Journal of the

Neurological
(i-2) Sciences

ELSEVIER Journal of the Neurological Sciences 263 (2007) 100~ 106

www.clscvier.com/locatc/jns

Further evidence for genetic heterogeneity of distal HMN type V, CMT2
with predominant hand involvement and Silver syndrome

Barbara Rohkamm ®', Mary M. Reilly°, Hanns Lochmiiller °, Beate Schlotter-Weigel ¢,
Nina Barisic ¢, Ludger Schéls ¢, Garth Nicholson f, Davide Pareyson &, Matilde Laura &,
Andreas R. Janecke ", Gabriel Miltenberger-Miltenyi b Elisabeth John',

Carina Fischer', Franz Grill’, William Wakeling b Mary Davis b
Thomas R. Pieber ?, Michaela Auer-Grumbach #-'--*

# Institute of Human Genetics, Medical University Graz, Austria
" Centre for Neuromuscular Disease and Department of Molecular Neurosciences,
National Hospital for Neurology and Neurosurgery and Institute of Neurology, Queen Square, London, UK
“ Friedrich-Baur-Institute, Department of Neurology, Ludwig-Maximilians-University, Munich, Germany
Y Department of Pediatrics, Clinical Medical Center Zagreb, Croatia
“ Department of Neurology and Hertie-Institute for Clinical Brain Research, University of Tiibingen, Germany
T Concord Hospital, Molecular Medicine Laboratory & ANZAC Research Institute, Sydney, Australia
¢ Division of Biochemistry and Genetics, IRCCS Foundation, “C.Besta” Neurological Institute, Milan, Italy
" Section of Clinical Genetics, Medical University Innsbruck, Austria
' Department of Internal Medicine, Diabetes and Metabolism, Medical University Graz, Austria
i Orthopedic Hospital Speising, Vienna, Austria

Received 11 December 2006; received in revised form 6 June 2007, accepted 20 Junc 2007
Available onlinc 30 July 2007

Abstract

Objective: Distal hereditary motor neuropathy type V (dHMN-V) and Charcot—-Marie—Tooth syndrome (CMT) type 2 presenting with
predominant hand involvement, also known as CMT2D and Silver syndrome (SS) are rare phenotypically overlapping diseases which can be
caused by mutations in the Berardinelli-Seip Congenital Lipodystrophy 2 (BSCL2) and in the glycyl-tRNA synthetase encoding (GARS) genes.
Mutations in the heat-shock proteins HSPB1 and HSPBS can cause related distal hereditary motor neuropathies (dHMN) and are considered
candidates for dHMN-V, CMT?2, and SS.

Design: To define the frequency and distribution of mutations in the GARS, BSCL2, HSPB1 and HSPB8 genes we screened 33 unrelated
sporadic and familial patients diagnosed as either dHMN-V, CMT2D or SS. Exon 3 of the BSCL2 gene was screened in further 69 individuals
with an unclassified dHMN phenotype or diagnosed as hereditary spastic paraplegia (HSP) complicated by pure motor neuropathy.

Results: Four patients diagnosed with dHMN-V or SS carried known heterozygous BSCL2 mutations (N88S and S90L). In one dHMN-V patient we
detected a putative GARS mutation (A57V). No mutations were detected in HSPB1 and HSPB8. The diagnostic yield gained in the series of 33
probands was 12% for BSCL2 mutations and 3% for GARS mutations. In the series of unclassified dHMN and complicated HSP cases no mutations
were found.

Conclusions: Our data confirm that most likely only two mutations (N88S, S90L) in exon 3 of BSCL2 may lead to dHMN-V or SS
phenotypes. Mutations in GARS, HSPB1 and HSPBS. are not a common cause of dHMN-V, SS and CMT2D. We would therefore suggest
that a genetic testing of dHMN-V and SS patients should begin with screening of exon 3 of the BSCL2 gene. Screening of the GARS gene is
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useful in patients with CMT2 with predominant hand involvement and dHMN-V. The rather low frequencies of BSCL2, GARS, HSPB1 and
HSPBS8 mutations in dHMN-V, CMT2D and SS patients strongly point to further genetic heterogeneity of these related disorders.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Autosomal dominant distal hereditary motor neuropathy
(dHMN) represents a group of clinically and genetically
heterogeneous conditions caused by degeneration of motor
neurons leading to distal muscle weakness and wasting.
Distal HMN type V (dHMN-V) is characterised by marked
and progressive symmetrical or asymmetrical weakness
and wasting of the distal muscles of the upper limbs. Foot
deformity and peroneal muscle weakness may also be
present [1]. Sensory disturbances occur rarely in advanced
stages of dHMN-V [1,2]). Recently, patients presenting
with axonal hereditary motor and sensory neuropathy
(HMSN type 2, i.e. Charcot—Marie—Tooth 2 disease or
CMT2 syndrome) and predominant hand muscle involve-
ment have been genetically subclassified as CMT2D [3,4].
The phenotype of CMT2D is thus similar to dHMN-V [4].
Silver syndrome (SS) is a rare motor neuron disease which
also frequently resembles a dHMN-V phenotype as
patients often show prominent amyotrophy of the small
hand muscles [5]. The presence of mild to severe
pyramidal tract signs is common in dHMN-V and SS
whereas they have rarely been observed in patients with
CMT2D [1,2,5,6). Initially, the presence of spastic
paraparesis has led to the subclassification of SS among
the group of hereditary spastic paraplegias (HSP) and SS
was thus termed as SPG17 (7).

Up to date, 9 different mutations in the glycyl-tRNA
synthetase gene (GARS) were identified in families with
dHMN-V and CMT2D (www.molgen.ua.ac.be/CMTMuta-
tions/), [8]. The phenotypic spectrum of disorders associated
with GARS mutations has been summarised in detail [6,9].
Recent functional analyses of several disease-associated
GARS mutations suggested tRNA-charging deficits to play a
role in disease pathogenesis [10]. In a number of families
diagnosed as either dHMN-V or SS two heterozygous
mutations (N88S, S90L) located in exon 3 in the
Berardinelli—Seip congenital lipodystrophy gene (BSCLZ2)
were identified [11]. Clinical examination of more than 90
patients with the BSCL2 N88S substitution showed that it is
most often associated with a dHMN-V phenotype and less
frequently, additional prominent spasticity and mild sensory
disturbances are found in the lower limbs [2,12-15]). Up to
date, the S90L substitution was only described in three
families and often resulted in a spastic paraplegia phenotype
with marked weakness and wasting in the hands suggesting
the clinical diagnosis of SS [11,15,16). Recently, mutations

in the HSPB1 and HSPBS8 genes have been reported as a
cause of autosomal dominant dHMN and CMT2 in a small
number of patients and families [17,18].

The purpose of the present study was to define the
mutation spectrum and frequency of mutations in the
BSCL2,GARS,HSPBI1 and HSPB8 genes in a collection of
33 sporadic and familial cases exhibiting one of the
overlapping phenotypes, dHMN-V, CMT2D or SS. Fur-
ther, a series of 69 individuals with an unclassified dHMN
phenotype or with HSP complicated by pure motor
neuropathy was screened for mutations in exon 3 of the
BSCL2 gene.

2. Methods
2.1. Patients

A cohort 0f33 unrelated probands (cohort 1) consisting of
20 sporadic, 1 unknown and 12 familial cases canying the
clinical diagnosis of dHMN-V, CMT2D or SS was analysed
for mutations in the BSCL2, GARS, HSPB1 and HSPB8
genes. Clinical classification of patients was based on previous
descriptions of the given phenotypes and was made as follows:
14 patients (9 sporadic, 4 familial, 1 unknown) who showed
prominent uni- or bilateral wasting of the small hand muscles,
which sometimes exclusively affected thenar and dorsalis
interosseus I eminences were diagnosed as dHMN-V. Gait
disturbances were absent or only mild and spasticity of the
lower limbs and sensory abnormalities were not found.
Electromyography (EMG) and nerve conduction studies
(NCS) confimmed a pure axonal motor neuropathy. Only one
of these patients (proband 2) showed a complicated phenotype
consisting of typical features of dHMN-V in the hands but also
sensory abnormalities and acro-mutilations in the feet with
severe lancinating pain attacks. Six probands (1 sporadic, 5
familial) exhibited a CMT2 phenotype characterised by
predominant hand muscle involvement, absent pyramidal
tract features, and mild to moderate distal sensory loss, which
was confirmed by pathological sensory nerve conduction
studies (SNCS). Thirteen patients (10 sporadic, 3 familial)
represented the classical SS phenotype consisting of mild to
severe spasticity in the lower limbs in addition to a pure motor
neuropathy in the lower limbs, and symmetrical or asymmet-
rical hand muscle wasting in most of these patients. Sensory
abnommalities were usually absent but rarely occurred with
progression of the disease. The clinical features of all probands
are presented in Table 1. A further 69 patients (cohort 2) of
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Table 1
Clinical featurcs of all probands

Proband Inheritance Ageat Age at Sclected/

Bilateral diffuse  Peroncal PTR ATR  Foot

Sensory loss, Pyramidal Clinical

no. onsct exam prominent thenar/ hand muscle muscle deformity pathological tract signs diagnosis
FDI atrophy' wasting' weakness SNCV?

1 AD 52 54 +++ R>L - ++ +H+ o+ +++ - - dHMN-V
2 AD 14 66 ++ L>R +H +H+ +H+ - +H+ +H+ - dHMN-V
3 S 3 57 ++; R>L +++ ++H+ +H+ - + ++ +++ SS

4 AD 16 55 +++ R>L - + +H+ H+ + - - SS

5 S 12 40 - +++ - + o+t - - - dHMN-V
6 D 3rd dec 42 - +++ - H+ o+ - - - Ss

7 D Ist dec 36 - +++ +++ - - +++ ++ - CMT2D
8 AD 15 53 - +++ - ++ o+ + - - dHMN-V
9 AD 14 42 +++; Bil - + +=+ o+ ++ + - CMT2D
10 S 60 64 - +++ - +H+  + - - - SS

11 AD 3rd dec 43 - +++ +++ ++ + +++ + - CMT2D
12 S 42 50 - +++ - ++ o+ ++ - - dHMN-V
13 S 46 53 +++; L>R ++ - +HH+ - - + SS

14 S 25 31 +++; R>L +++ + - - + SS

15 AD 36 43 - ++ + ++ 4 - - S8

16 u 27 39 - +++ + ++ ++ -~ - - dHMN-V
17 S 9 66 - ++ + +H+ - - + SS

18 S 15 18 - +++ - ++ ++ - - - dHMN-V
19 AD 2nd dec 60 - +++ +++ ++ - + ++ - CMT2D
20 S 21 27 +++; Bil - - + + + - - dHMN-V
21 S 15 48 ++ - - ++ ++ - - dHMN-V
22 S 62 69 +++; L>R - + + + - - - dHMN-V
23 S 59 69 - - + + - ++ + + SS

24 S 33 63 - +++ +++ + - - - - dHMN-V
25 S 36 38 ++ - - A - - - SS

26 D 28 31 ++ - + ++ - +++ + - CMT2D
27 S 49 55 ++ - - 4 - + - SS

28 S 17 21 ++ - - ++ ++ + - - dHMN-V
29 S 60 70 ++ L>R - - + - - + - CMT2D
30 S 70 69 ++ - +++ - - - - SS

31 S ~60 60 +++; Bil - + + +H+ - - dHMN-V
32 S 25 35 - - ++ ++ - ++ - ++; Bil SS

33 AD ~25 42 +++; Bil ++ - ++ o+ + - - dHMN-V

() absent, normal; (+): mild, (++) modcrate, (+++): severc, R = right, L = left; Bil = bilateral; patellar and achilles tendon reflex (PTR, ATR): absent (—),
diminished (+), preserved (++), brisk (+++), very brisk, clonus (++++); 'at discasc onset; “cxccpt for pallesthesia, *paticnt with dHMN-V and ulccro-mutilating
ncuropathy; S = sporadic cases, AD: autosomal dominant inhcritance; D = dominant inhcritance; FDI = first dorsalis interosscus I muscle; U = unknown; SNCV

= scnsory ncrve conduction velocity.

whom a blood sample had been sent to our laboratory to be
screened for dHMN or HSP complicated by pure motor
neuropathy were tested for mutations in exon 3 of the BSCL2
gene. No detailed clinical and electrophysiological data were
available from these patients. Study participants originated
from Austria, Germany, Great Britain, Italy and from Australia
and were ascertained at the Medical Universities of Graz
(Austria), Friedrich-Baur-Institut at the Ludwig-Maximilians-
University Munich and Tiibingen (Germany), Department of
Pediatrics, Clinical Medical Center Zagreb (Croatia), “C.
Besta” Neurological Institute of Milan (Italy), London (Great
Britain), and Sydney (Australia). Studies were performed with
written informed consent and approved by the local Ethical
Committees of the participating centers.

History and family history were obtained and a full
neurological examination was carried out by experienced
neurologists (M. A-G,H.L.,B.S-W,M.M.R,,D.P,G.N,,L.S.)
in each proband.

2.2. Clinical neurophysiology

NCS were performed in the upper and lower limbs to detect
or exclude an underlying polyneuropathy. NCS followed
standard techniques using a portable EMG Myohandy (Micro-
med Neurodata, Mogliano Veneto, Italy), and the electromyo-
graph Keypoint (Dantec Medical, Skovlunde, Denmark).
Responses for motor NCS (MNCS) were recorded from distal
muscles using surface electrodes. SNCS were performed ortho-
or antidromically with the use of surface or ring electrodes.
EMG was performed with the use of concentric needle
electrodes in the majority of probands to confirm a neuropathic
origin of the disease and to exclude myopathic changes.

2.3. Genetic sequencing

After informed consent genomic DNA was extracted from
peripheral blood samples by standard techniques. Mutation
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analysis of the coding regions and all splice sites of BSCL2,
GARS, HSPBI1 and HSPBS§ was performed by sequencing all
probands of cohort 1. In addition, all coding exons and
flanking splice sites of the HSN2, SPTLC! and RAB7 genes
were sequenced in proband 2. Primer sequences are available
on request. Reactions were separated using an ABI 3130-xL
Genetic Analyzer (Applied Biosystems, Foster City, CA).
Sequencing data were collected using the ABI DNA
Sequence Analysis Software, version 5.2 (Applied Biosys-
tems, Foster City, CA). Sequencing analysis was carried out
using the SeqScape Software 2.5 (Applied Biosystems,
Foster City, CA). BSCL2 exon 3 was sequenced in DNA
samples from probands of cohort 2.

3. Results

Four of 33 probands in cohort 1 (three familial and one
isolated case) were found to carry a known mutation in the
BSCL2 gene and in one patient a novel, putative GARS
mutation was detected. The phenotypes of these patients are
summarised here.

3.1. Proband 1

This Austrian patient first noticed muscle wasting of
thenar and dorsalis interosseus I muscles on the right side
and mild unsafeness of gait at age 52. Subsequently, wasting
in the left hand and weakness of the other small hand
muscles developed. High arches were known from early
childhood. On neurological examination there was promi-
nent weakness and wasting predominantly in the thenar and
dorsalis interosseus I muscles on both sides with the right
side more severely affected than the left. In the lower limbs
there was mild to moderate symmetric weakness and wasting
of toe and foot extensors and severe pes cavus foot
deformity. No sensory abnormalities could be detected.
Tendon reflexes were reduced except for the patellar reflexes
which were well preserved on both sides. Babinski sign was
absent. NCS revealed an axonal motor neuropathy in upper
and lower limbs. Five further family members were known
to be affected and the pedigree of the family indicated
autosomal dominant inheritance.

3.2. Proband 2

_This 66-year-old patient from Austria exhibited a typical
dHMN-V phenotype with disease onset at 14 years.
However, at age 50, he started to suffer from shooting and
lancinating pain in the lower limbs. Subsequently, he
developed severe sensory loss affecting all modalities in
the distal parts of the lower limbs which was complicated by
foot ulcerations and infections and necessitated amputations
of several toes (Fig. 1). Circulatory disturbances in the lower
limbs and all frequent causes of neuropathies were excluded.
NCS revealed a severe axonal sensory motor neuropathy of
the upper and lower limbs. A family history was present and

the origin of this patient could be traced back to the large
Austrian family with a BSCL2 mutation, which has been
reported elsewhere [2].

3.3. Proband 3

This now 57-year-old German patient developed spastic
paraparesis and symmetric muscle wasting and weakness in
the distal parts of the lower limbs at the age of 3 years.
Family history was negative for neuromuscular disorders.
Over the following decades the disease was slowly
progressive. Later on moderate sensory deficits such as a
reduction of pain and vibration sensitivity were detected.
Atrophy of the right thenar muscle was first noticed at the
age of 395, bilateral atrophy was found at the age of 54. On
examination muscle tone in the lower limbs was increased
and patellar reflexes were brisk. The patient walked with a
spastic gait and exhibited severe muscular atrophy in distal
parts of the upper and lower limbs.

3.4. Proband 4
In this 55-year-old English woman the disease started at

age 16 with weakness in the righthand. Her left hand became
similarly involved a few years later but has always been less

wobe @

A WTS

Fig. 1. Prominent distal musclc wasting of lower limbs, foot deformity and
amputations of tocs in proband 2.
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Table 2
Polymorphisms found in the BSCL2 and the GARS genc
Polymorphism Literature Number
BSCL2
Exon 3: c.294+11 Nonc 8 heterozygous,
G>T 2 homozygous
Exon 4: c.295-34 None 2 heterozygous
A>T
Exon 6: ¢.574-49 rs2850597 10 hcterozygous,
T>C 8 homozygous
Exon 8: c.814-50 None 2 hetcrozygous
T>G
Exon 9: c.945 None 11 heterozygous,
A>G, p.E315E 2 homozygous
GARS
Exon 1: c.60+5 152072236 2 heterozygous
C>T
Exon 6: c.177-43 rs1558064 6 heterozygous,
C>A 10 homozygous
Exon 9: ¢.870-23 152527878 2 hetcrozygous
A>T
Exon 12: c.1451+ Nonc 2 heterozygous
9T>C
Exon 17: ¢.1933-6 rs2240401 7 heterozygous,
C>T 10 hhomozygous

affected than the right hand. Subsequently she also
developed high arches and distal muscle weakness in the
legs. Moreover, she complained troublesome shooting pains
in both legs and cramps in both feet. On examination, all
reflexes were present with brisk knees and ankle jerks.
Plantars were flexor and full sensory examination including
temperature testing was normal.

Autosomal dominant inheritance was suggested with her
mother and two of 4 children being similarly affected.

3.5. Proband 5

This 40-year-old man who lives in the UK but was
originally from Ghana noticed difficulty in writing as his right
index finger was weak atage 12. He also noticed wasting in the
right thenar at about the same time. His symptoms worsened
when he was badly beaten up at age 34 in Ghana. We only have
limited details of the injuries but he was unconscious and woke
up to find both amns in plaster but never knew why. When the
plaster was removed 3 weeks later he noticed that both hands
were more wasted than previously and since that time has
described wasting and weakness of both hands but feels it has
progressed only slightly since then. On examination he had
wasting and weakness of both triceps, both distal forearms and
the small muscles of both hands. Upper limb reflexes were
absent except for the right biceps which was present with
reinforcement. The lower limbs were completely normal with
normal tone, power and reflexes. Plantars were flexor.
Sensation was normal throughout. In addition this patient
also had bilateral ptosis and chronic denervation of the right
orbicularis oculi was confirmed by EMG. All his family

including 6 siblings and 6 children lives in Ghana and has not
been examined. One of his sisters is reported having ptosis.

3.6. Gene mutation analysis

In our series of 33 probands we screened the 10 coding
exons of BSCL2, the 17 coding exons of GARS, and each 3
coding exons of HSPB1 and HSPBS for mutations. Probands
1, 2 and 4 were heterozygous for the known BSCL2 p.N88S
mutation in exon 3. In proband 3 we detected a heterozygous
C to T transition changing serine to leucine at codon 90
(c.269 C>T, p.S90L) in exon 3 of the BSCL2 gene. Both
mutations have been described previously [11-13,15,16]. In
proband 5 we detected a heterozygous C to T substitution
changing alanine to valine at codon 57 (c.688 C>T, p.A57V)
in the GARS gene which is novel. There were no family
members or ethnically matched controls available to screen
for this variation. This variant has not been described
previously and was not found in any other patientscreened in
this study. Proband 2 was also screened for a mutation in the
SPTLCIl, RAB7 and HSN2 genes due to the additional
ulcero-mutilating complications. In neither of these genes we
could find any pathogenic mutations or polymorphisms.

Neither of the 69 probands with an unclassified dHMN
phenotype or complicated HSP in our second series
harboured a mutation in exon 3 of BSCL2. Location and
frequencies of known and novel polymorphisms detected in
the BSCL2 and GARS genes are summarised in Table 2.

4. Conclusions

The present study provides an overview about the
frequency of mutations in the BSCL2, GARS, HSPBI1 and
HSPB8 genes in 33 patients diagnosed as dHMN-V, CMT2D
or SS. The diagnostic yield gained in this series of probands
with a well defined phenotype was 12% for BSCL2 mutations
and 3% for GARS mutations. Moreover, we screened another
series of 69 probands with an undefined dHMN phenotype or
HSP complicated by pure motor neuropathy for mutations in
exon 3 of BSCL2 but did not find any pathogenic mutations.
These results strongly point to further, non-allelic heteroge-
neity in this group of disorders. This study further indicates
that mutations in the HSPB1 and HSPB8 genes might not
produce complicated phenotypes such as dHMN-V, SS and
CMT2D but certainly more patients have to be screened
before drawing any firm conclusions.

So far, only the two heterozygous mutations N88S and
S90L in exon 3 of the BSCL2 gene have been reported in
patients with dHMN [11-16]. Our study highlights these two
mutations as a cause of dHMN-V. Notably, the fourth patient
carrying the S90L mutation exhibited prominent spastic
paraparesis of the lower limbs in addition to axonal
polyneuropathy and was originally diagnosed as HSP. Our
findings confirm the marked phenotypic variation between
the N88S and the S90L mutations as described earlier [2,15]
which both affect glycosylation of seipin, the protein
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encoded by BSCL2 [11]. Based on the previous reports and
on the results presented in this study it seems most likely that
the N88S and S90L substitutions are indeed the only two
mutations in the BSCL2 gene that may cause dHMN-V or
SS. We therefore suggest that an analysis of BSCL2 of
patients with dHMN-V and SS may be restricted to exon 3.
On the other hand, in non-classifiable dHMN and HSP cases
this algorithm has no rationale.

Proband 2 is an offspring of a large Austrian dHMN-V/
Silver syndrome family reported in 2005 [2]. The phenotype
of this patient, who shows the typical dHMN-V features in
the hands and carries the N88S mutation, is highly unusual
with regard to the severe ulcero-mutilating complications in
the lower limbs and the lancinating pain attacks. This
phenotype is difficult to explain on the basis of the present
mutation only. Because other common causes of acquired
and inherited sensory neuropathies (such as mutations in the
HSN2, SPTLCI and RAB7 genes) have been excluded, it is
possible that this patient is afflicted with a second rare
genetic or acquired disease.

The GARS variant A57V identified in this study is novel,
but its pathogenicity has to be confirmed in further CMT2D
and dHMN-V patients because we did not have access to
ethnic matched controls and there were no other family
members available to show segregation with the phenotype.
However, the initial phenotype in this case is typical for the
phenotype described with GARS mutations and is the main
evidence for considering A57V pathogenic. The finding of
ptosis is unusual but since it is present in another family
member who does not reportedly have other symptoms
suggesting distal HMN or CMT2, it may be co-incidental
and not related to the GARS phenotype.

The high phenotypic variation between and within
families with BSCL2 and GARS mutations has already
been documented very well [6]. An overlapping of features
consisting of uni- or bilateral selected hand muscle wasting
and a variable degree of weakness in the lower limbs, which
is often accompanied by pure motor neuropathy, has been
demonstrated in both instances. Mild to severe pyramidal
tract features are common in patients with BSCL2 mutations
whereas they have only been observed in five patients with
GARS mutations to a mild degree [6]. On the other hand,
sensory abnormalities are more frequent in patients with
GARS mutations making the boundaries between hereditary
motor and sensory neuropathies and distal HMN less clear.
Having seen both patients with BSCL2 and GARS mutations
we may state here that it is often impossible to distinguish the
matching phenotypes on a clinical and electrophysiological
basis particularly in the absence of pyramidal tract features.
The latter strongly favour the diagnosis of SS and indicate
that exon 3 of BSCL2 should be screened first. To avoid
confusion of classification between these related diseases it
might be important to use the term SS (which is also
subcategorized as SPG17 among the group of hereditary
spastic paraplegias) for cases with hand muscle involvement
and additional spastic paraparesis only.

It still remains poorly understood how mutations in the
BSCL2 and GARS genes lead to this broad spectrum of
phenotypically overlapping disorders. It will be a challenge
for future cellular and functional studies to detect the
underlying mechanisms and maybe also to define common
pathways between these two genes.
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