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Abstract: 

Background: Atopic dermatitis (AD) is a common chronic inflammatory skin disease. Skin 

barrier defects contribute to disease initiation and development, however underlying 

mechanisms remain elusive. 

Objective: To understand the underlying cause of barrier defect, we investigated aberrant 

expression of specific microRNAs (miRNAs) in AD. Delineating the molecular mechanism of 

dysregulated miRNA-network, we focused on identification of specific drugs, which can 

modulate miRNA expression and repair defective barrier in AD.  

Methods: A screen for differentially expressed miRNAs between healthy skin and AD 

lesional skin resulted in the identification of miR-335, as the most consistently 

downregulated miRNA in AD. Using in silico prediction combined with experimental 

validation, we characterized downstream miR-335 targets and elucidated the molecular 

pathways by which this microRNA maintains epidermal homeostasis in healthy skin.   

Results: miR-335 was identified as a potent inducer of keratinocyte differentiation, and 

exerts this effect by directly repressing SOX6.  Recruiting SMARCA complex components, 

SOX6 suppresses epidermal differentiation and epigenetically silence critical genes involved 

in keratinocyte differentiation. In AD lesional skin, miR-335 expression is aberrantly lost. 

SOX6 is abnormally expressed throughout the epidermis, where it impairs skin barrier 

development. We demonstrate that miR-335 is epigenetically regulated by histone 

deacetylases (HDACs), and a screen for suitable HDAC inhibitors identified belinostat as a 

candidate drug which can restore epidermal miR-335 expression and rescue the defective 

skin barrier in AD.  

Conclusion: Belinostat is of clinical significance not only as a candidate drug for AD 

treatment, but also as a potential means of stopping the atopic march and further 

progression of this systemic allergic disease.  
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Capsule Summary: 

 

Loss of epidermal microRNA, miR-335, causes skin barrier defects in atopic dermatitis. 

Belinostat, a histone deacetylase inhibitor, restores miR-335 expression and represents a 

potential therapeutic for treatment of atopic dermatitis.  

 

Key messages: 

 

• Loss of miR-335 causes barrier defects in atopic dermatitis. 

• SOX6, a target of miR-355, suppresses epidermal differentiation via chromatin 

remodelling. 

• Belinostat, a potential therapeutic for atopic dermatitis, restores miR-335 and rescue 

the defective barrier. 
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Introduction:  

Atopic dermatitis (AD) is a chronic inflammatory skin condition (1, 2), which affects a 

significant proportion (15-30%) of children and 2-10% of adults. Symptoms include repeated 

episodes of skin inflammation, itching, scaling, and infection susceptibility, which severely 

diminish patients’ quality of life.  Key features of lesional skin from AD patients include skin 

barrier defects, compromised cornified envelope formation, and aberrant keratinocyte 

differentiation (3, 4).  

Whilst skin lesions represent the most noticeable symptom of atopic dermatitis, much 

lies beneath the surface. AD is a complex systemic disease which is often the first indicator 

of ‘atopic march’ – the progression from atopic dermatitis to asthma and allergic rhinitis in 

affected individuals (5, 6). In this model, it is postulated that the epidermal barrier defect in 

AD causes excessive exposure to environmental aeroallergens, and that this allergen 

sensitization initiates the atopic march (7). The key role of epidermal barrier dysfunction in 

the origin of AD is a relatively recent finding; AD was initially thought to develop via immune 

dysregulation, with the skin barrier defect resulting from local inflammation (8). It is now 

known that a strong genetic association exists between AD and filaggrin (FLG) loss-of-

function mutations (9). The filaggrin protein  is expressed in the upper layers of the 

epidermis and exerts its function in cornified envelope formation and barrier function. AD 

lesional skin also shows reduced expression of other barrier function proteins such as 

filaggrin, loricrin and involucrin (IVL) (10). The evidence that a skin barrier defect 

predisposes patients towards AD presents an interesting opportunity for new therapeutic 

approaches to AD.  

The development and maintenance of a healthy skin barrier is dependent on a 

number of factors, including translational control by microRNAs. MicroRNAs (miRNAs) are 

small, non-coding RNAs that mediate post-transcriptional gene regulation by targeting 

mRNAs for degradation and/or translational inhibition.  Epidermal-specific deletions of key 

miRNA pathway components resulted in abnormal skin phenotypes, such as reduced barrier 

function and keratinocyte hyperproliferation in mice (11-13). Altered miRNA expression in 
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skin has been documented in systematic inflammatory diseases, including AD (14). 

However, the bulk of existing miRNA studies are either correlative (15, 16), or focus mainly 

on immune dysfunction (17-19). Here, we investigate microRNAs which are critical to 

maintain skin barrier function, and identify miR-335 as a key driver of keratinocyte 

differentiation and cornification. In silico predictions, followed by experimental validation, 

establish transcription factor SOX6 as a direct target of miR-335. This regulatory pathway, 

which promotes epidermal differentiation, is disrupted in AD. In healthy epidermis, miR-335 

is abundantly expressed and SOX6 is absent. However, in AD skin lesions, loss of miR-335 

is observed in tandem with aberrant SOX6 upregulation. SOX6 suppresses epidermal 

differentiation by recruiting SMARCA complex components, which epigenetically silence 

critical genes involved in keratinocyte differentiation. The resultant skin barrier defect can be 

therapeutically reversed by restoring miR-335 expression. We further demonstrate that miR-

335 is epigenetically regulated by histone deacetylases (HDACs), and a screen for suitable 

HDAC inhibitors led to the identification of belinostat as a candidate drug which can restore 

epidermal miR-335 expression and ameliorate the associated barrier defect.  
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Methods: 

 

Cell culture and transfection: N/TERT-1 keratinocytes were grown in keratinocyte serum-

free medium (KSFM) (Life Technologies) supplemented with 0.2 ng/mL epidermal growth 

factor (EGF), 25 µg/mL bovine pituitary extract (BPE), 0.4 mM calcium chloride (CaCl2) and 

1% penicillin/streptomycin. When high density cultures were required for experiments, 

N/TERT-1 cells were grown in DF-K medium of glutamine-free Dulbecco’s modified Eagle’s 

medium (DMEM; Gibco) and KSFM supplemented with 0.2 ng/ml EGF, 25 µg/ml BPE, 2 mM 

L-glutamine, 0.15 mM CaCl2 and 1% penicillin/streptomycin). HEK293T cells (Clontech) 

were cultured in DMEM supplemented with 10% fetal bovine serum (Gibco), 4 mM L-

glutamine and 1 mM sodium pyruvate. Cultures were maintained at 37°C in a humidified 

incubator containing 5% CO2. 

N/TERT-1 keratinocytes were grown in six-well plates to 30-40% confluency before 

transfection. For miR-335 overexpression studies, N/TERT-1 cells were transfected with 

miR-335 mimic or negative control mimic (Dharmacon), at a final concentration of 30 nM 

using Lipofectamine® RNAiMAX reagent (Life Technologies) according to manufacturer’s 

protocol. For knockdown studies, short interfering RNAs (siRNAs) against SOX6, MEST, 

HELLS, SMARCA4, PNN or SMARCC1 (Dharmacon) were transfected into N/TERT-1 in the 

same manner as described for miRNA transfection. A non-targeting siRNA was transfected 

as negative control. Total RNA and/or protein were harvested at 48 hours post transfection 

and subjected to quantitative real time PCR and/or western blotting. 

 

Patient recruitment and criteria used for biopsy collection: Standard 4 or 6 mm biopsies 

were obtained from 10 AD patients and 6 healthy individuals (male, aged between 20 and 

40) in National Skin Centre, Singapore. Patients were recruited in a clinical study approved 

by National Healthcare Group Domain Specific Review Board (DSRB). Prior to biopsy 

collection, subjects were not given topical therapy for at least 2 weeks and systemic 

immunosuppressive treatment for at least 1 month. Biopsies were subjected to either RNA 
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extraction or neutral buffered formalin fixation for paraffin embedding. Control samples used 

were healthy skin sections from unrelated patients.  

 

Preparation of lentiviral constructs, stocks and transduction: Lentiviral particles 

expressing shRNA targeting SOX6 were prepared using an in house lentiviral vector, 

pLASH, which has features identical to pMIRZIP vector from System biosciences with minor 

modifications. Short hairpin RNA (shRNA) sequences were designed using InvivoGen 

siRNA WizardTM Software to target a 21-nt sequence within human SOX6 (NM_033326). 

The oligos which form a stem loop upon annealing (sequences in Table. S2) were annealed 

(1F with 1R and 2F with 2R) and phosphorylated. pLASH vector was digested with 

restriction enzymes overnight, followed by gel purification. The gel purified-vector was then 

ligated with two annealed oligo pairs (Oligo pair 1 and 2) using T4 DNA ligase for 30 min and 

followed by transformation using One Shot TOP10 Chemically Competent Escherichia coli 

(ThermoFisher Scientific). Positive clones were selected based on a 1.8 kb fragment upon 

digestion with Xho1 restriction enzyme and further confirmed by Sanger sequencing.  

Third-generation lentiviral particles were produced in HEK293T cells (Clontech) using 

calcium phosphate transfection, with co-transfection of lentiviral vectors and packaging mix 

made of three constructs, namely pMDLg/pRRE (#12251, Addgene), pRSV-Rev (#12253, 

Addgene) and pMD2.G (#12259, Addgene). Control viruses were prepared using empty 

vector constructs. For pTRIPZ plasmids, co-transfection was done with Trans-lentiviral 

packaging mix (Dharmacon) using Lipofectamine 2000 (Thermo Fisher Scientific) into 

HEK293T cells according to manufacturer’s instructions. Viral particle-containing 

supernatants were harvested 48 hours and 72 hours after transfection. Viral supernatants 

were filtered through 0.22 µM membrane to remove non-adherent cells and debris, and 

subsequently concentrated via ultracentrifugation at 19600 rpm for 4 hours at 4°C. Viral 

particles were then re-suspended in Hank’s Balanced Salt Solution (Sigma-Aldrich). To 

determine the titre of each virus, viral titration was performed in HEK293T cells after 



 8 

transduction with serial dilutions of the lentiviral stocks according to the protocol described 

by Tiscornia et al (2006) (20). The viral titre was calculated based on the percentage of 

GFP-positive cells as revealed by flow cytometry analysis. Stably transduced cells were 

selected either using GFP sorting (for pCDH constructs) or using puromycin treatment (10 

µg/ml) for 5 days (for pLASH constructs). 

For over expression of SOX6, human SOX6 open reading frame (ORF) was 

amplified from pLenti-SOX6 plasmid (RC212046, Origene) using primers listed in Table. S3. 

The forward primer used contains Myc tag (in italics) and hence the amplified fragment 

contains Myc tag at its 5’ position in frame with SOX6 ORF. The amplified fragment was 

then inserted into AgeI/MluI sites of pTRIPZ vector to generate pTRIPZ-SOX6 (Primer 

sequences provided in Table. S3). 

To generate the overexpression vector for hsa-miR-335, a 500 bp fragment spanning 

the precursor for hsa-miR-335 was amplified from human genomic DNA isolated from 293T 

cells. The miR-335 precursor was cloned downstream of the cytomegalovirus (CMV) 

promoter of pCDH-CMV-MCS-EF1-GFP lentiviral vector (System Bioscience) using XbaI 

and Eco RI restriction sites in the multiple cloning site (MSC).  

miRNA profiling: Total RNA was extracted from skin biopsies using TRIzol® reagent 

followed by Exiqon miRCURY RNA column purification. Three technical replicates from 

control and lesional skin were subjected to microarray analysis. Total RNA was labelled 

using miRCURY LNATM microRNA Hi-Power Labelling Kit (Exiqon) according to 

manufacturer’s protocol. The labelled samples were hybridized on the miRCURY LNATM 

microRNA Array (6th generation) with probes against 1223 known human mature miRNAs. 

Raw intensities from all samples were background subtracted, normalized using the global 

locally weighted scatterplot smoothing (lowess) regression method and log2 transformed. 

Differential miRNA expression analyses were performed using Partek Genomics Suite 

software. 
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Microarray analysis: Total RNA was converted to biotinylated cRNA using TargetAmp 

Nano-g Biotin-aRNA labeling kit (Epicenter). cRNA was purified using RNeasy Mini Kit 

(Qiagen). cRNA was hybridized on HumanHT-12 V4 Expression BeadChip Kit (Illumina) 

according to the manufacturer’s instructions. The raw data was extracted, background 

subtracted and normalized using Illumina BeadStudio. Differential gene expression analysis 

was performed using Partek Genomics Suite software. Microarray data has been deposited 

in Gene Expression Omnibus database, accession no. GSE142135. 

 

miRNA in situ hybridization: Paraffin-embedded skin tissue sections (5 µm) were 

dewaxed, rehydrated and boiled in pre-treatment solution (Panomics) for 5 minutes and 

subsequently treated with protease (Panomics) for 30 minutes at 37°C. Locked nucleic acid 

(LNA) probes purchased from Exiqon were added to the sections and incubated at 51°C for 

4 hours. The LNA probes used are specific to miR-335 and scrambled (non-targeting) 

sequences and are 5’ and 3’ digoxigenin- (DIG-) labelled. After washing the sections 

sequentially with 5X saline-sodium citrate (SSC), 1X SSC and 0.3X SSC buffer, they were 

blocked with 10% goat serum and incubated with anti-DIG alkaline phosphatase (Roche) 

overnight at 4°C. Fast Red Substrate (Panomics) was  used to detect miRNA-bound LNA 

probes. Tissue sections were counterstained with 4',6-diamidino-2-phenylindole 

dihydrochloride (DAPI) (Sigma-Aldrich) and mounted with FluorSaveTM reagent (EMD 

Millipore). The slides were examined with an FV1000 inverted confocal microscope 

(Olympus) and images were acquired using Olympus FluoView with TRITC and DAPI filters. 

Trans-epithelial electrical resistance: N/TERT-1 keratinocytes were seeded at a density 

of 0.5x106/well in a 6-well tray 24 hours prior to transfection. Transfection was carried out 

using miR-335 mimics (DharmaconTM Cat # C-300708-05) and  control mimics 

(DharmaconTM Cat # CN-001000-01-05) at a concentration of 30nM using Lipofectamine® 

RNAiMAX reagent (Life Technologies) according to manufacturer’s protocol. The experiment 

was performed in triplicate. 24 hours post transfection, the cells were trypisnized and seeded 
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into 1.0µm 24-well inserts (corning, Cat No: 353103) in cDFK media. 24 hours post-seeding, 

medium was changed to cDFK enriched with calcium (to total of 1.6mM CaCl2) and 

resistance readings were measured using TEER meter (EVOM2, World Precision 

Instrument). Resistance values are calculated and represented by Ω/cm2 according to the 

user manual.  

Immunohistochemistry: Paraffin wax-embedded skin tissue sections (5 µm) were dewaxed 

and rehydrated through an ethanol series. Endogenous peroxidase activity was quenched 

using 3% H2O2 in absolute methanol for 30 minutes. The sections were then boiled in 

antigen retrieval solution (pH 6, DAKO). Sections were then blocked in 10% goat serum for 

30 minutes and incubated with primary antibodies overnight at 4°C. Secondary antibody 

incubation was carried out with anti-rabbit or -mouse Envision-labelled polymer reagents 

(DAKO) for 1 hour at room temperature. Staining was visualized using a 3,3’-

diaminodbenzidine (DAB) substrate chromogen kit (DAKO). Slides were counterstained with 

haematoxylin and examined with a Zeiss AxioImager Z1 upright light microscope after 

mounting with CytosealTM60 mounting medium (Richard Allan Scientific). Images were 

acquired using Zeiss Zen software. Details of antibodies used in the study are provided in 

Table. S1 

 

Immunocytochemistry: Cells were fixed and permeabilized with ice-cold acetone/methanol 

(1:1) for 10 minutes. After washing in phosphate buffered saline (PBS), the cells were 

incubated with 10% goat serum for 30 minutes. The cells were subsequently incubated with 

primary antibodies for 2 hours at room temperature or overnight at 4°C. After washing three 

times with PBS with 0.1% Tween 20, cells were incubated in dark with Alexa Fluor 

secondary antibodies (Invitrogen) for an hour. Nuclei were stained using DAPI. After 

washing with PBS, the cells were mounted onto slides with FluorSave reagent (EMD 

Millipore). Images were taken with an FV1000 inverted confocal microscope (Olympus) 

using Olympus FluoView. Details of antibodies used in the study are provided in Table. S1. 
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Quantitative real-time PCR: Total RNA was isolated using miRCURYTM RNA isolation kit 

(Exiqon). For miRNA quantification, cDNA was synthesized using Taqman® miRNA reverse 

transcription kit (Life Technologies) and the expression level of miRNAs was quantified by 

TaqMan Gene Expression Assays (Applied Biosystems) in 7900 fast RT-PCR system 

(Applied Biosystems) using Taqman miRNA-specific primers. For mRNA expression, cDNA 

was synthesized using SuperScript® III Reverse Transcriptase (Life Technologies) 

according to manufacturer’s protocol. The expression levels of mRNAs were measured 

using SYBR green PCR Master Mix (Applied Biosystems). U6 and RPLP0 were used as 

endogenous normalization controls for miRNA and protein-coding genes, respectively. The 

expression of a gene/miRNA was defined from threshold cycle (Ct), and relative transcript 

abundance was calculated using ddCT method. All reactions were run in triplicate. The 

primers were designed using the Primer3 software and the NCBI design primer tools. The 

primers were checked for their GC content and any secondary structure formation using 

OligoCalc. Primer sequences are provided in Table. S5. 

 

Western blotting: Whole cell lysates were extracted using RIPA buffer (50 mM Tris-HCl pH 

7.4, 300 mM NaCl, 1% Nonidet P-40 (NP40), 1% sodium deoxycholate, 0.05% sodium 

dodecyl sulphate (SDS) and 10% glycerol) supplemented with protease inhibitor 

(Calbiochem). The concentration of the protein samples was measured by Bradford protein 

assay (Bio-Rad). 20-30µg protein samples were resuspended with 2x Laemmli buffer, 

separated on a 4-15% TGXTM precast protein gel (Biorad) by SDS-PAGE and 

electrophoretically transferred to PVDF membranes (Millipore). After incubation with 5% 

skimmed milk in Tris-buffered saline with 1% Tween (TBST) for 30 minutes, membranes 

were incubated with primary antibodies at 4°C overn ight. Membranes were washed three 

times for 15 minutes and incubated with HRP-conjugated anti-rabbit or anti-mouse 

antibodies. Blots were washed three times with TBST and developed through 

autoradiography using ECL western detection reagent (Millipore Crescendo). Beta-actin was 
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used as a protein loading control. Details of antibodies used in the study are provided in 

Table. S1. 

 

Dual luciferase reporter assay:  Luciferase reporter constructs containing the wild-type 

and mutant 3’UTRs of SOX6 were purchased from GenScript. UTRs were subcloned from 

GenScript constructs into the Sac1/Xba1 sites of the pmirGlO dual-luciferase miRNA target 

expression vector. For the mutant 3’UTR, the miR-335 binding sequence (CTCTTG) was 

changed to CCTCCG. SOX6 3’ UTR reporter constructs were co-transfected with pCDH or 

pCDH-335 plasmids into HEK293T cells using Lipofectamine 2000 (Thermo Scientific). The 

firefly and Renilla luminescence (normalization control) were detected 24 hours after 

transfection using Dual-Luciferase reporter assay (Promega).  

 

Chromatin Immunoprecipitation: Cells were crosslinked with 1.5% formaldehyde for 10 

minutes at 37°C. The reaction was stopped by adding  glycine to a final concentration of 125 

mM for 5 minutes at 37°C. Fixed cells were washed t wice with ice-cold PBS, scraped and 

centrifuged. The pellets were then incubated with Buffer A (10 mM HEPES Ph7.9, 10 mM 

KCl, 0.1 mM EGTA, 1 mM DTT and 0.5 mM PMSF) supplemented with 1X protease inhibitor 

cocktail (Roche) and 10% glycerol on ice for 30 min, followed by 0.5% NP-40 for 5 minutes 

to lyse cytoplasmic membranes. The cells were then centrifuged at 1500 g for 5 minutes to 

pellet down nuclei. Nuclear pellet was then lysed in ChIP buffer (50 mM Tris pH 7.4, 150 mM 

NaCl, 5 mM EDTA, 0.5% NP-40, 1% Triton X-100, 0.05% SDS, 1× protease inhibitor 

cocktail). Nuclear chromatin was sheared by sonication for 15 min (30 sec on and 30 sec off) 

in a Bioruptor® water bath sonicator. The sonicated samples were centrifuged, and the 

supernatant containing the sheared chromatin was collected. For each ChIP reaction, 250 µl 

of chromatin extract was incubated with appropriate antibodies at 4°C overnight on a rotary 

wheel. 50 µl of Protein A sepharose resin (precoated with 0.5% BSA and 0.2 mg/mL tRNA) 

was then added to the immunoprecipitated samples and incubated for 2 hours. The samples 

were then washed 5 times with ChIP buffer and the final wash was done with PBS. 100 µl of 
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10% Chelex slurry was added to each reaction and boiled for 5 minutes. The supernatant 

was collected, and the second elution was done with 100 µl nuclease-free water. The 

sample was then treated with RNase A (Roche) at 37°C for 2 hours followed by Proteinase 

K (Roche) at 55°C overnight. The eluted samples wer e purified using the QIAquick PCR 

purification kit (Qiagen) according to the manufacturer’s protocol. For total chromatin input, 

25 µl of chromatin extract was washed with ice-cold 75% ethanol and spun at 16000 g for 10 

minutes at 4°C. 100ul 10% Chelex slurry was added t o each sample and boiled for 5 

minutes. The eluted samples were then subjected to RNase A and Proteinase K treatment 

as described above. The resulting DNA was diluted 5X and 4 µl of each sample was used 

for real-time PCR. Fold enrichment of the genes was calculated using ddCt method with 

input Ct values as normalization control. Primer sequences are provided in Table. S4 and 

information on antibodies is in Table. S1. 

 

Co-immunoprecipitation: Dynabeads Protein A (Invitrogen) were prepared according to 

the manufacturer’s protocol. The nuclear lysates were incubated with DynaBeads Protein A 

coated with appropriate antibodies for 4 hours at 4°C. After washing the beads for 5 times in 

wash buffer (PBST) to remove non-specific proteins, the bead-bound proteins were 

analysed by mass spectrometry. For the validation of co-immunoprecipitated proteins by 

western blotting, proteins were eluted in 2x Laemli buffer at 95°C for 5 minutes. The eluted 

proteins were analysed by immunoblotting using standard protocols.  Information on 

antibodies included in Table. S1. 

Mass spectrometry: Proteins bound to Dynabeads were digested following the protocol 

described in Sundaram et al. (21). The peptides were injected and separated using a 

Thermo ScientificTM Orbitrap FusionTM Mass Spectrometer (MS) and coupled nanoUPLC 

Easy LC 1000 with 120 min gradient (Solvent A: 0.1% formic acid, and solvent B: 0.1% 

formic acid with 99.9% of acetonitrile). Peak lists were generated with Proteome Discoverer 

(Version 1.4.1.14 Thermo Fisher Scientific), and protein identification was accomplished with 
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Mascot 2.5.1 against Human Uniprot database with following parameters: precursor mass 

tolerance (MS) 25 ppm, and MS/MS 0.6 Da, three missed cleavages; static modifications of 

Car- boamidomethyl (C), variable modifications are Biotin (K), Oxidation (M), Deamidation of 

(NQ). The candidates from three biological replicates presenting >2 unique peptides and 

>20 peptide-spectrum matches (PSM) were finally selected and subjected to experimental 

validation. The raw mass spectrometry datasets and curated SOX6 interacting partners have 

been submitted to the international standard data repository for proteomes (jPOSTrepo; 

Okuda et al., 2017) under accession no. https://repository.jpostdb.org/entry/JPST000713.  

Cornified envelope assay: N/TERT-1 keratinocytes were grown in DF-K media until 

confluent, and then shifted to high Ca2+ conditions (1.5 mM) for a further 7 days in fresh DF-

K media to induce terminal differentiation and cornified envelope formation, and the number 

of cornified envelopes (CEs) assessed following the method of Rice et al (22). In brief, cells 

were trypsinized and resuspended at 2.0 x 106 cells/ml in dissociation buffer containing 0.1 

M Tris-HCl buffer pH 8.0, 2% SDS and 20 mM dithiothreitol. CEs were harvested by boiling 

the samples for 15 minutes at 100°C. Detergent- and  reducing agent-resistant CEs were 

collected as an insoluble pellet by centrifugation at 4000×g for 10 minutes. CEs were 

counted with a hemocytometer, and CE formation was expressed as a percentage of input 

cell number. 

 

Cap Analysis of Gene Expression (CAGE): CAGE tag analysis was performed using 

ENCODE data obtained from https://genome.ucsc.edu/ENCODE/. Tracks used for data 

analysis are: “RefSeq genes”, “NHEK whole cell PolyA+ CAGE +strand start sites” from 

ENCODE/RIKEN, “NHEK TAP-only whole cell small RNA-seq contigs” (+strand signal) from 

ENCODE/CSHL, “CpG islands”, “NHEK Pol2 Histone Mods by ChIP-seq peaks” from 

ENCODE/Broad, “NHEK EZH2 by ChIP-seq peaks” from ENCODE/Broad, “NHEK 

H3K27me3 by ChIP-seq peaks” from ENCODE/Broad, “NHEK H3K4me3 by ChIP-seq 
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peaks” from ENCODE/Broad, and “NHEK H3K9ac by ChIP-seq peaks” from 

ENCODE/Broad. 

 

HDAC inhibitor screening: A panel of 42 HDAC inhibitors (HDACi) covering the majority of 

type I, II and pan HDACis were purchased from Selleckchem. N/TERT-1 grown to 

confluence were treated with HDACi at a final concentration of 1µM from a 100µM stock. 

Control wells were treated with DMSO at a final concentration of 1%. After 48hrs of 

treatment, cells were either processed for total RNA isolation or fixed and stained for human 

involucrin by immunocytochemistry. 

 

Ex vivo human skin organ culture model: Human skin organ culture was performed 

following Moll et al., (23). Briefly, clinically discarded abdominal skin from elective surgery 

was collected within 3hrs post-surgery, with informed consent of the patients. Excess fat was 

trimmed using scissors and 8mm circular explants were cut out using a commercial biopsy 

punch. Explants were placed on 6 well membrane inserts (4µM PET membrane) and 

cultured at air-liquid interface. HDAC inhibitors were dissolved in acetone at a final 

concentration of 1mM and 10µl of this mix was applied directly on the epidermal side of the 

biopsy and allowed to dry. Treatment with 10µl of acetone alone was used as mock 

treatment. Organ cultures were treated daily for a period of six days. After this period, skin 

biopsies were either processed for total RNA isolation as described earlier (24) or were fixed 

in 10% neutral buffered formalin and processed into FFPE sections.  

 

Bioinformatics analysis software: DAVID (https://david.ncifcrf.gov/) was used to perform 

gene ontology. TargetScan (http://www.targetscan.org/), miRANDA 

(http://www.microrna.org) and PITA 

(https://genie.weizmann.ac.il/pubs/mir07/mir07_data.html) were used for miRNA target gene 
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prediction. ProteINSIDE (www.proteinside.org) was used to evaluate the enrichment of 

nuclear proteins in the mass spectrometry data set. 

 

Statistical analysis: All quantitative data were presented as mean ± standard error. 

Statistical analysis was performed with two-tailed Student’s t test when comparing two 

samples. Values of p< 0.05 were considered statistically significant.  
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Results: 

A screen of miRNAs in AD identifies miR-335 as an epithelial differentiation factor: 

MicroRNA microarray analysis comparing AD lesional versus normal healthy skin revealed 

differentially-expressed miRNAs (Figure S1A, Table. S6). Microarray data were cross-

checked using quantitative real-time PCR (qRT-PCR) on RNA isolated from 10 lesional skin 

samples and 6 healthy controls. miR-335 was the most consistent differentially-expressed 

miRNA in these samples, and is significantly downregulated in AD lesions relative to healthy 

skin (Student’s t-test, P < 0.01; Figure. 1A). In situ hybridization on healthy and AD lesional 

skin revealed that miR-335 is abundantly expressed in healthy epidermis, but completely 

absent from AD skin lesions (Figure. 1B). In the healthy epidermis, miR-335 expression was 

significantly higher in the suprabasal (differentiating) layers relative to the basal 

(undifferentiated) layer (Figure 1B) suggesting a potential role of miR-335 in keratinocyte 

differentiation.  

To investigate the role of miR-335, we transfected N/TERT-1 cells with miR-335 

mimics. N/TERT-1 is an immortalized human keratinocyte cell line (25), which does not 

express miR-335 in its undifferentiated state (Figure. S1B, S1C). Cells transfected with 

control RNA or miR-335 mimics were assayed for their ability to show trans-epithelial 

electrical resistance (TEER assay). A significant increase in TEER was observed in 

N/TERT-1 cells transfected with miR-335 mimics, compared to control cells (Figure. S1D), 

suggesting that miR-335 enhances barrier integrity and tight junctions. This emphasizes the 

role of miR-335 in maintenance of the healthy epidermal barrier and implies that loss of miR-

335 may contribute to barrier defects in AD.  

To elucidate the underlying mechanism, total RNA from cells transfected with control 

or miR-335 mimics was subjected to microarray analysis and gene expression profile 

comparison. Gene set enrichment analysis revealed signatures of keratinocyte differentiation 

in N/TERT-1 cells transfected with miR-335 mimics. This included a subset of genes that 

were significantly enriched in GO terms related to keratinization and peptide cross-linking 
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(Figure. 1C).  A cohort of genes essential for cornified envelope formation, including IVL, 

SPRR1A, SPRR1B, SPRR2E, SPRR2F and TGM1, genes in the epidermal differentiation 

complex on chromosome 1q, were significantly upregulated in N/TERT-1 cells expressing 

miR-335, compared to the control cells (Figure. 1D).  Microarray results were further 

validated by qRT-PCR using biological replicates for this subset of genes with RPLP0 as a 

normalization control. (Figure. 1E).  

To confirm that miR-335 has a functional role in keratinocyte differentiation and 

cornification, we performed a cornified envelope assay on N/TERT-1 cells transfected with 

control or miR-335 mimics. Cornified envelopes are a well-established feature of terminal 

keratinocyte differentiation (26). They are formed by transglutaminase-catalyzed cross-

linking of keratinocyte differentiation proteins, which includes involucrin (IVL), small proline 

rich proteins (SPRR) and other proteins. miR-335 significantly increased the number of 

cornified envelopes produced relative to the control (Figure. 1F and 1G), supporting our 

hypothesis that miR-335 is crucial for terminal keratinocyte differentiation.  

SOX6 is a direct target of miR-335: To understand how miR-335 exerts its pro-

differentiation role in epidermis, we analysed the downstream effectors of miR-335, using an 

integrated genomics, bioinformatics, and experimental approach. Hits from miRNA target 

prediction algorithms were cross-referenced with the list of transcripts downregulated in 

response to miR-335 from our microarray data. 30 transcripts fulfilling both criteria were 

shortlisted, including SOX6 (Figure. 1D). SOX6 transcript and protein abundance were both 

reduced in response to miR-335 transfection (Figure. 2A and 2B), as confirmed by qRT-PCR 

(normalized to RPLP0) and Western blot (β-actin as a loading control) analyses respectively. 

The 3’ UTR of SOX6 contains predicted binding sites for miR-335 (Figure. 2C). To confirm 

that SOX6 is a direct target of miR-335, we cloned SOX6 3’-UTR into a luciferase reporter 

construct. Co-transfection of miR-335 mimics with SOX6 wild-type 3’-UTR significantly 

reduced luciferase reporter activity (normalized to Renilla luciferase expression) and 

confirmed the binding of miR-335 to the target site in SOX6 3’-UTR. This interaction is 
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specific – we observed no change in reporter activity with a mutant 3’-UTR (Figure. 2D). In 

skin sections from healthy patients, a clear inverse correlation in the expression pattern of 

miR-335 and SOX6 was observed; intense nuclear staining for SOX6 in the basal layer of 

the epidermis coincides with little or no miR-335 (Figure 2E, upper panels). Suprabasal 

layers with significant miR-335 expression completely lacked SOX6. In AD lesional skin, 

where miR-335 expression is lost, nuclear SOX6 is expressed throughout the epidermis 

(Figure 2E, lower panels). In summary, all these data indicate that SOX6 is downstream 

target of miR-335. 

miR-335 induces transcriptomic landscapes characteristic of epidermal differentiation 

by targeting SOX6: Having established SOX6 as a direct target of miR-335, we set out to 

evaluate its functional role in the epidermis. Using specific short hairpin RNAs (shRNAs), we 

knocked down endogenous SOX6 in N/TERT-1 cells (Figure 3A and 3B). This substantially 

decreased cell proliferation (Figure. 3C and 3D). Genome-wide expression profiling of 

control and shSOX6 cells revealed differential expression of a subset of genes that were 

significantly enriched in GO terms related to terminal differentiation (epidermal development, 

differentiation, keratinization and peptide cross-linking) (Figure. 3E). Microarray results were 

validated by qRT-PCR using biological replicates for a subset of overlapping genes including 

IVL, SPRR1A, SPRR1B, SPRR2E, SPRR2F and TGM1 (Figure 3F). These data show that 

SOX6 knockdown in N/TERT-1 cells phenocopies the effect of miR-335, validating that 

SOX6 is a downstream target suppressed by miR-335.   

The transcriptomic response to SOX6 knockdown was reflected in the morphology of 

post-confluent shSOX6 keratinocytes. SOX6 knockdown increased cornified envelope 

production, providing further evidence that the absence of SOX6 facilitates differentiation 

(Figure. 3G). SOX6 downregulation is crucial for epidermal differentiation and healthy barrier 

formation.  
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To test our hypothesis that SOX6 inhibits epidermal differentiation by transcriptionally 

silencing genes essential for terminal differentiation, we screened promoters of genes with 

known roles in differentiation for consensus SOX6 binding sequences (27). We found 

putative SOX6 binding sites upstream of the transcription start sites in promoters of IVL, 

SPRR2F and TGM1 genes. To study SOX6 occupancy at these sites, we subjected 

N/TERT-1 nuclear extracts to chromatin immunoprecipitation (ChIP) using antibodies 

against SOX6. Enrichment of SOX6 was found in the promoters of all three genes (Figure 

3H). We confirmed the specificity of this interaction by showing that SOX6 is not enriched 

upstream of the control genes RPLP0 and KRT14, which are expressed abundantly in 

epidermis (Figure. 3H). Moreover, inducible expression of SOX6 leads to substantial 

downregulation of involucrin as depicted by immunohistochemistry in an organotypic assay 

(Figure. S2). Together, these data support a model whereby SOX6 represses transcription in 

a subset of genes that are essential for epidermal differentiation (Figure. 3I).  

SOX6 interacts with SMARCA chromatin remodelling complex and stalls epidermal 

cell differentiation: SOX6-mediated repression of keratinocyte differentiation may require 

additional interacting partners; SOX6 lacks a regulatory domain and interacts with other 

proteins to execute its functions (28). To identify SOX6-interacting partners, we generated 

HEK293T cell lines with doxycycline-inducible expression of SOX6 fused to an N-terminal 

MYC tag. Nuclear lysates from doxycycline-treated and untreated cells were 

immunoprecipitated with rabbit IgG, anti-SOX6 and anti-MYC antibodies (Figure. S3A). ), 

and the precipitates analysed by mass spectrometry. After removing non-specific 

interactions, we obtained 26 putative SOX6-interacting proteins with known roles in 

transcriptional regulation and chromatin remodelling (Figure. S3B). These included several 

subunits of human switch/sucrose non-fermentable (SWI/SNF)-type ATP dependent 

chromatin remodelling complexes – SMARCA4 (BRG1), SMARCD2 (BRG1-associated 

factor; BAF60b), SMARCC1 (BRG1-associated factor; BAF155) and ACTL6a (BRG1-

associated factor; BAF53a) (29) (Figure. 4A). HELLS (SMARCA6) was also identified as a 
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candidate SOX6 interacting partner. SWI/SNF complexes control the accessibility of DNA to 

transcription factors via nucleosome remodelling, thereby regulating (activation or repression 

of) target gene expression (30, 31). SWI/SNF proteins lack sequence specificity and interact 

with transcription factors to reach specific target sites. Therefore, we postulated that 

interaction of SOX6 with SMARCA proteins could facilitate recruitment of chromatin 

remodelling complexes (SWI/SNF) to specific genomic loci. Co-immunoprecipitation and co-

localization confirmed the specific interaction of SOX6 with SMARCA4, SMARCA6 and 

SMARCC1 in keratinocytes (Figure. 4B). No co-localization was observed between SOX6 

and the negative control protein Pinin 1 (PNN1). (Figure 4B). The extent of co-localization 

was quantified for all tested proteins by calculating the Pearson co-localization co-efficient in 

Z-stack confocal images (Figure. 4C).  Immunoprecipitation with specific antibodies of 

SWI/SNF complex followed by western blot for SOX6 confirmed the interaction of SOX6 with 

SWI/SNF complex (Figure. S3C). Finally, loss-of-function studies support our model that 

interaction of SOX6 with SWI/SNF complex suppresses differentiation.  Knockdown of 

SMARCC1 significantly increases the expression of epidermal differentiation related genes 

IVL, SPRR2F and TGM1 (normalized to RPLP0) (Figure. 4D).  

In healthy skin, proliferating cells in the basal layer of the epidermis express very low 

levels of miR-335, leading to the expression of SOX6.  By recruiting SMARCA complex 

components, SOX6 suppresses expression of epidermal differentiation factors in the basal 

layer of the epidermis. High levels of miR-335 observed in suprabasal layers will supress 

SOX6 expression, relieving transcriptional repression of IVL, SPRR2F and TGM1, and 

allowing keratinocyte terminal differentiation. However, epidermal miR-335 expression is lost 

in all layers of AD lesional skin. This absence of miR-335 allows sustained SOX6 expression 

throughout the epidermis (including suprabasal layers), leading to aberrant loss of proteins 

essential for differentiation. Epidermal differentiation is affected resulting in barrier defect 

and its associated contribution to allergen sensitization.  

Epigenetic regulation of miR-335 by histone deacetylase 2 (HDAC2): According to our 
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model, defective barrier function in AD may be therapeutically addressed by restoring 

epidermal miR-335 expression. However, the molecular mechanisms governing miR-335 

expression remain poorly understood. miR-335 is an intronic miRNA encoded within the 

second intron of mesoderm-specific transcript (MEST) (Figure. 5A). Intronic miRNAs can 

share the same promoters with their host genes or have their own separate promoters. 

Analysis of RNAseq data indicates that miR-335 is expressed in normal human epidermal 

keratinocytes cells. However, CAGE (Cap Analysis of Gene Expression) tags are only 

present in the upstream region of MEST, but not miR-335, suggesting that miR-335 does not 

have an independent promoter (Figure. S4).   

Given the role of miR-335 in directing keratinocyte differentiation and its specific 

expression in suprabasal layers of epidermis, we investigated the expression of miR-335 in 

specific conditions which promote keratinocyte differentiation. Histone deacetylase (HDAC) 

inhibitors have been shown to induce keratinocyte differentiation and recent reports support 

their role in alleviating AD-like phenotypes in mouse models (32, 33). We observed that 

treating N/TERT-1 keratinocytes with sodium butyrate (NaB), a broad-spectrum HDAC 

inhibitor, caused significant miR-335 upregulation (Figure. 5B). NaB treatment also 

significantly increased MEST expression, supporting our hypothesis that miR-335 is 

transcribed in tandem with its host gene (Figure. 5C). A significant increase in the 

enrichment of H3K4ac at the upstream region of MEST and miR-335 upon treatment with 

NaB further supports a role of HDAC as a transcriptional regulator of both miR-335 and 

MEST (Figure. 5D). 

Knockdown of MEST did not significantly affect expression of KRT1 (a keratin 

expressed upon differentiation in suprabasal layers), IVL, or TGM1 (Figure. 5E) confirming 

that only miR-335 mediates NaB-induced keratinocyte differentiation. On the other hand 

treatment with NaB leads to a significant upregulation of differentiation makers such as IVL, 

SPRR2F and TGM1 (Figure. 5F). These observations suggest that NaB-induced HDAC 

inhibition enables expression of miR-335, which can exerts its pro-differentiation effects. By 
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inference, miR-335 suppression may result from HDAC activity, and the use of HDAC 

inhibitors to restore miR-335 expression in atopic dermatitis could represent a potential 

therapeutic strategy for restoring the skin barrier defect.   

Belinostat restores barrier function and epidermal homeostasis via miR-335 network:  

HDAC inhibitors (HDACi) can reprogram the cellular machinery to induce cell cycle arrest, 

differentiation and apoptosis, by altering the acetylation status of an array of substrates, 

including histones, transcription factors or chaperone proteins. Additionally, HDAC inhibitors 

can alter the expression profiles of miRNAs (34).  Building on our results, that the HDAC 

inhibitor NaB can upregulate miR-335 and downstream genes essential for differentiation, 

we screened a panel of 42 HDAC inhibitors for their effects on stimulating keratinocyte 

differentiation, analysing their effects on IVL, SOX6 and miR-335 expression (Figure. S5).  

We first short-listed five HDAC inhibitors which can induce the expression of miR-335. One 

of these inhibitors, belinostat, significantly and consistently induces miR-335 expression in 

N/TERT-1 cells (Figure 6A).  Belinostat-induced miR-335 expression was confirmed by in 

situ hybridization (Figure 6B, upper panel), and immunocytochemistry on N/TERT-1 cells 

showed significant IVL expression in the presence of this drug (Figure. 6B, lower panel). 

Belinostat also enhanced cornified envelope production compared to the control DMSO 

(Figure. 6C and 6D). These findings strongly suggest that belinostat is a potent inducer of 

miR-335 and could potentially restore the associated barrier defect in AD.   

We tested the therapeutic potential of belinostat using an ex vivo human organ 

culture model, which simulates the AD phenotype. Punch biopsies from donor skin (with 

normal skin barrier function and a mature stratum corneum) were cultured at the air-liquid 

interface (23) and topically treated with either acetone (to provide a dry skin-like model), or 

HDAC inhibitors dissolved in acetone. We observed that belinostat induced significant 

expression of miR-335, when compared to other HDAC inhibitors (Figure. 6E). Belinostat-

mediated miR-335 expression was confirmed using in situ hybridization (Figure. 6F). 

Immunohistochemical staining indicate IVL, which is downstream of miR-335 (Figure. 6G) 
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and filaggrin (FLG) (Figure. S6) were both upregulated upon treatment with belinostat. 

These findings provide evidence that belinostat can effectively induce epidermal miR-335 

expression in a dry skin model, and potentially restore the barrier defect in atopic dermatitis. 
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Discussion: 

Atopic dermatitis is a multifactorial disease with major contributions from the immune system 

and defects in skin barrier function that can exacerbate environmental percutaneous 

sensitization to drive atopy (35).  A number of studies have previously reported microRNA 

(miRNA) dysregulation in AD; many such miRNAs are also known to be aberrantly 

expressed in other allergic disorders (36), whilst others are specific to AD (37). Here, we 

demonstrate the role miR-335, in the maintenance of epidermal homeostasis and loss of 

miR-335 in AD lesional skin. In situ hybridization reveals that miR-335 is abundantly 

expressed in the differentiated layers of healthy epidermis. This is consistent with previous 

reports that miR-335 showed higher expression in terminally differentiated keratinocytes 

compared to proliferating keratinocytes isolated from human skin (38). The role of miR-155 

in AD immune dysfunction is well known , and notably, this group also detected miR-335 as 

being significantly downregulated in AD lesional skin (17). Our observation that miR-335 

enhanced cornified envelope formation, by regulating the expression of specific 

differentiation-associated gene signature suggests that miR-335 is a critical regulator of 

keratinocyte differentiation. In AD lesional skin, downregulation of miR-335 abrogates 

expression of differentiation-related proteins such as IVL, SPRRs and TGM1, which disrupts 

differentiation and cornification, creating a barrier defect. Our study reinforces the 

hypothesis, that impaired barrier function initiates the atopic dermatitis through antigen 

penetration and allergen sensitization (9, 35).   

However, the exact molecular mechanisms regulating AD pathophysiology remain 

elusive. We demonstrate that miR-335 exerts its pro-differentiation effect by suppressing 

SOX6.  The transcription factor, SOX6  is known to modulate terminal differentiation in 

mesoderm-, ectoderm-, and endoderm-derived cell lineages (39-41). Our data show that 

SOX6 is predominantly expressed in the proliferating basal layer of the healthy epidermis, 

where miR-335 expression is low. In AD lesional skin, where miR-335 expression is lost, the 

SOX6 expression domain expands into suprabasal layers. Aberrant expression of SOX6 

transcriptionally represses genes related to keratinocyte differentiation and cornification. 
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In the absence of specific trans-activation or trans-repressor domain SOX6 interacts 

with various cofactors, such as components of the transcription machinery and chromatin 

remodelling proteins to execute its function. (42-45). Our results showed that transcriptional 

repression of specific genes associated with keratinocyte differentiation is mediated by the 

interaction of SOX6 with chromatin remodelling proteins SMARCA4, SMARCA6 and 

SMARCC1. Notably, SMARCA4 and SMARCC1 are part of a highly conserved multi-subunit 

chromatin remodelling complex known as the SWI/SNF family of proteins. The role of 

SWI/SNF complex in transcriptional repression of specific genes is well known  (46, 47). 

Here we demonstrate spatio-temporal, SOX6-mediated transcriptional repression of specific 

differentiation associated genes by a distinct SWI/SNF complex. 

 

Our data also suggests that miR-335 belongs to a cohort of miRNAs regulated by 

HDACs. (48, 49). We observed significant enrichment of HDAC1 and HDAC2 in the miR-335 

promoter region, and noted that HDAC2 enrichment decreased upon treatment with the 

broad-spectrum HDAC inhibitor sodium butyrate. This also resulted in increased expression 

of differentiation-related markers including IVL, TGM1 and SPRR2F. Consistent with these 

observations, other studies showed that treatments with HDAC inhibitors resulted in 

premature expression of differentiation markers (50, 51).  

It is also possible that HDAC inhibitor effects are not limited to miR-335 regulation;  

SOX6 may also recruit HDACs to suppress target genes (52).  Two independent studies 

have demonstrated that trichostatin A may suppress the development of AD-like symptoms 

in mice (32, 33). Recently it was demonstrated that, blocking HDAC activity using JNJ-

26481585, a broad spectrum HDAC inhibitor is crucial to restore nasal mucosal function by 

promoting tight junction expression (53).  This led us to hypothesize that HDAC inhibitors 

may be effective in treating AD, partly by upregulating miR-335 expression, which can 

induce differentiation-associated transcriptional signature and restore barrier function.  Our 

screening assay resulted in the identification of belinostat, as a highly effective HDAC 
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inhibitor, that can potently restore both epidermal miR-335 and downstream keratinocyte 

differentiation-related genes.  

 

Clinical trials are ongoing for three HDAC inhibitors intended for topical use in 

Mycosis fungoides cutaneous T-cell lymphoma (MF-CTCL) (54). The strategies adopted to 

ensure safety and minimal toxicity for these compounds provide insights on how this can be 

adapted for other HDAC inhibitors. We envision that development of a topical formulation for 

belinostat, which can ameliorate barrier defect and alleviate this chronic inflammatory skin 

condition.  
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Figure Legends: 

Figure. 1: A Screen of miRNAs in AD identifies miR-335 as an epithelial differentiation 

factor: A) Scatter plot representing relative miR-335 levels in healthy skin samples (n=6) 

versus lesional skin from AD patients (n=10). B) Expression of miR-335 detected by in situ 

hybridization in healthy versus AD lesional skin using specific probes against mature miR-

335 or control probes. Inset in the middle panel shows magnified view of the epidermis, with 

basal layer demarcated by dotted lines. Scale bars = 100 µm. C) Gene ontology analysis on 

differentially regulated genes in N/TERT-1 cells expressing miR-335 in comparison with 

control cells. D) Heat-map of selected genes generated from microarray using RNA from 

N/TERT-1 cells transfected with miR-335 mimics or control RNA. Expression values 

displayed in shades of red (high) or blue (low) relative to the individual mean value of the 

gene in linear scale. E) Relative transcript abundance of IVL, TGM1 and SPRRs in N/TERT-

1 cells (n=3). F) Bar graph representing number of cornified envelopes in N/TERT-1 cells 

transfected with miR-335 mimics or control RNA and subjected cornified envelop assay 

(n=3). G) Representative phase contrast image of mature cornified envelopes. (*P<0.05   

**P<0.01; Student’s t-test). Error bars denote ± s.e.m.  NS = non-significant. 

Figure. 2: SOX6 is a direct target of miR-335: A) Relative transcript abundance of SOX6 

in N/TERT-1 cells transfected with miR-335 mimics or a scrambled control. B) Western blot 

showing relative levels of SOX6 in control cells or cells transfected with miR-335 mimics. β-

actin was used as a loading control. C) The miR-335 binding site in the SOX6 3’ UTR 

(sequence in blue). We mutated the seed sequence to disrupt the miR-335 binding site (in 

red). D) Bar graph showing normalized luciferase activity for N/TERT-1 cells co-transfected 

with wild-type or mutant luciferase reporter constructs, in the presence of miR-335 or control. 

Renilla luciferase was used as a normalization control. Luciferase activity is expressed as 

mean relative to controls (n= 3). **p< 0.001. Student’s t-test was used to calculate p value 

and error bars denote ± s.e.m. E) In situ hybridization showing miR-335 expression (left 
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panels), on sections from healthy human skin (top) and AD lesional skin (bottom)  (n=5). 

Immunohistochemical analysis of SOX6 (right panels), on sections from healthy skin (top) 

and AD lesional skin (bottom). In the upper panels, the basal layer is demarcated by dotted 

lines. Scale bars = 100 µm.  

Figure. 3: Targeting SOX6, miR-335 induces transcriptomic landscapes characteristic 

of epidermal differentiation: A) Bar graph represents relative transcript abundance of 

SOX6 in N/TERT-1 cells transduced with shSOX6 or Control RNA (n=3). B) Western blot 

showing relative levels of SOX6 in shSOX6 versus control, with β-actin as loading control. C) 

Representative phase-contrast images of N/TERT-1 cells transduced with shSOX6 or 

Control RNA.  Scale bar = 100 µm. D) Cell-TiterGlo assay data for N/TERT-1 cells 

transduced with shSOX6 or control shRNA (n=3). E) Gene ontology analysis on differentially 

regulated genes upon SOX6 knockdown in N/TERT-1 cells. F) Relative transcript 

abundance of genes essential for epidermal differentiation in response to shSOX6 or 

shControl (n=3). G) Number of cornified envelopes per field in N/TERT-1 keratinocytes 

transduced with shControl or shSOX6 (n=4) and values plotted as mean ± S.D. H) ChIP 

assay shows SOX6 occupancy on promoter regions of IVL, TGM1 and SPRR2F represented 

as fold enrichment over control IgG, with RPLP0 and KRT14 as negative controls (n=3). I) 

Schematic depicting SOX6-mediated transcriptional suppression of IVL, TGM1 and SPRR2F 

via a SOX6 binding motif in their promoters.  (*P<0.05   **P<0.01; Student’s t-test). Error 

bars denote ± s.e.m.  NS = non-significant. 

 

Figure. 4: SOX6 interacts with SMARCA chromatin remodelling complex and stalls 

epidermal cell differentiation:  A) List of selected, potential SOX6 interacting partners 

including subunits of SWI/SNF complex, detected by immunoprecipitation coupled mass 

spectrometry analysis. B) SOX6 co-localizes with SWI/SNF complex subunits. 

Immunocytochemistry on N/TERT-1 cells showing SOX6 (in green) co-stained with indicated 

subunit complexes (in red), namely, SMARCA6, SMARCA4 and SMARCC1. Z-stack images 
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were acquired and a representative image on a single plane is shown. Right panel depicts 

relative fluorescent intensities along the white line. Pinin 1 (PNN1), a nuclear protein, did not 

show significant colocalization with SOX6. C) To quantify the extent of colocalization, 

Pearson colocalization co-efficient was calculated using Z-stack images with Olympus 

FluoView software. Scatter plot shows the Pearson colocalization coefficient obtained for 

each gene pair (SOX6 vs SMARCA6/SMARCA4/SMARCC1/PNN1) from ~ 15 nuclei from 2 

independent experiments. D) Relative transcript abundance of IVL, SPRR2F and TGM1 

mRNA levels in N/TERT-1 keratinocytes transiently transfected with a control siRNA or 

siRNA against SMARCC1 (n=3). (*P<0.05   **P<0.01; Student’s t-test). Error bars denote ± 

s.e.m.  NS = non-significant. 

Figure 5: Epigenetic regulation of miR-335 by histone deacetylase 2 (HDAC2): A) 

Chromosomal location and genomic sequence of miR-335. miR-335 is located in the second 

intron of mesoderm-specific transcript (MEST) at the chromosome 7q32.2 locus. The stem 

loop sequence below indicates the precursor sequence of miR-335, with the mature 

sequence shown in green. B) Relative expression of miR-335 in N/TERT-1 cells treated with 

sodium butyrate (NaB). Ct values were normalized to U6 control. C) Relative expression of 

MEST in N/TERT-1 cells treated with NaB (n=3). RPLP0 was used for normalization. D) 

Chromatin immunoprecipitation (ChIP)-qPCR for HDAC1, HDAC2 and H3K4ac occupancy 

at the shared promoter region of miR-335 and MEST in N/TERT-1 in the presence of NaB. 

Data are expressed as means ± SD (n=3). E) Relative transcript abundance of keratinocyte 

differentiation markers KRT1, IVL and TGM1 in N/TERT-1 cells upon MEST knockdown 

(n=3).  F) Relative transcript abundance of IVL, SPRR2F and TGM1 in N/TERT-1 cells 

treated with NaB. RPLP0 was used for normalization. Data are representative of three 

independent experiments and plotted as mean ± S.D. (*P<0.05   **P<0.01; Student’s t-test). 

Error bars denote ± s.e.m.  NS = non-significant. 
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Figure. 6: Belinostat restores barrier function and epidermal homeostasis via miR-335 

network: A) Bar graph represents miR-335 expression in N/TERT-1 cells upon treatment 

with HDAC inhibitors (n=3). B) N/TERT-1 cells were treated with belinostat or DMSO 

(control).  In situ hybridisation showing miR-335 expression (red, top panels). 

Immunocytochemistry showing involucrin expression (red, bottom panels) (n=3). C) Bar 

graph representing number of cornified envelopes per field in N/TERT-1 cells treated with 

belinostat or DMSO (n=4). D) Representative phase contrast images of cornified envelopes 

from N/TERT-1 cells treated with belinostat or DMSO. E) miR-335 expression in human skin 

biopsies topically treated with acetone alone, or HDAC inhibitors dissolved in acetone (n=3). 

F) In situ hybridisation showing miR-335 expression in human skin biopsies that were 

topically treated with acetone alone or belinostat dissolved in acetone (n=3).  G) 

Immunohistochemical analysis of IVL, on sections from human skin biopsies that were 

topically treated with acetone alone or acetone + belinostat (n=3). Student’s t-test was used 

to calculate p value * p-value < 0.05, ** p-value < 0.001. Scale bars, 50 µm. H) Model 

depicting how miR-335 loss can lead to dysregulated molecular pathways promoting AD. 

Schematic representation of restoration of epidermal homeostasis upon treatment with 

belinostat.   
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Belinostat resolves skin barrier defects in atopic dermatitis by targeting the dysregulated 
miR-335:SOX6 axis 
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Common, PhD1, Mark B. Y. Tang, MD3, E. Birgitte Lane, PhD1, Steven Thng, MBBS1,4, 
Prabha Sampath, PhD1,5,6,* 
 

Table. S1: List of antibodies used 

Antibody Company Catalog 
number 

Species Dilution Application 

SOX6 

R&D 
Systems 

MAB7759 Mouse 
1:300 IHC & ICC 

2 µg IP 

Bethyl A303-553A Rabbit 
2 µg ChIP 

2 µg IP 

Millipore AB5805 Rabbit 
1:800 Western blot 

1:200 IHC & ICC 

 

c-Myc 

 

Sigma-
Aldrich 

C3956 Rabbit 

1:800 Western blot 

2 µg IP 

Involucrin Novacastra NCL-IVL Mouse 
1:200 IHC & ICC 

1:800 Western blot 

Beta-actin Millipore 12-370 Rabbit 2 µg IP 

Histone H3 
Cell 

signalling 
technology 

4499 Rabbit 2 µg ChIP 

Rabbit IgG Millipore 12-371B Mouse 
2 µg IP 

2 µg ChIP 

Mouse IgG 
Abcam 

Abcam 

ab7028 

ab7029 

Rabbit 

Rabbit 

2 µg ChIP 

2 µg IP 

HDAC1 Invitrogen PA5-64099 Rabbit 1:100 ICC 
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HDAC2 Abcam ab7029 Rabbit 1:100 ICC 

HELLS Abcam ab51256 Rabbit 1 µg IP 

BAZ1B 
Cell 

signalling 

 

49360 

 

Rabbit 

1:100 ICC 

1:100 ICC 

SMARCA4 
Sigma-
Aldrich 

HPA001378 
Rabbit 

Rabbit 

1:100 ICC 

1 µg IP 

PNN Abcam ab8106 
Rabbit 

Rabbit 

1 µg IP 

1:100 ICC 

 

SMARCC1 

 

Bethyl 

 

A301-319A 

 

Rabbit 

 

Rabbit 

 

1 µg 

 

IP 

 

1: 100 

 

ICC 

 

Table. S2:  shRNA Oligo Sequences 

shRNA Sequence 

SOX6_sh4_O1F GATCCGACAGGAGATGAGGCAGTTCT 

SOX6_sh4_O1R ACTCGAGTAGAACTGCCTCATCTCCTGTCG 

SOX6_sh4_O2 F ACTCGAGTAGAACTGCCTCATCTCCTGTCTTTTTTCCAAG 

SOX6_sh4_O2R AATTCTTGGAAAAAAGACAGGAGATGAGGCAGTTCT 

 

Table. S3:  Primer Sequences for Cloning 

Clone Forward primer Reverse primer 

pTRIPZ_SOX6 
GACACCGGTCGCCACCATGCAG
AAACTCATCTCAGAAGAGGATCT
GATGTCTTCCAAGCAAGCCACC 

GTCACGCGTTTAGTTGG
CACTGACAGCCTC 

pCDH_miR335 
TCGATCTAGAACCACCATTGGTT

CTCTCTCC 
TCGAGAATTCCTGGAAG

TAACCCAAGCCAAC 
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Table. S4:  Primer sequences for ChIP-qPCR 

Primer 
Name 

Forward primer sequence Reverse primer sequence 

IVL GCTTAAGATGCCTGTGGTGAG CAGGAGTCAGGGCACTCTTTA 

TGM1 CAGCTTCTTCATCCGGGAGAA AATGGGGAGAAGATGCTAGGG 

SPRR2F CCCTTGACCACCAGTTAGAGA CTGGGTTAAGTGCTCCTGACT 

RPLP0 CTCAGAGCAAGCTCCTCCAAC AACGAATACAGGCAACCATTG 

KRT14 AGCCCAAAACACTCCAAACAA AATTGGAAAGGGATGCGAGTG 

MEST TAAGGAAAGAGTTGGGGCACT CCCTCTAACAGTGGCTCCTTT 

miR-335 TCTCTCTCCTTACCATCCCTGA GCCTGGCATATGGTAATTACTG 

 

Table. S5:  Primers used for real time PCR 

Primer 
Name 

Forward primer sequence Reverse primer sequence 

CNFN CTCACCTTTTGTCTGCCCTG TTGTGGGTGTATTTCTGGCAG 

IVL TGGCCACCCAAACATAAATAA ACCCTCACCCCATTAAAGAGA 

TGM1 GGAGCACCTGAACCATGATTC ACTTCATGTAGACCAGGCCAT 

SPRR1A ACACCCTACTCCATTCTGCTT CCAGAATGAGGGTAAGGGACA 

SPRR1B TCAATAGTCACTCCAGCACCA TGGGATAGGGGATTCAGCATC 

SPRR2A CCACCGAAGAGCAAGTAACAG TGGCAGCCTCAGAAAAGAAAC 

SPRR2E CAGCTTCACCTGCATCTTCTC CACCTGGACAGTGGCAATATG 

SPRR2F CTGGTACCTAAGCACCGATCT GGACTGTGGACACTTTGATGG 

SPRR3G CATGTCCTTCAACGGTCACTC CTATGGCTTGGGGTGACAATG 

KRT1 AACTTGCAGCAGTCCATCAGT GGTGTTCATCAGCTCCTGGTA 

SOX6 AAAGCTTCGGATTGGGGAGTA CACCTGTTCCTGTGGTGATTG 

MEST ATGGGCCATTGGATCCTGTAA AGAAGGAGTTGATGAAGCCCA 

RPLP0 CAGATTGGCTACCCAACTGTT GGGAAGGTGTAATCCGTCTCC 

SMARCC1 CCAATGCCAGGAAACATCTTA ATCTTCCAGGCTAAGGAGCAG 
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Table. S6: Differentially expressed miRNAs in normal vs AD LS 

miRNA Log2 FC Adjusted p-value 

hsa-miR-335 -2.05071 7.55E-10 

hsa-miR-451 -2.02619 3.58E-09 

hsa-miR-4290 -1.70415 9.71E-09 

hsa-miR-4285 -1.60556 3.38E-07 

hsa-miR-4268 -1.5807 1.57E-08 

hsa-miR-3687 -1.53107 1.44E-09 

hsa-miR-483-3p -1.48269 6.85E-08 

hsa-miR-4279 -1.46726 3.88E-08 

hsa-miR-326 -1.40212 3.88E-08 

hsa-miR-7-2* -1.36727 1.24E-08 

hsa-miR-3196 -1.3481 6.92E-07 

hsa-miR-513a-5p -1.33315 1.90E-07 

hsa-miR-501-5p -1.17405 2.11E-07 

hsa-miR-493 -1.15678 2.48E-06 

hsa-miR-99a -1.09175 9.85E-08 

hsa-miR-1908 -1.07471 2.25E-06 

hsa-miR-124* -1.03648 3.96E-06 

hsa-miR-3686 -1.01967 4.79E-08 

hsa-miR-877* -1.01245 1.83E-06 

hsa-miR-3175 0.997334 1.47E-06 

hsa-miR-32 0.997533 3.05E-07 

hsa-miR-21* 1.010585 0.007811 

hsa-miR-3621 1.037089 3.14E-07 

hsa-miR-223 1.053103 5.17E-08 

hsa-miR-31* 1.064144 1.11E-05 

hsa-miR-33a 1.232449 1.83E-06 

hsa-miRPlus-C1110 1.278948 0.000107 

hsa-miR-27a 1.345597 2.78E-08 
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hsa-miR-31 1.631136 3.31E-07 

hsa-miR-142-5p 1.867304 7.55E-10 

hsa-miR-142-3p 2.05951 3.58E-09 

hsa-miR-21 2.758994 7.55E-10 

 

Table. S6: Differentially expressed miRNAs were identified based on log2 FC ≥ 1 or ≤ 
-1 and adjusted p-value < 0.05 from microarray analysis 

 

Supplementary Figure Legends: 

 

Figure. S1: Differential expression of miR-335 in AD lesional skin: A) Heat-map of 
selected genes generated from microRNA microarray using total RNA from AD lesional skin 
samples in comparison with RNA from normal human skin samples. Expression values 
displayed in shades of red (high) or blue (low) relative to the individual mean value of the 
gene in linear scale. B) Relative transcript abundance of miR-335 in normal human skin 
versus N/TERT-1 keratinocyte cells, represented as a bar graph (n=3). C) Relative transcript 
abundance of miR-335 in N/TERT-1 cells transfected with miR-335 mimics versus control 
cells, represented as a bar graph (n=4). D) Bar graphs represent transepithelial electrical 
resistance (TEER) measured on day-3 and day-5 in N/TERT-1 cells transfected with control 
RNA or miR-335 mimics (n=3) **P<0.001 versus control. 

 

Figure. S2: SOX6 targets IVL: Inducible expression of SOX6 leads to significant 
downregulation of IVL which is essential for keratinocyte differentiation and cornification as 
depicted in an organotypic assay. 

 

Figure. S3: SOX6 interacts with the SMARCA complex: A) Immunoprecipitation of SOX6 
protein from nuclear extracts of HEK293T cells transfected with pTRIPZ-SOX6 in the 
presence of doxycycline, followed by western blot analysis with indicated antibodies. 
Extracts were immunoprecipitated with rabbit IgG antibodies, antibodies to SOX6 or Myc. B) 
List of potential SOX6 interacting partners. C) Immunoprecipitation with specific antibodies 
of SWI/SNF complex followed by western blot analysis for SOX6. Myc serves as a positive 
control.  

 

Figure. S4: Promoter analysis of MEST/miR-335 locus: CAGE tags are only present in 
the upstream region of MEST, but not miR-335, suggesting that miR-335 does not have an 
independent promoter. 

 

Figure S5: Belinostat induces expression of miR-335: A) Table shows the list of HDAC 
inhibitors library (Selleckchem) and their treatment regimen in 96 well plate. B) Cells treated 
with HDAC inhibitors were fixed and subjected to immunocytochemistry with antibodies 
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specific to IVL. C) Cells treated with HDAC inhibitors were fixed and subjected to 
immunocytochemistry with antibodies specific to SOX6. Images were acquired from each 
well using a fluorescent microscope at identical acquisition settings. D) Relative transcript 
abundance of miR-335 in N/TERT-1 cells either mock treated or treated with HDAC 
inhibitors.  

 

Figure. S6: Belinostat restores barrier function and FLG expression: 
Immunohistochemical analysis of FLG, on sections from human skin biopsies that were 
topically treated with acetone alone or belinostat dissolved in acetone. Scale bars, 50 µm. 

 

 

 


