Hum Genet (2005) 116: 167-171
DOI 10.1007/s00439-004-1193-8

ORIGINAL INVESTIGATION

Thomas G. Saba - Alexandre Montpetit - Andrei Verner
Pierre Rioux - Thomas J. Hudson - Régen Drouin
Christian A. Drouin

An atypical form of erythrokeratodermia variabilis maps

to chromosome 7q22

Received: 21 June 2004/ Accepted: 7 September 2004 / Published online: 25 November 2004

© Springer-Verlag 2004

Abstract Erythrokeratodermia variabilis 3 (Kamouraska
type) or EKV3 is a newly described autosomal recessive
disorder observed in patients from the Bas St-Laurent
region of Quebec. It has similar skin lesions as observed
for EKV, including congenital hyperkeratosis and red
patches of variable sizes, shapes, and duration. EKV3 is
also characterized by ichthyosis, sensorineural hearing
loss, peripheral neuropathy, psychomotor retardation,
congenital chronic diarrhea, and an elevation of very
long chain fatty acids (VLCFAs). To map the disease
locus, we performed candidate gene analysis and a ge-
nomewide scan to identify a common homozygous re-
gion in affected individuals from three non-
consanguineous families. Mutations in connexin 31
(GJB3) and connexin 30.3 (GJB4), implicated in previous
reports of EKV, and connexin 26 (GJB2), implicated in
palmoplantar keratoderma, were unlikely given the lack
of shared homozygous haplotypes in the regions sur-
rounding these genes. The most promising region of
common homozygosity observed in a 4,600 single-
nucleotide polymorphism genome scan was further
characterized by using microsatellites. A 6.8-Mb region
on chromosome 7 between D7S2539 and rs727708 was
found to be homozygous for the same haplotype in all
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affected individuals but not in the parents or an unaf-
fected sibling. This region contains connexin 31.3
(GJEI), and although no mutation have been observed
in the coding region of this gene, further analyses are
required in order to exclude it. Identification of the gene
responsible for this disorder will provide insights into
the etiology of this multisystemic disorder.

Introduction

Erythrokeratodermia variabilis (EKV; MIM 133200) is
a congenital disease of the skin and causes hyperkera-
tosis and red patches of variable sizes, shapes, and
duration (Richard et al. 2000). EKV is usually inherited
as an autosomal dominant disease resulting from
mutations in connexin genes. Connexins are a group of
approximately 20 genes that encode gap junctions
channels allowing intercellular communication (Sohl
and Willecke 2004). Mutations in connexin 31 (GJB3)
and connexin 30.3 (GJB4), located within a region con-
taining four connexin genes on chromosome 1p34-35,
have been linked to the dominant form of EKV. GJB3
has also been implicated in peripheral neuropathy and
sensorineural hearing impairment (Lopez-Bigas et al.
2001; Macari et al. 2000; Plantard et al. 2003). A recent
study suggests that a specific mutation in connexin 31,
whereby a leucine residue is replaced with a proline, may
also cause a recessive form of EKV (Gottfried et al.
2002). Mutations in connexin 26 (GJBZ2) on chromosome
13 cause palmoplantar keratoderma and syndromic
hearing impairment (Leonard and Freedberg 2003; Ra-
bionet et al. 2000). There are also several forms of EKV
or EKV-like syndromes of unknown genetic etiology
(Itin et al. 2003; Levy et al. 2003).

Five children from three families originating from the
Kamouraska region of the province of Quebec have
been diagnosed with an atypical form of EKV; this form
is similar to a disorder previously described by Beare
(1972) and includes sensorineural deafness, peripheral
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Fig. 1 Pedigrees of three families of the Kamouraska region with
EKV3

neuropathy and psychomotor retardation (Fig. 1). In
addition to these symptoms, the Kamouraska patients
have congenital diarrhea, an elevation of very long chain
fatty acids (VLCFAs), and a recessive mode of inheri-
tance (see Table 1). Two of the children died at an early
age from severe congenital diarrhea. This unique and
atypical form of EKV in the Kamouraska region is thus
a novel disorder, termed erythrokeratodermia variabilis
3 (Kamouraska type) or EKV3.

All three families are likely to share common ances-
tors, as they live in a relatively isolated population
descended from founders of French origin who settled
the region in the seventeenth and eighteenth centuries.
Given the rarity of the disorder across the world, one
can assume that the parents are carriers of the same
mutation, which is present on a common extended
haplotype. We decided to investigate the genetic cause of
this new disease by homozygosity mapping. Homozy-
gosity mapping with a single-nucleotide polymorphism
(SNP)-based genomewide scan and microsatellite
markers has allowed us to reject GJB3 on chromosome 1
as a candidate gene and to identify a large region on
chromosome 7 that is identical by descent in all affected
individuals but not in an unaffected first-degree relative.

Materials and methods

Ten individuals were available for the genetic study of
EKV3: three sets of parents, three affected children, and
one unaffected sibling (Fig. 1). Peripheral blood was
taken at Le Service de Dermatologie du CHRGP de
Riviére-du-Loup and sent to the Hopital St-Frangois
d’Assise. Lymphocytes were isolated, and lymphoblastic
cell lines were produced by using Epstein-Barr virus
(Tremblay and Khandjian 1998). Genetic material of
affected individuals and unaffected siblings and parents
was isolated from the lymphoblasts. DNA was purified
by the usual phenol-chloroform procedure (Drouin et al.
2001). The study was approved by the Institutional
Review Board of the Hopital St-Frangois d’Assise, and
informed consent was obtained from all family mem-
bers.

Microsatellite marker information was obtained from
the July 2003 assembly of the UCSC Genome Browser.
Polymerase chain reactions (PCR) were performed un-
der standard conditions on a GeneAmp PCR System
9700 (Applied Biosystems), and products were separated
on 3700 or 3730 DNA Analysers (Applied Biosystems).
Genotypes were determined by using Genescan, Geno-
typer and GeneMapper software.

The genomewide scan was performed with the Illu-
mina linkage set III, which consists of 4,637 SNP
markers distributed evenly throughout the genome. All
reactions were carried out by using the Illumina Bead-
Array System according to the manufacturers protocol
(Oliphant et al. 2002).

Primer design for sequencing was performed by using
the Primer3 program (http://frodo.wi.mit.edu/cgi-bin/
primer3/primer3_www.cgi). Primers used for sequencing
GJEI and for confirming SNP heterozygosity are shown
in Table 2. Sequencing was carried out on the ABI 3700

Table 1 Comparison of clinical
Symptoms

Kamouraska type EKV

Atypical EKV PBDs

KEKV01-03

KEKV02-03 KEKV03-03

Erythema +

Icthyosis

Lesions affected by
external factors

Congenital sensorineural +
deafness

Non-congenital sensorineural
deafness

Peripheral neuropathy

Psychomotor retardation

Growth retardation

Congenital diarrhea

Elevation of VLCFAs

High forehead

Mongoloid facial appearance

Hypotonia in lower limbs +

Cortical atrophy

Finger and toenail thickening

Absence of tendon reflexes

Inheritance pattern

T+

findings in Kamouraska type
EKYV, in atypical EKV, and in
peroxisomal biogenesis
disorders (PBDs). AR
Autosomal recessive, 4D
autosomal dominant

All over body
+

AR

+ + +
In extremities In extremities + +
+ +

+ + +

4+
+

ottt
A+

AR ? AR+ AD
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Table 2 Primers used .
Primer

Forward primer (5 — 3')

Reverse primer (5" — 3')

For GJEI sequencing
Cx31.3Exla
Cx31.3Ex1b
Cx31.3Ex2
Cx31.3PseudoA
Cx31.3PseudoB

For SNP sequencing
13294
rs219798

ggagtgacaaggtggactgg
accacctgtatgggttccag
tttectggttcttcacctge
cctgggcaacagaggtctt
accacctgtatgggttccag

tatctgaattcacaagtgtcattaaa
atcgcttgagctagggaggt

cgggacagattgcaggttat
gggacaacggactagcactc
tgtcacatgtatagaaaatggtgaa
ccccaaacatggcettttaga

cgtggctggaggaagagg

gcaattccttatgatcactaactttt
cttcggegteccaaagtt

and ABI 3730 DNA analyser platforms as described
elsewhere (Engert et al. 2002). Sequences were analyzed
by using Sequencing Analysis software version 3.6
(Applied BioSystems, Foster City, Calif.,, USA) and
were aligned with Autoassembler 2.1.1 (Applied Bio-
Systems) and the Phred/Phrap/Consed System (http://
www.phrap.org)/).

Results

The involvement of GJB3 in a recessive form of EKV
with sensorineural deafness and peripheral neuropathy
implicates this gene as a prime candidate. However, the
genotypes of three microsatellite markers, DI1S2783,
D1S52613, and D1S3463, located in the 1p34-35 region,
revealed no common shared haplotype between affected
individuals (data not shown). Furthermore, an unaf-
fected sibling (KEKVO02-04) inherited the same two
chromosomes as his affected sister; this would be
incompatible with fully penetrant recessive mutations at
this locus. Therefore, GJB3, and the three other connexin
genes in the region, GJB4, GJB5 and GJA4, were ex-
cluded as the cause of EKV3.

We subsequently decided to perform a genomewide
scan to identify a homozygous region shared by all three
affected individuals. The Illumina linkage set consists of
4,637 polymorphic SNPs, covering the human genome
with an average inter-SNP distance of 0.78 cM. Krugl-
yak (1999) has previously estimated that a 1-cM to 2-cM
bi-allelic map of polymorphic markers can extract most
of the inheritance information. Furthermore, the aver-
age information content of the set is 95%, which is
higher than standard microsatellite-based genome scan
panels. Using this set, we obtained a genotyping call rate
of 99.5%, and the reproducibility and Mendelian
inheritance error rates were both below 0.1%. The SNP
genotyping data at 1p34-35 supported the microsatellite
analysis in excluding this locus. No homozygous SNP
alleles and haplotypes were shared among affected
individuals in the vicinity of GJB3. In addition, there
was no evidence of shared homozygosity near GJB2 on
chromosome 13, a gene implicated in palmoplantar ke-
ratoderma and hearing loss.

The global analysis of the genome scan data involved
a search for regions of complete shared homozygosity
consisting of at least three consecutive informative SNPs
covering more than 1 Mb. Only five such regions were

observed on the studied autosomal chromosomes:
chromosome 3q22 between markers rs1502186 and
rs768496 (four SNPs; 2 Mb); chromosome 5p12 between
markers rs10522 and rs726941 (three SNPs; 1.2 Mb);
chromosome 10pl4 between markers rs942434 and
rs1623807 (three SNPs; 1.8 Mb); and two adjacent re-
gions on chromosome 7q22 of six and four consecutive
SNPs spanning 1.5 and 2.2 Mb, respectively (Fig. 2). In
the first four regions, the unaffected sibling was homo-
zygous for the same alleles as his affected sibling. In
addition, for all patients, except for patient 10
(KEKVO01-03) at the chromosome 5pl2 locus, the
stretch of homozygosity in single individuals did not
extend further than the shared common region of
homozygosity observed in the three patients (data not
shown). In contrast, the 2.2-Mb region on chromosome
7 was a result of the intersection of large homozygous
regions observed in each patient, spanning 10, 4, and 12
Mb, respectively (Fig. 2).

To refine the region and confirm shared homozy-
gosity, we added 17 microsatellite markers on chromo-
some 7 (Fig. 2). We determined the boundaries of the
region of shared homozygosity to lie between rs219798
and rs727708 spanning a distance of 4.6 Mb. The pres-
ence of a heterozygous SNP (rs219798) at the border of
the common shared haplotype in individual KEKV01-03
was surprising. The heterozygous genotype divided what
would otherwise be a large 20-Mb homozygous stretch.
We hypothesized that this could correspond to a geno-
typing error. However, the observation was confirmed
by sequencing the SNP. In this process, another het-
erozygous SNP (rs219797) was identified 48 bp from
rs219798. Moreover, the mother (KEKV01-02) was
homozygous for the allele that differed from the com-
mon shared haplotype, supporting the findings of het-
erozygozity at these markers. The mother otherwise
appeared to have the EKV3 chromosome on both sides
of these SNPs. Given the possibility of a gene conversion
for this marker that could be unrelated to EKV3 (see
below), we defined a centromeric border of the shared
region of homozygosity at marker D7S2539, for a total
length of the shared interval identical-by-descent esti-
mated to be 6.8 Mb.

This 6.8-Mb region of chromosome 7 contains
approximately 100 genes. Interestingly, one of these
genes is connexin 31.3 (GJEI). Because of the role of
connexins in several skin and hearing disorders, this
gene is a likely candidate. We sequenced the two known
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Children Parents
Marker Position on KEKv02-04 KEKV0+03 KEKV02-03 KEKV03-03 KEKV0+01 KEKV0102 KEKV02-01 KEKV02-02 KEKV03-01 KEKV03-02
Build 34
rs9008 91114436 3 2 3
D751813 91164761 116 128
D7S657 92418215 256 256
rs722263 92498841 4 4
D752430 92824596 142 134
rs1326152 93391882 2 2
rsB54731 93590407 11
rs961262 93688278 3 3
rs1859121 93933696 3 3
rs1053275 93958286 1 1
D7S2431 94754607 104 118
D7s821 95669530 261 257
rs1917486 95853334 3 1
D75479 95944876 117 119
D752539 95997461 262 240
D7s618 96930395 145
D75554 96936586 0
rs1229560 97042895 3
rs1047035 98055684 4
D7S651 98159957 0
rs3294 98259762 3
rs219797 08261448 3
rs219798 98261496 1
SMURF1a 98261542 0
D7S2498 99118001 0
rs1865472 99122960 1
GJEla 99137980 3
GJE1b 99138097 4
D752480 99667052 202
rs1617640 99928695 4
D75477 100336840 176
rs11178 100341265 4
D7S662 100724046 203
rs201492 101314319 4
D75518 101422399 178
rs727708 102891475 3 1 3 1 1
D7S2504 103025566 205 195 203 203 213
rs39400 103054413 1 1 1 3 1
D751799 103755437 181 181 177 181 181
rs1010340 103824126 2 4 2 2 2
rs234 105121666 2 4 2 2 4

Fig. 2 Affected individuals share a region of homozygosity
spanning 6.8 Mb. The disease chromosome is shaded. The region
of shared homozygosity in the three affected children is framed

coding exons of GJEI and a possible downstream
connexin-like pseudogene in all samples. However, no
missense mutation was observed. Two SNPs in the 3’
untranslated region were found only in parents and the
unaffected sibling.

Discussion

A 6.8-Mb haplotype on chromosome 7 has been observed
to be homozygous in three affected individuals from three
non-consanguineous families derived from a young
founder population of Quebec. The presence of a common
shared haplotype in these individuals is consistent with the

with a solid line. A second region of homozygosity, which was
initially observed with SNP marker from the genome scan, is
framed with a dotted line

hypothesis that they share the same mutation identical by
descent. The 6.8-Mb interval defined by 12 SNPs and eight
microsatellites is thus likely to harbor the disease muta-
tion. The presence of a small heterozygous interval in an
otherwise long homozygous stretch in patient KEKVO01-
03 is consistent with a gene conversion event that occurred
in the recent ancestry of the haplotype inherited from the
mother. Given that this phenomenon is not observed in
the two other families, we believe that this observation is
not relevant to the EKV3 mutation. A problem in the
genome assembly in this region has been considered.
However, by comparisons with the sequences of the
mouse and the rat, we could not find any evidence of
misassembly (data not shown).



GJEI has not previously been reported as a cause of
EKYV or any other disease. In mice, GJE! is expressed in
myelinating glial cells in the peripheral and central ner-
vous systems but has not been investigated in keratino-
cytes (Altevogt et al. 2002). The sequence of the two
known coding exons of the GJEI gene and a down-
stream connexin-like pseudogene has revealed no mis-
sense mutations. Further work requires the analysis of
regulatory regions of the gene and a search for alternate
exons, prior to an analysis of other genes found in the
6.8-Mb disease interval.

Although many of the symptoms of EKV3 are
strikingly similar to those of peroxisomal biogenesis
disorders, such as Refsum’s disease or Zellweger syn-
drome (see Table 1), several lines of evidence suggest
that they are separate diseases. In patients with Zell-
weger syndrome, deafness is observed in only 40% of the
patients (Naidu and Moser 1994). In another study,
Baumgartner et al. (1998) have observed seven Refsum’s
disease patients with digestive problems, sensorineural
hearing loss, elevated VLCFAs, and peripheral neu-
ropathy. However, in contrast with EKV3 patients,
deafness is less marked and not congenital. Further-
more, no anomaly in peroxisomal enzyme levels has
been observed in EKV3 patients (data not shown). It is
expected that peroxisomal and connexin-induced dis-
eases exhibit similar symptoms: both induce a distur-
bance in the transport of electrical current, the first by its
action on the production of myelin and the second by
interfering with ion transportation during intercellular
communication (Sohl and Willecke 2004). Finally, no
obvious peroxisomal gene is present in the candidate
region on chromosome 7.

In conclusion, we have identified a 6.8-Mb region on
chromosome 7 that harbors a disease gene causing
EKV3, an atypical form of EKV specific to the
Kamouraska region of the province of Quebec.
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