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Autosomal recessive VWA I-related disorder:
comprehensive analysis of phenotypic
variability and genetic mutations
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A newly identified subtype of hereditary axonal motor neuropathy, characterized by early proximal limb involvement, has been
discovered in a cohort of 34 individuals with biallelic variants in von Willebrand factor A domain-containing 1 (VWAT1). This study
further delineates the disease characteristics in a cohort of 20 individuals diagnosed through genome or exome sequencing, incorpor-
ating neurophysiological, laboratory and imaging data, along with data from previously reported cases across three different studies.
Newly reported clinical features include hypermobility/hyperlaxity, axial weakness, dysmorphic signs, asymmetric presentation, dys-
tonic features and, notably, upper motor neuron signs. Foot drop, foot deformities and distal leg weakness followed by early proximal
leg weakness are confirmed to be initial manifestations. Additionally, this study identified 11 novel VWAT1 variants, reaffirming the
10 bp insertion-induced p.Gly25ArgfsTer74 as the most prevalent disease-causing allele, with a carrier frequency of ~1 in 441 in the
UK and Western European population. Importantly, VWA1-related pathology may mimic various neuromuscular conditions,
advocating for its inclusion in diverse gene panels spanning hereditary neuropathies to muscular dystrophies. The study highlights
the potential of lower quality control filters in exome analysis to enhance diagnostic yield of VWAT1 disease that may account for
up to 1% of unexplained hereditary neuropathies.
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. 20 new and 34 reported cases from 38 families
« 11 new and 11 reported variants
« Most common variant remained c.62_71dup
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Introduction

In early 2021, we reported on 17 individuals from 15 fam-
ilies exhibiting motor neuropathy associated with rare bialle-
lic variants in von Willebrand factor A domain-containing
1 (VWA1)." Among these, 10 families were part of the
100,000 Genomes Project, a substantial UK initiative dem-
onstrating the feasibility of routine genome sequencing
within the NHS.? Notably, a relatively common Western
European founder variant [NM_022834.5:c.62_71dup,
p-(Gly25ArgfsTer74)] was identified in 14 out of 15 fam-
ilies, residing on a shared haplotype with an ancient origin.
Parallel to our study, another cohort, assembled by
Deschauer et al.,® included 15 individuals from 6 families
with biallelic VWAT variants.

Patients were characterized by a childhood or adult onset
of a slowly progressive, non-length-dependent axonal her-
editary motor neuropathy. Notably, there was significant in-
volvement of the proximal lower limbs, surpassing that of
the upper limbs in most cases. Histological and neurophysio-
logical findings reported in the study by Deschauer et al.
pointed towards both neuropathic and myopathic changes,
leading them to define the condition as neuromyopathy.
Nevertheless, the true myopathic nature of the disease re-
mained controversial, with some proposing a primarily
neurogenic pathology and a secondary myopathic process.

To comprehensively characterize the clinical spectrum of
this highly variable neurological condition, we established
a new cohort comprising 20 patients from 15 independent,

mostly non-consanguineous families. Thorough clinical
and paraclinical assessments, including nerve conduction
studies, muscle ultrasound and biopsy data, were collected.
Our findings highlight the diverse age of onset and pheno-
typic presentations of the disease, which can mimic various
hereditary neuromuscular conditions, ranging from
Charcot-Marie-Tooth disease to spinal muscular atrophy
(SMA), hereditary spastic paraplegia spectrum and muscu-
lar dystrophies. We report previously undocumented var-
iants and reaffirm, in line with initial reports from 2021,
that ¢.62_71dup stands out as the most prevalent patho-
genic variant.

Materials and methods

Family identification and clinical and
genetic investigation

We identified 15 new families with biallelic VWAT1 variants
through the GeneMatcher platform,* supported by a collab-
orative network of international researchers and screening
various genetic databases. Exome analysis was employed
for 10 families, while genome sequencing was conducted
for the remaining 5. We gathered comprehensive clinical de-
tails, neurophysiological data, muscle imaging, muscle bi-
opsy specimens, brain imaging and visual materials such
as photos and videos of affected individuals. Informed con-
sent and authorization for publishing photos and videos
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(if applicable) were obtained from each patient or their legal
representatives.

Procedures were reviewed and approved by the appropri-
ate institutional review committee.

Results

In our cohort of deeply phenotyped individuals (z = 20, aged
2-74 years) (Fig. 1A-G; Supplementary Table 1 and Videos
1-4), 12 exhibited solely European ancestries, while others
were coming from diverse backgrounds including mixed
British-Pakistani, European—Arab, Mexican, Moroccan
Jewish, Iranian and African families. Consanguinity was re-
ported in two families of Iranian and Pakistani origin. The
age of onset varied from birth to 12 years, with consistent
early involvement of the distal lower limbs, presenting as
various foot deformities, gait disturbances, frequent falls
and ankle contractures. Notably, all cases except two exhib-
ited distal lower limb weakness with mostly foot drop. One
individual showed asymmetric involvement with one-sided
foot drop, pes cavus on the left and pes planus on the right
(Patient 15, Family 13). Nine individuals also manifested
proximal lower limb or axial weakness, and six developed
weakness in the upper limbs within the first three decades
of life. One child showed only proximal lower limb weak-
ness, while her younger brother retained motor strength
but exhibited dystonic features in his legs (Patients 19 and
20 from Family 15). The most pronounced weakness was ob-
served in the distal lower limbs, with muscle strength ranging
from Grades 1 to 3 for toe and foot dorsiflexion or plantar-
flexion. In contrast, muscle strength in the proximal lower
limbs, as well as in the distal and proximal upper limbs,
was at least Grade 4, except for Patient 12 (Family 11)
who exhibited Grade 3-4 weakness in the proximal legs
and Grade 2-3 weakness in the hands and for Patient 20
(Family 15) who had Grade 3 weakness in the hip abductors.
Mild muscle atrophy, predominantly affecting the distal
legs, was common. Additional clinical signs included
skeletal deformities (72 = 5), spasticity (z = 2), upgoing plan-
tars (n=2), scapular winging (n =2), tongue fasciculations
(n=2), multifocal dysmorphic signs including dolichoceph-
aly, frontal bossing, high arched palate, bilateral fifth finger
clinodactyly and partial 2,3 syndactyly in feet (z = 1), hyper-
mobility/hyperlaxity (n=1) and dystonia (7=1). No asso-
ciated neurocognitive symptoms were observed. Cardiac or
respiratory involvement was not reported. Despite the di-
verse clinical manifestations, all affected individuals exhib-
ited a slow disease progression and remained ambulatory
at the time of investigations.

Blood tests unveiled elevated creatine kinase (CK) levels in
the majority of cases, with the highest value reaching up to
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2400 U/L. Nerve conduction studies consistently indicated
axonal motor neuropathy with sensory involvement in three
cases, accompanied by chronic neuropathic changes in nee-
dle EMG. Myopathic EMG pattern was described in only
one individual. Histological data were available for three
cases, revealing a dystrophic pattern in one with multiple
ring fibres, while the other two exhibited extensive fibre
grouping indicative of neurogenic changes (Fig. 1H). None
of these myopathological data were available for review,
and only one patient agreed to publish the neuropathological
images. In Families 8 and 12, muscle ultrasound demon-
strated a moth-eaten pattern in the lower leg muscles, which
can be seen in long-standing denervation without reinnerva-
tion.” Strongly enhanced ultrasound intensity was seen in the
rectus femoris, vastus lateralis and tibialis anterior muscles
of the leg as well as in the deltoid, biceps and flexor digitor-
um profundus muscles of the arms while nerve ultrasound re-
mained normal in all three cases investigated (Fig. 1I). Brain
MRI was conducted in eight individuals, uncovering non-
specific minor changes with patchy white matter abnormal-
ities in three of them, most prominently in the frontal
regions.

With the exception of Patient 7 (Family 7), who is the
grandmother of F7 described previously,! none of these
new cases are known to be directly related to families
from our previously described cohort (Fig. 2). Consistent
with our earlier findings, ¢.62_71dup was again the pre-
dominant disease-associated allele, observed in 12/15 fam-
ilies. In four families, this recurrent 10 bp duplication was
detected in the homozygous state, and in two cases, we
were able to review genomic data to assess the five SNPs
that define the European founder haplotype. Family 13
(recruited in Ireland) had the proband homozygous for
the non-reference alleles at rs76947392, rs188670510
and rs144707149 but heterozygous for rs114330234 and
rs78379068. These data support our earlier study, confirm-
ing the presence of a founder haplotype. This result also
helped infer homozygosity for the 10 bp duplication, which
was helpful given the repetitive nature of the variant. This
was later confirmed by Sanger sequencing. Heterozygosity
for the two distal most SNPs implied a recombination event
that had occurred in the maternal lineage. In contrast,
Patient § (Family 5) was of Iranian ethnicity and, although
homozygous for ¢.62_71dup, did not appear to have the
European founder haplotype. The African ancestry
Patients 17 and 18 were heterozygous for the common
¢.62_71dup and a novel likely pathogenic frameshift vari-
ant in Exon 3 (c.662dup).

As the 10 bp duplication is found at a locus where
there is already a 2x10bp repeat in the reference
(2xGGCGCGGAGC), variant recurrence on a different
haplotype is not unexpected. The maximum population al-
lele frequency of the most common variant across all data-
bases remained the highest in the European non-Finnish
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Figure | Clinical and imaging features of affected individuals with VWA disease. Images of affected individuals from Patients |

(A and B), 3 (C-E), 8 (F) and |3 (G) showing moderate lower distal limb atrophy (A and D) with pes planus (B and C), overlying second toe (B),
upgoing toes (B), dolichocephaly and frontal bossing (E), scapula alata (F) and pes excavatum (G). (H) Muscle biopsy of the vastus lateralis muscle
of Patient 8 shows extensive neurogenic abnormalities with many areas of fibre type grouping seen by ATPase (pH 4.6) staining. Light brown fibres
correspond to Type 2B or 2C, while dark brown-stained fibres are Type | and red fibres Type 2A. Scale bar: | mm. (I) Muscle ultrasound of the left
tibialis anterior from the same patient shows a moth-eaten pattern consisting of round, dark areas with remaining viable motor units, surrounded
by tissue with increased greyscale level reflecting permanently denervated and fibrosed muscle tissue.

with 0.093% in gnomAD v4.0.0 and 0.118% in UK Biobank
(https:/afb.ukbiobank.ac.uk, accessed 28 March 2024)
(Supplementary Table 2).

Of the other 13 variants identified, 3 were missense changes
involving proline residues with supportive i silico scores (e.g.
CADD =24.9/27.6). The other 10 were all predicted to result
in loss of function (3 stop-gains and 7 frameshifts) (Fig. 3;
Supplementary Table 3). Of the 13 variants, 12 were seen in
the compound heterozygous state, and 8 were in trans with
c.62_71dup. The PM3 criteria from the ACMG variant
interpretation framework® can therefore be used to support
pathogenicity. Of these 13 additional variants, we note
that 5 are listed in ClinVar and 5 are present in dbSNP
(rs750227698, rs747475277, rs1638567522, rs746212067
and rs749945726). The maximum population allele fre-
quency seen across the set of additional variants was for
p.(Leu71Pro) (Family 9), which was at an allele frequency

of 50/981082 in the UK Biobank. We note that the variant
was also identified in Case 2 described by Gable et al.,” while
the variant ¢.879del, p.(Arg293SerfsTer58), was reported
previously by Deschauer et al.?

Patient 3 with dysmorphic signs also received a microarray
analysis without any pathogenic results. Given the broad
phenotypic presentation of the condition, several other pa-
tients received preceding genetic investigations including
neuropathy/neuromuscular disorder panel, movement dis-
order/dystonia panel, testing for Duchenne muscle dystrophy,
facioscapulohumeral muscular dystrophy and SMA.

Discussion

The recent identification of truncating biallelic variants
in VWA1 has unveiled a novel hereditary neurological
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Figure 2 Pedigrees of 15 families described in the study. Filled symbols with arrow indicate phenotypic features consistent with
VWA | -related disease. Grey shading in Family 5 indicates an individual with walking problems. In Family 6, sibling of the affected patient showed a
similar phenotype but had no disease-causing variants in VWA /. Note that the grandmother of the affected individual in Family 7 corresponds to
the described case in Family 7 in Pagnamenta et al! NA, not available; UK, unknown; WT, wild type.
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Figure 4 Major features in individuals with VWA disease. (A) The frequency of selected clinical symptoms. (B) The frequency of
diagnostic signs in percentage (%). Results are based on data from 54 patients (n = 20 from presented cohort and n = 34 from previous
publications)."z’7 CK, creatine kinase; EMG, electromyography; LL, lower limb; NCS, nerve conduction studies; UL, upper limb.

condition with a phenotype that continues to expand, en-
compassing non-length-dependent axonal motor neur-
opathy with early involvement of proximal limbs and
upper extremities. Gene discovery faced delays in the major-
ity of the 34 reported cases, attributed in part to challenges
related to the high GC content and subsequent low coverage
of the 10 bp repeat expansion in individuals with the most
common recurrent mutation.’

From a clinical standpoint, the condition may go
unnoticed for years to decades due to its relatively benign na-
ture, often presenting mild neurological deficits, the absence
of prominent muscle atrophy and slow disease progression.
Nonetheless, early-onset foot deformities, contractures,
and gait abnormalities have been consistently reported

in nearly all individuals with VWAT1-related disorder, sug-
gesting an early or even infantile disease onset rather than
adult onset.

While the most common features of VWAT1-related dis-
ease include foot drop, foot deformities and distal lower
limb weakness, about half of the so far reported individuals
develop proximal leg weakness over time, and approxi-
mately one-third experience upper limb involvement
(Fig. 4). The condition typically presents isolated motor
neuropathy with primarily axonal involvement and chronic
neurogenic changes as the typical neurophysiological find-
ing. However, individuals in this cohort demonstrated add-
itional features such as frequent falls, hyperreflexia and
asymmetric presentation. Unique features of VWAT1 disease
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include scapular winging, tongue fasciculations and, re-
cently reported,” pyramidal signs such as upgoing plantars
and/or spasticity in the lower limbs. Additionally, this co-
hort identified previously undescribed features such as hy-
permobility and hyperlaxity, axial weakness including
weakness of the trunk and neck flexors, dystonic features
and dysmorphic signs. Importantly, none of the current
cases experienced loss of ambulation compared with the
12% reported previously.'>”

Many clinical features of VWAT1-related disorder are non-
specific, meaning that it can potentially be mistaken for a
range of hereditary conditions, particularly when the pheno-
type is not fully expressed. Early stages of the disease may re-
semble hereditary (sensory) motor neuropathies, and
proximal leg weakness can mimic lower limb-predominant
SMA or TGF-related hereditary neuropathy with proximal
involvement.®'° Hyperreflexia, especially when combined
with spasticity, might mimic conditions on the hereditary
spastic paraplegia spectrum. Rare features such as scapular
winging in association with motor neuropathy can also be
seen in patients with TRPV4, or SORD variants, and in
those carrying DYNC1H1, and BICD2 variants, where early
proximal lower limb involvement is common."'""* Tongue
fasciculation and/or atrophy favours the diagnosis of juven-
ile amyotrophic lateral sclerosis associated with several genes
including SETX, SPTLC1, SPTLC2, ALS2, FUS and
SIGMARI1. Further, this symptom has been reported in
TRPV4 variant carriers.'> GARS disease is characterized
by distal weakness of predominantly the upper limbs, but
an associated phenotypic presentation more on the SMA
spectrum with severe distal and proximal weakness can rare-
ly present with tongue fasciculations.'? The combination of
proximal leg weakness, myalgia and elevated CK levels sug-
gested a potentially combined neuro-myopathological origin
of VWAT1-related disorder, aligning with the concept of neu-
romyopathy introduced in previous studies.'*'* Hereby, nee-
dle EMG was suggestive for myopathic changes in some
previously reported cases, while muscle MRI showed fatty de-
generation predominantly of the vastus lateralis and the anter-
ior compartment of the lower leg, with myopathic pattern in
single cases." Limited number of patients received muscle bi-
opsy with some showing histological signs of myopathy." In
our cohort, two patients had CK levels > 1500 U/L, with one
of them exhibiting myopathic changes on muscle biopsy and
electrodiagnostic. However, paraclinical testing indicated pri-
marily neurogenic changes in all other cases. Muscle MRI was
not performed in our cohort; however, three patients received
detailed muscle ultrasound showing increased intensity in se-
lected muscles of predominantly the upper arm and the anter-
ior leg, with ‘moth-eaten’ pattern compatible with chronic
denervation without reinnervation seen in one patient.

A recent proteomic study revealed increased immunostain-
ing for C-reactive protein in the extracellular matrix of a mus-
cle biopsy taken from a patient with VWA1 disease."’
Therefore, the potential role of C-reactive protein in this con-
dition was discussed. Five patients in our cohort received
C-reactive protein measurements, but none showed abnormal
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plasma levels. Given that C-reactive protein is a non-specific
marker of inflammation, its significance in VWA 1-related dis-
ease requires further investigation. Currently, no plasma bio-
markers are known to be associated with the condition, and
genotypic—phenotypic correlations remain to be established
as well. Interestingly, even patients with the most common
mutation exhibited variable phenotypic presentations, even
within the same family.

The most common associated allele remains the previously
reported European founder mutation ¢.62_71dup, although it
was also found in an Iranian and African family (Family 5 and
Family 14, respectively). This variant involves an expansion of
a 10 bp repeat in Exon 1 of VWAT1, leading to three copies in-
stead of two compared with normal alleles. This founder mu-
tation was found in the homozygous state in 6 individuals and
in the heterozygous state with another likely pathogenic vari-
ant in 10 cases. Of the 13 additional variants identified in this
cohort, 11 have not been described previously.

Alone in the UK, >26 000 individuals suffer from a form
of hereditary neuropathy. With an estimated allele frequency
of the most common variant c¢.62_71dup at 1/847 in the
European population, up to 100 individuals may be homozy-
gous or compound heterozygous for the VWA1 founder mu-
tation in the UK. In Western Europe, North America and
Australia, the numbers are even higher. Therefore, VWAT1
should be included in multiple gene panels covering heredi-
tary neuropathies, muscle dystrophies, hereditary spastic
paraplegia and SMA to reduce diagnostic delay and identify
a large number of undiagnosed individuals.

Ongoing phenotyping of individuals with VWAT1 disease
will further facilitate the clinical characterization of this
newly described condition, while genetic and functional
studies remain necessary to understand the link between
nerve and muscle pathology observed in an increasing num-
ber of neuromuscular disorders.

Supplementary material

Supplementary material is available at Brain Communications
online.
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