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Abstract

The vitamin D receptor with its ligand 1,25 dihydroxy vitamin D3 (1,25D3) regulates 

epidermal stem cell fate, such that VDR removal from Krt14 expressing keratinocytes delays 

re-epithelialization of epidermis after wound injury in mice. In this study we deleted Vdr from 

Lrig1 expressing stem cells in the isthmus of the hair follicle then used lineage tracing to evaluate 

the impact on re-epithelialization following injury. We showed that Vdr deletion from these cells 

prevents their migration to and regeneration of the interfollicular epidermis without impairing their 

ability to repopulate the sebaceous gland. To pursue the molecular basis for these effects of VDR, 

we performed genome wide transcriptional analysis of keratinocytes from Vdr cKO and control 

littermate mice. Ingenuity Pathway analysis (IPA) pointed us to the TP53 family including p63 as 

a partner with VDR, a transcriptional factor that is essential for proliferation and differentiation of 

epidermal keratinocytes. Epigenetic studies on epidermal keratinocytes derived from interfollicular 

epidermis showed that VDR is colocalized with p63 within the specific regulatory region of 

MED1 containing super-enhancers of epidermal fate driven transcription factor genes such as 

Fos and Jun. Gene ontology analysis further implicated that Vdr and p63 associated genomic 

regions regulate genes involving stem cell fate and epidermal differentiation. To demonstrate 

the functional interaction between VDR and p63, we evaluated the response to 1,25(OH)2D3 of 

keratinocytes lacking p63 and noted a reduction in epidermal cell fate determining transcription 

factors such as Fos, Jun. We conclude that VDR is required for the epidermal stem cell fate 

orientation towards interfollicular epidermis. We propose that this role of VDR involves cross-talk 

with the epidermal master regulator p63 through super-enhancer mediated epigenetic dynamics.
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1. Introduction

Chronic skin wounds are estimated to affect 6.5 million patients in the US at a cost of 

over $25 billion [1]. A number of studies have noted an association between poor wound 

healing and vitamin D deficiency [2–5]. We have focused on the role of vitamin D and 

calcium signaling in the epidermis in the control of stem cell (SC) activation and function 

during the initial response to wounding of the skin. Adult SCs residing in regenerative 

tissues like the epidermis and hair follicles (HF) play essential roles in the maintenance of 

those tissues. Understanding the mechanisms controlling adult SC is one of the fundamental 

goals in the field of skin biology. The skin provides an excellent model system for the 

study of adult SC in tissue regeneration. Skin epithelia are derived from the ectoderm and 

differentiate into the interfollicular epidermis (IFE), sebaceous gland (SG) and HF during 

the embryonic developmental process. After birth, adult SC residing in the basal layer of 

the epidermis (eSC), junctional zone/ infundibulum (jSC), isthmus (iSC) and bulge (bSC) 

regions of the HF are responsible for the regeneration of the IFE, SG and the cycling portion 

of the HF, respectively [6–9]. In the IFE, this regeneration is continuous to produce transient 

amplifying cells (TAC), which leave the basal layer and differentiate producing proteins 

such as keratin 1 (Krt1), Krt10, involucrin, filaggrin and loricrin. Cells from the junctional 

zone/infundibulum in the distal portion of the HF closest to the epidermis contribute to this 

process. In the isthmus iSC provide cells for the maintenance of the SG. In contrast, the 

proximal portion of the HF is cyclic, with activation initiated with signals between the bSC 

and dermal papilla [10–12]. These SC have distinctive markers in their separate niches (eg. 

Lgr5 for bSC, Lgr 6 for iSC, Lrig1 for jSC) but as discussed below these distinctive markers 

are lost after wounding [13]. When the skin is wounded the progeny of SC from all regions 

of the HF and IFE contribute at least initially [6,9], although to variable extent.

We have shown that IFE and HF SC express high levels of VDR [14,15]. Moreover, we 

have found that SC loss, decreased activation, and delayed differentiation and migration 

of progeny after wounding are present in the Vdr cKO mouse [15]. Vdr removal also 

leads to abnormal utricle structures in which epidermal makers and lipids accumulate, 

further supporting a role for VDR in epidermal cell fates. Our previous lineage tracing 

studies demonstrated that Vdr deletion prevents Krt14 labeled keratinocytes to regenerate 

interfollicular epidermis after skin wounding, although Krt14 is not specific for stem 

cells [15]. Therefore, in this study we labeled Lrig1+ iSC and traced their cell fate after 

wound injury. Although we identified a specific role of VDR for stem cells to commit to 

interfollicular epidermis, the molecular basis for the function is not well understood.

P63 is known as a master regulator to control epidermal proliferation and differentiation in 

skin. P63 induces VDR by direct binding to the VDR promoter [16]. Like Vdr, deletion 

of p63 blocks epidermal differentiation [17]. Previous studies with ChIP-seq determined 

the binding of p63 to enhancers and super-enhancers (SE) for ongoing transcription during 
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keratinocyte differentiation [18,19]. One potential partnering transcription factor to p63 in 

these super enhancers was VDR. These sites were enriched in super-enhancers considered 

critical for cell fate determination. These large SEs mediate transcriptional regulatory 

machinery essential for gene expression of fate determining genes [20,21], that differ from 

typical enhancers in size and ability to induce transcription. Dense incorporation of key 

transcription factors together in the Mediator complex, including MED1, promote gene 

transcription by linking enhancers to the RNA polymerase complex at transcriptional start 

sites (TSS) in gene promoter sites. Gene activation is accompanied with elevated histone 

acetylation (H3K27ac) [20], and the enhancer domains are separated by DNA insulator 

CTCF [22]. In addition, a previous study showed binding profiles of p63 to enhancers and 

super-enhancers in keratinocytes [19]. Therefore, we examined the ability of VDR and p63 

to promote epidermal cell fate by utilizing super-enhancer based epigenetic machinery.

P63 has two known isoforms from alternative promoters. Transcriptionally active p63 

(TAp63) includes all 14 exons, whereas the ΔNp63 isoform starts in an intron downstream 

of exon 3. Though ΔNp63 lacks the TA domain (exons 1–3), it retains the ability to bind 

to DNA and induce genes [23]. TAp63 and ΔNp63 bind to the same DNA element, and 

in the current study these isoforms will not be distinguished. That said, it is the ΔNp63 

isoform that is most highly expressed in the basal layer of the epidermis and is critical for 

keratinocyte differentiation [24]. In the current study we show that keratinocytes lacking p63 

have a blunted response to 1,25(OH)2D3 (1,25D3) indicating the importance of the p63/VDR 

interaction.

In the current study we first demonstrate that VDR is required for injury induced cell 

fate conversion towards interfollicular epidermis using lineage tracing. Through epigenetic 

approaches, we then explored molecular foundations for VDR to drive epidermal fate 

through superenhancer associated cross-talk with the epidermal master regulator p63.

2. Materials and methods

2.1. Animals

The floxed Vdr mice (Vdrtm1Pcn Δex3-flox/flox) (C57BL6) were a gift from S. Kato 

Japan. Krt14-Cre (Tg(Krt14-creamc) (C57BL6) mice and mice expressing the Rosa tomato 

(TdT) reporter gene (Gt(ROSA) 26Sortm9(CAG-tdTomato)Hze) were from the Jackson 

Laboratory. Tamoxifen inducible Lrig1-CreERT2 mice were a gift from Dr. Kim B. Jensen. 

All experiments were approved by the Institutional Animal Care and Ethics Committee at 

the San Francisco VA Medical Center.

2.2. Lineage tracing

The red fluorescent reporter gene Rosa TdTomato (TdT) was introduced into mice 

expressing tamoxifen (Tam) inducible Lrig1-CreERT2 with (cKO) or without (controls) the 

floxed Vdr gene. First, the triple transgenic mice expressing floxed Vdr, Lrig1-CreERT2 and 

TdT were prepared, so that red TdT is expressed upon Lrig1 driven tamoxifen inducible 

Cre recombination. The Vdr gene was deleted from TdT labeled cells, and TdT expression 

was activated by single intraperitoneal injection of low dose tamoxifen 10 ug/d body weight 
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(Sigma) dissolved in corn oil at postnatal day 21 (P21). Next day, a full-thickness skin 

biopsy punch wound (3 mm) was made in back skin, then the skin was allowed to heal until 

wounds were completely closed at 30 or 35 days. The skin biopsies at the 0 day and 30 

(35) days post wounding time points were harvested and frozen sections were prepared to 

monitor mobility of red fluorescent cells using a Zeiss fluorescent microscope, in which the 

images were processed with Zen pro software. The red area in IFE and SG were manually 

evaluated in 8–10 different fields for control and cKO mice (2 each). Statistical significance 

was evaluated by the Student t-test.

2.3. Gene expression profiling microarray analysis

Gene expression profiles were analyzed using an Illumina beads chip based gene array 

(Mouse Ref-8 v2.0 Ambion) in the UCLA Neuroscience Genomics Core. The data were 

normalized by Genome Studio (Illumina), and analyzed by using pathway software IPA 

(Ingenuity Systems). The array data were submitted to a public data base (GEO/NCBI/NIH 

http://www.ncbi.nlm.nih.gov/geo). Data for Vdr cKO keratinocytes vs CON keratinocytes 

are available as an accession number GSM1679838 and GSM1679839 under super-series 

GSE68729.

2.4. Chromatin immunoprecipitation

Chromatin IP was performed using the LowCell# ChIP kit (Diagenode) for H3K27ac, and 

by using the iDeal ChIP-kit for transcription factors (Diagenode) for VDR, P63, MED1 and 

CTCF according to the manufacturer’s protocol with some modifications as described.

Pre-confluent keratinocytes were treated with vehicle (EtOH) or 1,25D3 (1 × 10 −7M) for 

4 h. They were cross-linked by 1 % paraformaldehyde for 8 min for H3K27ac and for 15 

min for MED1/CTCF/VDR/p63/CTCF then quenched with 0.125 M glycine. Whole cell 

lysates (H3K27ac) or purified chromatin (MED1/CTCF/VDR/p63/CTCF) were sonicated 

by Covaris S2200 ultrasonicator (Covaris, Inc.). The shearing conditions were optimized to 

obtain the DNA fragments with an average length of 300 ± 50 bp, the size of which was 

verified by an Agilent 2100 Bioanalyzer (Agilent Technologies). Sheared chromatin was 

immunoprecipitated with Protein A-coated magnetic beads (Diagenode) preincubated with 

antibodies: 5 mg of VDR (Santa Cruz C20), 3 μg of p63 (Cell Signaling, D2K8X), 3 μg 

of antibody against H3K27ac (ab4729, Abcam), 1 μg CTCF antibody (Diagenode) and 4.5 

μg MED1 antibody (Bethyl). Experiments were carried out in triplicates, and a chromatin 

input sample was used as a reference to subtract background for peak calling. Complexes 

were washed, eluted from the beads with washing buffer and crosslinks were reversed by 

incubation at 65 °C for 4 h. Immunoprecipitated DNA along with genomic DNA (Input) 

were purified using IPure v2 kit (Diagenode). IP efficiency was confirmed by qPCR using 

primers provided in the kits.

2.5. ChIP-seq library preparation, DNA sequencing and bioinformatic analyses

DNA Sequencing libraries were generated using the Accel-NGS 2S Plus DNA library kits 

(Swift Sciences) and amplified by PCR for 11 cycles. To remove high MW smear in the 

library, right side size selection was conducted by using SPRI beads (Beckman Coulter). The 

library was quantified by Agilent 2100 Bioanalyzer with the High sensitivity DNA assay. 
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They were sequenced on an Illumina HiSeq 4000 (UCSF Center of advanced technology) in 

a single strand 50 bp run (combining 8 libraries per lane).

Sequencing reads were mapped to the human genome hg19 using Bowtie2 with standard 

parameters only allowing uniquely aligned reads as previously described [25–29]. Peaks 

were called against input using MACS2 for VDR, P63, H3K27ac, MED1, and CTCF using 

both broad Peak and gapped Peak output [30]. Motif analysis (de novo and known) was 

performed using HOMER software [31]. All data were displayed using UCSC genome 

browser. Enhancers were stitched and super-enhancers were defined using ROSE code as 

described [20]. ROSE was run with stitching distance of 12.5 kb. Dense enhancers were then 

assigned to the RefSeq genes whose TSS was the nearest to the center of the identified dense 

enhancers. ChIP-seq data for VDR, p63, MED1, H3K27ac, and CTCF in vehicle and 1,25D3 

treated keratinocytes are available in accession numbers GSE154221 and GSExxx.

2.6. Keratinocyte cultures

Primary human keratinocytes (NHK) were isolated from neonatal foreskin and maintained 

in defined Keratinocyte Serum Free Basal Medium (K-SFM) (Thermo Fisher) supplemented 

with the growth factors and 0.07 mM CaCl2 (Thermo Fisher). Keratinocytes in third 

or fourth passages were treated with 0.1 % EtOH (vehicle) or 1,25D3 (1 × 10 −7 M) 

for 4 h and used for ChIP-seq studies. The immortalized keratinocyte cell line N/TERT 

prepared by overexpression of telomerase subunit TERT (the gift of J. Rheinwald [32]) 

was maintained as previously described [33]. The cells were transduced 4:1 by an HIV-1-

based lentivirus that stably expresses short-hairpin RNAs (shRNA) encoding non-targeting 

sequences (shNTS) or sequences that target the DNA binding domain common in all 

p63 isoforms (shp63), in which the shRNAs were incorporated into the lentivirus using 

commercial kits (ViraPower Lentiviral Expression System, Invitrogen, Carlsbad, CA). The 

shRNA transcript targeting p63 is:5′GAG CUG AGC CGU GAA UUC AAC GAG GUU 

CAA GAG ACC UCG UUG AAU UCA CGG CUC AGC UCU U3′. These cells were 

maintained in the supplemented K-SFM with 0.07 mM CaCl2 and 10 mg/mL blasticidin that 

provides selection pressure to maintain shRNA transfection. Control NTS-N/TERT and p63 

targeted shp63 N/TERT cells were then treated with 1,25D3 (1 × 10 −8 M) overnight (the 

blasticidin was removed) and used for RT-PCR gene expression analysis.

2.6.1. Reproducibility and statistical analysis—All the experiments using Vdr 
cKO and littermate control mice (n = 3) were repeated with at least two litters, and 

reproducibility was confirmed. The experiments using immortalized keratinocytes (TERT 

and shp63) were conducted in three independent cultures and reproducibility was confirmed. 

Statistical significance was calculated using software integrated methods or two-tailed 

unpaired Student’s t-test. If not differently noted, differences with a p-value of less than 

0.05 were considered as statistically significant.

Other methods are described in Supplemental information.
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3. Results and discussion

3.1. Deletion of VDR impairs the proliferation and migration of Lrig1 expressing isthmus 
stem cells towards the interfollicular epidermis during wound re-epithelialization

We determined the role of VDR in regulating the ability of epidermal stem cells to respond 

to wounding. As proof of concept we used a mouse in which Lrig1 expressing isthmus 

stem cells (iSC) were labeled by a fluorescent marker (tomato) at the same time the Vdr 
was deleted from those cells, and the effect of Vdr deletion was investigated by lineage 

tracing experiments as described [6,11]. Mice lacking Vdr were generated by mating 

tamoxifen (Tam) inducible Lrig1CreERT2 mice expressing Rosa TdTomato (TdT) (red 

fluorescence) with floxed Vdr mice (cKO). They were compared to control mice (CON) 

with Lrig1CreERT2 and RosaTdT but lacking floxed Vdr. A single injection of low dose 

Tam was given to make clonal labeling of Lrig1 iSC to facilitate the ability to follow the 

progeny into the wound site. After labeling, a full-thickness skin biopsy (5 mm) was taken 

from the back skin. As expected, only a few isthmus stem cells are labeled in either CON 

or Vdr cKO 2 day after Tam injection in the biopsy samples as shown by clonal fluorescent 

labeling (Fig. 1a arrows in upper panels). After the wounds were completely closed (30–35 

days after wound excision), numerous labeled isthmus SC were found in the interfollicular 

epidermis as well as SG in the CON mice (Fig. 1a arrows in lower left panel). In contrast, 

in the cKO skin there were fewer labeled cells in the IFE, but SG labeling was equivalent 

to controls (Fig. 1a lower right panel cKO), in which the location of iSC and SG and IFE 

is shown (Fig. 1b upper diagram). These results indicate decreased ability of these Vdr 
depleted iSC cells to participate in the regeneration of the IFE. The results were quantitated 

by counting the number of red cells per IFE and SG on multiple sections and normalized by 

CON (Fig. 1b, graph n = 4, P < 0.05).

3.2. Deletion of Vdr affects genes involved in keratinocyte proliferation and differentiation 
through p53/63 signaling pathways

Our lineage tracing studies showed the cell fate changes in Lrig1 expressing iSC cells, 

although the overall wound healing rate was unchanged, as only a portion of these cells had 

their Vdr deleted. To identify a role of VDR through gene expression profiling, we utilized 

our previously established mouse model in which Vdr was deleted in keratinocytes with 

Krt14 cre [15] as these mice showed a decrease in rate of wound healing.

The transgenic mice with floxed Vdr in combination with the Krt14 driven Cre transgene 

were compared to control littermates that have floxed Vdr but no cre (CON). As Vdr 

deletion affects hair cycling in skin, we isolated keratinocytes from the skin at 3 mo (n 

= 3) of age when the skin is at resting telogen in both Vdr cKO and CON so that we 

eliminate hair cycling effects on gene expression. We also used mice maintained on a 

low calcium diet that our previous studies showed delays in wound re-epithelialization 

[34]. The RNA was isolated and the gene expression profiles were analyzed using an 

Illumina beads-based microarray including 25,600 annotated transcripts and 19,100 genes as 

described [35] (data are available in GSE68727 under super-series GSE68729). In addition 

to decreased hair differentiation genes and hair follicle stem cell markers in Vdr cKO, IPA 

(Ingenuity Pathway Analysis) of whole transcriptomic data from Vdr cKO keratinocytes 
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revealed abnormalities in organismal injury, cellular proliferation and movement in Vdr 
cKO (Table 1 upper panel). Furthermore, IPA analysis also identified members of the 

p53 family (Tp63/53/73) as top upstream inducers of that were down-regulated by Vdr 
deletion (Table 1 lower panel) implying that VDR exerts at least some of its functions in 

combination with Tp53/63 signaling. Together with our in vivo observations in Vdr cKO 

of delayed wound re-epithelialization, these results led us to investigate the underlying 

epigenetic and transcriptional mechanisms by which VDR promotes epidermal proliferation 

and differentiation in collaboration with p63.

3.3. VDR is co-localized with p63 in chromatin regulatory regions for epidermal fate 
driving transcription factors Fos, Jun and Sox7.

To further explore the interaction between VDR and the p53/p63 family at genomic DNA 

levels, we performed chromatin immunoprecipitation and sequencing (ChIP-seq) analysis, 

and determined the genes associated with VDR/p53/p63 regulation that are relevant to 

the response of stem cells to wounding with respect to proliferation and differentiation. 

We performed VDR and p63 ChIP-seq of the cultured keratinocytes that were treated 

with either vehicle or 1,25D3 (1 × 10−7 M). The cells were treated for 4 h to identify 

the primary response to 1,25D3. ChIP-seq was also performed with MED1 to identify 

the super-enhancers that are critical to control cell fate genes [20], H3K27ac to mark 

actively transcribed regions and super-enhancers (SE) [20] because it is known that histone 

acetylation (H3K27ac) generally co-localizes with Mediator such as Med1 at SEs and acts as 

a major inducer of gene expression by increasing chromatin accessibility [20,36], and CTCF 

to define boundaries of chromatin loops to insulate functionally distinct enhancers and SEs 

[22]. We found a number of VDR binding peaks accumulating close to the transcription start 

site (TSS), but the majority were found in the distal intergenic regions, in which a number 

of VDR binding peaks were within super-enhancers that are marked by MED1 binding. 

The VDR peaks were proximate within 100 bp to p63 binding peaks in 99 sites in the 

absence of 1,25D3, but the number increased to 799 sites after 1,25D3 administration as 

shown in a Venn Diagram (Fig. 2a). To explore biological function of VDR/p63/53 peaks, 

we conducted gene ontology (GO) analysis of genes associated with the 799 sites. As can 

be seen in Fig. 2b, these genes were found to represent regulators of wound healing, stem 

cell differentiation, adherens junction formation, and response to calcium ion that are major 

factors in epidermal differentiation (Fig. 2b pink highlight). The associated genes in these 

biological processes are shown in Supplemental Table SI.

We first focused on Chip-seq profiles of the Fos and Jun genes because they are the 

major cell fate determining transcription factors to control keratinocyte proliferation and 

differentiation. In addition, Fos is directly regulated by the 1,25D3 /VDR through epigenetic 

mechanisms as shown in our earlier study [26]. Here, we found that the VDR binding 

peaks were colocalized with p63 in epidermal keratinocytes when induced by 1,25D3 

administration. These peaks are located at – 24 kb and – 57 kb upstream of the Fos 
promoter within the SE (Fig. 3a red bar) that is marked by broad peaks of MED1 spanning 

a long DNA stretch (68 kb). The MED1 peaks are higher in 1,25D3 treated cells. These 

peaks are also actively transcribed as mapped by H3K27ac and located within one DNA 

loop not separated by CTCF (Fig. 3a vehicle, and 1,25D3 treated cells are shown by 
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yellow and blue peaks respectively, and overlap peaks are shown as green). Moreover, 

these VDR and p63 binding sites are just upstream of the TCF site (Fig. 3b) supporting 

previous observations regarding the interaction between VDR and β-catenin signaling in the 

regulation of keratinocyte differentiation [37,38]. We also found VDR/p63 overlapped peaks 

at – 65 kp and – 149 kb upstream of the promoter of the Jun gene (Fig S2 peak allocations 

are the same as Fig. 3a) that functions with Fos as an AP-1 factor to drive epidermal 

differentiation. These peaks were located within the large SE spanning over 222 kb DNA 

(red bar) in the H3K27ac marked region. The downstream part of the large SE was separated 

by 3 CTCF sites indicating functional diversity of the SE (Fig S2).

These data together demonstrated that VDR is colocalized with p63 within the SEs, 

suggesting their functional role in cell fate decision as described in a previous study 

demonstrating that incorporation of key transcription factors in SEs is associated with high 

level transcription of cell fate genes [20].

In Table 2, we list the binding motifs of VDR and p63 that were further enriched in the 

SEs in a 1,25D3 dependent manner suggesting the importance of VDR/p63 interactions in 

regulating cell fate determination as would be important during epidermal differentiation.

3.4. P63 is required for 1,25D3 induction of epidermal fate transcription factors

Next, we evaluated the functional relationship between VDR and p63. Previous studies 

showed the mutual regulation of VDR with partner transcription factors as seen in the 

case of β-catenin (TCF) to regulate epidermal differentiation [38]. Previous studies showed 

their regulation at expression levels. VDR is required for p63 expression as Vdr silencing 

decreased basal expression of an isoform of p63 (ΔNp63a) in primary keratinocytes [40]. 

However, ΔNp63a does not affect VDR expression, although another isoform does [16].

We then examined the functional requirement of p63 for VDR function by measuring ligand 

induced VDR transactivation. As VDR is required for epidermal differentiation we utilized 

epidermal keratinocyte cell lines derived from human IFE. These cells were immortalized 

by overexpression of the telomerase subunit TERT. The expression of p63 was decreased 

by a lentivirus carrying a short hairpin RNA targeting both isoforms of p63 (DNA binding 

domain) or a non-targeted shRNA (TERT) (Fig. 4a). These cells were then treated with 

1,25D3 (1 × 10 −8 M overnight), and their responses were evaluated by measuring gene 

expression through RT-qPCR. As p63 is important for cell proliferation, RNA recovery was 

moderately decreased in shp63 cells compared to control, suggesting lower cellularity (86.3 

+7.2 %, p < 0.05) in shp63 cells. However, we compensated for the decrease by using the 

same amount of RNA in each RT, and evaluated relative expression compared to control 

gene L19 by qPCR, then calculated percentile expression compared to control TERT cells. 

When P63 was knocked down, vitamin D induction rate was substantially decreased in the 

transcription factors, FOS, JUN and SOX7 but basal expressions were not affected (Fig. 4b 

upper panel). These effects are specific as the known VDR regulated innate immune gene 

CAMP was not affected (Fig. 4b lower panel). We also found high peaks of VDR and p63 in 

the Sox7 gene within MED1 labeled SE, that are associated with H3K27ac within one DNA 

loop (CTCF)(Fig S2b). Sox7 regulates cell fate of mesoderm lineages [39] and is expressed 

in keratinocytes (our data), but its function in skin is not known. These results suggest that 
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VDR drives normal epidermal cell fate by regulating these transcription factors by crosstalk 

with p63 signaling.

Here, we propose a new mode of VDR action in which VDR regulates cell fate transcription 

factors through cross-talk with p63 at epigenetic levels. VDR and p63 are colocalized in 

super-enhancers to control critical genes that promote epidermal fate. As p63, in particular 

the ΔNp63 isoform, is a key regulator of keratinocyte differentiation and TAp63 is induced 

in wound injury, our data suggest that p63 and VDR cross-talk regulate this process enabling 

the change of cell fate towards interfollicular epidermal lineage.

In conclusion, we have demonstrated that VDR is required for the epidermal differentiation 

towards interfollicular epidermis that is essential during wound induced re-epithelialization. 

These processes involve at least partially the interaction of VDR with the epidermal master 

regulator p63.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Ablation of Vdr impairs iSC movement to interfollicular epidermis but not to SG during 

wound re-epithelialization. a Representative images of 2d (upper panels) and 30 or 35 days 

after skin wounding (lower panel). TdT labeled iSCs after 2 d migrated to the IFE in CON 

(white triangles, upper panels) but less so in cKO (bottom panels). TdT iSC regenerate 

SG similarly in CON and cKO. (b) Schematic localization of Lrig1 expressing isthmus 

stem cells, SG, IFE epidermis in skin. c Quantification of the TdT labeled cells in the IFE 

epidermis and SG was determined in 8–10 different fields for control and cKO mice (2 

each). Statistical significance was calculated by t-test (* P < 0.05).
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Fig. 2. 
a Venn diagram shows the number of VDR and p63 peaks in the absence (vehicle control, 

left panel) and presence of 1,25D3 (right) in primary keratinocytes. The increased number 

of 799 VDR/p63 overlap sites is shown by a pink box. b Gene Ontology (GO) analysis 

performed on the annotated set of genes from the 799 VDR/p63 overlapped peaks. Top 

biological processes related to skin wound healing are pink-highlighted, in which GO terms 

and p-values are shown. The associated genes are listed in Supplemental Table S1.
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Fig. 3. 
a ChIP-seq profiles for keratinocytes treated with vehicle (yellow) or 1,25D3 (blue) and their 

overlap are shown by green. The VDR, p63, CTCF, and Med1 peaks for the FOS gene, in 

which the colocalization of VDR/p63 peaks was marked by yellow highlights, and location 

of Med1 enriched super-enhancers identified by Rose software was marked by a red bar. b 

The locations of binding motifs for VDR, p63 and TCF4 are shown at – 24 kb upstream 

region of the FOS gene locus.
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Fig. 4. 
Decreased p63 expression affects the 1,25D3 response in fate transcription factors of FOS 
and JUN in keratinocytes. a Decreased protein expression of p63 in the shp63 cell line 

compared to the parent line TERT, in which actin was used as a control. b. mRNA 

expression of FOS, JUN, SOX7 and CAMP in shp63 and TERT keratinocytes treated with 

vehicle and 1 × 10−8 M 1,25D3 overnight. Gene expression is evaluated by qPCR, and 

fold induction compared to control TERT cells was calculated. Averages of three batches of 

1,25D3 induction were calculated t-test * <0.05.
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Table 1

p53 family as potential upstream regulator for VDR, Cellular functions and upstream regulators affected by 

VDR deletion in keratinocytes (IPA analysis). Top, Biological processes associated with loss of Vdr in Krt14 
expressing keratinocytes as identified by Ingenuity Pathway Analysis (IPA) on microarray gene expression 

data. Bottom, Upstream regulators responsible for biological processes induced by loss of Vdr as identified by 

IPA on microarray data with statistical significance (p-values). The activation z-scores make predictions about 

potential regulators by using information about the direction of gene regulation. Here, our data show the that 

upstream regulator p53 family (P53/63/73) is down-regulated with highest statistical significance (8.86E-28).

Name    p-value # Molecule

Organismal Injury and Abnormalities    2.55E-11–1.09E-4 556

Cellular Growth and Proliferation    3.92E-32–8.72E-5 707

Cellular Movement    4.96E-23–7.84E-5 442

Upstream regulator Activation z-score  p-value

TP53 −2.113  8.86E-28

TP63  0.227  1.16E-09

TP73 −1.321  2.97E-06
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