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Refinement of the locus for hereditary congenital
facial palsy on chromosome 3g21 in two unrelated
families and screening of positional candidate genes
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Hereditary congenital facial palsy (HCFP) is an autosomal-dominant disorder consisting of paresis or
paralysis of the Vlith (facial) cranial nerve. Genetic heterogeneity for this disorder has been suggested
based on linkage analysis in two large Dutch families. Two loci have been identified, one on chromosome
39g21.2-g22.1 (HCFP1) and another on chromosome 10g21.3-q22.1 (HCFP2). Here, we report linkage
analysis in a large Pakistani family with dominant congenital facial palsy. A region cosegregating with the
disorder was identified on the long arm of chromosome 3, which overlaps with the previously identified
HCFP1 locus on chromosome 3q21-q22, thus confirming the involvement of this locus in HCFP. The critical
region could be reduced from 5.7 to 3.0 cM between the markers D353607 and GDB ID:11524500. In
addition, mutation analysis on seven candidate genes: KLF15, FL]40083, PODXL2, TMCC1, PLEXIN-A1,
PLEXIN-D1, and GATA-2, was performed. All genes are located within the critical interval of the Dutch
HCFP1 family. The genes PODXL2, PLEXIN-D1, GATA-2, and TMCCT1 are also located within the smaller
critical interval of the Pakistani HCFP family. Based on the results obtained, all seven genes could be
excluded as causative genes in HCFP.
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Congenital facial palsy belongs to the group of congenital
diseases characterized by abnormal eye, eyelid, and/or
facial movement, referred to as congenital cranial dysin-
nervation disorders or in short CCDDs.! Disorders belong-
ing to the CCDDs include Duane syndrome, Mobius
syndrome, horizontal gaze palsy, congenital ptosis, and
congenital facial palsy. To date, genetic defects underlying
several of these syndromes have been identified, including
KLF21A and PHOX2A involved in congenital fibrosis of the
extraocular muscles (CFEOM), CPAH and SALL4 involved



in Duane’s retraction syndrome, and ROBO3 involved in
horizontal gaze palsy and progressive scoliosis.?~°

For Mobius syndrome (MIM157900) and hereditary
congenital facial nerve palsy (HCFP; MIM601471,
MIM604185), loci have been identified,'' !¢ but the
genetic defects underlying these disorders are still un-
known. Although both disorders belong to the CCDDs
and share some of the same clinical features, they are
considered different entities based on recent clinical and
neuropathological findings.!” Mébius syndrome is consid-
ered a developmental disorder of the entire lower brain-
stem and minimal diagnostic criteria are congenital facial
weakness with impairment of minimally the facial (nVII)
and the abducens nerve (nVI) and possible involvement
of other cranial nerves, craniofacial dysmorphisms, limb
malformations, and long tract involvement.'® Based on
chromosomal aberrations, chromosome 13q12.2-q13 was
identified as a locus involved in Mdbius syndrome and a
second possible locus has been identified on chromosome
1p22.11131416 A third possible locus has been postulated
based on chromosome 22q11 deletions in three unrelated
patients with among other clinical features also congenital
unilateral facial palsy.'?

Congenital facial weakness is proposed to result from
maldevelopment of the facial nucleus and/or cranial nerve
and has been defined as complete or partial absence of the
facial nerve (nVII), either uni- or bilateral.!” Several small
and two large HCFP families (HCFP1 and HCFP2) have
been described. The phenotype described for the HCFP1
(MIM601471, formerly known as MBS2) family is an
asymmetric, mostly bilateral, weakness of the facial
muscles and an unequal involvement of the three branches
of the facial nerve. Inheritance is autosomal dominant
with a penetrance of 95%. Linkage analysis identified a
locus on chromosome 3q21-q22 cosegregating with the
disorder.'*?° Several candidate genes with a possible
function in hindbrain development or with an expression
pattern suggesting a role during hindbrain patterning, such
as PLEXIN-D1, PLEXIN-A1, and GATA-2, were screened in
order to identify the genetic defect underlying HCFP1,
but no causative mutations have been identified.?°~*?
The phenotype of affected members of the HCFP2
(MIM604185, formerly known as MBS3) family is slightly
different from the HCFP1 phenotype and is characterized
as an often asymmetrical, uni- or bilateral, facial weakness,
and an unequal involvement of the three branches of the
facial nerve. Besides facial weakness, hearing loss and
congenital deafness were reported. Inheritance is auto-
somal dominant with a penetrance of 60%. Linkage
analysis identified a locus on chromosome 10q21.3-
q22.1 cosegregating with the disorder.'® Mutation analysis
on the candidate genes EGR2, CTNNA3, and LRRTM3
located within or nearby the critical region failed to
identify the underlying genetic defect for HCFP2 (B van
der Zwaag, unpublished data).?° For the smaller HCFP
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families, linkage analysis was not reported. Identification
of multiple loci for congenital facial palsy suggests genetic
heterogeneity for this disorder.

In this paper, we describe a large Pakistani family with
autosomal-dominant congenital facial palsy that, like the
Dutch HCFP1 family, maps to the long arm of chromosome
3. The critical region could be reduced to 3.0 cM (~ 3.0 Mb).
Furthermore, mutation analysis was performed on candi-
date genes located within the redefined critical region for
HCEFP1.

Materials and methods

Patients

In total, 29 blood samples were collected from members of
the Pakistani family, a part of which lives in the UK and
the others in Pakistan. Neurological assessment of the
proband (IV.13; Figure 1) led to the diagnosis of unilateral
lower motor neuron palsy of the VIIth cranial nerve.
Further neurological examination, CT and MRI scan,
appeared to be normal and did not show any facial nucleus
problems or any other focal lesions. Genetic investigations
excluded chromosomal rearrangements and no evidence
was obtained for chromosome 22q11 microdeletion. DNA
studies for myotonic dystrophy and facioscapulohumeral
dystrophy were normal.

Genotyping

Genomic DNA used for typing of the DNA polymorphisms
was isolated as described by Miller et al.?* Amplification of
the polymorphic regions and analysis of the amplified
fragments were performed according to Kremer et al.?*
Polymorphic markers from the 3q21 region included
D3S1551, D3S1589, D3S3607, RHO, D3S1587, D3S3548,
D3S3514, D3S1292, D3S1541, ACPP, and D3S1290. The
order of the markers is according to the Human Genome
Working Draft (May 2004; http://genome.ucsc.edu). Pri-
mers for five new CA-repeat markers around the RHO
marker were designed using the Human Genome Working
Draft (May 2004; simple repeat set at full) followed by in
silico PCR analysis (see Table 1 for primers and amplicon
length).

Linkage analysis

Two-point lod scores and the maximum lod score were
calculated with the EasyLinkagePlus program, subroutine
SuperLink V1.4-Two-Point Parametric Linkage Analy-
sis.?>26 The disease allele frequency was set at 0.0001 and
a penetrance of 95% was assumed.

Candidate gene analysis

The candidate gene analysis and the multiplex PCR were
performed on genomic DNA derived from individuals IV.6,
IV.7, and V.17 from the Pakistani HCFP1 family and from
individuals V.3, V.4, and IV.13 from the Dutch HCFP1
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Figure 1 Pedigree of the family and haplotypes of individuals available for this study. The ancestral mutation-bearing chromosome is boxed. The
line besides the haplotypes marks the part of the ancestral chromosome present in the patients. Deduced haplotypes are given in brackets. The borders
of the critical linkage interval were proximally defined by individual IV.12 and IV.13 and distally defined by individual V.4. In addition, a null allele was
observed for marker GDB:11524499 in the individuals IV.3, V.2, and V.3. The markers D351551, D351589, D3S1541, ACPP, and D351290 were

omitted from the figure for clarity.

Table 1 Primers used for amplification of CA-repeats

GDB ID Forward primer 5' -3’ Reverse primer 5' -3’ Amplicon (bp)°
GDB:11524496 ggagctgtgactgctggaa ggcaggcctgatgtgtttag 135
GDB:11524497 cagggtttgaacgactgtga tcagcagaagaagtcaaaaattagg 149
GDB:11524498 tggaacagccactactgatga tctcagtgtacacatgcaaagtaaa 131
GDB:11524499 aggtcctgcagaggtcttga ttcttggtgcaggagggtag 226
GDB:11524500 cgtgaaccaatttcttgaagtc gcaatgtgtgagtggcagag 144

Amplicon length is based on the Human Genome Working Draft May 2004 (simple repeat set at full). See www.gdb.org for more information on the

amplicons.

family.'> PCR products covering the coding regions,
intron-exon boundaries, and 5 untranslated regions of
PLEXIN-A1 (GenBank ID: NM_032242), GATA-2 (GenBank
ID: NM_032638), PLEXIN-D1 (GenBank ID: NM_015103),
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KLF15 (GenBank ID: NM_014079), FLJ40083 (GenBank ID:
NM_182628), PODXL2 (GenBank ID: NM_015720), and
TMCC1 (GenBank ID: NM_001017395/NM_015008)
were generated. Primer sequences and conditions for



amplification are available upon request. The PCR products
were purified with QIAquick Gel Extraction Kit (Qiagen).
Direct sequencing was performed using the ABI PRISM
BigDye Terminator Cycle Sequencing V2.0 Ready Reaction
Kit and analyzed with the ABI PRISM 3730 DNA Analyzer
(Applied Biosystems). Multiplex ligation-dependent probe
amplification (MLPA) with minimally two probes per gene
was performed as described (www.mrc-holland.com). Probe
sequences are available upon request.

Results

Linkage analysis

A Pakistani family was diagnosed with autosomal-domi-
nant HCFP, marked as unilateral facial palsy of the VIIth
cranial nerve. The phenotype of the Pakistani family
presented is this work resembles the phenotype described
for the Dutch HCFP1 (MIM601471; retired MBS2) family, in
which linkage to chromosome 3q21-22 was identified.'?
Therefore, linkage analysis in the Pakistani family was
carried out with 11 polymorphic markers and an additional
five CA-repeat markers located within the chromosome
3q21-22 interval. Twenty-nine persons were included in
the DNA analysis, 19 of whom were affected.

The order of the markers tested within the Dutch HCFP1
family'#?° was reordered according to the Human Genome
Working Draft (May 2004) and additional markers located
within the critical interval of this family were tested (data
not shown), leading to a redefinition of the critical region
for the HCFP1 locus (previously: D3S1589-ACPP*°).
According to our current knowledge, the critical linkage
interval for the HCFP1 family is defined as the region
D3S1589;D3S3514 spanning 5.64Mb (5.7 cM, according to
the deCODE genetic map).?”
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Linkage analysis in the Pakistani family showed that
this family, like the Dutch HCFP1 family, maps to the long
arm of chromosome 3. Two-point lod scores are given in
Table 2. The highest lod score was 6.90 at §=0.00 for
marker GDB ID:11524498. For calculation of the lod scores
family member V.1 was excluded. Although this individual
carries the at-risk haplotype, she enters the family via
another branch without affected individuals and her
connection to the other affected individuals is unclear.

Haplotypes were constructed to define the borders of the
cosegregating region. The at-risk haplotype in the 3q21
region is depicted in Figure 1. Based on 16 polymorphic
markers tested, the borders of the cosegregating region
were defined. The proximal border of the critical region is
determined by a recombination, present in individuals
IV.12 and IV.13 and their affected offspring, between
the markers D353607 and GDB ID:11524496 (Figure 1).
The distal border of the region is determined by a
recombination, present in individual V.4, between the
markers GDB 1D:11524499 and GDB 1D:11524500
(Figure 1). The critical linkage interval within this family
was defined as region D3S3607;GDB 1D:11524500 span-
ning 3.0Mb (3.0cM, according to the deCODE genetic
map).?” In contrast to the other described HCFP families,
there are no obligate carriers or unaffected members
carrying the at-risk haplotype, leading to a penetrance of
100% in this family.

The at-risk haplotypes from the Dutch and the Pakistani
HCFP1 families were clearly different (data not shown),
ruling out the remote possibility of a common founder.
The at-risk haplotype of the Pakistani family reduced the
critical region on chromosome 3q21 known from the
Dutch HCFP1 family on which a genetic defect involved in
facial palsy is located by 47% (from 5.7 to 3.0 cM).

Table 2 Two-point lod scores between the polymorphic markers and the HCFP1 locus located on chromosome 3 for the
Pakistani HCFP1 family

Locus Lod score at theta=0 0 max LOD 0
0.00 0.05 0.10 0.20 0.30 0.40
D3S51551 —0.66 2.45 2.42 2.03 1.46 0.78 2.45 0.05
D3S1589 1.12 0.89 0.65 0.23 —0.01 —-0.08 1.12 0.00
D3S3607 —2.04 1.69 1.72 1.37 0.84 0.32 1.72 0.10
GDB:11524496 1.39 1.27 1.15 0.87 0.58 0.28 1.39 0.00
GDB:11524497 4.21 3.87 3.48 2.58 1.57 0.59 4.21 0.00
GDB:11524498 6.91 6.30 5.65 4,27 2.77 1.23 6.90 0.00
RHO 3.92 3.62 3.28 2.54 1.71 0.83 3.92 0.00
GDB:11524499 3.36 3.05 2.71 1.97 1.20 0.50 3.36 0.00
GDB:11524500 -0.71 4.31 4.05 3.16 2.06 0.89 4.31 0.05
D351587 -0.80 4.44 4.11 3.07 1.87 0.73 4.44 0.05
D3S3548 1.26 1.16 1.04 0.77 0.47 0.19 1.26 0.00
D3S3514 1.84 1.69 1.52 1.16 0.78 0.38 1.84 0.00
D3S1292 -0.03 4.86 4.58 3.65 2.49 1.21 4.86 0.05
D3S1541 —6.00 2.42 2.60 2.26 1.59 0.77 2.60 0.10
ACPP —2.75 2.34 2.32 1.95 1.41 0.75 2.34 0.05
D3S1290 -1.54 1.55 1.69 1.32 0.71 0.13 1.69 0.10
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Candidate gene mutation analysis

A genome database survey of the critical linked interval
revealed that the region contains 35 and 54 predicted
transcripts for the interval of the Pakistani HCFP1 and the
Dutch HCFP1 family, respectively (Human Genome Work-
ing Draft, May 2004). Several candidate genes were selected
based on their cellular function and/or based on their
expression pattern during (hind-) brain development and
tested in both families. Four candidate genes located
within the critical interval of the Dutch HCFP1 family:
KLF15, FLJ40083, PODXL2, and TMCC1 were indicated as
putative candidate genes based on their expression pattern
observed during hindbrain development, using mouse
RNA in situ hybridization.?® Two of these genes, PODXL2
and TMCCI, are also located within the critical interval of
the Pakistani family (Figure 2). KLF15, a member of the
Kriippel-like protein family of transcriptional regulators, is
expressed in the neuroepithelium of the developing mouse
brain and is implicated in a large number of processes,
including the differentiation of neuronal precursors.?’
FLJ40083, a predicted protein with no homology to known
proteins, has a large overlapping expression pattern with
KLF15 during mouse brain development. PODXL2, coding
for an endoglycan protein, a member of the CD34/
podocalyxin family of sialomucins, is highly expressed in
the central and peripheral nervous system. Highest levels
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Figure 2 Schematic physical map of the HCFP1 locus on
chromosome 3 and linkage intervals obtained in the Dutch and
Pakistani families. Indicated are the positions of the tested polymorphic
markers within the 3g21.2-g22.1 region and the analyzed candidate
genes.
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of expression were observed in dorsal cells of the cerebellar
primordium, the hindbrain, and anterior part of the
medulla oblongata and spinal cord. The last selected
candidate gene, TMCC1, has moderate homology to the
plectin proteins, which are important for cell stability, and
interact with the actin cytoskeleton in cell remodeling.*®
TMCC1 expression was observed in the brain, spinal cord,
and all ganglia. Furthermore, the candidate genes PLEXIN-
Al, GATA-2, and PLEXIN-D1, which were previously tested
in the Dutch HCFP1 family,?°~%? were also tested in the
Pakistani HCFP1 family. Based on the putative function
and expression pattern of these three genes, they remain
candidate genes for HCFP1. PLEXIN-A1 and PLEXIN-D1 are
both members of the plexin family of transmembrane
receptors, which are implicated in axonal guidance and
cell-cell contact.>'*? During mouse embryogenesis, PLEX-
IN-D1 is expressed in the central and peripheral nervous
system, and in the vascular endothelium of developing
blood vessels.>®> PLEXIN-A1 is expressed in the forebrain,
midbrain, hindbrain, spinal cord, and dorsal root gang-
lia.?! Finally, GATA-2, a member of the GATA-binding
protein family of transcription factors, is expressed in the
developing hindbrain, with its expression limited to
rhombomere 4, an important structure for the develop-
ment of the facial nerve.** PCR amplicons covering the
entire coding sequence and the intron-exon boundaries of
the seven candidate genes were generated. Mutation
analysis was carried out by direct sequencing of amplicons
derived from individuals IV.6, IV.7, and V.17 for the
Pakistani family and individuals V.3, V.4, and IV.13 for
the Dutch family.'> Analysis of TMCCI, FLJ40083,
PODXL2, GATA-2, PLEXIN-D1, and PLEXIN-A1 revealed
three, four, five, five, 23, and 19 nucleotide changes,
respectively (see Supplementary data). The observed varia-
tions were unlikely to be causative mutations, as they were
either already known single—nucleotide polymorphisms or
did not cosegregate with the disorder. For KLF15, no
nucleotide changes were identified in either family. As the
candidate genes PODXL2, GATA-2, PLEXIN-D1, and
TMCC1 were the only remaining candidate genes within
the critical region identified in the Pakistani HCFP1 family,
we also analyzed the first 1000bp upstream of the start
codon for PODXL2, GATA-2, and PLEXIN-D1. TMCC1 was
excluded from this analysis, as it was difficult to define
regulatory sequences for this gene. In the case of PODXL2
and PLEXIN-D1, additional polymorphisms were identified
(see Supplementary data). To exclude gene deletion (in case
of KLF15) or duplication, MLPA on all seven candidate
genes was performed. No aberrant copy number of the
candidate genes was identified (data not shown). Although
known and unknown polymorphisms were identified,
neither a causative mutation cosegregating with the
disorder nor a gene duplication or deletion was identified
in either family, making it unlikely that one of the seven
genes screened is involved in HCFP.
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Discussion

HCFP, a dominant inherited autosomal disorder, has been
described for two Dutch families HCFP1 (MIM601471) and
HCFP2 (MIM604185). Linkage analysis in these two
families identified two different loci cosegregating with
the disorder, chromosome 3q21-22 in HCFP1 and chro-
mosome 10q21-22 in HCFP2,'>!® indicating genetic
heterogeneity for this disorder.

In the present study, we describe a third large HCFP
family originating from Pakistan. Linkage analysis identi-
fied a region cosegregating with the disorder on the long
arm of chromosome 3, colocalizing to the identified
HCFP1 3q21-3q22 interval, and confirmed the involve-
ment of this locus in congenital facial palsy. The linkage
intervals of the Dutch HCFP1 and the Pakistani HCFP1
families were compared to each other. First of all, using
the current physical map of chromosome 3 and testing
additional polymorphic markers in the Dutch HCFP1
family, the critical region in this family was redefined
and is delimited by the markers D351589 and D3S3514 and
spans about 5.7cM at chromosome 3q21.2-q22.1. The
critical region in the Pakistani HCFP1 family is entirely
located within the critical region of the Dutch HCFP1
family and is delimited by the markers D353607 and GDB
ID:11524500 and spans about 3.0cM at chromosome
3q21.3. These new findings reduced the interval in which
the genetic defect underlying congenital facial palsy is
located by 47%. The at-risk haplotype in both families is
different, ruling out a common founder. The HCFP1 locus
contains 54 and 35 predicted transcripts for the Dutch and
the Pakistani family, respectively. Seven candidate genes,
KLF15, PODXL2, FLJ40083, TMCC1, PLEXIN-A1, PLEXIN-
D1, and GATA-2, of which the latter three were screened
before in the HCFP1 family,?°~2? were selected based on
their expression profile and (predicted) function and
screened by mutation analysis in both families. Although
numerous DNA variations were identified, none of these
were likely to be causative for the HCFP phenotype. At
present, we cannot exclude whether expression of these
candidate genes is altered, owing to mutations in regula-
tory sequences, leading to an aberrant expression pattern
during hindbrain developmental stages. The temporal and
spatial transcriptional control in the development of these
genes might be altered; unfortunately, this cannot be
assessed in the available patient material.

At the moment, there are no other obvious candidate
genes located within the linked interval. Of the 35 putative
transcripts located within the D35S3607;GDB ID:11524500,
six were ruled out by direct sequencing: PODXL2, GATA-2,
TMCC1, PLEXIN-D1, RAB7, and EEFSEC,?°??28 interval,
and another four (MBD4, KIAA1257, MCM2, and ABTBI)
based on their spatio/temporal expression during develop-
ment.?® Of the remaining 25 transcripts, five are poten-
tially expressed in the brain (TRH, ACAD9, DNAJBS,
GPR175, and KLHDC6); although these genes were tested

using RNA in situ hybridization, they were discarded as
putative candidate genes owing to lack of a signal during
mouse embryogenesis.?® However, the expression levels
could be below detection level and therefore it might be
worthwhile to screen these genes by mutation analysis. In
the course of this study, materials from three smaller HCFP
families originating from England, Spain, and The Nether-
lands were obtained. Polymorphic markers located within
the known HCFP1 and HCFP2 loci were tested by linkage
analysis in these three small families. In two families,
chromosome 10 could be excluded to be involved in the
HCFP phenotype; however, a possible linkage to chromo-
some 3 was observed (data not shown). This suggests that
the chromosome 3g21 locus may be an important locus for
the HCFP1 disorder. These two smaller families will be
included in future candidate gene analysis.

In conclusion, the involvement of chromosome 3q21-
g22 in HCFP could be confirmed by linkage analysis in a
third large HCFP family and the critical interval cosegre-
gating with the disorder could be reduced by 47% to 3.0 cMm
on chromosome 3q21.3. Furthermore, the candidate genes
KLF15, PODXL2, FLJ40083, TMCC1, PLEXIN-A1, PLEXIN-
D1, and GATA-2 can be excluded to be involved in the
HCFP1 phenotype.
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