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Homozygous WASHC4 variant in two sisters causes a syndromic
phenotype defined by dysmorphisms, intellectual disability,
profound developmental disorder, and skeletal muscle involvement
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Abstract

Recessive variants in WASHC4 are linked to intellectual disability complicated by poor language skills, short stature, and
dysmorphic features. The protein encoded by WASHC4 is part of the Wiskott—Aldrich syndrome protein and SCAR
homolog family, co-localizes with actin in cells, and promotes Arp2/3-dependent actin polymerization in vitro. Func-
tional studies in a zebrafish model suggested that WASHC4 knockdown may also affect skeletal muscles by perturbing
protein clearance. However, skeletal muscle involvement has not been reported so far in patients, and precise biochem-
ical studies allowing a deeper understanding of the molecular etiology of the disease are still lacking. Here, we report
two siblings with a homozygous WASHC4 variant expanding the clinical spectrum of the disease and provide a pheno-
typical comparison with cases reported in the literature. Proteomic profiling of fibroblasts of the WASHC4-deficient
patient revealed dysregulation of proteins relevant for the maintenance of the neuromuscular axis. Immunostaining
on a muscle biopsy derived from the same patient confirmed dysregulation of proteins relevant for proper muscle func-
tion, thus highlighting an affliction of muscle cells upon loss of functional WASHC4. The results of histological and
coherent anti-Stokes Raman scattering microscopic studies support the concept of a functional role of the WASHC4
protein in humans by altering protein processing and clearance. The proteomic analysis confirmed key molecular players
in vitro and highlighted, for the first time, the involvement of skeletal muscle in patients.

©2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd. on behalf of The Pathological Society of Great Britain
and Ireland.
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Introduction

[1]. Recessive variants in WASHC4 were linked to
Intellectual disability has an estimated prevalence of intellectual disability complicated by poor language
1.5-2%, and whole exome sequencing studies  skills, short stature, and dysmorphic features. Strum-
have identified a multitude of novel causative genes  pellin (WASHC5) mutations are associated with
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Figure 1. Clinical findings. (A) Family pedigree: I.1 and 1.2: healthy,
consanguineous parents (cousins I°) of Middle Eastern descent (United
Arab Emirates). I1.1: first female child, born at 29 weeks of gestation,
died 4 days after birth due to unknown cause. I1.2: sibling 1, WASHC4
patient 11. 11.3:sibling 2, WASHC4 patient 12. (B-I) Clinical phenotype.
Sibling 1: (B) Facial dysmorphic features: enlarged and coarsened nasal
tip with deviation to the left side, small upper lip vermilion, small eyes
with moderate ptosis and mild strabismus, high arched eyebrows, and
discreet synophrys. (C) Low-set ears with enlarged ear lobes, and prom-
inent forehead with low-set hairline. (D) Generalized muscle hypoto-
nia. (E) X-ray of thorax in supine position showing bipulmonary
infiltrations and right convex scoliosis. (F, G) General hirsutism, pre-
dominantly on the back and forearms. Sibling 2: (H, 1) Stereotype
movements of the hands and facial dysmorphic features: enlarged
and coarsened nasal tip with deviation to the right side; small eyes with
moderate ptosis and low-set ears. Informed consent to publish photo-
graphs was obtained for both patients.

neurological disease and causative for hereditary
spastic paraplegia [2] and cranio-cerebello-cardiac
dysplasia (Ritscher—Schinzel syndrome) [3].
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The Wiskott—Aldrich syndrome protein (WASP)
family is known for its participation in cytoskeleton
reorganization [4,5]. In 2007, the human subtelomeric
MGC52000 genes were renamed as Wiskott—Aldrich
syndrome protein and SCAR homolog (WASH).
Human WASH proteins are part of the WASP family,
co-localize with actin in cells, and promote
Arp2/3-dependent actin polymerization in vitro [6].
The WASH multiprotein complex consists of seven
subunits: notably Strumpellin and WAS protein family
homolog (WASH)-interacting protein (SWIP), which
is encoded by the WASHC4 gene, FAM21, and
Arp2/3. The Arp2/3-dependent actin polymerization
from G-actin to F-actin is an important step in regula-
tion of the cytoskeleton, enabling multiple endosomal
transport processes [7,8]. Linardopoulou et al have
shown in Drosophila that the single WASH ortholog
is essential for viability [6], strengthening the concept
that WASHC4 plays a crucial role in muscle cell integ-
rity and function.

WASHC4/SWIP is an important interactor of
valosin-containing protein (VCP). VCP is a key regula-
tor of cellular proteostasis by regulating protein turn-
over and quality control. Mutations in VCP lead to
severe myodegenerative and neurodegenerative dis-
eases such as inclusion body myopathy with Paget dis-
ease of the bone and frontotemporal dementia
(IBMPFD). By using the zebrafish (Danio rerio) verte-
brate model, Kustermann et al were able to show that
targeted inactivation of either VCP or WASHC4 leads
to progressive impairment of muscle function, struc-
ture, and cytoarchitecture. Moreover, they proved that
loss of VCP resulted in compromised protein degrada-
tion via the proteasome and the macroautophagy/
autophagy machinery. In contrast, WASHC4 defi-
ciency did not affect the function of the ubiquitin-
proteasome system (UPS) but caused ER stress and
interfered with autophagy function [9].

A link between autosomal recessive intellectual dis-
ability (ARID) and mutations in the WASHC4 gene
was first recognized in 2011 by Ropers and co-workers.
They described a large consanguineous family with
seven affected individuals (five females, two males),
all suffering from moderate to severe intellectual disabil-
ity (ID) (IQ 35-50) due to a homozygous missense
variant in exon 29 of the WASHC4 gene (c.3056C>G,
p-Pro1019Arg). Other common features were poor lan-
guage skills and short stature but no dysmorphic features
[10] (supplementary material, Table S1).

Based on this publication, the WASHC4 gene (MIM
*615748) on chromosome 12q23 was listed in OMIM
as the gene responsible for non-syndromic autosomal
recessive mental retardation (MRT43, MIM #615817).
Very recently, Assoum et al reported three additional
patients from two unrelated families with syndromic
ID. Two of them were sisters (8 and 6 years old), both
presenting with learning disabilities, macrocephaly,
dysmorphic features, skeletal anomalies, and subepen-
dymal heterotopic nodules due to a compound heterozy-
gous mutation in the WASHC4 gene [p.(GIn442*) and
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p-(Asp1048Gly)]. The third patient was a 34-year-old
female with mild ID, behavioral anomalies, short stature,
microcephaly, dysmorphic facial features, and hyperpil-
osity resulting from a compound heterozygous
mutation of the WASHC4 gene [p.(Lys1079Arg) and
p-(His503Arg)] [11] (supplementary material, Table S1).

The WASHC4 variant [c.3041A>G; p.(Tyr1014Cys)]
present in the sisters described in this study was assessed
as a variant of uncertain significance (VUS) by Reuter
et al in 2017 and was mentioned in the supplemental
material belonging to the article [12]. As early as 1999,
Kikuno et al described the expression of KIAA1033
(WASHC4) in the brain, which explains neurodevelop-
mental delay and ID [13]. Recently, Courtland et al
reported endo-lysosomal dysfunction and cognitive-
movement impairments in mice and humans due to
genetic disruption of WASHC4 [14].

In this study, we precisely describe the clinical pheno-
type of the two sisters and provide additional informa-
tion (histological and proteomic data) derived from
skin and muscle biopsy of the elder sibling to confirm
the pathogenicity of the reported variant and establish
the function of WASHC4 as relevant for muscle
homeostasis.

Materials and methods

Ethics approval and consent to participate

Parental informed consent including permission to pub-
lish data and photographs was obtained for both patients,
and the ethics committee of University Medicine Essen
granted ethical approval (19-9011-BO). All procedures
involving human subjects were in accordance with the
Declaration of Helsinki 1975, as revised in 1983.

Exome sequencing

Whole exome sequencing (WES) was performed by the
Genomics Platform at the Broad Institute of MIT and
Harvard (Cambridge, MA, USA). Libraries were created
with an [llumina (San Diego, CA, USA) exome capture
(38 Mb target) and sequenced with a mean target cover-
age of >80x. Exome sequencing data were processed and
analyzed on the RD-Connect Genome-Phenome Analy-
sis Platform (https://platform.rd-connect.eu/genomics/
#/genomics). Likely pathogenic variants were identified
applying standard filtering criteria: minor allele fre-
quency less than 1% and high to moderate variant effect
predictor. Shortlisted variants were interrogated for their
predicted deleteriousness in silico and previous known
association with human disease.

Proteomic profiling

To elucidate cellular pathophysiological processes upon
loss of functional WASHC4, proteomic profiling on
human skin fibroblasts was performed utilizing a data-
independent acquisition (DIA) approach as described
previously [15], whereby control and WASHC4-patient
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fibroblast samples were processed and analyzed in paral-
lel. For Gene Ontology (GO) term analysis, only those
proteins identified as >2 or <0.5 fold-change with a sig-
nificant P value were included.

Coherent anti-Stokes Raman scattering microscopy
and immunofluorescence

Ten-micrometer-thick sections were cut from a cryo-
preserved muscle biopsy specimen. Sections were used
for immunofluorescence studies (as described previ-
ously [16] utilizing the antibodies listed in supplemen-
tary material, Table S2), for coherent anti-Stokes
Raman scattering (CARS), and for second harmonic
generation (SHG) microscopy. For CARS and SHG
measurements, samples were dried under a constant flow
of nitrogen gas, but no further sample preparation was
applied.

All spectroscopic measurements were performed on a
modified Leica (Wetzlar, Germany) TCS SP8 CARS
laser scanning microscope (as described previously
[15]). The generated CARS signals were detected both
in backward and in forward direction (E- and F-CARS,
respectively); the simultaneous SHG signal was detected
in backward direction. A 40x water immersion objec-
tive (IRAPO 40x/1.10 water) was used for CARS and
SHG imaging. CARS spectra were acquired for a field
of 291 x 291 pm (2048 x 2048 pixels) by tuning the
pump laser from 804.0 to 826.4 nm with a step size of
0.7 nm, a pixel dwell time of approximately 10 ps, and
averaging of two images.

Immunofluorescence (IF) measurements were performed
on the same instrument using an argon laser at 488 nm for
excitation. Images were acquired with a 25x water immer-
sion objective (Fluotar VISIR 25x/0.95 water) and fluores-
cence was detected with a hybrid detector from 500 to
600 nm. Fluorescence images were acquired with an image
size of 465 x 465 pm (1024 x 1024 pixels) in the x and
y direction.

Statistical evaluation of muscle fiber calibers

Leica software LAS X (Version 2.0) was used for man-
ual determination of the muscle fibers from the CARS
images. For cross-sectioned muscle samples, the length
and width of fully imaged fibers were determined, and
the caliber was averaged from the two values. For mus-
cle fibers in longitudinal section, the width of the fibers
was taken as the caliber. A total of 638 fibers were ana-
lyzed for the patient. As a reference, 1457 fibers were
analyzed from five control samples.

Extraction of spectra for the determined features

The spectral CARS measurements were manually
screened for conspicuous features. These were grouped
according to their appearance (see the Results section).
The CARS spectra in each group were first normalized
and then averaged. CARS spectra were extracted for
the area of the features as well as for inconspicuous areas
neighboring the features, which were taken as normal
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reference. All spectra per area were normalized to 1 and
subsequently averaged. A total of 290 spectra were used
for the spectra presented in the Results section: A: 59; B:
58; Ref: 38; Controls: 135.

Data processing

The processing of the fluorescence measurements was
performed using Matlab R2020a (MathWorks, Natick,
MA, USA). For each image, the background was
reduced by setting all data points showing less than 1%
of intensity to this background threshold. Cosmic spikes
were taken into account by defining an upper intensity
threshold so that less than 0.1% of the data points above
background intensity were above this upper threshold.
Data points showing intensity above this value were set
to the upper threshold. The entire image was then
rescaled to the full range (8 bits).

Within each of the scaled images, 25 muscle fibers
were selected using a manually defined irregular octa-
gon. An intensity histogram analysis was performed
for each of these muscle fibers. To account for the differ-
ent sizes of the octagons, the histogram values were nor-
malized to percentages. For each group, the mean and
standard deviation were determined from the percentage
values.

Immunoblotting studies

Immunoblotting studies were performed as described
previously [17] but utilizing nitrocellulose mem-
brane. For each analysis, 10 pg of whole muscle pro-
tein extract was used. The primary antibodies and
respective dilutions used are listed in supplementary
material, Table S2. The secondary antibodies used
were Alexa Fluor® 488 goat anti-rabbit (Abcam,
Cambridge, UK), Invitrogen A-11034 (Thermo
Fisher Scientific, Waltham, MA, USA); goat anti-
mouse HRP (Thermo Fisher Scientific), Thermo
G21040 (Thermo Fisher Scientific); and goat anti-
rabbit HRP (Thermo Fisher Scientific), Thermo
G21234 (Thermo Fisher Scientific).

Results

Clinical report
Family history

The parents are healthy, consanguineous (cousins I°), of
Middle Eastern descent (United Arab Emirates). Neuro-
muscular, syndromic, or metabolic disorders in family
history were denied. Their first child was a prematurely
born (29 weeks of gestation) female, who died at 4 days
of age due to unknown cause. They have two further
daughters (Figure 1A), who are described thoroughly
in the following sections and are listed in supplementary
material, Table S1 as sibling 1 and sibling 2 (in total
patients 11 and 12).

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
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Sibling 1/WASHC4 patient 11

Pregnancy and perinatal period

The pregnancy was complicated because of hyperemesis
gravidarum and intrauterine growth retardation. Birth
was at 36 weeks of gestation due to poor results from
cardiotocography (CTG). Birth weight was 1650 g
(—2.412), length was 46 cm (—0.85z), and head circum-
ference was 31 cm (—1.46z) (z-scores [18]). Postnatally,
a mild pulmonary adaption disorder (Apgar score and
umbilical cord pH unknown), a poor suck, and jaundice
requiring phototherapy were found. At the age of
28 days, significant muscle hypotonia and a complete
lack of head control were noticed.

Childhood development and diagnostics

General development was delayed (only sounding; no
sitting and reduced head control at 14 months; standing
with support at 20 months). Clinical examination at
14 months showed dysmorphic features (epicanthus,
low-set ears, microphthalmia, and retrognathia). Persist-
ing feeding difficulties required insertion of a percutane-
ous endoscopic gastrostomy tube (PEG). Basic
diagnostic work-up [echocardiography, electrocardio-
gram (ECG), nerve conduction velocity, laboratory
values including creatine kinase (CK)], chromosome
analysis, and electroencephalography (EEG) at
10 months showed no pathological findings, but brain
magnetic resonance imaging (MRI) revealed agenesis
of the pituitary gland. Due to abnormal brainstem-
evoked response audiometry (BERA), hearing aids were
implemented at the age of 5 years but were not well
tolerated. Molecular karyotyping (Affymetrix Genome-
Wide SNP_6.0 Array) showed no relevant dosage
aberrations but revealed five large homozygous areas,
encompassing about 98 Mb, which is in line with the
known parental consanguinity. A muscle biopsy was
performed at the age of 4 years (Figure 2).

At age 4.5 years, the patient developed epilepsy with
generalized tonic—clonic seizures and received oxcarba-
zepine (seizure-free on therapy). From this age on, she
was able to walk with support. At the age of 9 years,
she presented with a global developmental delay with
suspicion of severe ID, stereotypic movements, and
autoaggression in combination with absent speech. It
was never possible to perform a standardized intelli-
gence quotient (IQ) test due to the profound ID. Short
stature [height 121 cm (—2.62z)] and microcephaly
(head circumference 49 cm (—2.95z)] but normal weight
[26 kg (—1.15z)] (z-scores [18]) were found. She
showed significant dysmorphic features such as an
enlarged and coarsened nasal tip with deviation to the
left side, a small upper lip vermilion, small eyes with
moderate ptosis and mild strabismus, high arched eye-
brows with discreet synophrys, as well as low-set ears
with enlarged ear lobes and a prominent forehead with
low-set hairline and hirsutism (Figure 1B,C,F,G). Clini-
cal examination revealed areflexia and prominent gener-
alized muscle hypotonia leading to right convex
scoliosis (Figure 1D,E,F); contractures of the elbows,
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Figure 2. Muscle biopsy finding based on histological examination: (A) Hematoxylin and eosin (H&E) stain: musculature seen transversely
and obliquely, preserved fascicle structure; perimysial connective tissue proliferation, no fat cell proliferation; no lymphohistiocytic cell infil-
trates; muscle fibers polygonal, physiological fiber size variability, no fiber fragmentation or nuclear clumps; predominantly peripheral nuclei
(centrally located nuclei <3%). No cell necrosis or basophil regenerating fibers; no ragged red fibers; no intracellular glycogen or lipid pro-
liferation. (B) Modified Gomori stain shows occasionally the enrichment of mitochondria subsarcolemmally (white arrows). (C) Nicotinamide
adenine dinucleotide hydrogen (NADH) stain shows increased subsarcolemmal reactivity in a minority of fibers (white arrows). (D) Periodic
acid-Schiff (PAS) stain shows increased sarcoplasmic build-up on a minority of diseased muscle fibers (white arrows). (E, F) Adenosine tripho-
sphatase (ATPase) stain (at pH 4.3 and 9.4) shows fiber-type disproportion (increased abundance of type 2 fibers). Insets show areas of inter-

est in greater detail.

knees, and ankles; and she was only able to walk a few
steps with support, with an unstable broad-based gait
pattern.

Pulmonary findings

Due to frequent febrile pulmonary infections necessitat-
ing antibiotic treatment, additional diagnostic interven-
tions (chest X-ray, polysomnography, anti-body
investigations) were performed at the age of 4.5 years
but did not identify an underlying cause. Computed
tomography (CT) showed signs for a primary lung dis-
ease (thickened walls and ecstatic bronchi as well as
milk glass opacity). During pulmonary infections, she
presented with deterioration of motor skills and needed
a long recovery time. In infection-free intervals, therapy

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
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was continued with antibiotic prophylaxis and anti-
inflammatory therapy with azithromycin. Bronchoscopy
showed signs of tracheomalacia. At the last appoint-
ment, the patient was 10 years of age and the parents
reported only two upper airway infections during the last
6 months.

Sibling 2/WASHC4 patient 12

Pregnancy and perinatal period

The pregnancy was complicated with hyperemesis grav-
idarum and intrauterine growth retardation. Birth was at
37 weeks of gestation due to her sonographically esti-
mated low body weight. Birth weight was 1800 g
(=2.78z2), length 46cm (—1.52z), and head
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circumference 31 cm (—2.14z) (z-scores [18]). She
adapted well postnatally (Apgar 7 at 5 min and 9 at
10 min; umbilical cord pH 7.36), but developed feeding
difficulties requiring the insertion of a nasogastric tube.

Childhood development and diagnostics

At age 8 months, she was only able to turn herself on her
left side. Basic diagnostic work-up (laboratory parame-
ters including CK, chromosome analysis, newborn
screening, sonography of brain and abdomen, EEG)
was without pathological findings. At the age of
12 months, she was equipped with hearing aids due to
pathological BERA results. Due to persisting feeding
difficulties and dystrophy (—3.94z), a PEG tube was
inserted at the age of 22 months. Despite regular feeding
via the PEG tube, she did not gain weight adequately. At
3.5 years, she presented with a severe global develop-
mental delay with absent speech and dysmorphic stig-
mata (enlarged and coarsened nasal tip). At the age of
6 years, the patient was able to make her first unaided
steps. At the age of 7 years, she presented with short stat-
ure (height 104 cm, —3.79z), dystrophy (weight 17 kg,
—2.56z), and microcephaly (head circumference
49 cm, —2.20z) (z-scores [18]). She showed clearly vis-
ible dysmorphic features such as an enlarged and coars-
ened nasal tip with deviation to the right side, small eyes
with moderate ptosis and low-set ears (Figure 1H,I), a
global developmental delay with suspicion of severe
intellectual disability (ID), and stereotypic movements
in combination with absent speech. It was never possible
to perform a standardized intelligence quotient (IQ) test
due to the profound ID. Generalized hypotonia and are-
flexia were present. She was able to walk a few steps
independently. At the age of 6 years, X-ray of her left
hand showed a significantly retarded bone age, due to a
low (not measurable) anti-Miillerian hormone (AMH)
level; ovarian insufficiency was suspected and further
controls were recommended. A cranial MRI was not per-
formed until now.

Pulmonary findings

From the age of 21 months, she developed recurrent pul-
monary infections, requiring frequent antibiotic therapy.
Her sister had benefited from an anti-inflammatory treat-
ment with oral azithromycin, which she also received. At
the age of 6 years, it was stopped, due to unsatisfactory
therapeutic success. Over the next years, recurrent pul-
monary infections remained an ongoing problem, but
in general the further course was stable.

Comparison of WASHC4 patients and published cohorts

A comparison of the clinical symptoms of the two
WASHC4 patients described in this article with the patients
previously described in the literature was performed to
define commonalities and differences of their clinical fea-
tures. This comparison is presented in supplementary mate-
rial, Table S1 and revealed in total 43 different features. All
patients (12 out of 12) had an abnormal speech develop-
ment and ID. Short stature was present in 10 out of

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
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12 patients. Patients 8—12 had a developmental delay and
severely affected speech development in combination with
borderline (patient 8), mild (patients 9 and 10), and severe
ID (patients 11 and 12). Behavioral abnormalities were not
mentioned by Ropers er al [10] but were described in four
out of the remaining five patients. Moreover, the authors
did not mention a developmental delay (including age of
walking), deviating head circumference or dysmorphic fea-
tures, whereas all patients described thereafter had clear
dysmorphic features, for example a prominent and wide
nasal tip (patients 8, 11, and 12), a prominent forehead
and synophrys (patients 8, 9, and 10) or dysmorphic ears
(patients 8 and 10). Hirsutism was present in patient
10 and patient 11 (but not in her sister, patient 12). Abnor-
malities of the bony hand skeleton were only present in the
three patients described by Assoum et al [11]. Although
dystrophy due to feeding difficulties was prominent in
patients 11 and 12, this was not described by the other
authors. While patient 8 developed macrocephaly, patients
10 and 11 showed microcephaly. Age of walking was
slightly delayed in patients 8, 9, and 10 but was severely
retarded in patients 11 and 12, with patient 11 still not being
able to walk unassisted at the age of 9 years. Symptoms of
a neuromuscular disease, as present in patient 11 (profound
muscle hypotonia with suspicion of moderate muscle
weakness, progressive scoliosis, multiple contractures),
have not been reported in the literature thus far. As addi-
tional features, bilateral sensorineural hearing loss was pre-
sent in patients 9, 11, and 12. Epilepsy was only mentioned
in patient 11. Recurrent febrile pulmonary infections and
endocrinological pathologies were only described in
patients 11 and 12. Cranial MRI was performed in only
4 out of the 12 patients, and echocardiography in only
3 out of 12.

Exome sequencing

WES data for the two affected sisters and their parents
were analyzed, taking into account the family’s consan-
guinity. Thus, filters were applied to select only rare
(<1%) and damaging variants present in homozygosity
in both siblings. Applying a medically interpretable gene
panel (n = 5419), two missense candidate variants were
identified: ¢.3041A>G; p.(Tyr1014Cys) in the
KIAA1033/WASHC4 gene and ¢.2396A>C; p.(Phe799-
Ser) in the POSTN gene, associated with myocardial
infarction. The WASHC4 variant is predicted to be dele-
terious by three in silico tools (SIFT, Polyphen2, and
MutationTaster) and has a CADD score of 29, whereas
the POSTN variant has a lower CADD score of 23.4, is
predicted to be deleterious by two of the three tools
tested, and has been reported as benign in ClinVar. All
this makes the WASHC4 missense change the only rele-
vant candidate as disease-causing.

Muscle histology

Analysis of the quadriceps muscle biopsy revealed no
significant changes by H&E staining (Figure 2A). Mod-
ified Gomori staining revealed subsarcolemmal accumu-
lation of mitochondria in a minority of muscle fibers
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(white arrows in Figure 2B). NADH staining revealed
focal subsarcolemmal reactivity in some muscle fibers
indicative of enrichment of mitochondria (Figure 2C).
Periodic acid-Schiff reaction revealed increased sarco-
plasmic reactivity in a minority of muscle fibers (white
arrows in Figure 2D). The main finding is visible in the
ATPase reaction (ATPase 4.3 and 9.4), which shows a
fiber-type disproportion (increased abundance of type 2
fibers) (Figure 2E,F). Immunofluorescence-based analy-
sis of several skeletal muscle proteins [caveolin-3; dystro-
phin 1, 2, and 3; alpha- and beta-dystroglycan; alpha-,
beta-, gamma-, and delta-sarcoglycan; laminin-a2
(300 kDa and C-terminus); emerin; dysferlin; collagen
VI (3C4 and VI-26); collagen 1V; laminin-aS; utrophin;
and neonatal myosin] showed no pathological findings
(data not shown) and biochemical analysis of respiratory
chain enzymes (complex I-IV) also did not show signifi-
cant perturbations (data not shown).

Global proteomic profiling of WASHC4 patient-derived
fibroblasts

After demonstration of the expression of a variety of pro-
teins of neuromuscular significance in human skin fibro-
blasts in one of our previous studies [15], we aimed to
systematically address the suitability of these cells to
study the molecular genesis of WASHC4-related pathol-
ogy. Our approach allowed the quantification of 3707
proteins, out of which 364 (9.82%) were significantly
dysregulated (Figure 3A,B). A total of 174 (4.69%) were
significantly increased and 191 (5.13%) were signifi-
cantly decreased (Figure 3B and supplementary mate-
rial, Figure S1). The proteomic profiling data have
been deposited at the ProteomeXchange Consortium
via the PRIDE [19] partner repository with the dataset
identifier PXD024222. To unravel underlying pathome-
chanisms, in silico-based pathway analyses were per-
formed including gene ontology (GO) term analysis
considering the increased and decreased proteins sepa-
rately (Figure 3C).

Cellular processes influenced by proteins with increased
abundance

Our GO term-based analysis focusing on biological pro-
cesses and cellular compartments revealed that proteins
increased in the patient-derived cells are among others
affecting extracellular matrix (ECM) organization and
cell adhesion, protein folding and IRE1l-mediated
unfolded protein response, regulation of beta-amyloid
clearance, positive regulation of (smooth) muscle cell
proliferation, response to oxidative stress, and lipopro-
tein catabolic processes (Figure 3C, I + III). Moreover,
an effect on the ECM and the cell membrane, the endo-
plasmic reticulum, endocytic vesicles, and mitochondria
can be deduced from our in silico studies of increased
proteins (Figure 3C, I 4- III). This molecular observation
accords with the described role of the WASHC4 protein
in the proper function of the endoplasmic/sarcoplasmic
reticulum [20].

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

Focusing on proteins of neurological/neuromuscular rel-
evance, it is important to note that a variety of such proteins
that cause or are involved in the manifestation of neurolog-
ical/neuromuscular disorders are increased in abundance.
Among others, these proteins include apolipoprotein E
[21], the SIL1-BiP chaperone complex [17], collagen
alpha-1(VI) chain (MIM: 158810), neuropathy target ester-
ase (MIM: 612020, 215470, and 245800), and sorting
nexin-18, which stimulates the GTPase activity of DNM?2
(MIM: 160150 and 606482) and promotes its location at
the plasma membrane as well as tenascin [22] (supplemen-
tary material, Table S3). Interestingly, mutations in tenas-
cin have been linked to sensorineural hearing loss [23], a
clinical finding in our patients.

Of note, seven of the increased proteins belong to the
ubiquitin system: ubiquitin-like protein ISG15, ubiquitin
carboxyl-terminal hydrolase isozyme L1, E3 ubiquitin-
protein ligase TRIM22, probable E3 ubiquitin-protein
ligase makorin-2, small ubiquitin-related modifier
I, E3 ubiquitin-protein ligase TRIMS6, and E3
ubiquitin-protein ligase UBRS (supplementary material,
Table S3).

Cellular processes influenced by proteins with decreased
abundance

In silico studies of proteins presenting with decreased
abundance on GO term-based analysis focusing on bio-
logical processes and cellular compartments revealed
that proteins that were decreased in the patient-derived
cells are involved in cholesterol biosynthetic processes,
mitochondrial function, actin filament bundle assembly,
protein transport and vesicle-mediated transport with
regulation of endocytosis, protein to membrane docking/
membrane organization, as well as lysosome organiza-
tion and autophagy (Figure 3C, II 4 IV). Moreover, an
affliction of the cytoskeleton (actin filaments), mito-
chondria, sarcolemma, endosomes, endoplasmic reticu-
lum, and particularly the lysosome (Figure 3C, II
+ IV) can be deduced. In addition, this molecular obser-
vation is in keeping with the described role of the
WASHCH4 protein in the proper function of the endoplas-
mic/sarcoplasmic reticulum [20] which might affect
protein processing and clearance.

Focusing on proteins of neurological/neuromuscular
relevance, it is worth noting that a variety of such proteins
that cause or are involved in the manifestation of neurolog-
ical/neuromuscular disorders are decreased in the patient-
derived fibroblasts. Among others, these proteins include
vacuolar protein sorting-associated protein 37A (MIM:
614898); plastin-3, a modifier of spinal muscular atrophy
[24]; Ras-related protein Rab-7a (MIM: 600882); profi-
lin-1 (MIM: 614808); lysosome-associated membrane gly-
coprotein 2 (MIM: 300257); delta-sarcoglycan (MIM:
601287); glycogen debranching enzyme (MIM: 232400);
epsilon-sarcoglycan (MIM: 159900); persulfide dioxygen-
ase ETHE1 (MIM: 602473); Golgi SNAP receptor com-
plex member 2 (MIM: 614018); and lysosomal
alpha-glucosidase (MIM: 232300).
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Figure 3. Proteomic profiling of WASHC4 patient-derived fibroblasts. (A) Protein enrichment plot along the entire abundance range. Proteins
highlighted in black represent the results of control samples, sorted by abundance. Proteins highlighted in red represent the abundance of WASHC4
patient-derived fibroblasts, left in the same order as the proteins of the control samples to highlight differences in their expression. (B) Volcano plot
of proteomic data depicting the log, fold-change of identified proteins against the -log,o pValue. Red dots represent proteins showing a significant
decrease, whereas green dots represent proteins with a significant increase in abundance by comparing control against WASHC4 patient-derived
fibroblasts. (C) GO term analysis depicting different biological processes and cellular compartments significantly regulated by comparing control
samples against WASHC4 patient-derived fibroblasts. Upregulated (1) and downregulated (1) biological processes, sorted by level of significance
and enrichment, respectively. Ill and IV depict upregulated and downregulated cellular compartments, respectively.
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© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd. J Pathol 2022; 256: 93—107
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org www.thejournalofpathology.com


http://www.pathsoc.org
http://www.thejournalofpathology.com

Homozygous WASHC4 variant involving skeletal muscle

A Control WASHC4
—

| ll
O

>

L

| ..
(o]

o

(= >

5 :

B kDA  WASHC4 Control

101

Control WASHC4
[a
O
> l l
£
E
O
2
)
&5
N
—
[a W
o
G}

kDA WASHC4 Control kDA WASHC4  Control
150 weem .~ |GRP170 250’ 250 | SN & | TNC
5B e - -
150 = ] <% Froia RS SOEACUn
Sinded ~ * & - UBB e
- . - —— —
100 X E ! vCP p— E..g = 20 LD S| LEG3
e — "
75| w— — .«“ BiP 25|~ - - 50 S S | Tubulin
| — .
62 - | APP 75

50 e . IOOI

Ponceau
- —-——
10] e W o g |LC3 20 Se— S Rab7

Figure 4. Inmunological studies on WASHC4 patient-derived quadriceps muscle. (A) Immunostaining of FYCO1, p62, VCP, ubiquitin, BiP, and
GRP170 reveals increased sarcoplasmic immunoreactivity in WASHC4-mutant muscle fibers. Scale bars = 30 um. (B) Immunoblotting results
confirming the increase of FYCO1, p62, VCP, ubiquitin, BiP, and GRP170 in whole protein extracts of the WASHC4 patient-derived muscle. LC3
showed an increased conversion from LC3-I to LC3-Il in the WASHC4 patient-derived muscle. p62 showed a band at a lower molecular weight
compared with the control. Additionally, there were increases of galectin-3 (LEG3), phospho-PERK (pPERK), and amyloid, as well as decreases
of Rab7, actin, and tenascin (TNC). Ponceau staining of a representative nitrocellulose membrane demonstrates equal protein loading.

diseases. Therefore, an effect on proteins with known
relevance for the development of neuromuscular dis-
eases and/or known roles in modulation of the unfolded
protein response and protein clearance was confirmed in
a muscle biopsy derived from the same
WASHC4-deficient patient exhibiting some

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
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myopathology already on the histological level [16].
Our immunofluorescence-based validation studies
revealed sarcoplasmic increase of protein aggregation
markers including FYCO1, VCP, p62, and ubiquitin as
an important interactor of WASHC4 (Figure 4A). In
addition, an increase of BiP, a major chaperone
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modulating the ER stress response, confirmed the result
of proteomic profiling in patient fibroblasts. In support
of this finding, we detected an increase of its co-
chaperone GRP170 in the quadriceps biopsy derived
from the same patient. Immunoblotting confirmed the
microscopic findings and, moreover, revealed an ele-
vated conversion of LC3-I to LC3-II; an increase of the
phosphorylated form of PERK (pPERK), indicative of
the presence of perturbed (ER/SR) proteostasis; and an
increase of amyloid, suggesting protein aggregate for-
mation (Figure 4B).

Immunofluorescence-based quantitative histogram
analysis for the WASHC4 patient and a healthy individ-
ual was performed. The analysis revealed for BiP stain-
ing that the patient muscle fibers show a higher
percentage of high fluorescence signal intensities, indic-
ative of an increase of this UPR-relevant protein in
WASHC4-mutant muscle fibers (Figure 5A). For p62
staining, the WASHC4 patient showed slightly lower
signal intensities but simultaneously a higher percentage
of points with maximum signal intensity along with sar-
coplasmic clustering, supporting the concept of protein
aggregation (Figure 5B). Remarkably, immunoblotting
showed p62 appearing with a band at a lower molecular
weight in the muscle protein extract of the patient com-
pared with the control (Figure 4B).

The ECM protein tenascin, implicated in the guidance
of migrating neurons, synaptic plasticity, and neuronal

WASHC4

Control
BiP BiP 0 pas
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regeneration, was also identified to be increased in
WASHC4-deficient patient-derived fibroblasts and the
sarcoplasmic increase could be confirmed in quadriceps
muscle fibers derived from the same patient (Figure 4B
and supplementary material, Figure S1). Prompted by
our proteomic findings suggesting a decrease of the actin
cytoskeleton, phalloidin staining (visualizing the actin
cytoskeleton) was performed in the WASHC4 patient-
derived quadriceps biopsy, which revealed less intensive
immunoreactivity suggesting a decrease of actin cyto-
skeleton in WASHC4-diseased muscle fibers (supple-
mentary material, Figure S1). Actin decrease was also
confirmed by immunoblotting (Figure 4B). Galectin-3
coordinates the mobilization of core autophagy regula-
tors in response to damaged endomembranes and was
identified as decreased in WASHC4 patient-derived
fibroblasts; confirmational immunological studies on
the patient-derived quadriceps biopsy confirmed a
decrease of galectin-3 (Figure 4B and supplementary
material, Figure S1). Along this line, two further proteins
involved in autophagy, RAB7 and CD63, were
decreased in WASHC4 patient-derived fibroblasts and
a similar decrease was confirmed in the patient-derived
muscle biopsy (Figure 4B and supplementary material,
Figure S1). Proteomic profiling revealed an increase of
collagen VI in fibroblasts and confirmational studies on
the patient-derived quadriceps biopsy showed an
increase of collagen VI within the ECM (supplementary
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Figure 5. Single muscle fiber histogram analysis: (A) BiP and (B) p62. Representative rescaled fluorescence images (see Materials and
methods) of muscle from the patient (left) and a healthy individual (center). Representative fibers are framed with dashed lines for better
visualization. Right: intensity histogram of the processed fluorescence images. The mean value and standard deviation from 25 single cells
per sample are shown for the patient (red) and the control (black) sample. Scale bars: 25 pm.
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material, Figure S1). This molecular observation may
reflect fibrosis, which is compatible with the muscle
involvement upon loss of functional WASHC4. Also,
results using CARS indicate the presence of mild fibrosis
(see below).

CARS microscopy on WASHC4 patient-derived
muscle biopsy

Coherent anti-Stokes Raman scattering is a nonlinear
variant of the Raman effect. It allows the targeted analy-
sis of molecule-specific vibrations and thus can yield
information on the chemical composition of a sample.
Second harmonic generation (SHG) is also a nonlinear
spectroscopic method. An SHG signal indicates highly
organized substances, for example, collagen [25] or
ordered protein aggregates [26]. We applied a multi-
modal approach utilizing both nonlinear methods to ana-
lyze the morphology and biochemical composition of
muscle biopsies non-destructively without any staining,
labeling or pretreatment.

From the CARS measurements of the patient’s
muscle biopsy, an average muscle fiber caliber of
22.81 £ 3.92 pm (638 fibers) was determined. From
comparison with the average muscle fiber caliber of five
healthy individuals (43.92 4 23.29 pm; 1457 fibers),
the patient displays atrophic muscle fibers.

Within the patient biopsy, we detected a total of four
spectroscopically distinct features (Figure 6). In 581 of
638 (91%) fibers from the patient, we observed subsar-
colemmal regions of increased signal intensity of the
symmetric =CHj vibration at 2921 cm ™' compared with
the signals at 2868 and 2847 cm ™' (Figure 6A1).

Given that this signal is characteristic for proteins
[27,28], this microscopic finding indicates an increased
protein content at these positions, thus pointing towards
protein aggregation. The signals at 2868 and 2847 cm ™'
result from =CH, vibrations and are mainly associated
with lipids [29,30]. Only 55 of 1457 fibers (3.77%) in
the control samples showed a comparable finding.

We point out that protein aggregation is only detect-
able when the signal from the respective structures is
larger than the signal from the fiber background. In addi-
tion to protein aggregates, other =CHj3 substances exist

A GangfuB et al

in cells from which signals are detected. In addition,
the differentiation between certain proteins using CARS
has not been followed here. Thus, aggregations of cer-
tain proteins, e.g. FYCOI, p62, or BiP, may be visible
by fluorescence staining but do not alter the total protein
concentration enough to be visible in the CARS image.

We also found areas of decreased signal intensity at
2921 cm™ ! in the subsarcolemmal region in the patient
(Figure 6B1). These areas tend to have a roundish shape.
Since only the CARS signal intensity at 2921 cm ™' is
decreased but not the intensity of the signal at
2868 cm™ ', we assume these areas to be protein-poor
lumens surrounded by membranes. We were able to
characterize these regions as enlarged nuclei by subse-
quent H&E staining of the same sample (Figure 2A).
Between all muscle fibers of the patient, we detected a
strong SHG signal (Figure 6C1) indicating the presence
of collagen. Since collagen is a component of the ECM,
this points toward an increase in the ECM in the area
around the muscle fibers. Lastly, in some regions, a
CARS signal at 2921 cm ™' was detected in backward
direction (E-CARS) with no corresponding signal inten-
sity in F-=CARS (Figure 6D1, cyan), but co-localizing
with the SHG signal (Figure 6D1, green). Since it is
known that E-CARS allows the imaging of small
objects, which are not detected in F-CARS [31], these
positions may indicate areas with very small objects pre-
sent and may potentially represent the accumulation of
proteins. These regions are found within the fibers as
well as in the ECM.

Discussion

A clinical comparison of the two WASHC4 patients
described here with those previously reported in the liter-
ature was performed. This revealed that the most fre-
quent common symptoms include poor language skills/
language delay (12/12) and ID (12/12), followed by
short stature (10/12). Ropers et al did not report develop-
mental delay, deviating head circumference, behavioral
abnormalities, or dysmorphic features [10], whereas all
patients described thereafter showed these symptoms,
including clear dysmorphic features. The two patients

Figure 6. Spectroscopic findings in the muscle biopsies of the WASHC4 patient determined from CARS and SHG. (A1) Subsarcolemmal regions
of patient fiber with increased CARS signal in the forward direction (F-CARS) at 2921 em™" (marked with arrowheads; scale bar: 6 pm).
(A2) Fiber of a control without subsarcommal regions with increased CARS signal (scale bar: 5 pm). (B1) Subsarcolemmal areas of patient
fibers with low F-CARS signal intensity at 2921 cm~". The roundish areas are surrounded by dotted lines (scale bar: 8 um). (B2) Fibers of
a control without roundish areas with low F-CARS signal at 2931 em™ ! (scale bar: 20 pm). For A1 and B1, respectively, a spectrum derived
from the areas with altered F-CARS signal is shown on the far right. A corresponding reference spectrum (Ref) was derived from an area of the
patient's muscle fiber that showed no abnormalities. In addition, a spectrum of the controls (Ctrl) is shown. Spectra were normalized and then
averaged. The standard deviation is shown in grey. The vertical dotted lines highlight the wavenumbers 2847, 2868, and 2921 em™'.(C1,C2)
F-CARS (red), SHG (green), and both merged channels. (C1) Strong SHG signals are observed between the muscle fibers of the patient (marked
with arrowheads; scale bars: 15 pm). (C2) Control without strong SHG signal between fibers (scale bars: 15 pm). (D1, D2) F-CARS (red), SHG
(green), CARS image detected in the backward direction (E-CARS, cyan), and combinations of merged channels. (D1) Strong signals are pre-
sent in the ECM as well as in the muscle fibers of the patient. The signals of SHG and E-CARS are partially co-localized (indicated by arrow-
heads; scale bars: 5 pm). (D2) Corresponding images of the three channels of a control for comparison with D1 (scale bars: 5 um). The
displayed images are averages from three acquisitions and were taken at 811 nm corresponding to 2932 cm™" for CARS measurements,
representing protein distribution.
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described in this study showed a very significant motor
delay and failure to develop speech in combination with
a profound ID (not possible to be tested with a standard-
ized test).

Based on the report of further patients and our study,
in total 27 different features were described. The major-
ity of these features were present in only some of the
patients — some features even only in single patients.
Along this line, the clinical report of the patients pre-
sented in this study expands the phenotypical spectrum
of WASHC4 patients by adding ptosis (as seen in patients
with neuromuscular junction defects), muscle weakness,
scoliosis, and contractures in combination with fiber-
type disproportion (as seen, for example, in congenital
myopathies) and protein dysregulation as well as recur-
rent pulmonary infections, epilepsy, and various endo-
crinological features to the list of clinical features. Our
data confirm the broad clinical spectrum of WASHC4
variants and highlight the need for accurate clinical phe-
notyping to improve understanding of the burden and
pathological mechanisms of genetic diseases.

In keeping with the phenotype, one might speculate
that protein folding and dysregulation impact the mani-
festation of different symptoms associated with this dis-
order. To identify proteins, which are affected by loss of
functional WASHC4, proteomic profiling was carried
out on skin fibroblasts derived from a WASHC4 patient.
This approach was prompted by the molecular observa-
tion that a variety of proteins of neurological relevance
are expressed in these cells [15]. Indeed, our proteomic
study indicated altered expression of numerous proteins
decisive for proper function of the neuromuscular axis
(supplementary material, Table S3). This molecular
finding not only provides first insights into the biochem-
ical origin of the broad neurological involvement of
WASHC4 deficiency but also confirms the suitability
of fibroblasts for identifying pathophysiological pro-
cesses of neuronal relevance [15]. Along this line, these
data suggest that a molecular interplay of dysregulated
proteins might contribute to the clinical manifestation
of symptoms. So far, muscle fiber involvement upon loss
of functional WASHC4 has ‘only’ been indicated by
in vivo studies utilizing a zebrafish model [9]. Remark-
ably, confirmational studies of our proteomic findings
obtained in human skin fibroblasts on a quadriceps
biopsy of the same patient confirmed dysregulations of
paradigmatic proteins analyzed, indicating impaired
ER function/presence of ER stress and build-up of pro-
tein aggregation markers along with a decrease of autop-
hagy modulators. Decreased phalloidin staining in
muscle strongly supports the relevance of decreased
cytoskeleton proteins detected in fibroblasts. The pres-
ence of small protein aggregates was also detected by
CARS microscopy. Moreover, an affliction of the skele-
tal muscles is indicated by our histological findings
showing a reduction in succinate dehydrogenase
(SDH) and an increase of type 2 fibers as well as by
the calculation of muscle fiber diameter indicating atro-
phy. Taken together, these findings highlight that skele-
tal muscles also are affected — defined by profound

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
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protein dysregulations and impaired protein processing
and clearance. Given that modulation of ER function
and protein clearance became promising targets in pre-
clinical and clinical studies applying, for instance, chem-
ical chaperones [32], our findings suggest that this
approach might also represent a starting point in the test-
ing of interventional concepts for WASHC4-associated
disease. The patient-derived fibroblasts might serve as
a valuable in vitro model for pre-clinical studies. Protein
dysregulations might also explain non-neurological
manifestations: mutations in V-type proton ATPase sub-
unit B were linked to intellectual disability complicated
by facial dysmorphisms with a bulbous nose and thick
floppy ears (MIM: 616455), clinical findings which are
also present in our patients.

However, the investigation of additional fibroblast
cultures and muscle biopsies derived from WASHC4
patients (or animal models) would be needed to define
the above-mentioned pathological mechanisms as com-
monly associated with loss of functional WASHC4 in
different cellular populations. Further proteomic studies
on different cellular populations and tissues would allow
us to identify pathophysiological cascades (and rescue
mechanisms) which are shared or are specific.
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