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Abstract

Hypotrichosis with juvenile macular dystrophy (HJMD) and
ectodermal dysplasia, ectrodactyly and macular dystrophy
(EEM) are both caused by mutations in the CDH3 gene. In this
report, we describe a family with EEM syndrome caused by
a novel CDH3 gene mutation and review the mutation spec-
trum and limb abnormalities in both EEM and HJMD. A pro-
tein structure model showing the localization of different
mutations causing both syndromes is presented. The CDH3
gene was sequenced and investigation of the mutations per-
formed using a protein structure model. The conservation
score was calculated by ConSurf. We identified a novel CDH3
gene mutation, p.G277V, which resides in a conserved resi-
due located on a B-strand in the second cadherin domain.
Review of the data on previously published mutations
showed intra-familial and inter-familial variations in the se-
verity of the limb abnormalities. Syndactyly was the most
consistent clinical finding present in all the patients regard-
less of mutation type. The results of our study point to a phe-
notypic continuum between HIMD and EEM. It is important

for genetic counseling to keep in mind the possible clinical/
phenotypic overlap between these 2 syndromes and to be
aware of the possible risk of limb abnormalities in future
pregnancies in families with HIMD syndrome. CDH3 gene
mutation screening is recommended in patients with both
these syndromes as part of the work-up in order to offer ap-

propriate genetic counseling. Copyright © 2011 S. Karger AG, Basel

Hypotrichosis with juvenile macular dystrophy
(HIMD; OMIM 601553) is a rare autosomal recessive dis-
order characterized by sparse scalp hair and progressive
macular degeneration resulting in severe visual impair-
ment. The disease is caused by mutations in the CDH3
gene (MIM 114021), encoding the classic cadherin mol-
ecule P-cadherin [Sprecher et al., 2001]. Cadherins are
integral membrane glycoproteins responsible for calci-
um-dependent cell-cell adhesion at adherens junctions.
-Catenin physically links the actin cytoskeleton to the
cytoplasmic tail of P-cadherin [Yagi et al., 2000]; it is as-
sociated with the P-cadherin promoter and activates its
expression in a cell-type specific manner [Faraldo et al.,
2007]. P-cadherin is highly expressed in retinal pigment
epithelium and in the hair matrix at various stages of de-
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velopment of these tissues [Shimoyama et al., 1989; Miil-
ler-Rover et al., 1999]. Mutations in the CDH3 gene also
cause autosomal recessive ectodermal dysplasia, ectro-
dactyly and macular dystrophy (EEM; OMIM 225280), a
syndrome characterized by hypotrichosis, macular dys-
trophy and limb defects such as ectrodactyly, syndactyly
and camptodactyly. Mutations have been identified in
only 2 families with EEM syndrome [Kjaer et al., 2005].
No genotype-phenotype correlations have been estab-
lished for either EEM or HIMD syndromes. As opposed
to some ectodermal dysplasia syndromes, such as hypo-
hidrotic (or anhidrotic) ectodermal dysplasia (HED or
EDA), which is characterized by sparse hair, missing or
scanty eye brows and lashes, severe oligodontia, absent or
reduced sweating, as well as defects in a number of other
ectodermal organs, patients with EEM and HJMD syn-
dromes do not have sweating disorders but may have den-
tal problems [Balarin Silva et al., 1999].

In this study, we describe a family with EEM syn-
drome caused by a novel CDH3 gene mutation and review
the mutation spectrum and limb abnormalities in both
EEM and HJMD syndromes. A protein structure model
showing localization of different point mutations causing
both EEM and HJMD syndromes is presented.

Materials and Methods

CDH3 Gene Sequencing

All 16 exons and exon-intron border regions in the CDH3 gene
were sequenced on both strands as described previously [Kjaer et
al., 2005].

Prediction of the Structure of Human Cadherin 3

A template structure for human cadherin 3 was sought using
HHpred [S6ding, 2005; S6ding et al., 2005] against the protein
database (PDB). The result with the highest score was that of
mouse EP-cadherin (PDB 1Q55) [He et al., 2003]. The sequence
identity between human cadherin 3 and mouse EP-cadherin is
54%. The structure model was then built using NEST [Petrey and
Honig, 2000] and validated with ProsA [Sippl, 1993; Wiederstein
and Sippl, 2007], ProQ [Wallner and Elofsson, 2003] and Ramach-
andran plot analysis using the RAMPAGE webserver [Lovell etal.,
2003]. The conservation score calculated by ConSurf [Landau et
al., 2005], based on 21 unique sequences of various cadherins all
containing 5 cadherin domains, was projected onto the 2 struc-
ture models in order to determine whether the conserved amino
acids were in the core of the protein structure and the variable
amino acids on its periphery. The ConSurfresults also support the
mutation analysis (for details, see online supplementary figure 1,
www.karger.com/doi/10.1159/000327156). The figures were gen-
erated using PyMol (PyMol Molecular Graphics System; DeLano
Scientific, Palo Alto, Calif., USA).

224 Mol Syndromol 2010;1:223-230

Results

Clinical Evaluation

The clinical details on this family have been described
previously [Senecky et al., 2001]. The affected individuals
from this family were recently re-evaluated in the genet-
ics clinic. Briefly, the healthy nonconsanguineous par-
ents are of Yemenite Jewish origin and there is no positive
family history of eye, limb or hair problems.

Patient 1

The first affected child, a girl, was born at term after a
normal pregnancy with a birth weight of 2,750 g. Her cur-
rent cognitive development is normal and no dysmorphic
features were noted on physical examination at the age of
20 years. Her weight was 46.5 kg (-2 SD), height 158 cm
(-1 SD) and occipitofrontal head circumference 51.5 cm
(-2 SD). Her hair was sparse and slow growing with nor-
mal eyebrows and eyelashes. The teeth were normal. Ex-
amination revealed a mildly hypoplastic nail on the sec-
ond finger of the right hand (fig. 1A). At the age of 9 years,
bilateral macular degeneration was diagnosed by retinos-
copy. Fundoscopy at the age of 18 years showed bilateral
symmetrical atrophy and scarring of the macula and
hemorrhages around the macula. In addition, macular
hyperpigmentation was present as detected by photo-
graphic fluorescein angiogram and color fundus photog-
raphy. On visual field examination at the age of 20 years,
right central and cecocentral scotoma and left central and
temporal scotoma were detected. On skeletal X-ray, hy-
poplasia of the distal phalanx of the right second finger
was present (fig. 1B). Microscopic examination of the hair
showed pili torti (fig. 2A-F).

Patient 2

The second affected child, a boy, was born at term after
anormal pregnancy with a birth weight of 3,100 g (-1 SD).
His cognitive development is completely normal. On ex-
amination at the age of 16 years, he was nondysmorphic.
Limb examination showed a hypoplastic nail on the sec-
ond finger of the right hand with camptodactyly and
scarring between the right second and third fingers re-
sulting from surgery to correct cutaneous syndactyly
(fig. 1D). His hair was sparse, curly and slow growing
(fig. 1C). Teeth were normal. He was referred for ERG and
examination of the eye fundus and visual fields but re-
fused to undergo these tests. However, at the age of 7
years, he was found to have visual disturbance, and, at 10
years 9 months, VEP and ERG revealed unilateral neural
optic dysfunction of the right eye and unilateral retinal
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Fig. 1. Clinical and radiographic features.
A Right hand of patient 1 showing the hy-
poplastic distal phalanx of the second fin-
ger. B Anteroposterior radiograph of the
right hand of patient 1 at the age of 12%
years showing the hypoplastic distal pha-
lanx of the second finger. C Sparse and
curly hair of patient 2. D Right hand of pa-
tient 2 showing a hypoplastic nail on the
second finger with camptodactyly and the
presence of scarring between the second
and third fingers.

Fig. 2. Scanning electron microscopy of
the hair. Scanning electron microscopy of
the hair of patient 1 with original magni-
fication X50 (A, B) and light microscopy
with original magnification of x40 (C, D),
X 70 (E) and %50 (F). A The periodic twists
of the hair shaft (pili torti). B Hair shaft
with sharp angle folding. C Flattening of
the hair shaft and a straight band. D Flat-
tening and angulations along a hair shaft.
E Polarized light microscopy of pili torti
and hair shaft twisting of 180°. F Flatten-
ing and angulations along a hair shaft.

impairment in the left eye. Microscopic examination of
the hair showed the same findings as in patient 1.

Molecular Studies

Both the affected brother and sister are homozygous
for a missense mutation (c.830G—T; p.G277V) in the
CDH3 gene. The father, mother and an unaffected older

Mutations and Limb Abnormalities in
EEM Syndrome

brother are all heterozygous for the mutation. This muta-
tion has not been reported before in either EEM or HHMD
syndrome. The amino acid is highly conserved between
species and between different human cadherins (Con-
Surfresults, online suppl. figure 1), and the mutation was
not found in 178 control chromosomes of Yemenite Jew-
ish origin.
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Table 1. Limb abnormalities in patients with EEM or HIMD syndrome and identified CDH3 mutations
Clinical ~ Mutation Hands Feet Reference
diagnosis
EEM 829delG/829delG Absent proximal, middle and distal Syndactyly of toes  Albrectsen and Svendsen, 1956;
phalanges, interstitial polydactyly; Kjaer et al., 2005
syndactyly of fingers
EEM 965A—T/965A—T Different degrees of syndactyly of Normal Balarin et al., 1999;
2-3,2-4 or 1-4 fingers Kjaer et al., 2005
HJMD IVS2+1G—A/E504K Normal Bilateral bipartite Indelman et al., 2007
patella and left foot
syndactyly
EEM 830G—T/830G—~>T Hypoplastic nails, hypoplasia of Normal Present study
distal phalanges, camptodactyly,
fingers cutaneous syndactyly
Bioinformatics The mutations so far reported in EEM and HIMD syn-

The CDH3 gene resides on 16q22.1 [NM_001793] and
has 16 exons (all coding), spanning 54,807 genomic base-
pairs (68,678,151-68,732,957). The mRNA consists of
4,276 bps, and it is translated to a large protein of 829
residues [NP_001784]. CDH3 is a calcium-dependent cell
adhesion protein found in the cell membrane. It has 2
known isoforms, P22223-1 and P22223-2, the latter dif-
fering from the canonical sequence between residues 761
and 829 [data from Uniprot: P22223 (CADH3_HU-
MAN)]. CDH3 consists of 5 domains (cadherin 1-5). The
localization of the p.G277V mutation on the University
of California Santa Cruz genome browser (UCSC) is
shown in figure 3.
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dromes and their genomic localization are depicted in
figure 3A and enlarged in figure 3B. A mammalian con-
servation scheme is depicted, as determined by the UCSC
genome browser (fig. 3A), showing high conservation, es-
pecially in the exon regions. Fourteen out of 18 mutations
lie between exons 5 and 14 (fig. 3B).

The structure model of human cadherin 3 (fig. 4) was
constructed based on the EP-cadherin X-ray structure
(PDB 1Q55). G277 is located on the fifth B-strand of the
second cadherin domain (fig. 4A). It is involved in the
hydrogen bond network between the second and fifth 3-
strands (fig. 4B) and is buried in the core of the domain
(tig. 4E). This position is highly conserved (ConSurf re-
sults, online suppl. figure 1).
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Fig. 4. A structure model of human cadherin 3. A The 5 cadherin
domains are colored red, orange, yellow, green, and blue. Calcium
ions, as found in EP-cadherin crystal, are shown as gray spheres.
The missense mutations are shown as colored spheres and marked
in the figure. B G277 is shown as sticks and colored according to
the elements (oxygen in red, nitrogen in blue, carbon in green). It
is located on a B-strand in the second cadherin domain. The resi-
dues of the second and fifth B-strands are shown as sticks. Three
hydrogen bonds between the main chains of the 2 3-strands are
shown as dashed yellow lines (T232-V278, $233-1279 and V238-
G277). €N322 is shown as sticks and colored according to the ele-
ments (as described above). It is located close to a calcium ion (2.4

Discussion

We report on a family with EEM syndrome and a nov-
el missense CDH3 gene mutation. Table 1 shows limb ab-
normalities in patients with EEM or HJMD syndrome
and identified CDH3 mutations, and table 2 shows the
clinical features in reported patients with EEM and
HJMD and the CDH3 mutations.

We investigated this and other previously reported
missense mutations using the protein structure model.
The G277V mutation lies within a conserved site in the
fifth 3-strand of the second cadherin domain, a location
that may be critical for the protein’s structure. Glycine
and valine are both non-polar, aliphatic amino acids.
However, as the side-chain of valine requires a larger

Mutations and Limb Abnormalities in
EEM Syndrome

angstroms). D H575 is shown as sticks and colored according to
the elements (as described above). It is located in the fifth domain,
in close proximity to N542 in the fourth domain (3.5 angstroms).
E van der Waals spheres representation of G277 and residues 5
angstroms away. G277 is shown in green. It is located on the second
domain (orange). F E504 is shown as sticks and colored according
to the elements (green carbons). It is located in the fourth domain.
In the X-ray structure of EP-cadherin, this residue (shown in pur-
ple) is in close proximity to a calcium ion. G R503 is shown as sticks
and colored according to the elements. It is located in the fourth
domain, in close proximity to N512 (3 angstroms).

space than that of glycine, the substitution of G to V may
hamper the original structure of the protein, which may
break the hydrogen bond between V238 and G277.

All 5 previously published missense mutations caus-
ing EEM and HJMD are located in loops that connect the
cadherin domains. These loops are known to be calcium-
binding sites, which are an essential property of the func-
tion and stability of the cadherins [van Roy and Berx,
2008]. More specifically, N322 and R503 are both located
close to a calcium ion (fig. 4C, G, respectively). They are
highly conserved among various cadherins. Substitu-
tions of these residues may prevent the protein from
binding the Ca®" ions due to the change in charge [Indel-
man et al., 2002; Kjaer et al., 2005]. H575 is located in the
fifth domain, in close proximity to D542 in the fourth

Mol Syndromol 2010;1:223-230 227



Table 2. Clinical features in reported patients with EEM and HIMD and CDH3 mutations

Mutation Clinical Scalp hypo- Macular pigment Limb Additional clinical ~ Reference
diagnosis trichosis degeneration abnormalities  findings
981delG/981delG HJMD + + - Sprecher et al., 2001
R503H/R503H HJMD + + - Indelman et al., 2002
L168X/2112delG HJMD + + - Atopic dermatitis ~ Indelman et al., 2003
462delT/462del T HJMD + + - Indelman et al., 2003
829delG/829delG HJMD + + - Keratosis pilaris Indelman et al., 2003
R503H/R503H HJMD + + - Indelman et al., 2003
R503H/R503H HJMD + + - Centrofacial Indelman et al., 2003
lentigines
N3221/N3221 EEM + + + Kjaer et al., 2005
Y615X/Y615X HJMD + Symmetrical marked - Indelman et al., 2005
central pigmentary scar
IVS2+1G— A/E504K HJMD + + + Indelman et al., 2007
R221X/H575R HJMD + + - Discolored primary Indelman et al., 2007
teeth, nail dystrophy
(resolved with time)
IVS10-1G—T/IVS10-1G—T HJMD - Jelani et al., 2009
c.IVS10-1G—A/IVS10-1G— A HJMD - Kamran-ul-Hassan
etal., 2010
IVS12-2A—G/IVS12-2A—->G HJMD + NR, severe visual - Shimomura
impairment etal., 2010
IVS10-1G—T/1IVS10-1G—>T HJMD + NR, severe visual - Shimomura
impairment etal., 2010
342insGfsX345/342insGfsX345* AR + - Sparse eyebrows/ Basit et al., 2011
hypotrichosis eyelashes
620delSfsX629/620delSfsX629* AR + - Sparse eyebrows/ Basit et al., 2011
hypotrichosis eyelashes
G277VIG277V EEM + + + Present study

NR = Not reported; AR = autosomal recessive. * Suspected digenic inheritance.

domain (fig. 4D). H575 is moderately conserved, varying
between serine, histidine, asparagine and glutamate.
D542 is highly conserved among various cadherins.
These 2 amino acids may form a hydrogen bond in the
wild-type cadherin. Substitution of H575 to arginine
might break this bond [Indelman et al., 2007]. E504 is lo-
cated in the fourth domain and is well conserved. In the
X-ray structure of EP-cadherin, which was used to mod-
el the cadherin 3 structure, this residue (shown in purple
in fig. 4F) is in close proximity to a calcium ion. Ions and
other ligands were not taken into account during the
modeling process, and this caused E504 to rotate away
from the calcium ion in the cadherin 3 structure model
[Indelman et al., 2007]. To summarize, various CDH3
substitutions reported and reviewed above are located
within highly conserved positions and may cause abnor-
mal functioning of the protein. The impaired function
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may be due to calcium binding (e.g. N322) or to struc-
tural instability (e.g. G277).

In addition to the missense mutations, 4 splice-site
mutations are known; these are shown in figure 3A [In-
delman et al., 2007; Jelani et al., 2009; Kamran-ul-Hassan
et al., 2010; Shimomura et al., 2010]. A large number of
the deletion and substitution mutations are known to
cause premature termination of the protein (829delG,
462delT, L168X, R221X, 981delG, Y615X, 2112delG) [In-
delman et al., 2003, 2005, 2007; Kjaer et al., 2005]. In one
previously described family with a frameshift mutation,
ectrodactyly was severe; however, another patient from
the same family displayed mild limb abnormalities — syn-
dactyly only with no ectrodactyly [Kjaer et al., 2005].

Recently, two homozygous frameshift mutations,
p-342insGfsX 345 and p.620delSfsX629, have been report-
ed in two consanguineous families with AR hypotricho-
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sis [Basit et al., 2011]. Linkage analysis was compatible
with digenic inheritance, but no mutation was found in
candidate genes studied in an additional locus on
12q21.2-q22. Interestingly, in contrast to all previously
reported patients with CDH3 mutations (table 2), none of
the patients described in this article had visual problems;
fundus examination, electroretinography and electro-
physiological tests of affected members of both families
had normal macular pigment epithelium and retinas.

Although the number of reported patients is small, it
seems that there is no obvious genotype-phenotype cor-
relation for the severity of limb abnormalities, and other
genetic factors may also play a role in the development of
ectrodactyly in EEM syndrome. Syndactyly was the most
consistent clinical finding present in all the patients re-
gardless of mutation type (table 1). In most of the patients
described in the literature, hands were affected more
than feet. Ectrodactyly of the feet has been described in
only one patient [Ohdo et al., 1983]. It should be empha-
sized that mild limb abnormalities such as syndactyly in
patients with EEM syndrome might be overlooked; this
will lead to a diagnosis of HMD syndrome. In addition,
the same mutation, ¢.829delG, has been described as
causative in both syndromes. No limb abnormalities
were observed in individuals with HIMD who were ho-
mozygous for ¢.829delG [Indelman et al., 2007; E. Spre-
cher, pers. commun.], while in patients with this same
mutation reported as having EEM syndrome severe pha-
langeal abnormalities have been described (table 1).

Pili torti have been previously reported in HIMD [In-
delman et al., 2002, 2003], and, although not found in all
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