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Abstract
Charcot-Marie-Tooth (CMT) disease is a form of inherited peripheral neuropathy that affects motor and sensory neurons. To
identify the causative gene in a consanguineous family with autosomal recessive CMT (AR-CMT), we employed a combination
of linkage analysis and whole exome sequencing. After excluding known AR-CMT genes, genome-wide linkage analysis
mapped the disease locus to a 7.48-Mb interval on chromosome 14q32.11–q32.33, flanked by the markers rs2124843 and
rs4983409. Whole exome sequencing identified two non-synonymous variants (p.T40P and p.H915Y) in the AHNAK2 gene
that segregated with the disease in the family. Pathogenic predictions indicated that p.T40P is the likely causative allele. Analysis
of AHNAK2 expression in the AR-CMT patient fibroblasts showed significantly reduced mRNA and protein levels. AHNAK2
binds directly to periaxin which is encoded by the PRX gene, and PRX mutations are associated with another form of AR-CMT
(CMT4F). The altered expression of mutant AHNAK2 may disrupt the AHNAK2-PRX interaction in which one of its known
functions is to regulate myelination.
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Introduction

Inherited peripheral neuropathies are a group of disorders of
the peripheral nervous system with heterogenous clinical phe-
notypes involving a wide range of genes. Charcot-Marie-

Tooth disease (CMT) is the most common inherited peripheral
neuropathy with a prevalence of 1 in 2500 [1]. CMT patients
typically present with progressive distal muscle weakness and
atrophy, foot deformities, sensory loss and reduced reflexes.
The classification of CMT has traditionally been based on
neurophysiological recordings and the mode of inheritance
[2]. However, the plethora of known CMT genes and subse-
quent genetic testing has further defined the disease
classifications.

Almost 90 genes have been identified for CMT and asso-
ciated neuropathies [3]. Genes for autosomal recessive CMT
(AR-CMT) were mainly identified through studies with large
pedigrees and specific populations, whilst next-generation se-
quencing in small nuclear families has accelerated gene dis-
coveries including mutations in HINT1, IGHMBP2 and
MCM3AP [4–6, respectively].

In this study, we used a combination of linkage analysis
and whole exome sequencing to identify the causal gene in a
Malaysian family with demyelinating AR-CMT.
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Materials and methods

Subjects

CMT861 family

Eighteen family members of Indian ethnicity were recruited
which included two brothers with CMT. Genomic DNAwas
extracted from peripheral blood using the QIAamp DNA
Blood Maxi Kit (Qiagen, Hilden, Germany) at the
University of Malaya for the family members and Indian con-
trols, whilst the PureGene Kit was used in the ANZAC labo-
ratory for the normal controls. Controls comprised of healthy
individuals free of any neurological disorder. Ethics approval
from the University ofMalayaMedical Centre and the Sydney
Local Health District Human Ethics Research Committee
(Concord Hospital, Sydney) was obtained and all participants
provided written consent.

Linkage and haplotype mapping

Using the EasyLinkage package, simulation studies were per-
formed using FastLINK to determine the maximum theoreti-
cal LOD score and linkage power of the family [7]. The
Golden Gate Linkage V Panel was initially used to genotype
six family members (III:9, III:10, IV:6, IV:7, IV:8, IV:9) for
genome-wide linkage analysis. Multipoint linkage was per-
formed using the MERLIN program [8]. For the parametric
linkage analysis, fully penetrant autosomal recessive inheri-
tance was assumed with a disease allele frequency of 0.001.

Suggestive linkage peaks with LOD scores > 2 were further
analysed with microsatellite markers, and two-point and
multipoint linkage analyses were performed on 18 members
of the family using the MLINK and LINKMAP program of
the Linkage Package [9]. Microsatellite marker information
was retrieved from the Rutgers Map Browser (build 37)
[10], and additional SNP markers were selected from the
whole exome sequencing variant dataset of the proband.

Whole exome sequencing

Whole exome sequencing (WES) was performed on genomic
DNA (2.5 μg) in five family members of CMT861 (III:9,
III:10, IV:7, IV:8, IV:9) at Axeq Technologies (Seoul, South
Korea) as previously described [11].

Detecting runs of homozygosity

Runs of homozygosity (ROH) were determined using SNP
genotypes from the WES dataset. The Linkdatagen Perl script
(release 20130704) was used to generate input files using
PLINK [12, 13]. Annotation files were prepared with
HapMap II CEU genotypes, and a bin size of zero was chosen

to maximise the number of SNPs included in the analysis.
SNPs that were missing, not annotated, or had a read depth
of less than 10 were excluded. Using the default parameters,
PLINK scanned the genome with a window of 50 consecutive
SNPs to determine ROH. One heterozygous SNPwas allowed
in each window and the overlap between the sliding windows
was set at 5%. The maximum gap allowed in between SNPs
was 1000 kb and only regions with a minimum of a hundred
consecutive homozygous SNPs were selected. Overlapping
homozygous segments were compared pairwise within the
family members and were considered to be shared between
individuals if 95% of the variants within the homozygous
segments matched. The ROH shared by the affected brothers
and absent in the unaffected family members were prioritised
for further analysis.

Candidate variants from WES

The web-based Galaxy platform (http://galaxyproject.org/)
was used to perform a series of filtering steps with the WES
data [14, 15]. Shared variants between the two affected
brothers (IV:7 and IV:9) were selected, and common variants
were excluded by comparing the shared patient data with
exome datasets of unrelated neurologically normal males of
Caucasian (20) and Indian (one) ethnicities.

Candidate variants were further prioritised based on the
following criteria: (1) localization within regions defined by
linkage and runs of homozygosity; (2) variants having a minor
allele frequency less than 1%, in the homozygous state; and
(3) non-synonymous variants. The candidate variants fulfill-
ing these criteria were validated using Sanger sequencing and
then screened using in-house controls (754 normal controls,
including 132 of Indian ethnicity), with established high-
resolution melting (HRM) protocols [16]. In addition, exome
datasets from families of European, Korean and Taiwanese
ethnicities were queried for variants in candidate genes. The
variants identified were tested for segregation with the disease
phenotype in these families. The variants reported in
AHNAK2 are annotated using the accession numbers
NM_138420 and NP_612429.

Gene expression studies

Skin biopsies from patients (IV:7, IV:9) and five male controls
were cultured in FDMEM containing 10% (v/v) inactivated
foetal bovine serum, 200 mM L-glutamine and 5000 U/mL
Penicillin/Streptomycin. RNA extractions from fibroblasts
were performed using the NuclearSpin RNA Kit (Macherey-
Nagel). Total RNA (500 ng to 1 μg) was reverse transcribed
using the iScript cDNA Synthesis Kit (Bio-Rad). A Taqman
gene expression assay (Fisher Biotech) using the comparative
2−ΔΔCt method was used to quantitate the relative expression
of AHNAK2 (Hs00292832_M1) between patients and
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controls [17]. The HPRT1 (Hs02800695_m1) gene was used
as the endogenous control for normalising the target gene
expression.

Immunocytochemistry, confocal imaging and image
analysis

Fibroblast cells were fixed with 4% (w/v) paraformaldehyde
(PFA) for 15 min at room temperature, then washed with 1×
PBS. Blocking was performed with 0.1% (v/v) Triton X-100
for 5 min, followed by 5% (w/v) bovine serum albumin (BSA)
for 30 min at room temperature. The cells were incubated with
the rabbit anti-human carboxyl terminal AHNAK2 primary
antibody (HPA004145, Atlas Antibodies) at a dilution of
1:100 (in 1% (w/v) BSA) at room temperature for 3 h, and
washed twice with 1× PBS. The secondary antibody, Alexa
488-labelled anti-rabbit IgG antibody (A-11070, Molecular
Probes), was used at a dilution of 1:200 (in 1× PBS) and
incubated at room temperature for 1 h, and washed in 1×
PBS. The cells were stained with Hoechst (H3570,
Molecular Probes) for nuclear staining. Cells were viewed
under a Leica TCS SP5 II confocal microscope, and images
were captured with LAS X software. Images (10 or more)
were taken for both controls and patients, from three indepen-
dent experiments. Image analysis was performed using the
Image Pro Plus software (Media Cybernetics). The average
AHNAK2 intensity per image was measured by quantifying
the intensity of the AHNAK2 signal and dividing the value
over the number of cells (counted by DAPI staining). The
average AHNAK2 intensity per number of cells across all
images was then compared between the control and patient
groups. The same procedure was followed to stain for actin
using the Phalloidin antibody conjugated with an Alexa Fluor
546 dye (Molecular Probes) and Hoechst as above. The
Student’s t test was used to compare the two groups, where
a p value of less than 0.05 was considered significant.

Results

Our previous study on a Malaysian CMT cohort showed that
in 40% of cases, no mutations were detected in the common
CMT genes (PMP22, GJB1, MPZ, MFN2) [18]. This study
investigated one unsolved family (CMT861) with two affect-
ed brothers (IV:7 and IV:9) from a consanguineous marriage
(Fig. 1).

Clinical features (CMT861)

The proband (IV:7) first presented to the orthopaedic surgeons
at the age of 16 with a 4-year history of gait difficulties. He
was subsequently referred to the neurology clinic.
Neurological examination of the upper limbs revealed atrophy

of the small muscles of his hands and weakness (MRC grade
3/5) of his abductor pollicis brevis and first dorsal interossei
muscles. Upper limb reflexes were absent and sensation was
intact. Examination of the lower limbs revealed increased tone
but no sustained ankle clonus. There was wasting of the small
muscles of the feet and tibialis anterior bilaterally. Ankle
dorsiflexion was reduced in strength (MRC grade 2/5).
Ankle reflexes were absent but knee reflexes were brisk.
Vibration sense was absent in the toes, reduced at the ankles
and present at the knees. Pinprick sensation and propriocep-
tion was intact. Nerve conduction studies (NCS) revealed ei-
ther absent or markedly reduced amplitude of the sensory
nerve action potentials (Table 1). Compound muscle action
potentials (CMAPs) were un-recordable in the distal lower
limb muscles and reduced in amplitude in the upper limbs.
Motor conduction velocities were reduced and were within
the demyelinating ranges (median 34 m/s, ulnar 36 m/s).
Distal motor latencies were prolonged and F wave latencies
were delayed. Needle electromyography showed evidence of
chronic denervation changes in the distal limb muscles. In
view of the increased lower limb tone and brisk knee reflexes,
MRI of the whole spine was performed and found to be
normal.

His younger brother (IV:9) was noted to have similar symp-
toms and was examined at the age of 15. He described gait
difficulties since 13 years of age with frequent falls as a result
of tripping over his foot. He had a high steppage gait, and
unlike his brother, his muscle tone was normal. There was
reduced muscle strength in the distal muscles of his upper
(finger abduction MRC grade 4/5) and lower limbs
(dorsiflexion MRC grade 3/5). Reflexes were absent at the
ankles, brisk at the knees and depressed in the upper limbs.
Vibratory sense was absent at the toes but pain and proprio-
ception was intact. NCS findings were similar to his older
brother’s scores, with features of demyelinating sensorimotor
neuropathy with secondary axonal changes (Table 1). Both
parents and two unaffected siblings were also examined and
their nerve conduction studies were normal.

Mapping a new locus for demyelinating AR-CMT
to chromosome 14q32.11–q32.3

The pedigree for CMT861 is shown in Fig. 1. Simulation
studies modelling a linked microsatellite marker (four-allele)
and a SNP marker (two-allele) in the pedigree gave maximum
theoretical two-point LOD scores of 1.75 and 1.45 at θ = 0,
respectively (Supp. Table 1). Analysis of a genome-wide link-
age scan in six of the family members achieved a maximum
multipoint LOD score of 2.05 for chromosomes 3, 11, 12, 14,
19 and 20, with two peaks identified on chromosome 11
(Supp. Table 2 and Suppl. Fig. 1). An additional suggestive
linkage peak was found on chromosome 7 with a multipoint
LOD score approaching 2 (LOD = 1.94). Fine-mapping using
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informative microsatellite markers excluded chromosomes 3,
7, 11, 19 and 20 when tested in all the family members (Suppl.
Fig. 2). Chromosome 12 was not excluded; however subse-
quent analysis showed that there was no shared ROH or can-
didate gene variants (missense or truncation) in that region.
This suggested that the locus was less likely to be disease-
causing and was therefore not prioritised for further analysis
in this study.

No ROH were detected which overlapped with the linkage
peaks on chromosomes 3, 7, 19 and 20. An ROH was detected

on chromosome 11, spanning approximately 2.63 Mb (chr11
65,294,223–67,924,904), (Suppl. Fig. 3). However, within this
region, a large internal portion was shared with the parents and
the affected brothers between markers rs7107453 and
rs2286163. Flanking the internal region were two shorter
ROHs exclusive to the affected brothers corresponding to a
0.25-Mb interval between markers rs1622368 and rs7107453
(0.25Mb) and the second 0.13-Mb interval between the markers
rs2286163 and rs7121441. The internal ROH was excluded for
pathogenicity based on both parents possessing the ROH and
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Fig. 1 Extended haplotype analysis of markers on chromosome
14q32.11–q32.33. Females and males are represented by circles and
squares, respectively. Solid symbols indicate affected individuals.
Symbols with a black dot indicate a carrier. Marker alleles are listed
below the individuals and ordered from centromere to telomere. The
haplotype outlined by the box defines the haplotype segregating with
the disease. Haplotype analysis shows that the affected males are

homozygous for the disease haplotype (2-2-1-1-2-2-4). A
recombination event identified in the affected brothers between marker
D14S267 and rs568623036 defined D14S267 as the proximal flanking
marker. The suggestive linkage region is refined to the interval between
marker D14S267 and the distal end of chromosome 14q. This
corresponds to an 8.12-Mb candidate interval
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being unaffected. The shorter ROH shared by the brothers were
excluded with statistical significance after performing multipoint
linkage analysiswithmicrosatellitemarkers across the suggestive
linkage peak (Suppl Fig. 2c).

The linkage peak on chromosome 14q32.11–q32.33
mapped to a 15.79-Mb interval flanked by the markers
rs4904745 and rs1989750 (Fig. 2a, b). Fine mapping using
two-point analysis of genotyped microsatellite markers
showed the disease locus recombined with D14S291,
D14S1050, D14S62 and D14S267 at zero recombination
(Suppl. Table 3). Multipoint linkage analysis confirmed ex-
clusion of the interval between the markers D14S291 and
D14S267 and maintained a LOD score > 2.0 between
the markers D14S267 and D14S1007 (Fig. 2c).
Haplotype analysis showed that the two affected sons
were homozygous for an 8.12-Mb haplotype block
spanning rs568623036 to D14S1007 (2-2-1-1-2-2-4)
which was inherited from each carrier parent (III:9 and
III:10) (Fig. 1). Using WES data of the proband (IV:7),
an affected brother (IV:9), an unaffected brother (IV:8)
and the parents (III:9 and III:10), a ROH shared be-
tween the affected brothers further defined a 7.48-Mb
interval flanked by the markers rs2124843 and
rs4983409 (Fig. 2c). The ROH was present only in
the affected brothers and overlapped with the linkage
interval (Fig. 2c). Based on excluding other chromo-
somal linkage peaks, haplotype and ROH segregation
and multipoint LOD scores exceeding the simulated
maximum LOD score for the family, this evidence sup-
ported the region on chromosome 14q32.11–32.33 as a
novel and likely disease locus in CMT861.

WES identifies a mutation in AHNAK2

WES of the proband (IV:7) excluded mutations in the known
peripheral neuropathy genes. Filtering for shared variants

between the affected brothers identified 51,653 candidate var-
iants. Further filtering against exome data from unaffect-
ed family members reduced the number of candidate
variants in the brothers to 3278. These variants were
further reduced to 2757 by filtering against WES data
from 20 Caucasian controls and an ethnically matched
Indian control. The subsequent selection criteria to
prioritise candidate variants (homozygous, non-synonymous
variants with a MAF < 1%) identified eight candidates (Supp.
Table 4).

Two of the eight candidate variants were exonic (c.A118C
and c.C2743T) and localised within the AHNAK2 gene (Fig.
3a). Both of the variants were validated by Sanger sequencing
and fully segregated with the disease phenotype in family
CMT861 (Fig. 3b and Suppl. Fig. 4). The novel missense
variant (c.A118C) corresponds to a p.T40P substitution
in exon 3, and is absent in 1508 control chromosomes
screened by HRM analysis. This variant is also unre-
ported in the dbSNP150 EVS, ExAC, NHLBI and
1000 Genomes databases. The second variant located in exon
7 (c.C2743T, p.H915Y) is a reported SNP (rs375578054) with
a MAF of 0.1%. It is absent in 400 control chromosomes
screened by HRM. The variant rs375578054 has been report-
ed in the heterozygous state in 5 out of 5008 chromosomes
(0.1%) and in 19 out of 120,144 chromosomes (0.02%) in the
1000 Genomes and ExAC databases, respectively.

The AHNAK2 gene encodes a protein with a PDZ domain
at the N-terminal (amino acids 112–191) and a large central
region of long repetitive motifs located outside the PDZ do-
main (amino acids 674–4742). The wild-type nucleotide at
c.A118 is highly constrained with a GERP score of 3.21,
Phastcon score of 0.99 and PhyloP score of 2.63. The
CADD score [19] of 23.3 indicates a nucleotide substitution
at this position is in the top 1% of most deleterious changes in
the genome. The p.T40P substitution is predicted to be dam-
aging by in silico protein prediction programs (SIFTscore = 0,

Table 1 Nerve conduction study of affected individuals

Proband IV:7 (CMT861) IV:9 (CMT861)

Sensory studies Amplitude (μV) Velocity (m/s) Amplitude (μV) Velocity (m/s)

Median 3.2 32 NR NR

Ulnar NR NR NR NR

Radial 5.4 33 NR NR

Sural NR NR NR NR

Motor studies Distal latency (ms) Amplitude (mV) Velocity (m/s) Distal latency (ms) Amplitude (mV) Velocity (m/s)

Median 5.6 4.2 34 7.2 1.9 28

Ulnar 4.2 1.8 36 5.1 4.3 32

Peroneal NR NR NR NR NR NR

Tibial NR NR NR NR NR NR

NR no response
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PolyPhen2 score = 0.998). The wild-type nucleotide for the
c.C2473T variant (p.H915Y) has a GERP score of 0.69,
PhastCons score of 0, PhyloP score of 0.39 and CADD score
of 13.98 indicating a low level of constraint. The p.H915Y
substitution is predicted to have a milder effect (SIFT score =
0.065, PolyPhen2 score = 0.995). The pathogenic predic-
tions therefore support the p.T40P substitution is more
likely to be damaging when compared to the p.H915Y
substitution.

Unsolved neuropathy families queried for AHNAK2
mutations

To identify other possible families with AHNAK2 mutations,
in-house WES datasets of unsolved IPN families (N = 115),
the Genesis database, as well as 54 European, 425 Korean and
135 Taiwanese unsolved IPN patients were queried (Supp.
Table 5). A heterozygous variant in exon 3 (c.C151T,
p.R51W) was excluded by segregation analysis. A
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Fig. 2 Combined LOD score and ROH data support an overlapping
region on chromosome 14q32.11–q32.33. a Ideogram showing the
location of the candidate region on chromosome 14. b Multipoint LOD
score likelihood curves from the genome wide scan defined a suggestive
15.79-Mb linkage region flanked by the markers markers rs4904745 and
rs1989750. c Multipoint likelihood curves generated from microsatellite

and SNP markers further refined the suggestive linkage peak to an 8.12-
Mb region between D14S267 and D14S1007 (bold). The shared
haplotype block spanned rs568623036 to D14S1007. The red bar
represents the ROH between markers rs2124843 and rs4983409 which
reduced the candidate interval from 8.12 to 7.48 Mb
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heterozygous variant in exon 5 (c.G412A, p.V138I) in a
Taiwanese patient was excluded as it was also present in 4
out of 997 normal individuals, as reported in a national control
exome database (https://taiwanview.twbiobank.org.tw/index).
Segregation analysis of two heterozygous exon 7 variants (c.
A14187G, p.I4729M and c.C1342T, p.R448W) in a single
European HMSN II family also excluded these variants.
Segregation analysis was not possible to evaluate a variant
in exon 5 (c.C386G, p.T129R) found in a late onset motor-
predominant CMT2 patient.

In a Korean cohort, a heterozygous variant (c.C16925G,
p.S5642C in a CMT2 family) and a homozygous variant
(c.A5023G, p.K1675E in a dHMN family, FC159) both
localising to exon 7 in unrelated families were shown to seg-
regate with the phenotype in the respective families.
Fibroblasts were not available for the p.S5642C family for
further analysis, and the p.K1675E variant was excluded as
it is reported as a rare homozygous polymorphism in various
ethnicities in the ExAC database. Segregation analysis was

not possible for two other families, one with compound het-
erozygous variants p.A203P and p.G450S and the second
with two heterozygous variants (p.R1144W, p.K1492R) and
one homozygote (p.L3217P) variant.

Altered AHNAK2 gene expression is observed
in AR-CMT patient fibroblasts

To assess the functional impact of the AHNAK2 mutations,
gene expression studies were performed to investigate
mRNA and protein levels in fibroblasts from both affected
brothers. Fibroblasts from both brothers showed a highly sig-
nificant reduction in AHNAK2 expression when compared to
control fibroblasts (p < 0.001) (Fig. 4a). Immunostaining of
fibroblasts with the p.T40P mutation showed a highly signif-
icant reduction in AHNAK2 protein expression (p < 0.001)
when compared to controls (Fig. 4b, c). In comparison, actin
expression levels were not significantly different in patient
fibroblasts compared to controls (Fig. 4d, e), indicating that

a

b

Fig. 3 Schematic figure of the AHNAK2 gene and sequence
electropherograms of the mutations. a Structure of AHNAK2. The boxes
represent the coding exons. Amino acid residues 1 to 217 cover exons 1 to
6 and residues 218 to 5795 span exon 7. The p.T40P localises within exon
3 and p.H915Y is in exon 7. AHNAK2 has a PDZ domain from amino

acids 112–191 and a repeat domain from amino acids 674–4742. b
Sequence traces for wild-type control, heterozygous carrier and
homozygous patient for c.A118C (p.T40P) and c.C2743T (p.H915Y)
are shown
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the reduction of protein levels in the patient fibroblasts was
specific to AHNAK2.

Discussion

We have mapped a new locus for AR-CMT with neurophys-
iological features supportive of demyelinating neuropathy in a
Malaysian Indian family and identified variants in the
AHNAK2 gene in which one (p.T40P) is likely to be causative.

There are several lines of evidence supporting AHNAK2 as the
likely causative gene in this family: (1) two complementary
mapping approaches supported mapping the disease lo-
cus for CMT861 to a region on chromosome 14q32.22–
q32.33; (2) whole exome sequencing excluded known
CMT genes; (3) the homozygous mutation p.T40P is
absent in published databases, ethnically matched con-
trols and in-house control exomes; and (4) expression
studies in patient fibroblasts showed significantly re-
duced levels of AHNAK2.
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Fig. 4 Reduced AHNAK2 expression in patient fibroblasts at the mRNA
and protein level. a Relative expression of AHNAK2 mRNA in patient
fibroblasts with the p.T40P, p.H915Y mutations compared to controls.
Bars show the mean mRNA levels of AHNAK2 normalised to HPRT (±
SEM; error bars) relative to control 1. A significant 8.9–10.5-fold
decrease in AHNAK2 expression in both patients was observed, for IV9
and IV:7, respectively (p < 0.001). b Wild type and patient p.T40P,
p.H915Y fibroblasts were immunostained with anti-AHNAK2
antibodies (green) and DAPI (blue). AHNAK2 has a clear perinuclear

and cytoplasmic expression in the control fibroblasts which is not
apparent in the patient fibroblasts. c Quantitation of AHNAK2
expression (fluorescence intensity ± SEM; error bars) between the
control and patient fibroblasts. ***p < 0.001. d Wild type and patient
p.T40P, p.H915Y fibroblasts were immunostained with anti-actin
antibodies (red) and DAPI (blue). e Quantification of actin expression
(fluorescence intensity ± SEM; error bars) between the control and
patient fibroblasts
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AHNAK2 is a large gene with over 200 non-synonymous
heterozygous variants in exons 1–6 and over 3000 non-
synonymous heterozygous and homozygous variants in exon
7 as reported in 1000 Genomes, ExAC and NHLBI EVS
databases. Due to the large number of variants in exon
7, careful interpretation of candidate variants within this
variable region should be assessed by segregation stud-
ies , control screening and funct ional analysis .
Interestingly, there is a rare heterozygous variant
(p.T40I, MAF 0.001) reported in a single individual,
at the same amino acid residue as the affected brothers
in family CMT861 (p.T40P). Based on the frequency of
this variant, it is possible that this individual is a carrier
for an AHNAK2 mutated allele which is non-pathogenic
in the heterozygous state; however due to de-identified
information for this sample in the ExAC database, fur-
ther evaluation is not possible.

Recently, a comprehensive study in a large Pakistani cohort
of healthy consanguineous families indicated that rare homo-
zygous variants representing loss-of-function (LOF) geno-
types that may have been presumed to be pathogenic, can be
found in normal healthy individuals [20]. Such findings can
confound the interpretation of homozygous variants for auto-
somal recessive diseases. In particular for CMT861, we
reviewed the datasets reported in this study as this family is
of Indian ethnicity and may share genetic lineage with the
Pakistani cohort studied. No AHNAK2mutations were report-
ed, which further support the argument that the p.T40P and
p.H915Y homozygous mutations have only been observed in
affected individuals.

Functional data on AHNAK2 expression provides evidence
suggesting how the mutations may be causing the phenotypes
in CMT861. We postulate that the p.T40P and p.H915Yare in
linkage disequilibrium, and may play a synergistic role in
disease pathogenesis or alternatively, p.H915Y is a benign
polymorphism in LD with the p.T40P causative allele.
Presently, it is not clear how the point mutation leads to re-
duced mRNA and protein expression; however, other studies
have reported similar effects [21, 22]. One possibility may be
the introduction of a microRNA binding site or changes to the
chromatin structure which hinders access of transcriptional
machinery to the regulatory domains controlling AHNAK2
gene expression.

AHNAK2 encodes a 616-kDa protein [23], in which the
function is poorly understood. Mutations in AHNAK1 have
been reported in a kindred with recessive Hirshsprung disease
but these patients also carried mutations in the ENDRB gene
which is thought to modulate disease penetrance through in-
teractions with AHNAK2 [24]. Recently, a novel insertion in
exon 7 (c.6436_6437insGG:p.L2146fs) was identified in a
Saudi Arabian family with dysmorphic features and skeletal
abnormalities [25]. It was assumed to be pathogenic by in
silico prediction tools.

In mice, Ahnak2 co-localises with Ahnak1 in skeletal mus-
cle [23, 26] and are thought to have similar roles in regulating
calcium channels and interacting with multiple cytoskeleton
proteins such as dysferlin, annesin 2, myoferlin, actin and
dystrophin [23, 26–30]. Homozygous Ahnak1 knockout mice
show no obvious phenotype at birth or during development,
but as the age of the mice studied was not stated, the onset of a
neuropathic phenotype may not have been observed [23].
Alternatively, the lack of disease phenotype may be due to a
possible compensatory role of Ahnak2 [23, 28]. As yet, there
are no reported Ahnak2 knockout mice.

Crystallography studies on AHNAK2 and periaxin (PRX)
have indicated that these proteins form heterodimers through
their PDZ domains [30]. Periaxin is essential for myelin
sheathmaintenance, and mutations inPRX are known to cause
demyelinating Charcot-Marie-Tooth disease type 4F and
Dejerine-Sottas disease (CMT3) [31–33]. Through
dimerisation with PRX, AHNAK2may be involved in similar
myelination maintenance roles. Mutations in AHNAK2 could
therefore be hypothesised to disrupt this interaction and pos-
sibly lead to a demyelinating phenotype, as observed in the
AR-CMT family CMT861. Importantly, the binding to PRX
is specific for AHNAK2 and not AHNAK1; therefore, the loss
of AHNAK2 in our patients may not be compensated by
AHNAK1. Other studies have also shown a role for
AHNAK2 in stress-induced FGF1 secretion [34], where
FGF1 is involved in neurite outgrowth of mouse cochlear
ganglion cells [35].

In summary, this study highlights a new avenue for under-
standing the role of AHNAK2 and expands the genetic
aetiology of AR-CMT.
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