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Abstract

Epidermal structure is damaged by exposure to ultraviolet (UV) light but the molecular 

mechanisms governing structural repair are largely unknown. UVB (290-320 nm wavelengths) 

exposure prior to induction of differentiation reduced expression of differentiation-associated 

proteins, including Desmoglein 1 (Dsg1), Desmocollin 1 (Dsc1) and Keratins 1 and 10 (K1/K10) 

in a dose-dependent manner in normal human epidermal keratinocytes (NHEKs). The UVB- 

induced reduction in both Dsg1 transcript and protein was associated with reduced binding of the 

p63 transcription factor to previously unreported enhancer regulatory regions of the Dsg1 gene. 

Since Dsg1 promotes epidermal differentiation in addition to participating in cell-cell adhesion, 

the role of Dsg1 in aiding differentiation after UVB damage was tested. Compared to controls, 

depleting Dsg1 via shRNA resulted in further reduction of Dsc1 and K1/K10 expression in 

monolayer NHEK cultures and in abnormal epidermal architecture in organotypic skin models 

recovering from UVB exposure. Ectopic expression of Dsg1 in keratinocyte monolayers rescued 

the UVB-induced differentiation defect. Treatment of UVB-exposed monolayer or organotypic 

cultures with Trichostatin A, a histone deacetylase inhibitor, partially restored differentiation 

marker expression, suggesting a potential therapeutic strategy for reversing UV-induced 

impairment of epidermal differentiation after acute sun exposure.
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Introduction

The epidermis is a multilayered structure that provides a barrier against environmental 

insults. However, all epidermal layers can be penetrated by ultraviolet (UV) light resulting 

in potentially mutagenic DNA damage (Courdavault et al., 2005; Pfeifer and Besaratinia, 

2012) and changes in epidermal structure. UV-induced histological changes include 

hyperplasia, appearance of “sunburn cells” (pyknotic nuclei, eosinophilic cytoplasm, lacking 

expression of differentiation markers), disappearance of the granular layer, parakeratosis 

(aberrant persistence of nuclei in the stratum corneum), and acanthosis (thickening) and 

hyperkeratinization of the stratum corneum, all indicative of abnormal differentiation and 

altered barrier function (Bayerl et al., 1995; Bernerd and Asselineau, 1997; Lavker et al., 

1995; Lorincz, 1960; Matsumura and Ananthaswamy, 2004; Rosario et al., 1979). The 

molecular pathways leading to repair of the epidermal structure and restoration of normal 

differentiation after UV exposure remain largely unknown.

Normal epidermal differentiation and barrier formation require the carefully choreographed 

expression of cytoskeletal, cell adhesion, and cell envelope proteins specific for each cell 

layer. UV exposure impairs the expression of later differentiation markers such as 

involucrin, loricrin, filaggrin, and transglutaminase, corresponding with the histologically 

observed reduction in the granular layer and disturbance of the stratum corneum (Bayerl et 

al., 1995; Bernerd and Asselineau, 1997; Del Bino et al., 2004; Gambichler et al., 2008; 

Kwon et al., 2008; Lee et al., 2005; Lee et al., 2002; Li et al., 2001; Rundhaug et al., 2005; 

Sesto et al., 2002; van der Vleuten et al., 1996). UV exposure also disrupts the epidermal 

permeability barrier and cell-cell communication by altering the arrangement of the tight 

junction proteins occludin and claudins-1 and -4 (Robert et al., 1999; Yuki et al., 2011), the 

lipid composition in upper epidermal layers (Holleran et al., 1997), and the localization of 

connexin 43 (Cx43) (Bellei et al., 2008; Provost et al., 2003).

Expression of both classic and desmosomal cadherins is also altered by UV exposure (Dusek 

et al., 2006; Gambichler et al., 2008; Hung et al., 2006; Li et al., 2001; Murakami et al., 

2001; Rundhaug et al., 2005; Sesto et al., 2002). Of particular interest is Desmoglein 1 

(Dsg1), one of several desmosomal cadherins that complex with armadillo proteins (i.e. 

Plakoglobin – Pg and Plakophilins – Pkps), and plakins (e.g. Desmoplakin – Dp) to anchor 

keratin intermediate filaments to the cell membrane. Dsg1 is first expressed as keratinocytes 

transit from the basal to the immediate suprabasal layer and becomes increasingly 

concentrated in desmosomes of the granular layer where it plays a critical role in 

intercellular adhesion (Green and Simpson, 2007). The Dsg1 cytoplasmic domain also 

promotes epidermal differentiation and proper epidermal morphogenesis (Getsios et al., 

2009). Knocking down Dsg1 results in reduction of the granular layer in epidermal models 

and reduced expression of differentiation markers desmocollin 1 (Dsc1), loricrin, filaggrin, 

and keratin 10 (K10). Dsg1 mRNA transcripts have been reported as downregulated after 

UV exposure, one of many transcriptional changes that occur in UV- exposed keratinocytes 

(Murakami et al., 2001; Rundhaug et al., 2005). Further, exposure of well differentiated 

keratinocytes to UVC wavelengths (below 290 nm which do not reach the earth's surface) 

leads to cellular redistribution and caspase-dependent cleavage of Dsg1 protein (Duseket al., 
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2006). However, no study has yet examined the impacts of UVB wavelengths (290-320 nm 

that impact human skin) on the expression or function of Dsg1 protein in the epidermis.

Since Dsg1 promotes epidermal differentiation (Getsios et al., 2009), we examined the role 

of Dsg1 in governing recovery of keratinocyte differentiation following UVB exposure. 

UVB exposure resulted in reduced expression of Dsg1, Dsc1, K10, and K1 expression in a 

dose- dependent manner but did not reduce the predominantly basally-expressed Dsg3 

protein or the adherens junction cadherin E-cadherin (Ecad). UVB-induced reduction of 

Dsg1 mRNA and protein was associated with decreased binding of the transcription factor 

p63 to previously unreported enhancer regulatory regions of the Dsg1 gene. Dsg1 silencing 

resulted in further reduction in Dsc1, K1, and K10 protein expression and in abnormal 

epidermal architecture after UVB exposure while ectopic Dsg1 expression led to recovery of 

the differentiation program. These findings establish Dsg1 is a specific regulator of the 

epidermal recovery process after assault by UVB light. Dsg1 may therefore be a therapeutic 

target for restoration of epidermal differentiation after sun exposure. Indeed, the histone 

deacetylase (HDAC) inhibitor Trichostatin A (TSA), which was previously shown to 

increase expression of desmosomal cadherins (Simpson et al., 2010a), partially rescued 

UVB-induced reduction in differentiation markers in both monolayer cells and organotypic 

epidermal models. HDAC inhibitors may therefore be useful treatments for enhancing 

epidermal differentiation after acute UVB exposure, with potential applications for skin 

cancer prevention.

Results

Acute UVB exposure of keratinocytes prior to induction of differentiation results in 
decreased expression of differentiation-associated proteins

To examine the impact of UVB exposure on differentiation-dependent desmosomal 

cadherins and keratins in early epidermal differentiation, normal human epidermal 

keratinocytes (NHEKs) were exposed to increasing dosages of UVB prior to switching to 

high calcium medium to induce differentiation. A reduction in both Dsg1 and Dsc1 was 

observed when NHEKs were exposed to 1000, 2000 or 3000 J/m2 UVB prior to calcium 

switch, while other cadherins Dsg3 and Ecad were not affected (Fig. 1a). Differentiation-

associated keratins K10 and K1 as well as Pg levels were also reduced after exposure to the 

higher UVB dosages. An increase in phosphorylated Erk (pErk) was observed at the same 

UVB dosages associated with decreased differentiation markers. Thus the viable cells 

remaining after acute UVB exposure exhibited an increase in pro-proliferative signaling 

(Dumesic et al., 2009).

To determine the level of cell death induced by the acute UVB dosages, apoptotic cells were 

assessed using the Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

assay 48 hours after UVB exposure. The remaining viable cells per microscopic field were 

also counted. 2000 J/m2 UVB exposure resulted in less than 3% of cells undergoing 

apoptosis at the 48 hour time point and approximately 2/3 of the cells remaining compared 

to unexposed controls, while exposure to 3000 J/m2 UVB resulted in approximately 8% of 

cells undergoing apoptosis and 1/3 of the cells remaining (Fig. 1b).
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The morphology of organotypic cultures exposed to the same UVB regimen after 

differentiation and stratification had occurred was also analyzed for comparison 

(Supplemental Fig. 1 exposed on day 6 and harvested on day 7 after lifting, see timeline). 

Acanthosis of the stratum corneum and increased intercellular spaces, particularly in the 

lower epidermal layers, were observed in the cultures exposed to 1000 J/m2 UVB. Sunburn 

cells were apparent in the cultures exposed to 1500 J/m2 and increased in number with the 

higher UVB dosages. The stratum corneum and granular layers, and the expression and 

distribution of Dsg1, Dsc1, and loricrin were disturbed in the cultures exposed to UVB 

dosages from 1500 to 3000 J/m2, consistent with defects in differentiation.

Dsg1 promotes epidermal differentiation and architectural recovery after UVB exposure

We previously demonstrated that Dsg1 promotes epidermal differentiation through 

attenuation of Erk1/2 signaling (Getsios et al., 2009). To address whether loss of Dsg1 

exacerbates reduction in differentiation after UVB exposure, Dsg1 was depleted in NHEKs 

via shRNA. Knocking down Dsg1 resulted in more pronounced reductions in Dsc1, K10, 

and K1 at UVB dosages as low as 500 J/m2 and almost total loss of detectable Dsc1, K10, or 

K1 proteins in NHEKS exposed to 2000 or 3000 J/m2 UVB (Fig. 2a right). In control-

infected NHEKs, as in uninfected NHEKs in Fig. 1, exposure to 2000 or 3000 J/m2 UVB 

resulted in reduction of Dsg1, Dsc1, K10, and K1 (Fig. 2a left). Thus Dsg1 loss exacerbated 

the reduction in keratinocyte differentiation markers in a UVB dose-dependent manner.

To understand the impact of Dsg1 loss on the recovery of proper epidermal architecture after 

UVB exposure, organotypic cultures were grown from NHEKs infected with control or 

Dsg1 shRNA. The cultures were exposed to 1000 J/m2 UVB on day 6 after lifting to the air-

liquid interface and then allowed to recover for either 24 hours or 7 days (see timeline). In 

control-infected organotypic cultures, the number of cells staining positive for Dsg1 was 

reduced 24 hours after UVB exposure compared to unexposed cultures, but Dsg1 expression 

was restored by the later time point (Fig 2b, left panels). Seven days after UVB exposure in 

the Dsg1-depleted organotypic cultures, the thickness of the viable epithelial portion was 

reduced compared to controls. A thickened, disorganized stratum corneum accumulated, 

exhibiting remnants of cell nuclei (Fig. 2b, right panels). Dsg1 was therefore important for 

recovery of proper epidermal model architecture after UVB exposure.

To determine whether increasing Dsg1 expression would help restore expression of other 

differentiation-associated proteins after UVB exposure, NHEKs were infected with viruses 

expressing either GFP control or ectopic Dsg1. Ectopic Dsg1 expression resulted in 

increased Dsc1, K10, and K1 expression -8 hours after UVB exposure compared to controls 

(Fig. 2c). The data indicated that Dsg1 was important for regulating expression of other 

differentiation markers after UVB exposure.

UVB-induced delay in differentiation and reduced Dsg1 mRNA levels are associated with 
decreased binding of p63 to regulatory regions upstream of the Dsg1 gene

The effects of UVB exposure on expression of differentiation markers could be at the level 

of protein stability, gene transcription, or both. To test whether UVB exposure resulted in a 

delay in induction of differentiation marker expression, NHEKs were either unexposed (Fig. 
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3a) or exposed to 2000 J/m2 UVB (Fig. 3b) immediately prior to calcium switch to induce 

differentiation and harvested at 4 or 12 hour intervals beginning at 48 hours. While Dsg1 

protein was detectable as early as 48 hours after calcium switch in the unexposed cells, it 

remained difficult to detect until 72 hours in the UVB-exposed NHEKs. Other 

differentiation markers Dsc1, K10, and K1 were detectable by 60 hours in the unexposed 

cells while remaining difficult to detect until 72 hours in the UVB-exposed NHEKs. 

Quantitative RT-PCR revealed that Dsg1 transcript levels were reduced as early as 5 hours 

and remained reduced 72 hours after calcium switch in UVB-exposed NHEKs compared to 

unexposed controls.

The master regulator of epidermal differentiation, p63 (Koster, 2010), was recently shown to 

bind to a mouse Dsg1 gene regulatory region to induce Dsg1 transcription (Ferone et al., 

2013). Thus, we reasoned that p63-induced transcription of Dsg1 may be impacted by 

exposure of NHEKs to UVB. To identify p63 binding sites in the human Dsg1 genomic 

locus, previously generated ChIP-seq data obtained in human keratinocytes (Kouwenhoven 

et al., 2010) were analyzed. Three p63-binding regions (-25Kb, -60Kb, -70Kb) were 

identified upstream of the gene and corresponded to genomic regions enriched in positive 

histone marks associated with active transcription, and to clusters of DNase hypersensitive 

sites (Supplemental Fig. 2a) (Bernstein et al., 2005; Sabo et al., 2006). Using Chromatin 

Immunoprecipitation (ChIP) to test binding of p63 to these putative regions resulted in the 

finding that p63 preferentially bound to the regulatory region 60kB from the human Dsg1 

gene (Fig. 3d) and bound to a lesser extent to the other regions (Supplemental Fig. 2b). p63 

binding to these regulatory regions was decreased following exposure of NHEKs to 2000 

J/m2 UVB (Fig. 3d and Supplemental Fig. 2b), correlating with the UVB-induced reduction 

in Dsg1 transcripts.

Treatment of cultures with the HDAC inhibitor TSA increases differentiation marker 
expression after UVB exposure

Since previous studies showed that treatment of cells with the HDAC inhibitor TSA 

increases expression of desmosomal cadherins (Simpson et al., 2010a) experiments were 

conducted to determine if TSA treatment after UVB exposure would rescue Dsg1 

expression. Indeed, TSA treatment increased Dsg1 and Dsc1 expression in monolayer 

cultures (Supplemental Fig. 3) and Dsg1, Dsc1, and K10 expression in organotypic 

epidermal cultures (Fig. 4a) after UVB exposure compared to UVB-exposed untreated or 

DMSO treated controls. This was not through an increase in p63 binding to the Dsg1 gene 

regulatory regions (data not shown). TSA treatment also reduced UVB-induced 

phosphorylation of Erk compared to DMSO-treated controls (Fig 4b).

Discussion

From these studies we conclude that Dsg1 promotes differentiation and structural repair of 

UVB-damaged epidermis. Further, our work shows that a clinically relevant HDAC 

inhibitor, TSA, increases Dsg1 expression and helps restore epidermal differentiation 

following acute UVB exposure. This work is important, as cumulative sun exposure and 

childhood sunburns significantly correspond with increased risk of skin carcinogenesis in 
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adulthood (English et al., 1998), and UV-induced alterations in epidermal structural proteins 

may contribute to retention of mutated cells within the skin structure that later become 

cancerous. For example, loss of Dsg1 and differentiation-associated proteins filaggrin and 

occludin, have been associated with a reduction in UV-mediated apoptosis (Dusek et al., 

2006; Mildner et al., 2010; Rachow et al., 2013). Filaggrin loss also results in increased UV-

induced DNA damage (Mildner et al., 2010). In the present study increased Erk 

phosphorylation was observed at the same UVB dosages where differentiation markers were 

reduced, consistent with the idea that surviving cells that do not undergo differentiation 

activate Erk pathway-mediated pro-proliferative signaling (Dumesicet al., 2009). Treatment 

of organotypic cultures with TSA reduced UVB-induced phosphorylation of Erk while 

promoting expression of Dsg1 and associated differentiation proteins. We propose that 

therapeutically increasing expression of Dsg1 to promote restoration of differentiation 

markers (Getsios et al., 2009) as well as to repress pro-oncogenic EGFR/MAPK/ras 

signaling (Getsios et al., 2009; Hammers and Stanley, 2013; Harmon et al., 2013) may help 

prevent skin carcinogenesis.

In addition to skin cancer, UV exposure can initiate or exacerbate the pathology of other 

human skin diseases. For example, UV exposure induces acantholysis in the uninvolved skin 

of patients with pemphigus foliaceus, pemphigus vulgaris, and pemphigus erythematosus, 

disorders caused by auto-antibodies against Dsg1 or Dsg3 (Cram and Winkelmann, 1965; 

Igawa et al., 2004; Jacobs, 1965; Kawana and Nishiyama, 1990; Makino et al., 2013; Reis et 

al., 2000). This was posited to be due to increased IgG deposits in intercellular spaces within 

the UV-induced lesions (Cram and Fukuyama, 1972). However, Dsg1 levels or localization 

were not examined to determine whether UV exposure exacerbates pemphigus antibody-

induced depletion of Dsg1 from desmosomes. Studies are warranted to understand how 

decreases in Dsg1, Dsc1, K1, and K10 following UVB exposure may contribute to the 

pathologies of these and other more common epidermal diseases like psoriasis and eczema. 

There are reports of psoriasis patients developing pemphigus lesions following phototherapy 

and the underlying mechanisms remain unexplained (Kwon et al., 2011; Sanchez-Palacios 

and Chan, 2004).

Therapeutically stabilizing Dsg1 in UV-exposed skin through use of HDAC inhibitors or 

other drugs could reduce symptoms of patients suffering from several skin diseases as well 

as potentially preventing skin carcinogenesis. HDAC inhibitors are in clinical trials as anti-

cancer agents. Two have been approved by the Food and Drug Administration for use 

against cutaneous T cell lymphomas, and several are being explored for treating psoriasis 

(Khan and La Thangue, 2012; Shuttleworth et al., 2010). Therefore, use of these agents to 

help restore epidermal differentiation after acute sun exposure may be feasible.

Materials and Methods

Cell culture and retroviral transduction

NHEKs were isolated from neonatal foreskin by the Northwestern University Skin Disease 

Research Center (NUSDRC) as described (Halbert et al., 1992). Cells were propagated in 

M154 medium supplemented with human keratinocyte growth supplement (HKGS, Life 

Technologies, Grand Island, NY, USA), 1,000× gentamycin/amphotericin B solution (Life 
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Technologies), and 0.07 mM CaCl2 (low calcium). Confluent keratinocyte monolayers were 

induced to differentiate by addition of 1.2 mM CaCl2 (high calcium) in M154 in the absence 

of HKGS. LZRS-GFP, LZRS-Flag Dsg1, LZRS-miR Dsg1, and LZRS-miR Lamin (control) 

were generated as previously described (Getsios et al., 2004; Getsios et al., 2009). 

Keratinocytes were transduced with retroviral supernatants produced from Phoenix cells 

(provided by G. Nolan, Stanford University, Stanford, CA) as previously described (Getsios 

et al., 2004; Simpson et al., 2010a). For organotypic cultures, keratinocytes were seeded on 

collagen/fibroblast matrices and grown submerged in E medium supplemented with 5 ng/ml 

epidermal growth factor (EGF) for two days, then grown at the air–medium interface in E 

medium without EGF according to published protocols (Simpson et al., 2010a; Simpson et 

al., 2010b).

UVB exposure

Cells (in sufficient Phosphate Buffered Saline - PBS - to minimally cover the culture plate 

surface) or organotypic cultures (raised to the air/liquid interface) were irradiated under two 

TL20W/01 narrow band UVB bulbs with peak irradiance at 311 nm wavelength (Solarc 

Systems, Inc, Barrie, ON, Canada). The exposure time required to obtain UVB doses (J/m2) 

was calculated by measuring μW/cm2 using an ILT1400A photometer (International Light 

Technologies, Peabody, MA) calibrated by the manufacturer. The photometer is equipped 

with detectors to measure UVB and UVC and no UVC was emitted from the UVB bulbs. 

For a clinical comparison of UVB dosages used throughout this study, depending upon skin 

type (age, pigmentation, thickness), 4000 J/m2 UVB is considered 1 Minimal Erythemal 

Dose (MED) (van der Vleuten et al., 1996).

Antibodies and reagents

Mouse monoclonal antibodies used: P124 (anti–Dsg1 extracellular domain; Progen, 

Heidelberg, Germany); 27B2 (anti–Dsg1 cytodomain; Invitrogen), U100 (anti-Dsc1; 

Progen), HECD1 (anti– E-cadherin; Takara, Kyoto, Japan) and 4A4 (anti-p63; Santa Cruz 

Biotechnology, Dallas, TX). Rabbit polyclonal antibodies used: K1, K10, and loricrin (gifts 

from J. Segre, National Human Genome Research Institute, Bethesda, MD), 1905 (anti-

Dsg3; gift from J. Stanley, University of Pennsylvania, Philadelphia, PA), C33E10 (anti-

pERK; Cell Signaling Technology, Danvers, MA), anti-Erk1/2 (Promega, Madison, WI), 

H-137 (anti-p63; Santa Cruz Biotechnology) and GAPDH (glyceraldehyde-3-phosphate 

dehydrogenase; Sigma-Aldrich). Chicken polyclonal antibody used: Pg (1407; Aves 

Laboratories, Tigard, OR). Secondary antibodies for immunoblotting were goat anti–mouse, 

–rabbit, and –chicken peroxidase (Rockland; KPL, Gaithersburg, MD). Secondary 

antibodies for immunofluorescence microscopy were goat anti– mouse, –rabbit, and –

chicken linked to fluorophores of 488 nm and 568 nm (Alexa Fluor; Invitrogen).

Immunoblot analysis of proteins

Whole cell or organotypic culture lysates were collected in Urea-SDS buffer (8M Urea/ 1% 

Sodium dodecyl sulfate/ 60 mM Tris pH 6.8/ 5% β-mercaptoethanol/ 10% glycerol) and 

sonicated. Samples separated by SDS-PAGE were transferred to nitrocellulose, blocked in 

5% milk/PBS, and probed with primary antibody in milk for 1 hour at room temperature. 
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Secondary, HRP-conjugated antibodies diluted 1:5000 in milk were added to blots after 

washing with PBS. Protein bands were visualized using enhanced chemiluminescence and 

exposure to X-ray film.

Quantitative real-time PCR

RNA was isolated using the RNeasy Mini kit (Qiagen, Valencia, CA), according to the 

manufacturer's instructions. Total RNA concentrations were equalized between samples, and 

cDNA prepared using the Superscript III First Strand kit (Invitrogen). Quantitative PCR was 

performed using SYBR Green PCR master mix (Applied Biosystems) and gene-specific 

primers in a StepOnePlus instrument (Applied Biosystems). Calculations for relative mRNA 

levels were performed using the PPCt method, normalized to GAPDH. Primers used: Dsg1F 

TCCATAGTTGATCGAGAGGTCAC, Dsg1R CTGCGTCAGTAGCATTGAGTATC, 

GAPDHF ACATCGCTCAGACACCATG, GAPDHR 

TGTAGTTGAGGTCAATGAAGGG.

ChIP

NHEKs were fixed with 1% formaldehyde and ChIP was performed using anti-p63 

antibodies with rabbit IgG antibodies as a negative control. ChIP was performed as 

previously described (Antonini et al., 2010). Real-time PCR was performed using the SYBR 

Green PCR master mix (Applied Biosystems) in an ABI PRISM 7500.

Primers used: -25kbDsg1F TCTCTCAACCTGCACTCAATCTG, -25kbDsg1R 

GGGAGGCTTCTCTGCGATTA, -60kbDsg1F GGGCAATGACATCCCTTGTT, 

-60kbDsg1R GGTGTGTTCTGCAAGTTCCACTT, -70kbDsg1F 

TTAAGCAAAACTAATGGACCACAGA -70kbDsg1R 

GCTCATGCATGTTCATATACAAACC.

Histology, indirect immunofluorescence microscopy

Organotypic cultures fixed in 10% neutral buffered formalin were embedded in paraffin 

blocks, cut into 5 μm sections, and H&E stained by the NUSDRC. For indirect 

immunofluorescence microscopy, slides were baked at 60°C, de-paraffinized by xylenes, 

dehydrated with ethanol, rehydrated in PBS and permeablized by 0.5% Triton X-100 in 

PBS. Antigen retrieval was performed by incubation in 0.01 M Citrate buffer (pH 6.0) or 0.5 

M Tris buffer (pH 8.0) at 95°C for 15 minutes. Sections were blocked in 1% BSA/0.05% 

Tween/PBS for 30 minutes at 37°C. Primary antibody incubation was carried out overnight 

at 4°C in blocking buffer followed by washing in PBS. Secondary antibody incubation was 

carried out at 37°C for 45 minutes followed by washing in PBS. Sections were stained with 

4′,6-Diamidino-2-phenylindole (DAPI - Sigma- Aldrich) at a final concentration of 5 ng/μl 

at room temperature for 2 minutes followed by washing in PBS and water. Cover slips were 

mounted with ProLong Gold Antifade Reagent (Life Technologies). Images were obtained 

with a 40x PL Fluotar, NA 1.0 objective on a Leica DMR microscope using a charge-

coupled device camera (Orca 100, model C4742-95, Hamamatsu, Bridgewater, NJ) and 

MetaMorph 6.1 software (MDS Analytical Technologies, Union City, CA) for fluorescence 

or a Leica DFC320 digital camera and Photoshop software (Adobe Systems, Mountain 

View, CA) for H&E images.
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TUNEL assay

Cells undergoing apoptosis 48 hours following UVB exposure were detected using the in 

situ Cell Death Detection Kit (Roche, Penzberg, Germany) according to the manufacturer's 

protocol. The total cells per microscopic field were detected using DAPI.

HDAC Inhibition

On the day of lifting to the air-liquid interface organotypic models were left unexposed or 

exposed to 1500 J/m2 UVB on ice. Beginning the next day organotypic cultures were left 

untreated or treated with Dimethyl sulfoxide (DMSO) (Sigma-Aldrich) or TSA (1 μmol/L, 

Sigma-Aldrich) for 4 hours daily. Cultures were harvested on day 4 after lifting. Confluent 

cells were unexposed or exposed to 2000 J/m2 UVB immediately prior to switching to 1.2 

mM CaCl2 containing medium. The next day cells were either left untreated or treated with 

DMSO or TSA in fresh high calcium-containing medium and harvested 72 hours after 

calcium switch.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

Dsc desmocollin

Dsg desmoglein

Ecad E-cadherin

HDAC histone deacetylase

K1/10 Keratin 1 or 10

Lor loricrin

NHEK normal human epidermal keratinocyte

Pg plakoglobin
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TSA trichostatin A

UV ultraviolet
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Figure 1. Acute UVB exposure of keratinocytes prior to induction of differentiation results in 
decreased expression of differentiation-associated proteins
a) Immunoblots showing differentiation-associated proteins reduced in NHEKs exposed to 

UVB prior to inducing differentiation. Numbers under immunoblots represent band intensity 

fold change from no UVB control after normalization to GAPDH. b) Level of cell death 

induced by UVB dosages utilized throughout this study assessed using either the TUNEL 

assay or by counting the total number of cells per microscopic field 48 hours after UVB 

exposure.
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Figure 2. Dsg1 promotes epidermal differentiation and architectural recovery after UVB 
exposure
a) Immunoblots showed that shRNA-mediated depletion of Dsg1 further reduced Dsc1, 

K10, and K1 compared to control NHEKs exposed to UVB prior to calcium switch. 

Numbers represent band intensity fold change from unexposed shCon-infected cells after 

normalization to GAPDH. b) Dsg1 depletion altered the architecture of UVB-exposed 

organotypic models compared to controls (H&E). Organotypic models were grown for 6 

days before mock exposure or irradiation with 1000 J/m2 UVB then harvested 1 or 7 days 

later. Bars = 50 μm. c) Dsc1, K10, and K1 proteins were expressed at higher levels when 

Dsg1 was ectopically expressed in UVB-exposed differentiating NHEKs compared to 

controls. Numbers represent band intensity fold change from unexposed GFP-infected cells 

after normalization to GAPDH.
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Figure 3. UVB-induced delay in differentiation and reduced Dsg1 mRNA levels are associated 
with decreased binding of p63 to regulatory regions upstream of the Dsg1 gene
a-b) Initiation of Dsg1, Dsc1, K1, and K10 protein expression was delayed following 

exposure to UVB compared to unexposed control NHEKs. c) Dsg1 transcript levels 

remained reduced up to 72 hours in NHEKs following UVB exposure (2000 J/m2 prior to 

calcium switch to induce differentiation) compared to unexposed controls. d) The binding of 

p63 to an enhancer regulatory region -60kB from the Dsg1 gene was reduced following 

UVB exposure. NHEKs were unexposed or exposed to 2000 J/m2 UVB prior to calcium 

switch then harvested 29 or 48 hrs later and processed for ChIP. Immunoblot shows total 

p63 levels after UVB exposure.
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Figure 4. Treatment of epidermal models with the HDAC inhibitor TSA increases differentiation 
marker expression after UVB exposure
a) Organotypic models were unexposed or exposed to 1500 J/m2 UVB prior to lifting to the 

air-liquid interface, left untreated or treated with DMSO or TSA for 4 hours daily starting 24 

hours later, then harvested 4 days after lifting. Numbers represent band intensity fold change 

comparing unexposed treated and untreated cultures and comparing UVB-exposed treated 

and untreated cultures after normalization to GAPDH. Immunoblots revealed that TSA 

treatment helped restore Dsg1, Dsc1, and K10 expression after UVB exposure. b) TSA 

treatment reduces phosphorylated Erk in UVB- exposed organotypic cultures compared to 

DMSO treated controls.
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