
ARTICLE

Duplicated Enhancer Region Increases Expression
of CTSB and Segregates with Keratolytic Winter
Erythema in South African and Norwegian Families

Thandiswa Ngcungcu,1 Martin Oti,2,3,21 Jan C. Sitek,4,5,21 Bjørn I. Haukanes,6 Bolan Linghu,7

Robert Bruccoleri,8,9 Tomasz Stokowy,10 Edward J. Oakeley,11 Fan Yang,8 Jiang Zhu,8 Marc Sultan,11

Joost Schalkwijk,12 Ivonne M.J.J. van Vlijmen-Willems,12 Charlotte von der Lippe,5

Han G. Brunner,13,14 Kari M. Ersland,6,10 Wayne Grayson,15 Stine Buechmann-Moller,11

Olav Sundnes,4,16 Nanguneri Nirmala,17 Thomas M. Morgan,8 Hans van Bokhoven,18

Vidar M. Steen,6,10 Peter R. Hull,19 Joseph Szustakowski,20 Frank Staedtler,11 Huiqing Zhou,2,13

Torunn Fiskerstrand,6,10,22,* and Michele Ramsay1,22,*

Keratolytic winter erythema (KWE) is a rare autosomal-dominant skin disorder characterized by recurrent episodes of palmoplantar ery-

thema and epidermal peeling. KWE was previously mapped to 8p23.1–p22 (KWE critical region) in South African families. Using targeted

resequencing of the KWE critical region in five South African families and SNP array andwhole-genome sequencing in twoNorwegian fam-

ilies,we identified twooverlapping tandemduplicationsof 7.67kb (SouthAfricans) and15.93 kb (Norwegians). Theduplications segregated

with the disease andwere located upstreamofCTSB, a gene encoding cathepsin B, a cysteine protease involved in keratinocyte homeostasis.

Included in the2.62kboverlappingregionof theseduplications is anenhancerelement that is active inepidermal keratinocytes. Theactivity

of this enhancer correlated with CTSB expression in normal differentiating keratinocytes and other cell lines, but not with FDFT1 orNEIL2

expression. Gene expression (qPCR) analysis and immunohistochemistry of the palmar epidermis demonstrated significantly increased

expression of CTSB, as well as stronger staining of cathepsin B in the stratum granulosum of affected individuals than in that of control in-

dividuals. Analysis of higher-order chromatin structure data and RNApolymerase II ChIA-PET data fromMCF-7 cells did not suggest remote

effects of the enhancer. In conclusion, KWE in South African and Norwegian families is caused by tandem duplications in a non-coding

genomic region containing an active enhancer element for CTSB, resulting in upregulation of this gene in affected individuals.
Introduction

Keratolytic winter erythema (KWE [MIM: 148370]) is a rare

autosomal-dominant epidermal skin disorder of unknown

etiology. It was originally reported as ‘‘Oudtshoorn skin

disease’’ in a large cohort living in South Africa.1,2 KWE

manifests during childhood with recurrent episodes of

palmoplantar erythema and centrifugal epidermal peeling.

Lateral and dorsal aspects of the hands and feet can be

involved. A less common finding is a slowly migratory,

annular erythema that is seen mostly on the extremities.

Between flares, the skin can appear unremarkable. Itching

can occur, and hyperhidrosis, associated with a pungent
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odor, is invariably present. Formation of vesicles or bullae

is rare, whereas keratolysis that causes the formation of

dry blisters is regularly seen. This is followed by peeling.

Cold weather, moisture, febrile diseases, and physical

and mental stress can trigger exacerbations. In severely

affected individuals, skin manifestations persist unremit-

tingly. Penetrance of the disease is high, but expressivity

is variable, even within the same family.

All KWE-affected families in South Africa can be traced

back to Captain Francois Renier Duminy (born in Lorient,

France, in 1747), pointing to a founder effect as the cause

of the high prevalence (1/7,200) of KWE in white Afrikaans

speakers.3 KWE has also been described in Germany,4
titute for Molecular Bioscience, Faculty of Health Sciences, University of the

evelopmental Biology, Radboud Institute for Molecular Life Sciences, Rad-

Biophysics Institute, Federal University of Rio de Janeiro, Rio de Janeiro

slo 0424, Norway; 5Centre for Rare Disorders, Oslo University Hospital,

keland University Hospital, Bergen 5021, Norway; 7Computational Biomed-

ridge, MA 02139, USA; 8Novartis Institutes for BioMedical Research, Cam-

artment of Clinical Science, University of Bergen, Bergen 5020, Norway;

rtment of Dermatology, Radboud Institute for Molecular Life Sciences, Rad-

rtment of Human Genetics, Radboud Institute for Molecular Life Sciences,

aastricht UMC, Department of Clinical Genetics and School for Oncology
5School of Pathology, Faculty of Health Sciences, University of the Witwa-

; 16Laboratory for Immunohistochemistry and Immunopathology, Depart-

r Clinical Research and Policy Studies, Tufts University School of Medicine,

for Brain, Cognition, and Behaviour, Radboud University Medical Center,

Cutaneous Science, Dalhousie University, Halifax, NS B3H 1V7, Canada;

@wits.ac.za (M.R.)

rican Journal of Human Genetics 100, 737–750, May 4, 2017 737

mailto:torunn.fiskerstrand@helse-bergen.no
mailto:michele.ramsay@wits.ac.za
http://dx.doi.org/10.1016/j.ajhg.2017.03.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajhg.2017.03.012&domain=pdf


Figure 1. Pedigrees of the South African and Norwegian KWE-Affected Families
South African (A–C) and Norwegian (D and E) families affected by KWE. The individuals whose samples were subjected to NGS
sequencing (*), the Affymetrix 6.0 SNP array (#), and the Affymetrix CytoScan HD Array (y) are marked as indicated here.
Denmark,5 the US (in a family of Norwegian descent),6 and

the UK (in a family linked to the South African pedigrees).7

Genome-wide linkage analysis in South African families

and one German family mapped the disease locus to chro-

mosomal region 8p23.1–22 from marker D8S1759 to

D8S552.4,8 The KWE critical region (�1.2 Mb) contains

15 known protein-coding genes and is flanked by two

olfactory repeat regions that are prone to non-allelic ho-

mologous recombination. This can result in chromosome

rearrangements, including a common 4.7 Mb polymor-

phic 8p23 inversion.9 The South African families have a

common haplotype within the KWE critical region, but

this is not shared with the affected individuals from the

large German family.4

Within the KWE critical region, the genes encoding

cathepsin B (CTSB [MIM: 116810])10 and farnesyl-diphos-

phate farnesyltransferase (FDFT1 [MIM: 184420])11 are

interesting candidate genes for this disease. However,

sequencing of the coding regions in these genes,12 as

well as studies of copy-number variation (CNV) in the

KWE region,13 did not reveal pathogenic variants, and

gene expression analyses were not conclusive.12

The aim of the present study was to identify the genetic

cause of KWE by using targeted resequencing of the KWE

critical region in five South African families and by using

SNP array and whole-genome sequencing (WGS) in two

Norwegian families. We identified two tandem duplica-

tions that segregate with the KWE phenotype in South
738 The American Journal of Human Genetics 100, 737–750, May 4,
African (7.67 kb) and Norwegian (15.93 kb) affected indi-

viduals. The duplications overlap at the site of a predicted

enhancer region (2.62 kb) that is shown to be active in

human epidermal keratinocytes (HEKs).
Subjects and Methods

Participants
South Africans

A total of 23 affected and 19 unaffected individuals from three

KWE-affected families (A, B, and C; Figure 1) plus individuals III-2

and II-4 from families G and I, respectively (Figure S1), and seven

ethnically matched control individuals (random white Afrikaans

speakers) were included in the targeted sequencing of the KWE

region. Individuals from families F–I (11 affected and 12 unaffected

individuals; Figure S1), I-1 from family C (Figure 1), and 89 ethni-

cally matched control individuals (random white Afrikaans

speakers) were included in the validation process. Functional

studies were performed from palmar skin biopsies of three affected

individuals (a mother and her two sons with the validated 7.67 kb

duplication,whowerenot part of the families described above) and

three control individuals (two females and one male). All partici-

pants gave informed consent. The study was approved by the

Human Research Ethics Committee (Medical) of the University of

the Witwatersrand, South Africa (approval no. M140530).

Norwegians

Linkage and CNV analyses were performed in family D, including

eight affected and nine unaffected individuals (Figure 1), and CNV

analysis was also performed in individuals I-2 and II-1 from
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family E. WGS was performed in individuals II-1 and III-6 from

family D. Functional studies were performed on palmar skin bi-

opsies of four affected individuals (III-6, II-6, II-1 from family D

and I-2 from family E) and four female control individuals. All par-

ticipants gave informed consent. The study was approved by the

Regional Committee for Medical and Health Research Ethics in

Western Norway (approval no. 2011/2453).

Linkage and CNV Analysis in Norwegians
Genomic DNA was extracted from peripheral blood with the

QiaSymphony 101 instrument (QIAGEN). Genome-wide SNP gen-

otyping analysis and CNV analysis were performed with the Affy-

metrix SNP Array 6.0 (1.8 million markers). Sample preparation

and array hybridization were performed according to the sup-

plier’s protocols, and arrays were scanned with the Affymetrix

GeneChip Scanner 3000. Multi-point parametric linkage analysis

was performed with Allegro v.2.6 software (Linux version) on a

subset of 45,000 SNPs pruned for strong local linkage disequilib-

rium. A fully penetrant autosomal-dominant inheritance model

and population disease allele frequency of 0.001 were used.

Individuals III-6 (family D) and I-2 and II-1 (family E) were

also analyzed with the Affymetrix CytoScan HD Array (2.6 million

CNV markers). CNV data were generated with Affymetrix

GeneChip Genotyping Console Software v.4.2 and analyzed by

Affymetrix Chromosome Analysis Suite (ChAS) v.3.0.0.42.

Targeted Sequencing of the KWE Critical Region in

South Africans
DNA was extracted by the salting-out method.14 DNA libraries

were prepared with the Illumina TruSeq DNA Sample Preparation

Kit v.2 (FC-121-2001), and the KWE critical region (chr8:

11,477,641–12,742,458; UCSC Genome Browser hg19) was

captured according to the NimbleGen SeqCap EZ SR protocol

(6266304001). The libraries were sequenced on the Illumina HiSeq

2000 according to a 101 bp paired-end sequencing protocol. Reads

were mapped to the reference human genome (hg19) with the

Burrows-Wheeler Aligner. The average read depth was 7953 across

the critical region. Small variants were assessed with the Genome

Analysis Toolkit,15–17 and large structural variants were analyzed

with Pindel.18

WGS in Norwegians
WGS was performed with the Illumina X Ten platform according

to a 150 bp paired-end sequencing protocol. Small variants were

called with the Isaac read aligner and variant caller.19 Structural

variants were called with Manta,20 and CNVs were called with

CNV-seq.21 In two KWE samples, at least 97% of the genome

was covered at least 153. An average (two samples) of�3.4million

single-nucleotide variants (SNVs)—including �9,800 non-synon-

ymous coding variants, �4,600 deletions, �1,600 insertions,

�80 inversions, and �100 translocations—were called.

Variant Filtering
Variants were filtered with the use of structured query language

(SQL) queries on a Vertica database (South African data) and

RareVariantVis Bioconductor package (Norwegiandata).22 Potential

causal variants were considered if they were exclusive to affected

individuals, were not present in public databases (such as dbSNP,

theDatabase ofGenomicVariants [DGV], or dbVar), and fit an auto-

somal-dominant model of inheritance. SNVs and small insertions

anddeletions (indels)were annotatedwith theVariant Effect Predic-
The Ame
tor (VEP)23 in the SouthAfricandata andannotatedwithSnpEff24 in

the Norwegian data. All coding, splice, and regulatory variants were

prioritized, and when no variants segregating with the disease were

identified, intronic and intergenic variants were considered.

Mapping Duplication Breakpoints
Genomic PCR and Sanger sequencing were performed for physical

mapping of the exact breakpoints of the duplications. PCR primers

(Table S1) were designed with either Primer325 (South Africans) or

Oligo 6.3 (National Bioscience) (Norwegians). For South Africans,

the details on validation of duplications are given in Table S1 and

Figure S2.

Transcription Factors and Their Binding Sites
Transcription factor binding sites within the KWE duplication re-

gion in various cell lines were taken from the ENCODE Factorbook

chromatin immunoprecipitation sequencing (ChIP-seq) data.26

With the use of RNA sequencing (RNA-seq) data from our previous

experiment on differentiating human keratinocytes,27 transcrip-

tion factors (within the KWE duplication region) were filtered

for the subset that is expressed at a level of at least 10 FPKM (frag-

ments per kilobase per million mapped reads) at any stage of

human keratinocyte differentiation.

Enhancer Activity and Gene Expression in Normal

Keratinocytes and Other Cells
Epigenomic Profiling Data of Differentiating HEKs

We previously performed ChIP-seq analyses of p63, H3K27ac, and

RNA polymerase II (RNAPII) in HEKs at days 0, 2, 4, and 7 in cul-

ture.27 We quantitated the signals from H3K27ac and RNAPII

ChIP-seq for the enhancer (chr8: 11,733,500–11,736,900) and

three nearby potential target genes by calculating the reads per

kilobase of transcript per million mapped reads (RPKM). This pro-

cedure normalizes the number of reads mapping to the enhancer

or gene-body regions according to sequencing depth and gene

and/or enhancer length.

ENCODE and Epigenome Roadmap Data

To identify potential regulatory elements within the KWE dupli-

cated region, we used NHEK DNaseI sequencing data along with

histone modification (H3K4me1 and H3K27ac) ChIP-seq data

from ENCODE28 and Epigenome Roadmap29,30 in 47 different

human cell types. We calculated the average H3K27ac and

H3K36me3 signals to predict overall enhancer activity and tran-

scriptional activity of nearby genes, respectively. We performed

Pearson’s correlation between the H3K27ac and H3K36me3 sig-

nals to predict the target genes of the active enhancer on the basis

of the highest correlation.

Gene Expression and Protein Abundance in Palmar

Biopsies from Affected and Healthy Control Individuals
Single 4 mm palmar skin punch biopsies were taken from the skin

of the hypothenar (or thenar) regions of seven affected individuals

who were not presenting with aggravated disease at the time of

collection and seven healthy control individuals (three South Af-

ricans and four Norwegians in each group). The biopsies were

cut in two perpendicularly to the skin surface. One half was used

for examination of relative gene expression, and the other was

processed for histology.

RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR

For RNA expression studies, we placed half of each biopsy in 1 mL

dispase II protease (12 mg/mL) for 2–4 hr to separate the epidermis
rican Journal of Human Genetics 100, 737–750, May 4, 2017 739



Table 1. Clinical Data in Affected Individuals

South African
(n ¼ 45)

Norwegian
(n ¼ 10)

Age of Onset <10 years in 84%3 <2 years in 90%

Clinical Features in Palms and Soles

Keratolysis (formation
of a dry ‘‘blister’’)

yes yes

Centrifugal peeling yes yes

Distinct erythematous
margin

yes yes

True blistering or bullae no exceptional

Web-space involvement yes yes

Transgrediens spread to
dorsum of hands and feet

yes yes

Hyperhidrosis with pungent
odor of hands and feet

yes yes

Annular Erythema

Extremities rare single individual

Trunk rare single individual

Face single individual no

Recurrent fixed indurated
facial plaques

no single individual

Factors Aggravating Symptoms

Cold weather common 2 of 10
individuals

Contact with water
or moisture

yes yes

General anesthesia yes yes

Infections or fever yes yes

Antibiotic use yes not noted

Topical steroids yes not noted

Mechanical pressure
from shoes

not noted yes

Factors Improving Symptoms

Pregnancy yes, common yes, common

Age yes (in some
individuals)

yes (in some
individuals)
from the dermis. The separated epidermis was then placed in

RNALater and stored at 4�C for 24 hr and then at �20�C until

RNA extraction. Samples were homogenized with the TissueLyser

II (QIAGEN), and total RNA was extracted with the RNeasy Mini

kit (QIAGEN) and stored at�80�C. The quality andquantity of total

RNA were determined with the Experion Automated Electropho-

resis Station (Bio-Rad) and theNanoDropND-1000 spectrophotom-

eter (Nanodrop Technologies), respectively. All samples were stored

at�80�C.Oneof theSouthAfricanKWEsampleswasexcluded from

further analysis because of the low RNA quality and concentration.

250ng total RNA fromeach samplewas reverse transcribed to cDNA

with theSuperScriptVILOcDNASynthesisKit (ThermoFisher Scien-

tific), and quantitative real-time PCR was conducted with the ABI

Prism 7900HT Sequence Detection System (Applied Biosystems).
740 The American Journal of Human Genetics 100, 737–750, May 4,
The expression levels ofCTSB, FDFT1, andnei-like DNA glycosylase

2 (NEIL2 [MIM: 608933])weremeasuredwithTaqManGeneExpres-

sion Assays (probe IDs: Hs00947433_m1, Hs00926054_m1, and

Hs00979610h, respectively; ThermoFisher Scientific) and were

normalized to that of the endogenous control RPLP0 (probe ID:

Hs99999902m1).31 All samples were run in triplicate, and the rela-

tive gene expression levels were determined according to the

comparative DCt method.32 Differences in gene expression levels

between affected individuals (n¼ 6) andunaffected control individ-

uals (n ¼ 7) were determined, and p values were calculated with

the Mann-Whitney U test.

Immunohistochemistry

For histology, half of each biopsy was fixed in buffered formalin

for 4–8 hr. Paraffin sections (6 mm) were cut for histopathology

(H&E staining) and immunohistochemistry with antisera against

CTSB (R&D), FDFT1 (Sigma), and NEIL2 (Sigma). Antisera were

raised in goat (CTSB), rabbit (FDFT1), and mouse (NEIL2). De-

paraffinized and dehydrated sections were pretreated for 10 min

in 10 mM sodium citrate buffer (pH 6.0) for antigen retrieval.

Sections were blocked for endogenous peroxidase with 3%

hydrogen peroxide. A blocking step using 5% normal serum

from the animal in which the biotinylated conjugated serum

had been raised was included for the reduction of background

staining. Further staining and embedding were performed accord-

ing to standard protocols with the avidine-biotine-peroxidase

complex and amino-ethyl-carbazole as a peroxidase substrate.

CTSB staining was evaluated by two independent observers who

wereunawareof the identityof the samples.CTSB staining intensity

was scored on a scale from 0 (no visible staining) to 3 (strong stain-

ing). Staining was scored separately for the stratum spinosum and

the stratumgranulosum. Scores for seven affected and seven control

individuals were analyzed with a two-tailed MannWhitney U test.

Prediction of Genomic Architecture
The genomic architecture of the region containing the duplication

was evaluated with available keratinocyte Hi-C data.33 Putative

CCTC-binding factor (CTCF)-mediated loops were predicted in

normal HEKs (NHEKs) with NHEK-derived CTCF ChIP-seq data28

and an algorithm that exploits the relationship between CTCF

motif orientation and interaction direction.34 Genomic architec-

ture in the breast cancer epithelial cell line MCF-7 was determined

with available data from CTCF Chromatin Interaction Analysis by

Paired-End Tag Sequencing (ChIA-PET).28 RNAPII-targeted ChIA-

PET data were used for identifying contacts between regulatory

elements, such as enhancers and promoters, and determining

possible interactions between the regulatory elements and their

predicted target genes.35
Results

Clinical Description

KWE is a highly penetrant disease (calculated at 92%)3

that has been well characterized in South African affected

individuals.1,2 The inclusion of two Norwegian families

(Figure 1) in this study allowed interesting comparisons

(Table 1). The age of onset is typically in early childhood,

but it has been described at birth, and onset can be delayed

to the early 20s. The South African affected individuals

generally had more severe disease than the Norwegians,

but palm and sole involvement was seen in all affected
2017



Figure 2. AffectedPalmoplantar Regions
and Extremities in Individuals with KWE
Palm and sole involvement was seen in
all affected individuals of both national-
ities. Exacerbation starts with an erythema
that is often demarcated (A andB). It can be
localized or affect the entire palm or sole
and often spreads to the web spaces (C).
This is followed by the appearance of opa-
que, dry ‘‘bullae,’’ which peel centrifugally,
giving rise to a thick peel that can be easily
gripped (D and E). In the palmar skin, the
revealed base is red and glazed, and derma-
toglyphics are retained (E). Transgrediens
spread to the dorsum of the feet can be
seen (F). Annular erythema was seen in
only a few affected individuals on the ex-
tremities (G) and trunk and buttocks (H).
individuals of both nationalities (Figures 2A, 2B, 2D, and

2E). Web spaces, and even the dorsum of the feet in

some cases, were also often affected (Figures 2C and 2F).

Annular erythema was seen only on the extremities and/

or buttocks (Figures 2G and 2H) and on the trunk or face

(Table 1) of a few affected individuals. One female Norwe-

gian affected individual (I-2 from family E) had unusual

recurrent fixed indurated facial plaques. Severity and

course of KWE varied considerably among those affected.

Full remission was observed in a 45-year-old female (II-6

from family D; Figure 1), whereas a 19-year-old male (III-

2 from family D; Figure 1) had continuous severe palmo-

plantar erythema and desquamation.

The characteristic seasonal worsening of symptoms dur-

ing winter was observed in many South African families2

butwasnoted inonly twoof tenNorwegianaffected individ-

uals. Episodic peeling was mentioned by all Norwegians

to be triggered by exposure to water and moist conditions.

Exacerbations were also reported after infections, general

anesthesia, the use of topical steroids, and in some cases,

also the use of antibiotics. Premenstrual worsening was

also noted, whereas pregnancy and increased age in some

affected individuals seemed to improve the condition.

Hair, nails, and mucous membranes were normal in all

affected individuals. Impairment of social interaction dur-

ing the teenageyears,due to theeffectsofKWE,was reported

bymanyNorwegian and SouthAfrican affected individuals.

Identification of Overlapping Duplications in South

African and Norwegian Affected Individuals

Extensive analyses of the protein-coding genes of the

KWE critical region did not reveal any possible detrimental

variants that segregated with the disease. Instead, a non-
The American Journal of Human
coding 7.67 kb tandem duplication

was identified in the critical region

on chr8: 11,729,286–11,736,955 in

the South African affected individuals

(Figures 1A–1C) with the use of

targeted next-generation sequencing

(NGS) data (Figure 3). The duplication
was validated by PCR and Sanger sequencing (Table S1 and

Figures S1 and S2) and segregated with KWE in all affected

South African individuals tested (n ¼ 38). It was not de-

tected in any control samples (n ¼ 127).

Independently, significant linkage (maximum LOD

score of 3.3) between KWE and an approximately 6.6 Mb

region (chr8: 9,231,148–15,837,977) encompassing the

KWE critical region was found in Norwegian family D

(Figure 1). Subsequently,WGS and CNVanalyses identified

a 15.93 kb duplication overlapping the South African

duplication in all affected individuals from the two Norwe-

gian families (Figure 3). Sanger sequencing (Table S1)

revealed that it was a tandem duplication at chr8:

11,734,333–11,750,263 and that a 95 bp triplication

(chr8: 11,744,352–11,744,446) was located between the

tandemly duplicated regions. Such triplications are not

uncommon in tandem duplications.36

The South African and Norwegian duplications are

located upstream of CTSB and overlap at a 2.62 kb region

(Figure 3). No similar duplications or a duplication of the

same size as the 2.62 kb overlap have been reported in

the DGV. However, several duplications that encompass

larger regions, including the 2.62 kb overlap region,

CTSB, and even FTFD1 (Figure S3), have been described.

We also found one such large duplication when analyzing

the SNP array data in a Dutch cohort of 1,416 healthy stu-

dents (Figure S3).37

An Active Enhancer in the Region of Overlap between

the Duplications

Next, we examined the genomic region of the 2.62 kb over-

lap between the South African and Norwegian duplica-

tions (chr8: 11,734,333–11,736,955). A strong H3K27ac
Genetics 100, 737–750, May 4, 2017 741



Figure 3. Duplications in Affected Individuals Overlap at an Enhancer Region
Schematic overview of the KWE critical region in chr8: 11,723,410–11,751,135 (a scale is shown at the top). The South African (7.67 kb)
and Norwegian (15.93 kb) tandem duplications are displayed as blue horizontal bars located upstream of CTSB. The 2.62 kb overlap
(chr8: 11,734,333–11,736,955) between the two duplications (turquoise shading) is clearly positioned at the site of an H3K27Ac histone
mark (pink peaks) in the ENCODE NHEK cell line. Such histone marks are often found at the site of active regulatory elements and
enhancers. We showed that the keratinocyte master regulator p63 binds to the enhancer region of the histone mark H3K27Ac in differ-
entiating HEKs (HKC p63, blue peaks). Several other transcription factors are also known to bind to this region in different cell types
(ChIP-seq data from ENCODE, 90 cell lines). Only transcription factors that are expressed in differentiating keratinocytes (cut off at
FPKM¼ 10) are shown. The different transcription factors are displayed as boxes, and the binding strength is represented by a color scale
from light gray (weaker) to black (stronger).
signal probably representing an active enhancer was

found within this region in epidermal keratinocytes

(Figure 3).27,28,38 Several transcription factors were shown

to bind to this regulatory region.26 By analyzing our previ-

ously published RNA-seq data,27 we found that most of

these transcription factors seem to be expressed in differ-

entiating keratinocytes (Figure 3).27,38 These include p63

(the master regulator of keratinocyte proliferation and

differentiation),39 STAT3,40,41 and CEBPB.42

Correlation between Enhancer Activity and CTSB

Transcription

To investigate the target gene(s) of the enhancer in theKWE

region (chr8: 11,734,333–11,736,955), we first re-analyzed

our ChIP-seq dataset from differentiating keratinocytes.27

The closest genes to the enhancer included the strong can-

didates CTSB and FDFT112 and NEIL2. We used H3K27ac
742 The American Journal of Human Genetics 100, 737–750, May 4,
and RNAPII ChIP-seq data27 to investigate enhancer activ-

ity and transcription, respectively, of these three genes.

Both enhancer activity and CTSB expression increased dur-

ing early differentiation (days 0–4) and then decreased in

subsequent differentiation stages (days 4–7) (Figure 4A).27

FDFT1 expressionwasmaintained at ahigh level duringdif-

ferentiation,whereasNEIL2 seemed to be expressed at a low

level, possibly because of thepoisedRNAPII at the promoter

(Figure 4A). We found a high correlation, although not sta-

tistically significant given the small number of data points,

between the enhancer’s activity and CTSB expression dur-

ing keratinocyte differentiation (p ¼ 0.07, R ¼ 0.93), but

no correlation with FDFT1 (p ¼ 1.0, R ¼ 0.003) or NEIL2

(p ¼ 0.63, R ¼ �0.37) expression (Figure 4B), suggesting

that this enhancer regulates CTSB during normal keratino-

cyte differentiation. ENCODE ChIP-seq datasets with his-

tone marks H3K27ac and H3K36me3 also showed a strong
2017



Figure 4. Correlation of Enhancer Activity and Transcription of Nearby Genes during Keratinocyte Differentiation
(A) Schematic overview of the KWE critical region in chr8: 11,560,500–11,905,700 (a scale is shown at the top). The South African
(7.67 kb) and Norwegian (15.93 kb) tandem duplications are displayed as blue horizontal bars. ChIP-seq analyses of H3K27ac and
RNAPII during human primary keratinocyte (HKC) differentiation were assessed. The H3K27ac histone modification signal repre-
sents enhancer activity (red panels), and RNAPII binding levels represent transcription rate (green panels).
(B) There was a strong correlation between enhancer activity and CTSB expression (R ¼ 0.93, p ¼ 0.07) during keratinocyte differenti-
ation, but not between enhancer activity and FDFT1 or NEIL2 expression.27,38
correlation between the enhancer’s activity and CTSB

expression (p < 10�9 and R ¼ 0.74) across 47 different cell

types, whereas no correlation was observed with FDFT1

(p ¼ 0.67 and R ¼ �0.06) or NEIL2 (p ¼ 0.45 and R ¼
0.11) expression (Figure 5).
The Ame
Individuals with KWE Have Increased Relative

Expression of CTSB in the Epidermis

Using quantitative real-time PCR, we compared the rela-

tive expression levels of CTSB, FDFT1, and NEIL2 in the

palmar epidermis between affected individuals (two South
rican Journal of Human Genetics 100, 737–750, May 4, 2017 743



Figure 5. Correlation of Enhancer Activ-
ity and Transcription of Nearby Genes
in Cell Lines Reported by the ENCODE
Consortium
The region of the South African (7.67 kb,
green bar) and Norwegian (15.93 kb, pur-
ple bar) tandem duplications is displayed
(a scale is shown at the top). The enhancer
within the overlapping region was identi-
fied on the basis of a DNaseI hypersensi-
tivity assay performed in NHEKs (blue
peaks).28 Beneath this panel, the histone
modification H3K27ac levels (ChIP-seq
data) across the enhancer region in 47
human tissue and cell types are shown
as a regulation heatmap (purple). Darker
shades of purple indicate higher signal of
the histone marker (H3K27ac), correlated
with enhancer activity in the different tis-
sues. Transcription of three nearby genes
(CTSB, FDFT1, and NEIL2) was predicted
by H3K36me3 levels (ChIP-seq data) across
the genes in the same 47 different cell
types. The transcription data are displayed
as three parallel vertical bars in which red
denotes high transcription activity and
green denotes low activity. The correla-
tions between H3K27ac and H3K36me3
levels are shown in the plots to the
left. There was a highly significant posi-
tive correlation between the enhancer’s
activity and CTSB expression (R ¼ 0.74,
p < 10�8).
Africans and four Norwegians) and unaffected individuals

(three South Africans and four Norwegians) (Figure 6A).

Given the small sample size, we conducted a combined

analysis (i.e., South African and Norwegian samples

analyzed together) and found that the relative expression

level of CTSB was significantly higher in the samples

from the affected individuals than in control individuals

(p ¼ 0.001) (Figure 6A). There was no statistically signifi-

cant difference in the expression of FDFT1 (p ¼ 0.29) or

NEIL2 (p ¼ 0.44) between the two groups. Fold changes

for each gene are shown in Tables S2–S4.

Immunohistochemistry of CTSB, FDFT1, and NEIL2

The abundance and localization of CTSB, FDFT1, and

NEIL2 were examined by histopathology and immuno-

histochemistry on biopsies of palmar skin from affected

and control individuals. As shown in Figure 6B, H&E

staining of the samples from affected individuals showed

a thicker epidermis and stratum corneum than did

staining of control palmar skin. Morphology was largely

normal, such that all epidermal layers and an orthokera-

totic stratum corneum were present. Because the biopsies

were taken from non-lesioned skin, no overt blistering

or stratum corneum splitting was visible and no paraker-

atosis was evident.1 CTSB was found to be present in

the stratum spinosum of normal skin in a granular

pattern throughout the epidermis, consistent with a lyso-

somal localization, whereas the protein was absent (five
744 The American Journal of Human Genetics 100, 737–750, May 4,
of seven individuals) or weak (two of seven individuals)

in the stratum granulosum (Table S2 and Figure 6B).

In biopsies from affected individuals, CTSB was found

in the stratum spinosum in a pattern similar to that in

normal control individuals and was always present in

the stratum granulosum, although it varied from weak

(three of seven individuals) to strong (four of seven indi-

viduals) (Table S2 and Figure 6B). Semiquantitative scores

for CTSB stratum granulosum staining were 0.3 5 0.5

(mean 5 SD) for normal skin and 1.7 5 1.0 for KWE-

affected skin (p ¼ 0.006, Mann-Whitney U test). We

found very faint staining of FDFT1 in the epidermal

layers but strong staining of the sweat glands, and there

was no apparent difference between affected and control

individuals (data not shown). We failed to obtain a reli-

able staining for NEIL2.

Chromatin Architecture of the Genomic Region

Encompassing the Enhancer

Enhancers can also affect the expression of remotely located

genes, and we therefore investigated the chromatin archi-

tecture of this genomic region. Low-resolution Hi-C data

generated in epidermal keratinocytes33 indicated that the

enhancer lies within a chromatin subdomain that includes

CTSB and FDFT1 (Figure S4A). Domain demarcations are

defined by CTCF binding and interactions, and CTCF chro-

mosomal interaction loops (e.g., investigated by ChIA-PET)

can be used for identifying topological domains.43 There are
2017



Figure 6. Comparison of the Expression of CTSB, FDFT1, and NEIL2 and Abundance of CTSB in Skin from KWE-Affected Individuals
and Ethnically Matched Control Individuals
(A) Quantitative real-time PCR was used for determining the expression of CTSB, FDFT1, and NEIL2 in RNA samples isolated from
epidermal tissue of the skin biopsies obtained from eight Norwegian and five South African individuals. Affected and control individuals
are shown as closed and open circles, respectively. For each gene, the individual expression levels are given as a fold change relative to the
mean value for all healthy control individuals (both Norwegian and South African). The p values were calculated with the Mann-Whit-
ney U test, including all healthy control individuals (n ¼ 7) and all KWE-affected individuals (n ¼ 6).
(B) Immunohistochemistry showing H&E staining (upper panels) of palmar skin biopsies of a healthy control individual (left) and KWE-
affected individual (right). Abbreviations are as follows: SC, stratum corneum; SL, stratum lucidum; SG, stratum granulosum; SS, stratum

(legend continued on next page)
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no available CTCF ChIA-PET data in epidermal keratino-

cytes, but CTCF binding sites in keratinocytes and breast

epithelial MCF-7 cells are highly conserved in this region

(Figure S4B).We therefore investigated CTCF loops detected

in a CTCF ChIA-PET study on MCF-7 cells.28 These data on

CTCF chromosomal interaction identified a domain that

included CTSB, FDFT1, and NEIL2, as well as the enhancer,

and a smaller subdomain containing only CTSB and the

enhancer within this region (Figure S4D). This hierarchical

CTCF-mediated domain architecture was predicted to also

occur in keratinocytes on the basis of an algorithm that

exploits the orientation of the CTCF motif in the binding

sites to predict CTCF-mediated interactions (Figure S4C).34

Next, we used RNAPII ChIA-PET data for the MCF-7 cell

line to detect interaction loops between transcriptionally

active promoters and enhancers.28 We identified RNAPII

interaction loops between the identified enhancer and the

CTSB promoter and extensive loops within CTSB in both

of the two RNAPII ChIA-PET replicates (Figure S4E), consis-

tent with our other data showing that the enhancer regu-

lates CTSB. Notably, we did not detect any RNAPII interac-

tion loops between the enhancer and FDFT1 or NEIL2

(Figure S4E), or any other more remotely located genes.
Discussion

Twenty years ago, KWE was mapped to the short arm of

chromosome 8 (8p23.1–p22),4 but the causal mutation re-

mained elusive. Here, we report two tandem non-coding

DNAduplications that are located in theKWEcritical region

and segregate with the disease in eight South African (7.67

kb) and two Norwegian (15.93 kb) families. The duplica-

tions have a 2.62 kb overlap at the site of an active enhancer

upstream of CTSB (Figure 3), a region also known to bind

several transcription factors, including the keratinocyte

master regulator p63 (Figure 3). No similar small duplica-

tions in non-coding DNA, including this enhancer region,

have previously been reported (Figure S3),whereas large du-

plications overlapping the enhancer region and at least

CTSBor bothCTSB and FDFT1 (and several genesupstream)

have been described in many unaffected individuals

(Figure S3). This is in line with previous reports on absent

or minor phenotypic effects associated with large duplica-

tions encompassing both a regulatory region and its target

genes44 and stronger effects caused by smaller duplica-

tions.45 Interestingly, tandem duplications of regulatory

regions have thus far primarily been described as causa-

tive for limb- and skull-malformation disorders and sex-

reversal phenotypes and not for disorders with recurrent

symptoms, such as KWE.45–49 Our data point to the dupli-

cated enhancer as the genetic cause of the KWE pheno-
spinosum; SB, stratum basale; and D, dermis. The scale bar represent
Lower panels show CTSB staining of serial sections of the same indiv
sum of control and KWE skin. Note that CTSB staining is absent in the
stratum granulosum of KWE-affected skin.

746 The American Journal of Human Genetics 100, 737–750, May 4,
type and hence to an unusual and intriguing disease

mechanism.

Duplication of an enhancer region can have complex

long-range cis-regulatory effects and/or affect the topolog-

ical chromatin domain structure, causing unexpected dys-

regulation of even remotely located genes.49 However, the

most common effect of such a duplication is increased

expression of the proximal target gene(s),47 and our data

point to the latter mechanism in KWE. There was a signif-

icant increase in relative CTSB expression in the epidermis,

as well as stronger CTSB staining in the stratum granulo-

sum of non-lesioned palmar skin from KWE-affected indi-

viduals than in that of healthy control individuals (Figures

6A and 6B). Additional data also point to CTSB as the

normal target for the non-duplicated enhancer. First, the

activity of the enhancer correlated with the expression of

CTSB, but not FDFT1 or NEIL2, during keratinocyte differ-

entiation (Figure 4), and this correlation was strongly sup-

ported by ENCODE histonemarker data in several cell lines

(Figure 5). Second, the enhancer was involved only in

RNAPII chromatin interaction loops with the promoter

of CTSB and not with the FDFT1 or NEIL2 promoters

(Figure S4E).

Our analysis of published chromatin data on NHEK and

MCF-7 cells did not support interactions between the

enhancer and remote targets (Figure S4). These data dis-

played different topological subdomains in the KWE crit-

ical region: one encompassing only the enhancer and

CTSB and a larger one also including FDFT1 and possibly

NEIL2 (Figures S4A–S4D). The interdomain interactions

in the KWE critical region (in MCF-7 cells) were contained

almost exclusively within the largest of these predicted

subdomains, including NEIL2 (Figure S4E), making it

less likely that the enhancer targets genes outside this

domain.

CTSB encodes CTSB, a lysosomal protease that is

localized throughout the epidermal layers and secreted

into pericellular spaces.10 Keratinocyte cornification and

desquamation are controlled by a finely tuned balance be-

tween different proteases (including several cathepsins)

and their inhibitors.50,51 Interestingly, loss-of-function

mutations in the gene encoding cystatin A (CSTA [MIM:

184600]), an important inhibitor of CTSB, causes acral

peeling skin syndrome (MIM: 607936)52 and exfoliative

ichthyosis (MIM: 607936),53 which have skin desquama-

tion phenotypes very similar to KWE. Deficiency of cysta-

tin M/E, a cysteine protease inhibitor that also targets

CTSB, causes an ichthyosis phenotype in mice.54 Loss-of-

function mutations in other cathepsins have also been

shown to cause skin phenotypes in both humans and

animals;10,55–61 a pertinent example is Papillon Lefèvre

syndrome (MIM: 245000), which is characterized by
s 50 mm. Note the increased epidermal thickness of the KWE skin.
iduals. CTSB is present in a granular pattern in the stratum spino-
stratum granulosum of control skin, whereas it is abundant in the
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palmoplantar hyperkeratosis, periodontal disease, andmu-

tations in cathepsin C (CTSC [MIM: 602365]).61

The puzzling intermittent occurrence of the epidermal

peeling, the predilection of lesions to palmoplantar skin,

and the variable inter- and intrafamilial manifestation of

KWE point to a labile state caused by the dysregulated

expression of CTSB in the epidermis. This situation could

imply a risk of shifting the normal balance between

CTSB activity and its inhibitors, such as CSTA, which is

also present in the stratum spinosum and granulosum62

and secreted in normal sweat.63 It is likely that triggering

environmental factors could disturb this balance, for

example, by inducing changes in transcription factor levels

and/or altering the chromatin topology of the region,

causing sudden fluctuations in the expression of CTSB.

Interestingly, more CTSB was confined to the stratum

granulosum in KWE-affected individuals than in con-

trol individuals (Figure 6B). This layer is subjected to

apoptosis and temporary degradation during KWE exacer-

bation,13 possibly because the secretion of CTSB rises

above a threshold and triggers the lysosomal apoptosis

pathway.64 Further studies are clearly warranted for the

investigation of the pathophysiological effects of upregu-

lated CTSB, as well as the therapeutic potential of CSTA

and other protease inhibitors in KWE and related diseases.

In conclusion, we have shown that KWE in South Afri-

can and Norwegian families is caused by two different

tandem duplications in a non-coding genomic region

upstream of CTSB. The duplications, which overlap at

the site of an active enhancer element in keratinocytes,

are associated with increased epidermal accumulation of

CTSB, a crucial cysteine protease for keratinocyte differen-

tiation and desquamation.
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