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SUMMARY
The molecular mechanisms allowing hair follicles to periodically activate their stem cells (HFSCs) are incompletely characterized. Here,

we identify the transcription factor IRX5 as a promoter of HFSC activation. Irx5�/� mice have delayed anagen onset, with increased DNA

damage and diminished HFSC proliferation. Open chromatin regions form near cell cycle progression and DNA damage repair genes in

Irx5�/� HFSCs. DNA damage repair factor BRCA1 is an IRX5 downstream target. Inhibition of FGF kinase signaling partially rescues the

anagen delay in Irx5�/� mice, suggesting that the Irx5�/� HFSC quiescent phenotype is partly due to failure to suppress Fgf18 expression.

Interfollicular epidermal stem cells also show decreased proliferation and increased DNA damage in Irx5�/�mice. Consistent with a role

for IRX5 as a promoter of DNA damage repair, we find that IRX genes are upregulated inmany cancer types and that there is a correlation

between IRX5 and BRCA1 expression in breast cancer.
INTRODUCTION

First discovered inDrosophila, Iroquois (IRX) homeodomain

transcription factors function early in development to

differentiate the dorsal head and mesothorax but also

remain active in later stages of development to subdivide

these territories (Gómez-Skarmeta and Modolell, 1996).

Extensive studies have characterized the six vertebrate IRX

factors as developmental regulators, with key roles in

myocardial development (Bruneau et al., 2001), bone forma-

tion (Cain et al., 2016), and neuronal development (Briscoe

et al., 2000). In humans, the FTO locus, which is associated

with obesity, regulates the expression of IRX3 and IRX5 in

preadipocytes and brain regions (Sobreira et al., 2021; Son

et al., 2021). There are no reports of IRX’s role in epidermal

keratinocytes and hair follicle development.

A few studies, primarily in cancer, have characterized the

role of IRX5 in the cell cycle, apoptosis, and cell migration.

IRX5 is a tumorigenic factor in hepatocellular carcinoma

(Zhu et al., 2020), tongue squamous cell carcinoma (Huang

et al., 2018), and non-small cell lung cancer (Zhang et al.,

2018). Little is known about the role of IRX5 in cell prolif-

eration during homeostatic tissue maintenance and the

mechanisms by which IRX5 controls cell proliferation.

The epidermis and hair follicles rely on active stem cell pro-

liferation for tissue homeostasis, making the skin a suitable

organ to investigate how IRX5 controls cell proliferation.

Proliferating cells are prone to replication errors. Hence,

DNA damage repair is critical in long-lived stem cells that

maintain tissues through high turnover of cells. Hair folli-

cle stem cells (HFSCs) and interfollicular epidermal stem
Stem Cell
This is an open access arti
cells (EpiSCs) also accumulate mutations from environ-

mental insults, including ultraviolet radiation. Unsurpris-

ingly, HFSCs and EpiSCs have evolved robust DNA damage

repair mechanisms that make them resistant to DNA dam-

age (Sotiropoulou et al., 2010, 2013). Little is known about

the transcriptional and epigenetic regulators that confer

DNA damage resistance to HFSCs and EpiSCs.

One factor implicated in DNA damage repair in HFSCs is

BRCA1, a tumor suppressor with roles in double-stranded

DNA break resection, DNA repair, chromatin remodeling,

and cell cycle checkpoint regulation (Sotiropoulou et al.,

2013; Wu et al., 2010; Zhu et al., 2011). In the absence of

BRCA1, HFSCs are depleted through DNA damage-medi-

ated apoptosis, rendering mice hairless (Sotiropoulou

et al., 2013). The regulators of BRCA1 in hair follicle growth

are unknown.

Here, we show that IRX5 is a pro-proliferative factor

necessary for DNA damage repair and HFSC activation.

We identify Brca1 and other DNA repair genes as targets

of IRX5, consistent with the hair follicle phenotype of

Brca1�/� mice (Sotiropoulou et al., 2013). We also identify

upregulation of hair cycle inhibitor FGF18 as a mechanism

that partially mediates quiescence due to DNA damage in

Irx5�/� HFSCs.

RESULTS

Knockdown of IRX downregulates cell cycle genes in

human keratinocytes

Investigating the differentiation of normal human

epidermal keratinocytes (NHEKs), we identified IRX
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Figure 1. IRX promotes keratinocyte proliferation and DNA damage repair
(A) IRX1-5 gene expression in proliferating (NHEK-P) and differentiated (NHEK-D) cultured keratinocytes.
(B) PCA of RNA-seq gene expression data after differentiation and siIRX knockdown in differentiating keratinocytes.
(C) K-means clustering of the RNA-seq data in (B).
(D) GO categories of each cluster in (C).
(E) Volcano plot of DEGs, comparing P20 epidermis in Irx5�/� mice (n = 2) and Irx5+/+ mice (n = 2).
(F) GO of downregulated genes in (E).

(legend continued on next page)
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binding sites in the gene regulatory regions of the pro-dif-

ferentiation Grainyhead like transcription factor 3

(GRHL3), suggesting that IRX could regulate epidermal

differentiation (Klein et al., 2017). To characterize IRX’s

role in epidermal differentiation, we used calcium-

induced differentiation of NHEKs (Hopkin et al., 2012).

IRX1–IRX5 are expressed in proliferating and differenti-

ating NHEKs. IRX4, IRX2, and IRX5 are most highly ex-

pressed, and IRX2 is downregulated upon differentiation

(Figure 1A).

We then used siRNA knockdown and RNA sequencing

(RNA-seq) to characterize the IRX2-, IRX4-, and IRX5-regu-

lated genes in NHEKs. Principal component analysis (PCA)

of these data (Figure 1B) shows that the greatest difference

is between proliferating (NHEK-Ps) and differentiating

(NHEK-Ds) NHEKs, as revealed by the variance in the PC1

axis. Knockdown of IRX factors in NHEK-Ds had less effect

as revealed by the variance in the PC2 axis.

Comparing NHEK-Ds to NHEK-Ps, we identified 289

differentially expressed genes (DEGs) (242 upregulated,

47 downregulated; Data S1). After knockdown of IRX2,

IRX4, and IRX5 in NHEK-Ds, we identified, respectively,

385 (62 upregulated, 323 downregulated; Data S2), 124

(64 upregulated, 60 downregulated; Data S3), and 259

(72 upregulated, 187 downregulated; Data S4) DEGs

(Figures S1A and S1B). Knockdown of the three different

IRX factors largely affect distinct genes (Figure S1B).

In the combined data, K-means clustering identified nine

distinct expression groups containing a total of 821 genes

(Figures 1C and 1D, Data S5). Cluster 1 and 2 genes have

similar expression inNHEK-Ps andNHEK-Ds, whereas clus-

ter 3–5 and cluster 6–9 genes are down- and upregulated,

respectively, in NHEK-Ds compared with NHEK-Ps (Figures

1C and 1D). Cluster 4 genes, which are downregulated

upon differentiation, are enriched for gene ontology

(GO) categories G2M checkpoint, regulation of chromo-

some segregation, DNA damage signal transduction, and

p53 signaling pathway. These genes are downregulated

after knockdown of individual IRXs, suggesting that IRX

factors promote keratinocyte cell division and DNA repair.

These genes include pro-proliferation genes RBL1, CDC6,

MYBL2, CDK1, CDK6, CCNA1, CCNA2, CCNB1, and

WSB2, as well as DNA damage repair genes BRCA2 and

FOXM1 (Figures 1C and 1D). Knockdown of IRX2, IRX4,

or IRX5 all led to increased G1 phase gene expression (Fig-
(G) GO of upregulated genes in (E).
(H and I) Representative H&E images of P20 Irx5+/+ and Irx5�/� litte
(J) Quantification of nuclei per 1-mm length in Irx5�/� (n = 5) and I
(K and L) Representative images of EdU staining in P20 littermates.
(M) Quantification of EdU+ cells in the epidermis of Irx5�/� (n = 4) a
(N and O) Representative images of H2AX immunofluorescent stainin
(P) Quantification of H2AX+ cells in keratinocytes of Irx5�/� (n = 3)
ure S1C) based on Seurat’s (Stuart et al., 2019) cell cycle

scoring function.

Knockdown of IRX2 and IRX4 in NHEK-Ps resulted in G1

phase gene expression (Figure S2A). In contrast to the effect

in NHEK-Ds, knockdown of IRX5 did not promote the G1

state in NHEK-Ps, suggesting that its effects on in vitro

keratinocyte proliferation are more prominent at the

beginning of differentiation. We identified 776 DEGs

(p < 0.05), which clustered into eight unique expression

patterns among proliferating control and proliferating

siIRX knockdown (Figure S2B), including G1/S and G2/M

transition genes that are downregulated upon IRX knock-

down (Figure S2C). Collectively, these data suggest that

IRX factors regulate genes in human keratinocytes that pro-

mote cell cycle progression.

Irx5�/� basal epidermal keratinocytes have decreased

proliferation and increased DNA damage

As Irx2, Irx3, and Irx5 are the highest expressing Irx in

mouse epidermis (Data S6), we turned to Irx5�/� mice

(Cheng et al., 2005). We dissociated epidermis from post-

natal (P) day 20 Irx5�/� (n = 2) and Irx5+/+ (n = 2) mice

into single cell suspension. Through RNA-seq, we identi-

fied 478 upregulated and 1,513 downregulated genes in

the Irx5�/� epidermis (Figure 1E, and Data S6). As with

the in vitro NHEK studies, GO term analysis of downregu-

lated genes revealed significant enrichment in pro-prolifer-

ation categories such as RNA metabolism, translation, and

cell cycle (Figure 1F). Cell proliferation genes included

Pcna, Cdk11b, Cdkn1a, Jak2, Akt2, Fosl1, Sox9, Fgfbp1,

Bmp2, Notch1, Tgm1, Vegfa, Jun, and Myc. Upregulated

genes in Irx5�/� epidermis contained GO categories such

as keratinocyte differentiation, negative regulation of cell

proliferation, hair follicle development, and positive regu-

lation of cell death (Figure 1G).

The structure of the P20 Irx5�/� back epidermis is normal

(Figures 1H and 1I), with slightly decreased basal cell den-

sity (p = 0.0225) (Figure 1J). Consistent with the gene

expression changes, we found decreased epidermal prolif-

eration in the Irx5�/� mice. At P20, the Irx5+/+ (n = 4) and

the Irx5�/� (n = 4) epidermis contained, respectively, 8%

and 2% EdU+ cells (p = 0.0002) (Figures 1K-1M). Also

consistent with the in vitro and in vivo gene expression

data, we detected increased gH2AX staining in the Irx5�/�

epidermis (Figures 1N and 1O); gH2AX marks unrepaired
rmates.
rx5+/+ P20 mice (n = 6). Two-sample t test at 95% CI; p = 0.0225.
Scale bar represents 25 mm.
nd Irx5+/+ mice (n = 4). Two-sample t test at 95% CI; p = 0.0002.
g in P20 littermates. Scale bar represents 25 mm.
and Irx5+/+ mice (n = 3). Two-sample t test at 95% CI; p = 0.0001.
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Figure 2. IRX5 promotes anagen initiation in mice
(A) P55 Irx5+/+ and Irx5�/� littermates.
(B) Irx5 RNA-FISH in normal mouse hair follicles from P20, P28, and P32. Arrows indicate areas of strong Irx5 expression. Scale bar
represents 25 mm.
(C) Quantification of Irx5 mRNA expression intensity in the hair follicle lower bulge at P20 (n = 4) and P32 (n = 2).
(D) Hair regrowth after shaving. Shown are representative Irx5�/� and Irx5+/+ littermates.
(E) Quantification of dorsal hair growth in three sets of littermates (n = 6 per genotype). Two-sided Kolmogorov-Smirnov test; D = 0.392,
p = 0.001724.

(legend continued on next page)
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double-stranded breaks. There was no gH2AX staining in

the Irx5+/+ epidermis (n = 3), whereas 5% of keratinocytes

in the Irx5�/� epidermis (n = 3) were gH2AX+ (p =

0.0001) (Figure 1P), suggesting impaired repair of DNA

damage stemming from normal stem cell replication. Kera-

tin 14 (Figures S3A–S3C) and loricrin (Figures S3D–S3F)

stainings were normal.

Irx5 is expressed in proliferating HFSCs, and IRX5-

binding motifs are enriched in HFSC super-enhancers

Noticing a roughened hair coat andmild hair loss in Irx5�/�

mice at second telogen (Figure 2A), we next investigated

the hair follicle role of IRX5. Distribution of auchene,

awl, guard, and zigzag hair fibers was similar between

Irx5�/� and Irx5+/+ mice (Figures S3G–S3I), suggesting that

Irx5 plays a general role in hair follicle growth. The lower

bulge of P20 Irx5�/� hair follicles had mild hypocellularity

(Figure S3J), comparable to that of the IFE (Figure 1J).

RNAfluorescent in situhybridization (RNA-FISH) showed

that Irx5 is expressed in the bulge region and adjacent sec-

ondary hair germ at P20 (early anagen) (Figures 2B and 2C).

Expression increases at P28 and P32 (anagen) (Figure 2C),

when Irx5 RNA is abundant within the newly formed hair

matrix (Figures 2B and S4A). This in situ localization of

Irx5 mRNA is consistent with publicly available transcrip-

tomic databases, indicating high expression in HFSCs of

P5 skin (Figure S4B) (Rezza et al., 2016) and outer bulge

of telogen hair follicles (Figures S4C and S4D) (Joost et al.,

2016, 2020). In these datasets, Irx5 is expressed in the IFE,

outer bulge, and fibroblast, but not in dermal papilla and

dermal sheath. Together, these data indicate that Irx5

expression is highest in proliferating epithelial cells of the

hair follicle, both activated HFSCs and their progeny.

To test if IRX5 plays a direct role inHFSCs, we determined

the IRX5motif enrichment in previously published data on

HFSC enhancers (Adam et al., 2015) and open chromatin

(Adam et al., 2018). In HFSC super-enhancers, IRX5 motifs

were enriched to a level comparable to the FOXP1, NFATc1,

RFX2, and NFIB motifs, previously identified as top motifs

for transcriptional regulators in HFSCs (Figure S5A) (Adam

et al., 2018). IRX5motifs were also enriched to levels higher

than NFATC1, RFX2, and NFIB motifs in HFSC accessible

chromatin regions (Figure S5B) (Adam et al., 2015). The

prominence of predicted IRX5motifs in active gene regula-

tory regions in HFSCs suggests that IRX5 directly regulates

HFSC functions. As other IRX factors bind to similarmotifs,

other IRXs may also be involved in HFSC regulation.
(F) Representative H&E histology of Irx5�/� and Irx5+/+ dorsal epide
(G) Representative EdU staining in P20, P28, and P32 hair follicles fr
(H–J) Quantification of the percent of EdU+ cells between P20 Irx5�/

0.0418) (H); P28 Irx5�/� (n = 2) and Irx5+/+ (n = 2) hair bulb, p < 0.000
(J). Bu, bulge; HG, hair germ; DP, dermal papilla; Mx, matrix. p value
Irx5 promotes hair follicle progenitor proliferation

and hair growth initiation

Next, we studied if loss of IRX5 affects normal hair cycle

timing. We shaved the backs of Irx5�/� (n = 4) and Irx5+/+

(n = 5) littermates at P20 and monitored hair regrowth as

an indicator of new growth phase (anagen) initiation

(Figures 2D and 2E). Irx5�/� mice displayed significant

delay (D = 0.392, p = 0.0017) in fur coverage compared

with Irx5+/+ littermates. Irx5�/�mice eventually entered an-

agen on P37, 7 days later than Irx5+/+ littermates. Further-

more, hair growth in Irx5�/� mice initiated in an abnormal

pattern, in a region in the center that propagated laterally.

Typically, as in Irx5+/+ littermate mice, first anagen starts in

the shoulder region and propagates in a cranial-caudal

direction (Wang et al., 2017).

Histology confirmed anagen initiation delay in Irx5�/�

mice (Figure 2F). By P24, a clear delay in telogen-to-anagen

transition was observed for Irx5�/� follicles. At P26 (mid-

anagen for Irx5+/+), Irx5�/� follicles displayed a thin epithe-

lial column characteristic of anagen initiation. At P32,

Irx5+/+ follicles displayed regression of the epithelial col-

umn, indicative of catagen, whereas Irx5�/� skin displayed

a dramatically thickened dermis containing the lower

bulbs of hair follicles, suggesting the follicles had reached

a delayedmid-anagen. At P46, Irx5+/+ follicles exhibited tel-

ogen morphology, while Irx5�/� follicles were still in late

anagen. At P56, Irx5�/� follicles eventually entered telogen.

To investigate the cause of the delayed anagen initiation

in Irx5�/� hair follicles, we quantified proliferation by

means of 2-h EdU pulses (Figures 2G–2J). At P20, prolifera-

tion was observed mainly in the secondary hair germs of

hair follicles, with less proliferation in Irx5�/� hair germ

(p = 0.0579) and bulge (p = 0.0418) compared with Irx5+/+

(Figure 2H). At P28, Irx5�/� hair bulb cells continued to

display significantly decreased proliferation (p < 0.0001),

with 1% of Irx5�/� hair bulb cells staining EdU+ compared

with 30% of Irx5+/+ cells (Figure 2I). By mid-anagen (P32),

proliferating cells were prominent in the matrix, with a

higher proportion of EdU positivity in Irx5�/� compared

with previous timepoints (Figure 2J). In sum, IRX5-defi-

cient bulge cells are quiescent, and IRX5-deficient matrix

cells display proliferative deficiency, indicating that IRX5

promotes proliferation of HFSCs and their progeny.

IRX5 promotes expression of cell cycle genes in HFSCs

We next investigated the mechanisms whereby IRX5

promotes HFSC activation. We isolated Irx5�/� and Irx5+/+
rmis at the indicated time points.
om Irx5�/� and Irx5+/+ littermates. Scale bar represents 25 mm.
� (n = 3) and Irx5+/+ (n = 4) hair germ (p = 0.0579) and bulge (p =
1 (I); and P32 Irx5�/� (n = 2) and Irx5+/+ (n = 2) hair bulb, p = 0.091
s obtained from two-sample t test at 95% CI.
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Figure 3. Altered cell cycle gene expression in Irx5�/� HFSCs
(A) PCA of HFSC gene expression in P18 Irx5�/� (n = 3) and Irx5+/+ (n = 3) littermates along with P20 Irx5�/� (n = 4) and Irx5+/+ (n = 4)
littermates.
(B) Expression of Irx1, Irx2, Irx3, Irx4, Irx5, and Irx6 in sorted P18 and P20 HFSCs.
(C) Hierarchical clustering of P18 and P20 HFSC gene expression data identified 10 distinct gene clusters.
(D) Top GO categories for each cluster in (C).
(E) Seurat cell cycle scoring was adapted to each replicate in bulk RNA-seq samples to identify the overall cell cycle stage of HFSCs isolated
from each mouse.
HFSCs from two time points at the telogen/anagen transi-

tion, P18 (telogen) and P20 (early anagen in WT), and we

subjected them to bulk RNA-seq analysis (Figure S6A).

PCA segregated the samples by genotype across PC1, sug-

gesting that gene expression differences between geno-

types remain consistent across time points (Figure 3A).

In P18 HFSCs, Irx5 and Irx6 expression is high, whereas

Irx1, Irx2, Irx3, and Irx4 expression is low (Figure 3B). At

P20, expression of Irx1–5 increases, whereas Irx6 expression

decreases; Irx5 is the highest expressing Irx at P20. Loss of

Irx5 results in upregulation of Irx1–4 at P18 and Irx1 and

Irx2 at P20 inHFSCs (Figure 3B), suggesting a negative-feed-
1232 Stem Cell Reports j Vol. 18 j 1227–1243 j May 9, 2023
back regulatory loop among Irx genes. The increased

expression of Irx5 between P18 and P20 in HFSCs is consis-

tent with the RNA-FISH data (Figure 2B) and its role in

HFSC proliferation.

DEG analysis comparing P18 Irx5�/� (n = 3) and Irx5+/+

(n = 3) HFSCs identified 2,259 downregulated and 630 up-

regulated genes in Irx5�/� HFSCs (Data S7). DEG analysis

comparing P20 Irx5�/� (n = 4) and Irx5+/+ (n = 4) HFSCs

identified 1,668 downregulated and 1,464 upregulated

genes in Irx5�/� HFSCs (Data S8). K-means clustering of

these data revealed 10 distinct clusters (Figure 3C, Data

S9), allowing us to define IRX5-affected genes at the



telogen-to-anagen transition. Genes in clusters 1 and 2 in-

crease in expression from P18 to P20. Cluster 3 is of interest

as its genes increase in expression from P18 to P20 and are

downregulated in Irx5�/� at both P18 and P20 time points

(Figure 3C). Cluster 3 is enriched in GO terms histone H3.1

complex organization and positive regulation of cell cycle

(Figure 3D). Histone H3.1 complex organization genes

include Chaf1a, Asf1b, and Ipo4. CHAF1A is a critical sub-

unit of histone H3.1, a transient histone that is required

for DNA replication and DNA repair (Tagami et al., 2004).

Downregulation of these critical cell cycle progression his-

tone subunits in Irx5�/�HFSCs occurs both at P18 and P20,

suggesting that IRX5may be a constitutive regulator of his-

tone subunits.

Cluster 4, which is enriched in cell cycle progression

genes, also shows upregulation between P18 and P20; these

gene are downregulated in Irx5�/�HFSCs at P20 (Figures 3C

and 3D). Cluster 5, which is downregulated between P18

and P20, contains genes that are upregulated in P18 and

P20 Irx5�/� compared with Irx5+/+ HFSCs. This cluster con-

tains genes involved in chromosomal and microsatellite

instability. Cluster 6 gene expression remained static be-

tween P18 and P20 Irx5+/+ HFSCs, suggesting that gene

expression in this cluster does not change in early anagen.

At both P18 and P20, cluster 6 genes are upregulated in

Irx5�/� HFSCs, suggesting that IRX5 represses these genes

regardless of hair cycle stage (Figure 3D). Cluster 6 is en-

riched in genes involved in negative regulation of cell pro-

liferation includingKlf4, a growth arrest factor that induces

the expression of CDKN1A (Chen et al., 2003). Cluster 7

contains genes upregulated at P18 compared with P20;

these genes are downregulated in P18 Irx5�/� HFSCs. This

cluster contains growth factor response genes including

FGF6. Cluster 8, which contains genes involved in PI3K-

Akt signaling, remains highly expressed across P18 and

P20 but is downregulated in Irx5�/� HFSCs. Cluster 9 and

10 genes, which are enriched in factors related to differen-

tiation, are downregulated between P18 and P20, and they

are differentially expressed in P18 and P20 Irx5�/� HFSCs.

As Irx5+/+ mice have progressed to early anagen at P20

while Irx5�/� mice remain at telogen, gene expression dif-

ferences between the genotypes at P20 may be indirect.

But several gene expression clusters show a consistent

change between genotypes at P18 and P20, suggesting

that those genes represent IRX5-regulated genes. These

include clusters 3, 6, and 8, which identify perturbed

epithelial proliferation, tyrosine kinase receptor signaling,

and apoptosis (Figure S6B). Transcriptional regulatory

relationship analysis of these genes found transcription

factors related to proliferation like MYC, NFKB, E2F, and

SP1 (Figure S6C). Gene-disease association analysis of the

combined clusters identified metastatic cancers such as

epithelioma, ovarian carcinoma, as well as xeroderma pig-
mentosum, a nucleotide excision repair disease in skin

(Figure S6D).

Seurat’s (Stuart et al., 2019) cell cycle scoring function

predicted that P18 and P20 Irx5+/+ HFSCs are quiescent

and proliferating, respectively (Figure 3E). By contrast,

P20 Irx5�/�HFSCs are predicted to be quiescent (Figure 3E),

consistent with the EdU data on P20 Irx5�/� hair follicles

(Figure 2G). Collectively, these findings indicate that

IRX5 promotes proliferation of HFSCs, most likely by

activating and repressing, respectively, positive and nega-

tive regulators of cell proliferation and by upregulating

expression of histone subunits necessary for cell cycle

progression.

IRX5 promotes expression of DNA damage repair

factors and repression of Fgf18

DEG analysis of P20 Irx5�/� and Irx5+/+ HFSCs (Data S8)

identified Brca1 and Fgf18, respectively, as top downregu-

lated and upregulated genes in Irx5�/� HFSCs (Figure 4A).

Downregulated genes are significantly enriched in cell

cycle checkpoint andDNA repair GO categories (Figure 4B),

whereas upregulated genes are enriched in positive regula-

tion of cell death GO categories (Figure 4C). The DNA dam-

age repair genes that are consistently downregulated in

Irx5�/� HFSCs include Brca1, Bard1, Mlh1, Fancd2, Rad51,

and Exo1—genes that are involved in mismatch repair

and homologous recombination (Figure 4D). These DNA

damage repair genes are normally upregulated from P18

to P20, suggesting that they are necessary as HFSCs start

proliferating. These genes are downregulated in Irx5�/�

HFSCs at P18 and P20, suggesting that IRX5may be a direct

regulator of these critical DNA damage repair genes. Fgfs are

downregulated in Irx5�/� HFSCs at P18 and P20 with the

exception of Fgf18 and Fgf21 (Figure 4E), which are upregu-

lated at P20.

Brca1, Bard1, and Rad51, all of which are downregulated

in Irx5�/� HFSCs at P18 and P20, are indispensable for

homologous recombination (Zhao et al., 2017). Brca1-defi-

cient mice have less hair growth, with existing Brca1�/�

hair follicles displaying increased DNA damage and p53-

dependent apoptosis in HFSCs (Sotiropoulou et al., 2013).

Consistently, Ingenuity Pathway Analysis predicted an

increase in DNA damage, activated ATM/MAPK pathway,

stabilized TP51, activated CDKN1A, and inhibited cell pro-

liferation in Irx5�/� HFSCs (Figure 4F).

IRX5 modifies open chromatin regions in HFSCs

In our P18 and P20 RNA-seq datasets, we identified altered

histone regulation in Irx5�/�HFSCs (Figure 3D), suggesting

altered epigenetic landscape in Irx5�/� HFSCs. We, there-

fore, conducted assay for transposase-accessible chromatin

(ATAC) sequencing on fluorescence-activated cell sorting-

isolated HFSCs from the back skins of Irx5�/� (n = 2) and
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Figure 4. Defective DNA repair gene expression in P20 Irx5�/� HFSCs
(A) Volcano plot of DEGs between P20 Irx5�/� and Irx5+/+ HFSCs. Brca1 is downregulated and Fgf18 is upregulated in Irx5�/� HFSCs.
(B) GO enrichment of downregulated genes in (A).
(C) GO enrichment of upregulated genes in (A).
(D) Heatmap of averaged expression of genes involved in DNA damage repair in HFSCs under the indicated conditions.
(E) Heatmap of averaged expression of Fgf in HFSCs under the indicated conditions.
(F) Ingenuity Pathway Analysis of the gene expression data in (A) predicts perturbed DNA damage in P20 Irx5�/� HFSCs.
Irx5+/+ (n = 2) mice at P20. We identified on average 20,970

peaks in Irx5+/+ and 32,692 peaks in Irx5�/� HFSCs that

were proportionally similar in their locations in introns,

exons, and promoters (Figure S7A). The majority of differ-

entially open chromatin regions were unique to Irx5�/�

HFSCs (Figure 5A); there were 4,277 unique peaks in the

Irx5�/� and five unique peaks in Irx5+/+ HFSCs. Motif anal-

ysis of Irx5+/+ HFSC open chromatin revealed significant

enrichment for IRX5 as well as for known HFSC transcrip-

tion factors NFATc1, LHX2, and JUND (Figure S7B), consis-

tent with public data on open chromatin in HFSCs (Yang

et al., 2017) (Figures S5A and S5B).

The Genomic Regions Enrichment of Annotations Tool

found that Irx5+/+ HFSC open chromatin regions are en-

riched in mouse phenotypes related to epidermal function

(Figure 5B). By contrast, Irx5�/� differential open chro-
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matin contains mouse phenotype ontology related to

abnormal DNA repair and early cellular replicative senes-

cence, demonstrating that the majority of the aberrant

unique open chromatin in Irx5�/� HFSCs regulate genes

related to DNA repair (Figure 5C).

We then overlapped Irx5+/+ HFSC open chromatin re-

gions with consistent DEGs from P18 and P20 Irx5�/�

HFSCs, using Binding and Expression Target Analysis

(BETA) (Figures 5D–5J). BETA scored the association of

each perturbed gene in relation to its genomic distance

from the Irx5+/+ HFSC open chromatin and ranked each

DEG in terms of its likeliness to be involved in normal

HFSC biology. BETA found that the Irx5�/� upregulated

genes are involved in cell adhesion, apoptosis, histone H3

methylation, and DNA damage response (Figure 5E), while

the majority of downregulated genes are involved in
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Figure 5. IRX5 maintains closed chromatin at cell cycle and DNA repair genes in HFSCs
(A) ATAC-seq on Irx5+/+ (n = 2) and Irx5�/� (n = 2) P20 HFSCs identified differential open chromatin regions. The majority of differential
chromatin regions represent accessible chromatin in Irx5�/� HFSCs.
(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) Schematic of Binding and Expression Target Analysis with differential gene expression and open chromatin data: DEGs identified from
P18 P20 cluster analysis are combined with normal HFSC open chromatin to predict IRX5-regulated targets.
(E) GO of differential open chromatin regions associated with upregulated genes in P20 Irx5�/� HFSCs.
(F) Mouse phenotype ontology of differential open chromatin regions associated with upregulated genes in P20 Irx5�/� HFSCs.
(G) Enriched transcription factor binding motifs in differential open chromatin regions associated with upregulated genes in P20 Irx5�/�

HFSCs.
(H) GO of differential open chromatin associated with downregulated genes in P20 Irx5�/� HFSCs.
(I) Mouse phenotype ontology of differential open chromatin associated with downregulated genes in P20 Irx5�/� HFSCs.
(J) Enriched motif of differential open chromatin associated with downregulated genes in P20 Irx5�/� HFSCs.
mitotic cell cycle processes (Figure 5H). Furthermore,

mouse phenotype ontology of these genomic regions of

Irx5�/� upregulated genes display thin hair shaft, abnormal

cell death, and abnormal DNA repair (Figure 5F), while
Irx5�/� downregulated genes display abnormal cell cycle

checkpoint function (Figure 5I).

The open chromatin regions near the upregulated (Fig-

ure 5G) and downregulated (Figure 5J) DEGs are both
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Figure 6. IRX5 suppresses the expression of Fgf18 in the hair
follicle bulge during early anagen
(A and B) RNA-FISH of Fgf18 in P20 hair follicles; arrows point to
lower bulge. Scale bar represents 10 mm.
(C and D) Higher magnification images of the lower bulge.
(E) Quantification of pixel intensity of lower bulge Fgf18 signal in
hair follicles from p20 Irx5+/+ (n = 3) and Irx5�/� (n =
4) (p < 0.0001); and p32 Irx5+/+ (n = 3), Irx5�/� (n = 3) mice.
(F and G) RNA-FISH of Fgf18 in P32 hair follicles; arrows point to
lower bulge. Scale bar represents 10 mm.
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enriched in NFYA motifs. Furthermore, Irx5�/� unique

open chromatin regions (Figure 5I) are enriched in NFYA

motifs (Figure S7C). NFYA represses cell cycle progression

genes (Yun et al., 2003), suggesting that IRX5 prevents

the epigenetic repression of these cell cycle progression

genes.

IRX5 represses FGF-induced HFSC quiescence

Fgf18 is highly upregulated in Irx5�/� HFSCs at P20 (Fig-

ure 4A), and although it is not differentially regulated

at P18, Fgf18 levels specifically rise from P18 to P20 in

Irx5�/� HFSCs (Figure 4E). Fgf18 is a critical downstream

target of Foxp1 that maintains HFSC quiescence and in-

hibits anagen initiation (Kimura-Ueki et al., 2012; Leish-

man et al., 2013). To validate the RNA-seq data and to

locate the expression of Fgf18, we conducted RNA-FISH

on hair follicles at various stages of early (Figures 6A–6D)

and late (Figures 6F and 6G) anagen. At P20 and P32,

Fgf18 was not visible in Irx5+/+ hair follicles (Figures 6A,

6C, and 6F), consistent with previous findings (Kimura-

Ueki et al., 2012). By contrast, Irx5�/� hair follicles express

detectable Fgf18 levels at P20 (p < 0.0001) (Figures 6B, 6D,

and 6E).

To determine whether upregulation of FGF could

mediate the delayed anagen initiation in Irx5�/� mice, we

inhibited the downstream signaling of FGF with the pan-

FGFR inhibitor AZD4547 (Kawano et al., 2016). Irx5�/�

mice were treated with 10 mM/g AZD4547 (n = 11) or 1%

DMSO saline (n = 9) every two days from P20 to P46.

Irx5+/+ littermates were treated with 1% DMSO saline

(n = 7) as additional controls. AZD4547 partially rescued

hair growth with a 4-day acceleration of back fur recovery

in the AZD4547-treated Irx5�/� group compared with the

DMSO-treated Irx5�/� group (D = 0.222, p = 0.0106)

(Figures 6H and 6I). AZD4547 treatment, however,

did not fully rescue hair growth (D = 0.195, p = 0.06) (Fig-

ure 6I). These results suggest that upregulation of FGF

mediates part of the anagen delay due to DNA damage in

Irx5�/� mice.

IRX5 activates Brca1 expression in HFSCs

The gene expression and epigenetic experiments described

above predict that IRX5 controls the cell cycle and DNA

damage repair in HFSCs. To validate that Brca1 expression
(H) Representative hair growth after shaving at P20 in Irx5�/�mice
treated with DMSO or AZD4547.
(I) Quantification of hair growth through first telogen and anagen
in DMSO-treated Irx5+/+ (n = 7), DMSO-treated Irx5�/� (n = 9), and
AZD4547-treated Irx5�/� mice (n = 11). Partial rescue of hair
phenotype was observed in AZD4547 treated Irx5�/� mice (D =
0.222, p = 0.0106). Statistical analysis conducted with two-sided
Kolmogorov-Smirnov test.
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is downregulated in Irx5�/� hair follicles, we used RNA-

FISH to analyze its expression at P20, P28, and P32 (Fig-

ure 7A). Brca1 is expressed in the P20 hair germs of Irx5+/+

hair follicles. By P28 and P32, Brca1 expression markedly

increases in the Irx5+/+matrix, primarily in the lower bulge.

By comparison, Irx5�/� hair follicles expressed Brca1 at low

levels at P20 (p < 0.001) and P28 (p < 0.001) (Figure 7B). By

P32, Brca1 is expressed in the lower bulge of Irx5�/�hair fol-

licles (Figure 7B). Analysis of comparable follicles at the

telogen-to-anagen transition, P28 Irx5�/� and P20 Irx5+/+,

found higher Brca1 expression in Irx5+/+ than Irx5�/� hair

germs (p < 0.0001) (Figure 7B). Together with the transcrip-

tomics data showing decreased Brca1 expression in HFSCs

at both P18 and P20 (Figure 4D), these experiments indi-

cate that Irx5�/� HFSCs have decreased BRCA1 expression.

Role of IRX in carcinogenesis is tumor dependent

As our data indicate that Brca1 expression is Irx5 depen-

dent, we characterized the expression of IRX5 and the rela-

tionship between IRX5 and BRCA1 in tumorigenesis, using

publicly available TCGA (The Cancer Genome Atlas) data.

IRX5 is overexpressed in the majority of tumor types,

although some tumor types have decreased IRX5 expres-

sion (Figure 7C) (Tang et al., 2017). Survival analysis of

IRX1–IRX6 expression across TCGA cancer types suggests

a mostly unfavorable prognosis with higher IRX expres-

sion, although in some tumors high IRX expression confers
Figure 7. IRX5 has a tissue-dependent role in carcinogenesis
(A) RNA-FISH staining of Brca1 in p20, p28, and p32 follicles from Ir
(B) Quantification of Brca1 signal intensity in p20 Irx5�/� (n = 2), p2
p < 0.001; p32 Irx5�/� (n = 2), p32 Irx5+/+ (n = 2) hair follicles. Bu, bu
from two-sample t test at 95% CI.
(C–G) TCGA data were analyzed using GEPIA2. Statistical analysis con
(C) IRX5 expression in tumors compared with its normal tissue.
(D) Survival heatmap displaying prognostic impacts of IRX1–IRX6 ex
higher and lower risks, respectively. Framed rectangle identifies stat
vorable in 17 instances while favorable in 11 instances.
(E) Representative statistically significant survival analysis of IRX5 e
(F) IRX5 expression across the clinical stages of skin cutaneous mela
(G) Correlation analysis of IRX5 and BRCA1 expression among breast-
(H) Repressive NF-Y binding sites lie near genes that promote cell pro
binding sites are closed, which allows for the transcription of genes
damage occurs prior to replication, it is repaired. In contrast, the N
expression of DNA damage repair and cell cycle progression genes. C
cellular senescence. Abbreviations are as follows: ACC, adrenocortic
invasive carcinoma; CESC, cervical squamous cell carcinoma and endo
adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B cell lymph
HNSC, head and neck squamous cell carcinoma; KICH, kidney chromo
papillary cell carcinoma; LAML, acute myeloid leukemia; LGG, brain lo
adenocarcinoma; LUSC, lung squamous cell carcinoma; OV, ovarian ser
pheochromocytoma and paraganglioma; PRAD, prostate adenocarcin
cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicula
uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma.
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better prognosis (Figures 7D and 7E). Higher expression of

IRX1, IRX2, IRX3, IRX5, and IRX6 all display statistically

significant unfavorable prognosis for skin cutaneous mela-

noma (Figure 7D). Analysis of IRX5 expression across the

clinical stages of skin cutaneous melanoma indicates a sta-

tistically significant correlation between higher IRX5

expression and advanced pathological tumor stage (Fig-

ure 7F). Consistent with BRCA1 being a downstream target

of IRX5, there was significant correlation between BRCA1

and IRX5 gene expression in breast-invasive carcinoma

(Figure 7G), suggesting that the regulatory relationship be-

tween IRX5 and BRCA1 extends beyond epidermal

keratinocytes.

In sum, we demonstrate that IRX5 is required for

DNA damage repair and cell cycle progression in

HFSCs at the telogen-to-anagen transition and in

epithelial progeny of HFSCs in early anagen hair folli-

cles. IRX5 operates through multiple mechanisms. First,

IRX5, directly or indirectly, upregulates BRCA1 and

other DNA repair factors. Second, IRX5 regulates his-

tone expression and suppresses open chromatin regions

that negatively regulate transcription of DNA damage

repair and cell cycle progression genes. Third, IRX5,

through its promotion of DNA repair, contributes to

the downregulation of quiescence-maintaining factors,

reducing inhibitory signals for the telogen-to-anagen

transition (Figure 7H).
x5�/� and Irx5+/+ mice. Scale bar represents 25 mm.
0 Irx5+/+ (n = 2) p < 0.001; p28 Irx5�/� (n = 2), p28 Irx5+/+ (n = 2)
lge; HG, hair germ; DP; dermal papilla; Mx, matrix. p values obtained

ducted with one way ANOVA.

pression among all TCGA cancer types. Red and blue blocks denote
istically significant survivability: higher expression of IRX is unfa-

xpression.
noma.
invasive carcinoma.
liferation and DNA damage repair. In Irx5+/+ HFSCs, repressive NF-Y
involved in DNA damage repair and cell cycle progression. If DNA
F-Y binding sites in Irx5�/� HFSCs are open, thus repressing the
onsequently, accumulation of DNA damage occurs, which triggers
al carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast-
cervical adenocarcinoma; CHOL, cholangio carcinoma; COAD, colon
oma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme;
phobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal
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DISCUSSION

Whereas previous studies on IRX5 have focused on its role

as a developmental gene regulator (Cheng et al., 2005; Ga-

borit et al., 2012), our findings point to a role in stem cell

proliferation. We link cell cycle functions with the DNA

damage response and suggest that the role of IRX5 in

DNA damage repair could be an overlooked mechanism

in the emerging link between IRX5 and carcinogenesis

(Huang et al., 2018; Zhu et al., 2020).
IRX5 promotes cell cycle progression and DNA

damage repair in HFSCs and their progeny

Although previous studies, primarily in cancer cells, have

characterized the proliferative role of IRX5 (Liu et al.,

2016; Son et al., 2021; Sun et al., 2020; Zhu et al., 2020), lit-

tle is known about its role in DNA damage. Accumulated

DNA damage in long-lived stem cells causes cancer or ag-

ing-related degeneration. Adult stem cells address DNA

damage with diverse methods. HFSCs are resistant to

DNA damage-induced apoptosis in part due to elevated

expression of anti-apoptosis factor BCL-2 and enhanced

non-homologous end joining (NHEJ) DNA repair (Sotiro-

poulou et al., 2010). Irx5�/� HFSCs displayed diminished

expression of NHEJ mediators H2B histones and TDP1, a

phosphodiesterase necessary for efficient NHEJ (Li et al.,

2017). We also identified other DNA damage repair factors

perturbed in Irx5�/� HFSCs, MLH1, EXO1, and RAD51,

which are involved in nucleotide excision repair (NER)

and homologous recombination (HR). While there are no

accounts of these DNA damage repair mechanisms in

HFSCs, NER andHR are the preferential DNAdamage repair

pathways of proliferating adult stem cells similar to acti-

vated HFSCs (Hua et al., 2012).

These DNA damage repair factors are downstream of key

regulators FOXM1 and BRCA1, which are both downregu-

lated in Irx5�/� HFSCs (Figures 3C, 4D and 7A). FOXM1 is

primarily a direct regulator of factors involved in single-

stranded DNA break repair such as NER (Khongkow et al.,

2014). BRCA1 promotes HR over NHEJ (Wu et al., 2010).

Conditional knockout of Brca1 in the epidermis leads to

hair loss with rapidly degenerating hair follicles due to

increased apoptosis (Sotiropoulou et al., 2013). While not

as severe, Irx5�/� mice display similar hair findings as

Brca1�/� mice with downregulated DNA damage repair

genes (Figure 4D) in HFSCs, as well as delayed hair growth.
IRX5 controls the chromatin landscape in HFSCs

In Irx5�/� HFSCs, we identified multiple open chromatin

regions near DNA damage repair genes (Figure 5C). These

new open chromatin regions are enriched for motifs for

NFYA (Figure S7C), a transcription factor that acts as
both transcriptional activator and repressor. In response

to DNA damage, NF-Y mediates transcriptional inhibition

of cyclin expression with cell cycle arrest through P53-

dependent HDAC4 histone deacetylation (Basile et al.,

2006). Our data suggest that loss of IRX5 leads to

increased chromatin access for NF-Y with inhibition of cy-

clin expression.

Previous studies have suggested that IRX5 is a direct

epigenetic regulator with both transcriptional activating

and repressing functions (Bonnard et al., 2012; Costantini

et al., 2005) depending on signaling or cellular context. The

IRX5 IRO box is known to associate with m-BOP and to re-

cruit HDAC, thus promoting chromatin condensation

and silencing of nearby genes (Costantini et al., 2005). In

Irx5�/� HFSCs, we identified downregulation of histone

H3 subunits (Figure 3D), which are required for DNA

replication and repair (Tagami et al., 2004). FOXM1, down-

regulated in all NHEK IRX knockdown (Figure 1C) and in

Irx5�/� HFSCs (Figure 3C), is also a critical cell cycle regu-

lator that co-localizes near NF-Y binding sites through pro-

tein-protein interaction with the MMB complex to bypass

senescence (Chen et al., 2013).

IRX5 promotes proliferation and DNA repair in the

interfollicular epidermis

The role of IRX5 in promoting DNA repair is not limited to

HFSCs as we observed increased DNA damage (Figure 1P)

and decreased proliferation (Figure 1M) in Irx5�/� EpiSCs.

We also observed cell cycle progression defects with IRX5

loss of function in cultured NHEKs (Figures 1D and S1C),

suggesting that the epidermal cell proliferation role of

IRX5 is conserved from mice to humans.

In contrast to the marked hair follicle defect, we did not

observe defects in the function of the interfollicular

epidermis (IFE) of Irx5�/� mice; there is only a subtle hypo-

cellularity of the basal layer (Figure 1J). The reason for this

dichotomy, which was also observed in studies on Brca1

null mice (Sotiropoulou et al., 2013) and an ectopic Bcl-2

mouse model (Geueke et al., 2021), is unknown. Studies

on chronic low UV irradiation of mouse epidermis have

found that basal IFE keratinocytes capable of NER accumu-

late DNA damage and remain viable (Nijhof et al., 2007),

suggesting that basal keratinocytes continue tomaintain tis-

sue homeostasis despite unrepaired DNA damage. Further-

more, the IFE is maintained as a continuous sheet by

competing epidermal clones whereby DNA damaged

epidermal clones are likely outcompeted by neighboring

genetically intact clones. Hair follicles on the other hand

rely on a limited pool of synchronous stem cells, requiring

immediate repair upon DNA damage. In addition, the very

highproliferation rate of hair follicle progenitor cells in early

anagen may make the hair follicle more sensitive to DNA

damage than the IFE.
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IRX5 promotes anagen initiation through repression

of Fgf18

Several mechanisms have been found to regulate HFSC

quiescence and anagen initiation (Geyfman et al., 2015),

including the secreted factor FGF18. FGF18 is an autocrine

factor expressed in bulge and bulge-derived cells with para-

crine activity onnearbyHFSCs (Hsu et al., 2011). In addition

to its physiologic role, FGF18 has been shown to be upregu-

lated upon radiation-induced hair follicle damage, where it

is presumed to induce cell cycle arrest to allow for DNA

repair inHFSCs (Kawano et al., 2016). Consistent with these

ideas, we observed increased Fgf18 expression in Irx5�/�

HFSCs (Figures 4A and 6E). Pan-FGF receptor kinase inhibi-

tion partially rescued the anagen delay in Irx5�/� mice

(Figures 6H and6I).While the FGFR inhibitor could also per-

turb other FGF signaling andwhile P20 Irx5�/�HFSCs differ-

entially express other FGFs (Figure 4E), we believe that

FGF18 is one of the central contributors to Irx5�/� anagen

delay as it has been previously identified as a key factor

that prolongs telogen (Kimura-Ueki et al., 2012).
IRX5 in human disease

Data in the Genome Aggregation Database (gnomAD) indi-

cate that IRX5 is intolerant to loss of function variants in

humans. On the other hand, missense mutations in the

highly conserved DNA-binding domain of IRX5 are

responsible for the rare autosomal recessive Hamamy syn-

drome (Mégarbané et al., 2021). This syndrome, which is

characterized by cranio-facial abnormalities, osteopenia,

sensory hearing loss, and mental retardation, has been

linked to decreased stromal cell-derived factor 1 expression

and abnormal migration of neural crest cells (Bonnard

et al., 2012). Recently, sparse hair was noted in patients

affected by Hamamy syndrome (Mégarbané et al., 2021),

a phenotype that could link to the hair follicle findings

described in our study. Based on our findings, a role for

IRX5 in cell cycle and DNA damage responses in epithelia

should be considered as a disease mechanism in some of

the Hamamy syndrome manifestations.

Although IRX5 may suppress tumorigenesis, multiple

studies have found IRX5 to be upregulated in cancers

(Huang et al., 2018; Sun et al., 2020), suggesting a pro-onco-

genic role. Our results here suggest that promotion of DNA

repair and suppression of apoptosis should be explored as

mechanisms linking IRX5 to tumor progression.
EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Requests should be directed to corresponding author Bogi Ander-

sen (bogi@uci.edu).
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Materials availability

No new materials were generated in this study.

Data and code availability

Sequencing data are available under GEO Super-Series GSE202076.

Mice
Irx5�/� mice and their genotyping were described previously. All

mouse experiments were conducted on sex-matched littermates

in accordance with University of California, Irvine Institutional

Animal Care and Use Committee (Protocol No. AUP-19-012).

Tissue and cell isolation
P18 and P20 back skin was dissected and the epidermis isolated.

Ly-6A/E� CD34+ CD49f+ HFSCs were isolated for bulk RNA-seq

and ATAC-seq.

Cell culture
NHEKs were grown in keratinocyte serum free media supple-

mentedwith epidermal growth factor and bovine pituitary extract.

30 nM pooled siRNAs was transfected into semi-confluent mono-

layers. 12 hours after transfection, 1.8 mM Ca2+ was added to the

medium to induce differentiation. RNA lysate was collected 72 h

after transfection.

Bulk RNA sequencing
Library preparation was done with Illumina TrueSeq library prepa-

ration kit, and single-end Illumina HiSeq 2500 sequencing was

performed.

ATAC-seq
Nuclei were incubated in 50 uL of Tn5 transposition buffer for

30 min at 37�C. Library preparation with Illumina TrueSeq library

preparation kit and paired-end Illumina HiSeq 2500 sequencing

(80 million reads per sample) was performed at the University of

California, Irvine High Throughput Genomics Facility. Motif anal-

ysis was conducted with MEME Suit 5.5.0 using predicted IRX5

motif (JASPAR, 2020 #PH0086.1).

RNA and protein detection
For immunofluorescence localization of protein, fresh tissue sam-

ples were harvested and embedded in optimal cutting temparture

(OCT) compound. For RNA-FISH, fresh frozen 10-mM-thick OCT

sections were processed and stained using RNAscope Multiplex

Fluorescent Detection Kit v1.

Details on mouse work, cell culture, RNA and protein detection in

tissues, RNA-seq, and ATAC-seq are provided in the supplemental

experimental procedures.
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Supplemental information can be found online at https://doi.org/
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