNA damage resistance. BRCA1, a tumor suppressor with roles in DNA repair, 

DSB resection, chromatin remodeling, and cell cycle checkpoint is one such factor that 

is required for HFSC development and DNA damage repair (113–115). Here, we 

identify a novel transcription factor, IRX5, as another regulator which promote hair 

follicle activation and DNA damage repair in HFSC. With previously published FACS 

isolation of HFSC (CD34+, ITGA6+, SCA1-) (116), we were able to collect HFSC from 

the back skin of normal and Irx5-/- mice at mid-telogen (P18) and late telogen (P20) (Fig. 

3.1). RNA sequencing and ATAC-seq of these samples provided us with a global 

perspective of the cellular changes that occur in the absence of IRX5.  

 

Irx5 is expressed in proliferating hair follicle stem cells 

In public datasets of P5 isolated hair follicle cells (117), Irx5 is expressed in hair follicle 

stem cells as well as in matrix cells (Fig. 3.2A). In comparison to key HFSC regulators, 

Irx5 expression is at similar levels to Jund and Foxc1. Furthermore, Irx5 expression 

follows a similar spatiotemporal pattern across the hair follicle differentiation trajectory, 

with Irx5 expression highest in HFSC. Together, this suggests that Irx5 is expressed in 

HFSC at levels similar to that of known HFSC regulators. 

 

IRX5 binding motifs are enriched in hair follicle stem cell super-enhancers 

HFSC drives hair growth through its distinct multi-step differentiation, requiring changes 

in its epigenetic landscape (118). These epigenetic alterations shift transcriptional 

circuitries which then direct lineage commitment. To determine if IRX5 is involved in 
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HFSC transcriptional circuitries, we analyzed previously published HFSC super-

enhancers (119) as well as HFSC open chromatin for IRX5 motif enrichment (120). In 

open chromatin unique to HFSC, IRX5 motifs were enriched to a level comparable to 

that of the top five HFSC transcriptional regulators (Fig. 3.2B). Examination of HFSC 

super-enhancers also revealed that IRX5 motifs were enriched to levels higher than 

NFATc1, RFX2, and NFIB motifs (Fig. 3.2C). Collectively, these findings suggest that 

like known HFSC transcription factors SOX9 and NFATc1, IRX5 regulates critical HFSC 

genes. 

 

Irx5 expression in the bulge increases from telogen to anagen  

Fluorescent in situ hybridization (RNA-FISH) shows that Irx5 mRNA is expressed in the 

bulge and secondary hair germ at P20 (late telogen) (Fig. 3.3A). Its expression 

increases by P28 and P32 (anagen) (Fig. 3.3B), when it is found at high levels within 

matrix cells with an asymmetric distribution (Fig 3.3A). Following up on this analysis, we 

isolated HFSC during mid-telogen (p18) and late telogen (p20) for bulk transcriptomics. 

 

  In normal hair follicles at P18, Irx5 and Irx6 are highly expressed while Irx1, Irx2, Irx3, 

and Irx4 expression is low (Fig. 3.3C). By P20, expression of Irx1-5 increases while Irx6 

expression is downregulated. Of note, Irx5 is the highest expressing Irx at P20. In 

comparison to cultured human keratinocytes, IRX2 is the highest expressing IRX (Fig. 

2.4A). Ablation of Irx5 in mouse HFSC result in compensatory upregulation of Irx1-4 at 

P18 and Irx1-3 at P20 (Fig. 3.3C). Cross-regulation of IRX was observed in human 

knockdown experiments as well, with knockdown of IRX5 upregulating IRX3 by 2 fold 
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(Fig. 2.2A). The expression of Irx5 in proliferating cells of the late telogen and anagen 

hair follicles is consistent with a role in proliferation of HFSC and their progeny. 

 

Irx5 promotes anagen initiation and proliferation of hair follicle progenitors 

Entering first telogen, Irx5-/- mice displayed thinning of the hair coat. To understand the 

cause of the hair loss in Irx5-/- mice, Irx5-/- and Irx5+/+ littermates were shaved at P20 to 

observe hair growth throughout first anagen (Fig. 3.4A-B). Irx5+/+ mice displayed new fur 

growth at the dorsal anterior region at postnatal age 30 (P30) whereas Irx5-/- mice 

remained bare. By P34, hair growth was visible at all shaved regions in Irx5+/+ mice 

while no visible fur growth was observed in Irx5-/- mice. Irx5-/- mice initiated hair growth 

at P37, seven days later than its Irx5+/+ littermate controls. Furthermore, hair 

regeneration in the Irx5-/- mice initiated at the dorsal center region with regeneration 

moving laterally while Irx5+/+ littermate control hair regeneration in the anterior-posterior 

direction. These data indicate that IRX5 promotes anagen initiation and suggest that it 

may have a role in the activation of HFSC and other hair progenitors.  

 

Analysis of hair follicle histology confirmed the delay in anagen initiation in Irx5+/+ mice 

(Fig. 3.4C). From morphogenesis (P1) to catagen (P16), Irx5-/- and Irx5+/+ mice display 

similar histology. By anagen (P24), a clear delay in the transition between telogen to 

anagen is observed in Irx5-/- follicles. Irx5+/+ follicles displayed an enlarged matrix while 

Irx5-/- follicles displayed late-telogen histology. At Irx5+/+  mid-anagen (P26), Irx5-/- 

follicles displayed a thin epithelial column characteristic of anagen entry. By P32, Irx5+/+  

follicles displayed regression of the epithelial column, indicative of catagen. Irx5-/- 
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displayed a dramatically thickened dermis containing the lower bulb, suggesting the 

follicle had reached mid-anagen.  By P46, Irx5+/+  follicles exhibited telogen morphology 

while Irx5-/- follicles reached late anagen. By P56, Irx5-/- follicles exhibited telogen 

morphology. 

 

Analysis of Auchene, Awl, Guard, and Zigzag hair fibers found no difference in hair fiber 

length and percent composition of back fur (Fig. 3.4D-F). 

 

To investigate the cause of delayed anagen in Irx5-/- hair follicles, we quantified 

proliferation with EdU at p20, p28 and p32 (Fig. 3.5A). At p20, EdU was observed 

mainly in the hair germ of Irx5+/+ hair follicles, with less EdU staining observed in the 

bulge. In comparison, Irx5-/- hair germ and bulge rarely had EdU staining in the hair 

germ, with 1% of EdU positive cells in the lower bulge (Fig. 3.5B). By P28, Irx5+/+ hair 

follicles displayed increasing proportion of EdU positive cells in the lower matrix. Irx5-/- 

hair germ and bulge remained at 1% of all cells displaying EdU signal (Fig. 3.5C). By 

mid-anagen (P32), proliferating cells were prominently stained in the lower matrix of 

Irx5+/+ hair follicles and still displayed higher proportion of EdU positive cells than Irx5-/- 

bulge (Fig. 3.5D). These data indicate that Irx5 deficient bulge cells are quiescent with 

matrix cells displaying proliferation defects. 

 

Cell cycle progression gene expression is downregulated in Irx5-/- Telogen HFSC  
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To characterize the pro-proliferative role of IRX5, we isolated Irx5-/- and Irx5+/+ HFSC 

from two telogen time points, P18 (n=3 Irx5-/-, n=2 Irx5+/+) and P20 (n=4 Irx5-/-, n=4 

Irx5+/+) (Fig. 3.6A).  

 

 

Principle component analysis clustered P20 Irx5+/+ HFSC at the distal end of PC1, 

followed by P18 Irx5+/+ HFSC, P18 Irx5-/- HFSC, and P20 Irx5-/- HFSC at the opposite 

end. As the major difference between P18 and P20 Irx5+/+ HFSC is quiescence gene 

signature, we suspected PC1 variance was derived from cell cycle stage. If accurate, 

this would suggest that the further the timepoint is from mid-telogen, the more divergent 

the gene expression changes between the genotypes would be. To characterize the cell 

cycle gene expression differences, we used Seurat’s (83) cell cycle scoring function.  

Seurat analyzes the gene expression of known cell cycle regulators and produces an 

quantifiable value that is used to predict the sample’s cell cycle stage. As expected, P20 

Irx5+/+ HFSC were predicted to be proliferating while P18 samples and P20 Irx5-/- HFSC 

were predicted to be quiescent (Fig 3.6B). 

 

Differential gene analysis between P18 Irx5-/- and Irx5+/+ identified 2,259 downregulated 

and 630 upregulated genes. Differential gene analysis between P20 Irx5-/- and Irx5+/+ 

identified 1,668 downregulated and 1,464 upregulated genes. K-means clustering of 

these samples revealed distinct clusters (Fig. 3.6C), allowing us to isolate IRX5 

regulated genes independent of HFSC follicle stage. Cluster 6 gene expression 

remained static between P18 and P20 Irx5+/+ HFSC, suggesting that gene expression of 
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this cluster is independent of the hair cycle. In both P18 and P20, cluster 6 genes were 

upregulated in Irx5-/- HFSC, suggesting that these genes are repressed by IRX5 

regardless of the hair cycle stage (Fig. 3.6D). Cluster 6 is enriched with genes involved 

in negative regulation of cell proliferation such as Klf4, a growth arrest factor that 

induces the expression of CDKN1A (121). Upon DNA damage, KLF4 binds to SP1 

motifs present on Cdkn1a promoter which then recruits P53 to drive Cdkn1a 

transcription (122). This could suggest a potential pathway in which the pro-proliferation 

factor IRX5 suppresses expression of anti-proliferation regulators. 

 

Cluster 4, which is enriched with cell cycle progression genes, was differentially 

downregulated in Irx5-/- HFSC at P20 (Fig. 3.6C-D). These genes were primarily 

involved in the G1/S transition which included Ccne1. CCNE1 accumulates during G1/S 

boundary and forms a complex with CDK2. This complex serves as a central regulator 

of the G1/S transition which in part does so through activation of P220, a critical cell 

cycle progression factor that promotes transcription of histone H2B (123). Inhibition of 

H2B function results in cell cycle arrest, defective chromosomal segregation, and 

attenuated DNA damage response (124,125). This suggests that IRX5 acts upstream of 

critical DNA damage response programs in part by upregulating the expression of 

Ccne1. 

 

Cluster 3 is also of particular interest as its gene expression is downregulated in Irx5-/- 

HFSC in both P18 and P20 time points. Cluster 3 is enriched with gene ontology terms 

such as Histone H3.1 complex organization and positive regulation of cell cycle (Fig. 
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3.6D). Histone H3.1 complex organization genes include Chaf1a, Asf1b, and Ipo4. 

CHAF1A is a critical subunit of Histone H3.1, a transient histone that is required for 

DNA replication and DNA repair (126,127). Downregulation of these critical cell cycle 

progression histone subunits occur both at P18 and P20, raising the possibility that 

IRX5 is a direct regulator of histone subunits required for changes to the epigenetic 

landscape. 

 

Collectively, these findings indicate that IRX5 plays an pro-proliferative role in HFSC 

through repressing key negative regulators of cell proliferation and/or promoting the 

expression of histone subunits necessary for cell cycle progression. 

 

 

IRX5 promotes key DNA damage repair factors 

Differential gene analysis of P20 Irx5-/- and Irx5+/+ HFSC identified Brca1 and Fgf18 as 

one of the top genes that are downregulated and upregulated respectively in Irx5-/- 

HFSC  (Fig. 3.7A). Downregulated genes in Irx5-/- HFSC are significantly enriched with 

cell cycle checkpoint and DNA repair (Fig. 3.7B) whereas upregulated genes in Irx5-/- 

HFSC are enriched with positive regulation of cell death (Fig. 3.7C). Many of the 

downregulated DNA damage repair proteins such as Brca1, Bard1, Mlh1, Fancd2, 

Rad51, and Exo1 are critical for DNA damage repair (Fig. 3.7D). From P18 to P20, the 

expression of these critical DNA damage repair genes in Irx5+/+ HFSC is dramatically 

upregulated, suggesting these DNA damage repair proteins are necessary throughout 

the duration of proliferation (Fig. 3.7D). Furthermore, these genes are downregulated in 



 

 

38 

Irx5-/- HFSC during both P18 and P20, suggesting that IRX5 may be a direct regulator of 

these critical DNA damage repair genes. 

 

BRCA1, a well-studied tumor suppressor, is a key regulator in DNA damage induced 

cell cycle checkpoint activation, DNA damage repair, transcriptional regulation, and 

apoptosis (128,129). Intriguingly, Brca1 deficient mice display reduced hair follicles with 

increased DNA damage, and activated p53 dependent apoptosis in HFSC (113). 

Furthermore, BRCA1, BARD1, and RAD51, all of which are downregulated in Irx5-/- 

HFSC, are indispensable for homologous recombination (130). These differential genes 

were then analyzed with Qiagen Ingenuity Pathway Analysis, which predicted an 

increase in DNA damage, activated ATM/MAPK pathway, stabilized TP51, activated 

CDKN1A, and inhibited cell proliferation in Irx5-/- HFSC (Fig. 3.7E). 

 

To characterize the deficient DNA damage repair identified from our transcriptome 

analysis, we conducted Brca1 RNA in-situ hybridization in Irx5-/- and Irx5+/+ hair follicles 

at P20, P28, and P32. Brca1 expression is present in the P20 hair germ of Irx5+/+ hair 

follicles. By P28 and P32 Brca1 expression markedly increases in Irx5+/+ matrix, with the 

majority of the expression localized to the lower bulge. In comparison, Irx5-/- hair follicles 

expressed Brca1 at to low levels at P20 and P28. By P32, Brca1 expression was found 

in the lower bulge of Irx5-/- mice, though at lower concentrations than P32 Irx5+/+ hair 

follicles (Fig. 3.8B). Taken together, this data suggests that Irx5-/- HFSC have 

diminished DNA damage repair capabilities, which may contribute to the proliferation 

defect. 
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IRX5 modifies the epigenetic landscape 

From our P18 and P20 transcriptome dataset, we identified altered histone regulation in 

Irx5-/- HFSC and wondered if this influenced the epigenetic landscape of Irx5-/- HFSC. 

We conducted Assay for Transposase-Accessible Chromatin (ATAC) sequencing on 

FACS-isolated HFSC from the back skin of Irx5-/- (n=2) and Irx5+/+ (n=2) mice at P20. 

We identified an averaged total of 20,970 peaks in Irx5+/+ and 32,692 peaks in Irx5-/- 

HFSC. The majority of differentially open chromatin were unique to Irx5-/- HFSC; 

differential peak analysis identified 4,277 unique peaks in the Irx5-/- and 5 unique peaks 

in Irx5+/+ HFSC (Fig. 3.9A). We next analyzed the open chromatin regions for ontology 

enrichment of known mouse phenotypes, using the Genomic Regions Enrichment of 

Annotations Tool (131). Irx5+/+ HFSC open chromatin regions were enriched in ontology 

categories related to epidermal function (Fig. 3.9B).  However, Irx5-/- differential open 

chromatin contained mouse phenotype ontology related to abnormal DNA repair and 

early cellular replicative senescence, demonstrating that the majority of the aberrant 

unique open chromatin in Irx5-/- HFSC regulate genomic regions involved in DNA repair 

(Fig. 3.9C).  

 

We overlapped these differential open chromatin regions with P20 HFSC differentially 

expressed genes in Binding and Expression Target Analysis to infer potential 

mechanisms mediated by Irx5 (Fig. 3.9D,F). The majority of Irx5-/- HFSC unique open 

chromatin reside near mitotic cell cycle process genes, which are downregulated in Irx5-

/- HFSC (Fig. 3.9F).  Furthermore, these Irx5-/- unique open chromatin are enriched with 
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NFY-a motifs (Fig. 3.9G), which have been found to have a repressive nature towards 

cell cycle progression genes (132). In sum, these results suggest that in the absence of 

IRX5, epigenetic modifications occur near pro-proliferation genes so that E2F and 

DREAM complex is recruited to repress cell cycle. 

 

IRX5 prevents DNA damage induced quiescence 

To confirm if IRX5 is involved in DNA damage repair, we conducted protein 

immunofluorescence staining on key DNA damage markers. H2AX, which marks 

unrepaired double stranded breaks (133), was significantly elevated in Irx5-/- hair germ 

with 10% of all hair germ cells displaying positive H2AX staining while only 2% of hair 

germ exhibited H2AX staining in Irx5+/+ hair germ (Fig 3.10A-B). Surprisingly, quiescent 

bulge cells displayed DSB at significant levels – 4% of cells are H2AX positive in the 

Irx5-/- bulge (Fig. 3.10B). Quiescent HFSC is highly resistant to DNA damage as its high 

expression of Non-Homologous End Joining (NHEJ) DNA repair factors like BCL2 

readily repair the damage (108). The unusual presence of H2AX foci in Irx5-/- bulge 

indicates that IRX5 plays a critical role in NHEJ DNA damage repair. Furthermore, 

53BP1, a DNA damage early response protein that promotes NHEJ repair, was also 

present at significant levels in the Irx5-/- bulge (Fig. 3.10C-D). Together, these results 

indicate that Irx5-/- bulge accumulate DNA damage due to a diminished DNA damage 

repair program. 

 

Accumulated DSB results in enhanced ATR- dependent signaling which pushes the cell 

to undergo P21-mediated cell cycle exit (134). In the Irx5-/- bulge, CDKN1A is markedly 
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elevated compared to its wild type counterpart (Fig 3.10E-F). These results suggests 

that defective DSB repair inhibited cell cycle progression in cells without IRX5; thus 

contributing to the delay in anagen initiation. 

 

IRX5 represses FGF18-induced HFSC quiescence 

Fgf18 was one of the highest differentially elevated gene detected in Irx5-/- HFSC. As a 

signaling molecule, Fgf18 is a critical downstream target of Foxp1 that maintains HFSC 

quiescence (135,136).  In the hair cycle, Fgf18 is expressed at high levels during 

telogen to maintain telogen and inhibit anagen initiation (137). Studies on the 

radioresistant properties of FGF18 have found that FGF18 inhibits irradiation induced 

apoptosis and promotes DNA damage repair by activating ATM induced cell cycle arrest 

(138). To characterize the expression of Fgf18, we conducted in situ hybridization on 

hair follicles at various stages of telogen (Fig. 3.11A-D) and anagen (Fig. 3.11F-G)  

During telogen, Fgf18 is highly expressed until early anagen, where its expression 

markedly drops (Fig. 3.11E). However, in Irx5-/- hair follicles, Fgf18 continues to be 

expressed throughout anagen (Fig. 3.11G). When compared to its wild type counterpart, 

Irx5-/- hair follicles shows a significant upregulation of Fgf18 signal at anagen.   

 

To determine the role Fgf18 has in the phenotype of Irx5-/- hair follicles, we conducted 

inhibitor trials. We used a pan-FGFR inhibitor, AZD4547, to rescue the Irx5-/- telogen 

delay. Irx5-/- mice were treated with 10uM/g AZD4547 (n=11) every two days from p20 

to p46, Irx5-/- were treated with 1% DMSO saline (n=9), and Irx5+/+ littermates were 

treated with 1% DMSO saline (n=7). With the pan-FGFR inhibitor, we observed a partial 
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rescue of 4 days, with 100% back fur recovery in AZD4547 treated Irx5-/- group 

compared to the untreated Irx5-/- group. From these results, we have identified a 

pathway controlled by IRX5 in cell cycle regulation.  

 

Discussion 

Adult stem cells which reside long term in their niche are at risk for accumulating DNA 

lesions. While some stem cells respond to DNA damage by inducing apoptosis or 

premature differentiation, HFSC are resistant to DNA damage due to their robust DNA 

damage repair (108). Here, we have identified IRX5 as an novel pro-proliferation factor 

that promotes DNA damage repair in HFSC as well as its progeny. 

 

Irx5 deletion in mice results in delayed anagen as a consequence of defective 

proliferation and increased DNA damage. In the absence of IRX5, quiescent and 

proliferating cells are both more susceptible to DNA damage. During first telogen, we 

detected accumulated DSB in Irx5-/- quiescent HFSC which resulted in P53-P21 

mediated senescence. Through epigenetic and transcriptomic analysis, we have 

characterized repressive SP1 and NFY-A enriched motifs near critical cell cycle 

progression genes that is present only in Irx5-/- HFSC. Furthermore, we identified IRX5 

as a upstream regulator of critical DNA damage repair mediators BRCA1 and BARD1. 

We have also identified IRX5 as an upstream repressor of FGF18, which plays a key 

role in maintaining HFSC quiescence during telogen.  
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Figure 3.1: Hair follicle stem cell FACS isolation 
P18 and P20 Irx5+/+ and Irx5-/- mice back skin was processed into a single cell suspension and 
FACS sorted for Sca1- CD34+ ITGA6+ HFSC. RNA sequencing was conducted with the isolated 
cells.  
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Figure 3.2: IRX5 is expressed in hair follicle stem cells 
A) mRNA expression of key HFSC regulators in Rezza et al. published RNAseq dataset of P5 
isolated mouse hair follicle cells. B) Enriched motifs identified from Adam et al. (2018) isolated 
bulge ATAC-seq. C) Enriched motifs identified from Adam et al. (2015) identified bulge super-
enhancers. 
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Figure 3.3: Irx5 is expressed during telogen and anagen  
A) Irx5 RNA fluorescent in-situ hybridization in normal mouse hair follicles from postnatal day 
(P) 20, 28 and 32. Arrows indicate areas of strong Irx5 expression.  B) Quantification of Irx5 
signal intensity in the hair follicle lower bulge at P20 (n=4) and at P32 (n=2). C) Expression of 
Irx1, Irx2, Irx3, Irx4, Irx5, and Irx6 in sorted P18 and P20 HFSC.  
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Figure 3.4: IRX5 promotes anagen initiation in mice. 
A) Hair regrowth after shaving. Shown are representative Irx5-/- and Irx5+/+ littermates. Back fur 
was shaved off at P20 and fur growth was documented until full recovery. B) Quantification of 
dorsal hair growth between 3 sets of littermates (n=6) per condition. C) Representative H&E 
histology of Irx5-/- and Irx5+/+ dorsal epidermis at the indicated timepoints from the end of 
morphogenesis through the 1st hair cycle. D) Representative samples of hair fibers plucked 
from P20 Irx5+/+ and Irx5-/- littermates. 100 hair fibers each from Irx5+/+ (n=2) and Irx5-/- (n=2) 
littermates were E) measured to identify differences in hair length and F) counted to identify 
differences in the proportion of hair fiber types. 
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Figure 3.5: IRX5 promotes proliferation in hair germ and matrix cells.  
A) Representative EdU staining in P20, P28, and P32 hair follicles from Irx5-/- and Irx5+/+ 
littermates. B-D) Quantification of the percent of EdU-positive cells in the indicated locations 
Irx5-/- and Irx5+/+ mice at P20 (B), P28 (C), and P32 (D).  
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Figure 3.6: Irx5-/- display defective cell cycle  
A) Principle component analysis of P18 Irx5-/- (n=3) and its Irx5+/+ (n=3) littermates along with 
P20 Irx5-/- (n=4) and its Irx5+/+ (n=4) littermates. B) Seurat cell cycle scoring was adapted to each 
replicate in bulk-RNAseq samples to identify the overall cell cycle stage of all HFSC isolated from 
each mice. C)  Hierarchical clustering of P18 and P20 bulk RNA-seq samples identified 10 
distinct gene clusters. D) Top gene ontology categories for each cluster. 
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Figure 3.7: P20 Irx5-/- HFSC display defective cell cycle  
A) Volcano plot of differentially expressed genes between P20 Irx5-/- HFSC and P20 Irx5+/+ HFSC. 
Brca1 is downregulated and Fgf18 is upregulated in Irx5-/- HFSC. B) Gene ontology enrichment 
of downregulated genes. C) Gene ontology enrichment of upregulated genes. D) Heatmap of 
averaged expression of genes involved in DNA damage repair. E) QIAGEN Ingenuity Pathway 
Analysis predicted perturbed DNA damage in P20 Irx5-/- HFSC. 
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Figure 3.8: Brca1 is downregulated P20 Irx5-/- HFSC  
A) RNA FISH staining of Brca1 in p20, p28, and p32 follicles from Irx5-/- and Irx5+/+ mice. H) 
Quantification of Brca1 signal intensity in p20 Irx5-/- (n=2), p20 Irx5+/+ (n=2), p28 Irx5-/- (n=2), 
p28 Irx5+/+ (n=2)  hair follicles. 
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Figure 3.9: IRX5 maintains closed chromatin at DNA repair genes in hair follicle stem cells. 
A) ATAC-seq on Irx5+/+ (n=2) and Irx5-/- (n=2) P20 HFSC identified differential open chromatin 
regions. The majority of differential chromatin regions represent accessible chromatin in Irx5-/- 
HFSC. B) Top mouse phenotype ontology categories associated with Irx5+/+ HFSC open 
chromatin regions. C) Top mouse phenotype ontology categories associated with Irx5-/-  HFSC 
open chromatin regions. D) Gene ontology of differential open chromatin regions associated 
with upregulated genes in P20 Irx5-/- HFSC. E) Enriched transcription factor binding motifs in 
differential open chromatin regions associated with upregulated genes in P20 Irx5-/- HFSC. F) 
Gene ontology of differential open chromatin associated with downregulated genes in P20 Irx5-

/- HFSC. G) Enriched motif of differential open chromatin associated with downregulated genes 
in P20 Irx5-/- HFSC.  
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Figure 3.10: IRX5 is required for DNA damage repair and cell cycle progression in hair follicle 
stem cells.  
A) Representative images of H2AX staining in the lower bulge p<0.0001 and hair germ p=0.02 of 
Irx5-/- and Irx5+/+ littermates.  B) Quantification of H2AX-positive Irx5-/-  (n=20) and  Irx5+/+ 
(n=25) hair follicles. C) Representative images of P53 staining. D) Quantification of P53-positive 
bulge cells of Irx5-/- (n=15) and Irx5+/+ (n=20) hair follicles. p=0.0078 E) Representative images of 
CDKN1A staining. F) Quantification of CDKN1A-positive bulge cells from Irx5-/- (n=3)and  Irx5+/+ 
mice. (n=4) p=0.04 
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Figure 3.11: IRX5 suppresses the expression of Fgf18 in  the hair follicle bulge during early 
anagen.  
A-B) RNA in situ hybridization of Fgf18 in P20 hair follicles with arrows pointing to lower bulge. 
C-D) Higher magnification images of the lower bulge. E) Quantification of pixel intensity of 
lower bulge Fgf18 signal in hair follicles from the indicated stages in Irx5-/- and Irx5+/+mice. F-G) 
RNA in situ hybridization of Fgf18 in P32 hair follicles with arrows pointing to lower bulge. H) 
Representative hair growth after shaving at P20  in Irx5-/- untreated and Irx5-/- mice treated with 
AZD4547. I) Quantification of hair growth through first Telogen and Anagen in untreated Irx5+/+ 
(n=7), untreated Irx5-/- (n=9), and AZD4547-treated Irx5-/- mice (n=11).  
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Chapter 4: Methods 

Mouse 

Irx5-/- mice generation and genotyping has been described previously (139). 

Experiments were conducted on sex matched littermates. Mice was maintained on 

standard 12 hour light cycle with ad libitum food and water. All animal experiments were 

performed in accordance to University of California, Irvine Institutional Animal Care and 

Use Committee (Protocol No. AUP-19-012). To observe anagen hair follicle growth, the 

back fur was shaved at postnatal day 20 and mice were anesthetized and imaged every 

3 days.  

Hair follicle rescue experiments were conducted with AZD4547 (Selleckchem S2801) 

prepared in 4% DMSO, 5% PEG300, and 5% Tween80. Back fur was shaved at 

postnatal day 20 and 6mg/kg AZD4547 was administered every three days. 

Tissue Isolation 

P18 and P20 back skin was dissected and incubated in 0.25% trypsin (Invitrogen 1505-

065) for 2hrs at 34C. The epidermal side was mechanically separated and resuspended 

in 2% FBS PBS. Debris was removed with 40uM and 70uM mesh filters. Whole 

epidermis samples were processed for bulk RNA-seq. For Hair follicle stem cells bulk 

RNAseq, cells were labeled with CD45f (eBioscience 12-0495), Ly-6A/E (eBioscience 

45-5981-82), CD34 (eBioscience 50-0341-82), and DAPI.  Ly-6A/E- CD34+ CD45f+ 

Hair follicle stem cells were isolated for bulk RNAseq and ATACseq.  

 

Cell Culture: NHEK 
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Normal Human Epithelial Cells (NHEK) was obtained from donor neonatal foreskin and 

grown in Keratinocyte Serum Free Media supplemented with Epidermal Growth Factor 

and Bovine Pituitary Extract (Life Technologies). Individual Dharmacon on-TARGETplus 

siRNA [negative control (4390843),  IRX2 (s45799, s45801), IRX3(s35710, s35712), 

IRX4(s55542, s27096), IRX5(s20056, s20054)] were validated and siRNA with at least 

70% knockdown efficiency were pooled. 30nM pooled siRNA were transfected in semi-

confluent monolayer with Lipofectamine RNAi Max (Life Technologies) in OptiMEM 

medium. 12 hours post transfection, 1.8mM Ca2+ was added into the growth medium to 

induce differentiation. RNA lysate was collected 72 hours after transfection. 

 

Bulk RNA-sequencing 

RNA quality was determined with Aglient Bioanalyzer with a cut off of RNA integrity 

Number > 8. Library preparation with Illumina TrueSeq library preparation kit and single 

end Illumina HiSeq 2500 sequencing was performed at University of California, Irvine 

High Throughput Genomics Facility. Read alignment was preformed using Tophat2 

v2.0.10, and Cufflinks v2.2.0 was used for assembly, and Deseq2 was used to identify 

differentially expressed genes. 

Quantitative real time PCR was used for validation of RNA-sequencing data. cDNA was 

prepared with iScript cDNA kit and RT-PCR was performed with Ssofast EvaGreen 

(Biorad) reagent in CX384 Real-Time PCR system (Biorad). GAPDH was used to 

normalize gene expression between samples.  

 

ATACseq 
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Hair follicle stem cells (100,000 cells/replicate) were FACS sorted and lysed according 

to published protocols (140).  Nuclei were incubated in 50uL of Tn5 transposition buffer 

for 30mins at 37C. DNA isolation was preformed with Qiagen MinElute Cleanup kit. 

Library preparation with Illumina TrueSeq library preparation kit and paired end Illumina 

HiSeq 2500 sequencing (80million reads per sample) was performed at University of 

California, Irvine High Throughput Genomics Facility. FASTQC was used to check read 

quality. Adapters were removed with cutadapt v2.9 (parameter: -a 

CTGTCTCTTATACACATCT -A CTGTCTCTTATACACATCT) and sequences were 

aligned and mapped to mm10 (UCSC) with Bowtie2 (141). Reads mapped to 

mitochondrial DNA was excluded. Following that, PCR duplicates were then removed 

based on the list of duplicate generated from Genrich (v0.6, available at 

github.com/jsh58/Genrich). Properly paired and mapped reads with mapping quality 

over 30 were kept for downstream analysis. To explore the feature of the uniquely 

mapped reads, deeptools (v3.4.2, parameter: -of bigwig --effectiveGenomeSize 

2652783500 --normalizeUsing RPKM -e --ignoreDuplicates -bs 10) was used to convert 

aligned reads into a coverage track in BigWig format after read normalization based on 

RPKM. ChIPseeker (v1.24.0) was used to annotate the function of peaks. 

 

RNA and protein detection 

For immunofluorescence localization of protein, fresh tissue samples were harvested 

and embedded in OCT. 10uM sections were fixed in acetone at -20C for 10mins, fixed 

in 4% PFA for 10mins, permeabilized in 0.3% TritonX-100 for 10mins, and blocked in 

0.5% BSA PBS for 1hr. Treated tissue was then incubated in primary antibody Krt14 
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(Abcam ), Krt10 (Covance), p53bp1 (cell signaling), P21 (cell signaling), H2AX (cell 

signaling) overnight at 4C. Secondary antibodies were incubated at room temperature 

for 1hr. Images were captured with Keyence BZ-X700 or Nikon LSM780 confocal 

microscope. 

For RNA Fluorescent in situ hybridization, fresh frozen 10uM thick OCT sections was 

processed and stained using RNAscope Multiplex Fluorescent Detection Kit v1 

according to manufacturer’s instructions. Processed samples were counterstained and 

preserved with ProLong Gold antifade reagent with DAPI. Images were captured on 

Nikon LSM780 confocal microscope. 

 Comparable images were post-processed in batches using the same maximum 

intensity projection and brightness setting for consistency. 2-6 biological replicates were 

analyzed for each marker. 
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Chapter 5: Conclusion 

Adult stem cells have diverse methods for addressing DNA damage: In response to 

radiation, cycling intestinal stem cells undergo apoptosis while quiescent intestinal stem 

cells are radioresistant (103,104). In mammary stem cells, induced double stranded 

breaks (DSB) are efficiently repaired by p21 mediated Non-homologous end joining 

(NHEJ) (105,106). Melanocyte stem cells exposed to ionizing radiation triggers 

premature differentiation (107). HFSCs are resistant to DNA damage, in part due to 

elevated expression of DNA damage repair factors such as Bcl-2 (108). BCL-2 

suppresses DNA damage induced apoptosis and homologous recombination (HR), 

promoting the efficient but error prone non-homologous end joining (NHEJ) for DNA 

damage repair (109). However, in the absence of DNA damage repair factors such as 

BRCA1, HFSC display reduced proliferation, differentiation out of the stem cell niche, 

and apoptosis (113). Our work expands on this knowledge, identifying IRX5 as a novel 

upstream regulator of Brca1 and other critical DNA damage repair genes.  

Consistent with our findings, others have characterized the proliferative role of IRX5 in 

vascular smooth muscle cells and carcinomas (40,42,142). Here, we expand on these 

findings and provide preliminary evidence of the epigenetic mechanisms by which IRX5 

influences the cell cycle. IRX factors mainly act as transcriptional repressors (143–147) 

though it can also act as transcriptional activators (148). Intriguingly, IRX activating or 

repressing function can be cell dependent or signaling dependent. In cerebellum 

formation, IRX4 is able to switch from activation to repression when induced by MAPK 

activation (148). In the transcription of a potassium channel, IRX5 is a activator in non-

cardiac tissue and repressor in cardiomyocytes (144,149). The IRX protein comprises of 
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an IRO box, allowing it to form complexes with other transcription factors or epigenetic 

modifiers. This IRO box allows IRX5 to associate with m-BOP and recruit HDAC, 

promoting chromatin condensation and silencing transcription of nearby genes 

(144,150). These studies have suggested that IRX can regulate gene expression 

through complex formation with epigenetic modifiers.  

In Irx5-/- HFSC, we identified unique open chromatin which were enriched in NF-Y motifs 

(Fig. 5.1). NF-Y is a transcription factor which binds to both repressed and activated 

chromatin marks, serving as both transcriptional activator or repressor (151). In 

response to DNA damage, NF-Y has been found to mediate transcriptional inhibition of 

cyclins during cell cycle arrest (152). At these NF-Y bound regions, cell cycle promoters 

are repressed through P53 dependent HDAC4 histone deacetylation (153). Our data 

suggests that IRX5 inhibits chromatin accessibility of repressive NF-Y binding sites near 

cell cycle progression genes. Here, we characterized open chromatin normally silenced 

in Irx5+/+ HFSC with repressive signatures near cell cycle progression genes, 

suggesting IRX5 promotes proliferation through repressing the chromatin accessibility of 

these unique Irx5-/- HFSC regions. 

From our transcriptome analysis, we honed in on BRCA1 as a downstream target of 

IRX5. At both mid and late telogen timepoints, Brca1 was consistently downregulated in 

Irx5-/- HFSC, suggesting its differential expression to be due to the absence IRX5 

independent of hair stage. Conditional knockout mouse model of Brca1 in the epidermis 

displays a severe hair loss phenotype, with rapidly degenerating hair follicles due to 

increased apoptosis (113). While not as severe, Irx5-/- mice display similar key 

phenotypes as Brca1-/- mice such as increased DNA damage, decreased DNA damage 
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repair, and increased apoptosis. BRCA1 is a versatile factor involved in multiple DNA 

damage repair pathways, double stranded break processing, checkpoint regulation, and 

ubiquitination (128–130,154). Intriguingly, BRCA1 has been found to mediate 

heterochromatin maintenance, facilitating gene silencing (115). While further validation 

will need to be conducted, this could be an potential pathway by which IRX5 silences 

cell cycle repressive factors. BRCA1 is most notable for its role in hereditary breast and 

ovarian carcinomas.  Recent work have linked IRX3 and IRX5 in ovarian follicle 

development (155), highlighting the importance IRX5 may play in these tissues. 

Previous reports have found that Fgf18 maintains HFSC quiescence and inhibits 

proliferation of hair germ (20). In response to DNA damage, Fgf18 induces cell cycle 

arrest and provides a longer period of time for DNA repair (138). These findings are 

consistent with the Irx5-/- HFSC phenotype, where increased DNA damage and 

concurrently observed with increased Fgf18. Partial rescue of the delayed anagen 

phenotype in Irx5-/- mice indicates that FGF18 is one of the downstream factors inhibited 

by IRX5. 

One outstanding question left is why the intrafollicular epidermis remained unaffected by 

IRX5 deletion. During tissue homeostasis, epidermal stem cells proliferation is not 

coordinated as HFSC, where exogenous and internal signals activate HFSC in a 

cyclical fashion. Therefore, any cell cycle defect in Irx5-/- ESC does not ultimately affect 

IFE homeostasis. While we do observe DNA damage and similar resulting cellular 

responses in the ESC, the lack of an apparent epithelial phenotype suggests that there 

are other redundant factors promoting ESC proliferation.  Perturbations such as 
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wounding or irradiation may elicit a more apparent epithelial phenotype as epithelial 

repair relies on massive ESC activation. 

Thus, this study identifies IRX5 as a key mediator in DNA damage repair and HFSC 

activation. The findings from this study elucidates a small portion of the complex 

molecular mechanisms behind stem cell maintenance and activation. Further 

characterization of the proliferative role of IRX5 will provide key insights that can serve 

as the foundation for new targeted cancer therapies. 
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Figure 5.1: Model of IRX5 in DNA damage repair and proliferation. 
 Repressive NF-Y binding sites lie near genes which promote cell proliferation and DNA damage 
repair.  A) In Irx5+/+ HFSC, repressive NF-Y binding sites are closed, which allows for the 
transcription of genes involved in DNA damage repair and cell cycle progression. If any DNA 
damage occurs prior to replication, it is repaired. B) In contrast, the NF-Y binding sites in Irx5-/- 
HFSC is open, thus repressing the expression of DNA damage repair and cell cycle progression 
genes. Consequently, accumulation of DNA damage occurs which triggers cellular senescence. 
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