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Biallelic BORCSS8 variants cause an
infantile-onset neurodegenerative disorder
with altered lysosome dynamics

Raffaella De Pace,”T ®Reza Maroofian,”t Adeline Paimboeuf,>' ®Mina Zamani,*”
Maha S. Zaki,® ®Saeid Sadeghian,” ®Reza Azizimalamiri,” ®Hamid Galehdari,*
Jawaher Zeighami,” ®Chad D. Williamson,* ®Emily Fleming,® ®Dihong Zhou,?°
Jennifer L. Gannon,®'° Isabelle Thiffault,®'* ®Emmanuel Roze,*? ®Mohnish Suri,**
Giovanni Zifarelli,'* @Peter Bauer,'* ®Henry Houlden,? ®Mariasavina Severino,*”
Shunmoogum A. Patten,*>'® ®Emily Farrow™'’ and ®Juan S. Bonifacino®

TThese authors contributed equally to this work.

BLOC-one-related complex (BORC) is a multiprotein complex composed of eight subunits named BORCS1-8. BORC
associates with the cytosolic face of lysosomes, where it sequentially recruits the small GTPase ARL8 and kinesin-1
and -3 microtubule motors to promote anterograde transport of lysosomes toward the peripheral cytoplasm in
non-neuronal cells and the distal axon in neurons. The physiological and pathological importance of BORC in humans,
however, remains to be determined. Here, we report the identification of compound heterozygous variants [missense
c.85T>C (p.Ser29Pro) and frameshift c.71-75dupTGGCC (p.Asn26Trpfs*51)] and homozygous variants [missense
€.196A>C (p.Thr66Pro) and c.124T>C (p.Ser42Pro)] in BORCS8in five children with a severe early-infantile neurodegen-
erative disorder from three unrelated families.

The children exhibit global developmental delay, severe-to-profound intellectual disability, hypotonia, limb spasti-
city, muscle wasting, dysmorphic facies, optic atrophy, leuko-axonopathy with hypomyelination, and neurodegen-
erative features with prevalent supratentorial involvement.

Cellular studies using a heterologous transfection system show that the BORCS8 missense variants p.Ser29Pro,
p-Ser42Pro and p.Thr66Pro are expressed at normal levels but exhibit reduced assembly with other BORC subunits
and reduced ability to drive lysosome distribution toward the cell periphery. The BORCS8 frameshift variant
p-Asn26Trpfs*51, on the other hand, is expressed at lower levels and is completely incapable of assembling with other
BORC subunits and promoting lysosome distribution toward the cell periphery.

Therefore, all the BORCS8 variants are partial or total loss-of-function alleles and are thus likely pathogenic. Knockout
of the orthologous borcs8 in zebrafish causes decreased brain and eye size, neuromuscular anomalies and impaired
locomotion, recapitulating some of the key traits of the human disease.

These findings thus identify BORCS8 as a novel genetic locus for an early-infantile neurodegenerative disorder and
highlight the critical importance of BORC and lysosome dynamics for the development and function of the central
nervous system.
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Introduction

BLOC-one-related complex (BORC) is a ubiquitously expressed pro-
tein complex composed of eight subunits named BORCS1-8.* BORC
associates with the cytosolic face of lysosomal and late endosomal
organelles (herein collectively referred to as ‘lysosomes’) at least in
part through a myristoyl group at the N-terminus of BORCS5' and an
interaction of BORCS6 with the ragulator complex.* BORC then
promotes the recruitment of the small GTPase ARL8 (which in mam-
mals exists as two paralogues, ARL8A and ARL8B)® to lysosomes.”
In turn, ARL8 recruits the motor proteins kinesin-1 (via the
adaptor protein PLEKHM?2/SKIP)® and kinesin-3 (directly).” BORC/
ARL8-mediated coupling to these kinesins enables anterograde
transport of lysosomes along microtubule tracks toward the periph-
eral cytoplasm in non-polarized cells*®® and the distal axon in
neurons.’ ! The ability of lysosomes to move within the cytoplasm
is critical for many cellular functions, including cell adhesion and

migration,>'? invasive cancer growth,*® plasma membrane repair,*
metabolic signalling’>'® and maintenance of axonal health.”**
Homozygous ablation of the Borcs5° or Borcs7™ genes in mice
(Borcs5™~ or Borcs7~/~ mice, respectively) causes neonatal lethality
due to suffocation and/or failure to feed in the first hours of life.
Homozygous mice bearing a spontaneous truncating mutation
(p.Q87X) in Borcs7 (Borcs7%7X/®7X) are viable, but develop progressive
axonal dystrophy and impairment of motor function.™ Analyses of cor-
tical and hippocampal neurons cultured from Borcs5~~, Borcs7 ™/~ or
Borcs7%7X/®7X embryonic day (E)15-18 embryos revealed clustering of
lysosomes in the soma and their depletion from the axon'
Moreover, immunohistochemical analyses of tissues from Borcs5™/~
mice showed reduced staining for lysosomes in axon-enriched regions
of the corpus callosum and molecular layer of the hippocampus, and at
neuromuscular junctions (NMJs) in the diaphragm.’ Finally, axons in
the phrenic and spinal nerves were found to contain numerous eosino-
philic dystrophic bodies or spheroids indicative of degeneration.’
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BORCSS8 variants cause neurological disease

These studies thus revealed that, despite the ubiquitous presence of
BORC in many cells and tissues, the pathologic consequences of its
deficiency are mainly manifested in the CNS.

To date, little is known about the importance of BORC in human
physiology and pathology. A study involving whole-exome sequencing
in 31 mostly consanguineous Arab families with neurologic disease
identified a ¢.203-1G>T biallelic splice variant in BORCS5 (referred to
as LOH12CR1 in that study) in a patient featuring autosomal recessive
developmental delay, microcephaly, seizures, cortical malformation,
polymicrogyria and agenesis of the corpus callosum.”” However, this
study did not provide a detailed clinical characterization of the patient
nor a functional analysis of the variant protein.

Here, we report five children from three independent families pre-
senting with a severe neurodegenerative disorder associated with
biallelic variants in BORCS8. The children exhibit global developmen-
tal delay, intellectual disability, hypotonia, spasticity, muscle wast-
ing, dysmorphic facies, optic atrophy, leuko-axonopathy with
hypomyelination, and neurodegenerative features with prevalent su-
pratentorial involvement. Cellular studies using a heterologous trans-
fection system show that the variant proteins exhibit reduced
assembly with other BORC subunits and reduced ability to promote
lysosome distribution toward the cell periphery. Moreover,
borcs8-KO zebrafish display neurodevelopmental defects, recapitulat-
ing some of the key traits of the human disease. These studies thus
identify BORCSS8 as a novel gene locus for an early-infantile neurode-
generative disorder and demonstrate the critical importance of BORC
for the development and function of the CNS.

Material and methods

Three unrelated families of European-American (Family FI),
Iranian-Arab (Family FII) and Egyptian ancestry (Family FIII) were
recruited and studied (Fig. 1A and Supplementary Fig. 1). The study
was approved by the institutional ethics committees of the
Children’s Mercy Kansas City Hospital (Children’s Mercy IRB#
11120514) and University College London (IRB# 310045/1571740/
37/598), and written informed consent was obtained from all three
families in accordance with the Declaration of Helsinki.
De-identified skin fibroblasts from the patients and the mother of
the European-American family were shared with the National
Institutes of Health (NIH) laboratory for research purposes. Skin fi-
broblasts from a healthy individual (Individual 85E0344) and from
an SPG50 patient that carries pathogenic mutations in the AP4M1
and ATS genes (Patient 87RD39)'®' were used as controls.
Detailed clinical features, photos, videos, brain MRI, family history
and clinical notes were obtained from all affected individuals and
reviewed by a group of clinical geneticists, dysmorphologists and
paediatric neurologists. Brain MRIs were reviewed by an experi-
enced paediatric neuroradiologist. Genome, exome and Sanger
sequencing were performed independently at three different
research and clinical laboratories, as previously described.?*

HEK?293T cells, HeLa cells and human skin fibroblasts were cultured
in Dulbecco’s modified Eagle medium (DMEM) (Quality Biological),
supplemented with 2 mM L-glutamine (GIBCO), 10% fetal bovine
serum (FBS, GIBCO), 100 U/ml penicillin-streptomycin (GIBCO)
(complete DMEM) in a 37°C incubator (5% CO,, 95% air). HeLa cells
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grown on six-well plates were transiently transfected with 0.8 ug
plasmid DNA using 2 pl Lipofectamine 2000 (Invitrogen), according
to the manufacturer’s instructions. Approximately 24 h after trans-
fection, cells were replated onto 12-mm coverslips coated with col-
lagen. Cells were then cultured for an additional 24 h before fixation
and immunofluorescent labelling. This longer transfection period
was necessary for rescue of the BORC phenotype. For the
co-immunoprecipitation and MG132 treatment experiments,
HEK293T cells grown on 10 cm plates were transiently transfected
for 48h with 8pg plasmid DNA and 25l Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. One
plate was used for the transfection of each construct in each
experiment.

BORCS8-KO HelLa cells were generated using CRISPR-Cas9, as de-
scribed.”® Briefly, the BORCS8-targeting guide RNAs TTTCCC
GGTTCGCTCGGCCG and CTTTAATTACCGGTCCCCCC were cloned
separately into pSpCas9 (BB)-2A-GFP plasmid (Addgene, 48138;
from Feng Zhang). Hela cells were co-transfected with the two
plasmids and, after 48 h, GFP-positive cells were selected on a
FACSAria Il cell sorter (BD Biosciences). Single-cell clones were iso-
lated on 96-well plates. After 21 days, genomic DNA was extracted
and the region around the targeted sequences amplified by PCR
with TTGTCCGCAAAGACTGAGGAG and AGCGATTACTACGCCC
CG primers. Genotyping of wild-type (WT) and BORCS8-KO HelLa
cells generated 745-bp and 513-bp fragments, respectively. The re-
sulting deletion of part of the first exon and first intron in BORCS8
was confirmed by Sanger sequencing of the amplified region.

Cells were washed twice with ice-cold PBS (Corning), scraped from the
plates in 1x Laemmli sample buffer (1x LSB) (Bio-Rad) supplemented
with 2.5% v/v 2-mercaptoethanol (Sigma-Aldrich), heated at 95°C for
5 min, and resolved by SDS-PAGE. Gels were blotted onto nitrocellu-
lose membrane and blocked with 5% w/v non-fat milk in
Tris-buffered saline, 0.1% v/v Tween 20 (TBS-T) for 20 min.
Membranes were sequentially incubated with primary antibody and
secondary HRP-conjugated antibody diluted in TBS-T. SuperSignal
West Dura Reagents (Thermo Fisher) were used for detection of the
antibody signal with a Bio-Rad Chemidoc MP imaging system.
Controls for sample loading were either GAPDH or B-actin.

Transfected HEK293T cells were lifted in ice-cold PBS and centri-
fuged at 500g for 5 min. The pellet was washed twice with ice-cold
PBS and lysed in 10 mM Tris-Cl pH 7.5, 150 mM NacCl, 0.5 mM EDTA,
0.5% v/v Nonidet P40 supplemented with a protease inhibitor cock-
tail (Roche). Cell lysates were clarified by centrifugation at 17 000g
for 10 min and the supernatant (10% was saved as input) was incu-
bated with anti-HA magnetic agarose beads (Thermo Fisher) at 4°C
for 1 h. After three washes with 10 mM Tris-Cl pH 7.5, 150 mM Nacl,
0.5 mM EDTA, the precipitates were eluted with 1x LSB at 95°C for
5 min. The immunoprecipitated samples and inputs were analysed
by SDS-PAGE and immunoblotting.

Cells were seeded on collagen-coated coverslips in 24-well plates at
40000 cells per well in regular culture medium. Cells were then
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A Family FI =
¢.71-75dupTGGCC
(p.Asn26Trpfs*51)
c.85T>C
(p.Ser29Pro)

O

WT/Dup T/IC

Fi:1

Dup/C Dup/C
Fl:1 Fl:2
Fl:2
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c.196A>C
(p-Thr66Pro)
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Figure 1 Family pedigrees and photographs of the patients. (A) Family pedigrees and genotypes. BORCS8 variants are indicated, with Dup correspond-
ing to the c.71-75dupTGGCC (p.Asn26Trpfs*51) variant, and T/C and A/C to the T>C and A>C single-base substitution variants, respectively.

(B) Photographs of the patients at the indicated ages.

fixed in 4% w/v paraformaldehyde (Electron Microscopy Sciences)
in PBS for 20 min, permeabilized and blocked with 0.1% w/v sap-
onin, 1% w/v bovine serum albumin (BSA, Gold Bio) in PBS for
20 min, and sequentially incubated with primary and secondary
antibodies diluted in 0.1% w/v saponin, 1% w/v BSA in PBS for
30 min at 37°C. Coverslips were washed three times in PBS and

mounted on glass slides using Fluoromount-G (Electron
Microscopy Sciences) with DAPI. Z-stack cell images were acquired
on a Zeiss LSM 780 inverted confocal microscope (Carl Zeiss) using a
Plan-Apochromat 63x objective (NA = 1.4). Maximum intensity pro-
jections were generated with Zeiss ZEN Black software and final
composite images were created using ImageJ/Fiji (https:/fiji.sc/).
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Wild-type Danio rerio (AB/TL strain) were maintained at 28°C at a
light/dark cycle of 12/12 h in accordance with standard practices.*
Embryos were raised at 28.5°C and collected and staged, as previous-
ly described.”® All experiments were performed in compliance with
the guidelines of the Canadian Council for Animal Care and the local
ethics committee of INRS. For immunohistochemical studies, pig-
ment formation was blocked by adding 0.003% phenylthiourea
(PTU) dissolved in egg water at 24 h after fertilization (hpf).

Additional materials and methods are described in the
Supplementary material. These include materials and methods
for work with human cells (culture of human skin fibroblasts, pre-
diction of BORC complex structure, plasmids, antibodies and che-
micals) and zebrafish [generation of borcs8 FO KO zebrafish and
rescue experiments, behavioural assays, phalloidin staining, ana-
lysis of NMJ morphology, motor axon visualization, haematoxylin
and eosin brain staining and acetylcholinesterase (AChE) activity].

Band intensities of BORC subunits in immunoblots from three to
four independent experiments were determined using Image Lab
(Bio-Rad) and normalized to B-actin or GAPDH. To quantify the dis-
tribution of LAMP1, cells were plated on collagen, imaged and max-
imum intensity projections of z-stack confocal micrographs were
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subjected to shell analysis.?® Briefly, cells exhibiting morphologies
where perinuclear clusters of lysosomes were situated too close
to the plasma membrane were excluded from analysis. Cell out-
lines were traced in Fiji (https:/imagej.net/software/fiji/) and the
total fluorescence of LAMP1 signal was measured. Using the ‘en-
large’ function in Fiji, the cell outline was shrunk by 2 ym and
LAMP1 signal intensity remeasured. The intensity of LAMP1 signal
within the peripheral 2-um shell was plotted as percentage of total
cellular LAMP1 signal. One-way ANOVA, followed by multiple com-
parisons using the Dunnett’s or Tukey’s test, was used for statistic-
al analysis of most datasets; the paired Student’s t-test was used
when comparing two datasets. All zebrafish experiments were per-
formed on atleast three replicates (N), and each consisted of a sam-
ple size (n) of 8-72 fish. All zebrafish data values are given as
means + standard error of the mean (SEM). Significance for the zeb-
rafish experiments was determined using either Student’s t-test or
one-way ANOVA followed by multiple comparisons test. Statistical
analyses were done using Prism version 9 (GraphPad Software).

Results

This study involved three unrelated families (Families FI, FII and
FIII) with five children (Patients FI:1, FI:2, FII:1, FII:2 and FIII:1) pre-
senting with an early-infantile neurological disorder (Fig. 1A and
Supplementary Fig. 1). Clinical and genetic analyses were con-
ducted as described below and summarized in Table 1 and

Table 1 Summary of genotypes and phenotypes of the BORCS8 variant patients

Patients Patient FI:1 Patient FI:2 Patient FII:1 Patient FII:2 Patient FIII:1
Zygosity Compound heterozygous Compound heterozygous Homozygous Homozygous Homozygous
Coding sequence changes 85T>C, 85T>C, 196A>C 196A>C 124T>C
71-75dupTGGCC 71-75dupTGGCC
Amino acid changes Ser29Pro, Ser29Pro, Thré66Pro Thrée6Pro Ser42Pro
Asn26Trpfs*51 Asn26Trpfs*51

Gender Female Male Male Female Female
Ethnicity European-American European-American Arab-Iranian Arab-Iranian Egyptian
Consanguinity No No Yes Yes Yes
Age at last follow-up 14 years 11 years 13 years 11 years 3 years
Hypotonia Yes Yes Yes Yes Yes
Failure to thrive Yes Yes Yes Yes Yes
Global developmental Yes Yes Yes Yes Yes

delay
Intellectual disability Profound Profound Profound Profound Profound
Microcephaly No No Yes Yes Yes
Muscle weakness and Yes Yes Yes Yes Yes

atrophy
Seizures Yes Yes No No Yes
Spasticity Yes Yes Yes Yes No
Scoliosis Yes Yes Yes No No
Dysmorphic features Yes Yes Yes Yes Yes
Optic atrophy Yes Yes Not assessed Yes Yes
Other clinical features Restrictive lung disease, Chronic respiratory No No Recurrent chest

chronic respiratory disease,
osteoporosis, G-tube
dependency, impaired
oropharyngeal motility, oral
and pharyngeal dysphagia,
hearing loss, urosepsis,
chronic UTI

insufficiency, restrictive
lung disease, chronic ear
infections, osteoporosis,
G-tube dependency,
sensitive, dry skin

infections due to
aspiration, recurrent
choking, feeding
difficulties, bowel and
urinary incontinence,
sparse hair

For additional details, see Supplementary Table 1. UTI = urinary tract infection.
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Supplementary Tables 1 and 2. Dysmorphology analyses are sum-
marized in Supplementary Table 3.

Patient FI:1 (Fig. 1A and B and Supplementary Fig. 1) is a 14-year-old
European-American female, the first child born to non-
consanguineous parents. She was delivered after induction at
39 weeks of gestation due to maternal hypertension. The fetal move-
ments were described as normal, with normal ultrasound exams. At
birth, she weighed 3.23 kg and her length was 52.07 cm. She was dis-
charged home after 24 h. She had normal development until 34
months of age, with no subsequent developmental progress, includ-
ing walking and speech acquisition. At ~1 year of age, she was noted
to smile and laugh, but it was unclear if the laughter was an appropri-
ate response. She developed seizures at 15 months of age, including
generalized tonic seizures and recurrent myoclonic seizures. At 10
years of age, she weighed 36.1 kg with an occipitofrontal circumfer-
ence (OFC) of 53 cm. She had a dry scalp and face, hypertelorism,
arched thick eyebrows, up-slanting palpebral fissures, bulbous nasal
tip, anteverted nares, protruding tongue that peels, dry full lips
(Fig. 1B and Supplementary Table 3), scoliosis, abnormal postures of
the four limbs predominating in the distal parts, muscle atrophy in
legs and arms, global hypotonia with absent patellar reflexes, and a
history of bilateral femur fractures, kidney stones, cortical visual
impairment with optic atrophy, airway clearance issues and G-tube
dependency. At 14 years of age, she is non-verbal, wheelchair-
dependent and needs support for head control and sitting independ-
ently (Fig. 1B and Supplementary Video 1). Previous negative clinical
testing includes chromosomal microarray, karyotype, analysis of
mitochondrial tRNA, leukodystrophy panel, hereditary spastic para-
plegia panel and symptom-driven exome.

Brain MRI at 1 year of age showed moderate cerebral white
matter volume reduction and delayed myelination associated
with ventricular dilatation, thin corpus callosum, mild enlarge-
ment of the cerebral subarachnoid spaces and very small thalami
(Supplementary Fig. 2A-D). The pons and inferior cerebellar vermis
were small with associated mega cisterna magna, while the cere-
bellar hemispheres volume and cerebellar white matter signal
were normal (Supplementary Fig. 2A-D). A follow-up MRI at 9 years
of age showed disease progression with severe cerebral atrophy,
enlargement of the subarachnoid spaces and lack of myelination
progression, additional focal T,/FLAIR signal alterations in the
frontal periventricular regions, further reduction of the thalamic
volume and optic nerve atrophy (Fig. 2). Marked T, hypointensity
and T; hyperintensity of the globi pallidi were also noted
(Supplementary Fig. 3A-D).

Patient FI:2 (Fig. 1A and B and Supplementary Fig. 1) is an
11-year-old European-American male, the second child born to
the same parents as Patient FI:1. He was born at 37 weeks of gesta-
tion following a pregnancy complicated by maternal hypertension
and gestational diabetes, which was monitored. Prenatal ultra-
sounds were normal. At delivery, he weighed 3.2kg and was
48.3-cm long. The umbilical cord was reported to be wrapped
around his neck and he required oxygen for 15 min; however, he
was discharged home after 3-4 days with no further complications.
He had normal development until 3-4 months of age, with no sub-
sequent developmental progress, including walking and speech ac-
quisition. He developed intractable seizures by 1 year of age. At 7
years of age, he weighed 27.2 kg with an OFC of 52.5 cm. A physical
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exam found dry skin on scalp and face, hypotonic facies, hyperte-
lorism, arched thick eyebrows, up-slanting palpebral fissures,
very large ears, bulbous nasal tip, anteverted nares, high palate, thick
full lips (Fig. 1B and Supplementary Table 3), bilateral everted ankles,
contractures in knees and some finger joints, muscle atrophy in
arms and legs, global hypotonia and absent patellar reflexes.
Additionally, he had airway clearance issues and G-tube dependency.
At 11years of age, he remains non-verbal, wheelchair-dependent, and
needs support for head control and sitting independently (Fig. 1B and
Supplementary Video 2). Other genetic testing included chromosomal
microarray, karyotype and an epilepsy sequencing panel, which
showed normal or non-diagnostic results.

Brain MRI performed at 7.7 years of age revealed moderate volume
reduction and lack of myelination of the supratentorial white matter
with consequent ventricular enlargement and thin corpus callosum
(Fig. 2). Additional focal T, signal alterations were noted in the frontal
and parietal periventricular regions. Moderate-to-severe cerebral cor-
tical atrophy with enlargement of the subarachnoid spaces was pre-
sent. The thalami and pons were small. The cerebellar white matter
signal was normal while the foliar CSF spaces were slightly enlarged
(Fig. 2). Finally, a right optic nerve glioma and left optic nerve atrophy
were noted (Supplementary Fig. 3E-G). He had a resection of the optic
nerve glioma at 7.5 years of age.

Patient FII:1 (Fig. 1A and B and Supplementary Fig. 1) is a 13-year-old
male, the first child of a consanguineous Iranian-Arab family. The
healthy parents are first cousins. The patient’s prenatal and peri-
natal history were unremarkable and he was born at term with
his growth parameters all within normal range (2.75 kg weight,
59 cm length). However, his development was significantly delayed
in all domains. At present, he is non-verbal and has no eye contact
with others, and his level of cognitive impairment is in the range of
severe-to-profound (Supplementary Video 3). Medical examination
at the age of 13 years showed postnatal microcephaly, failure to
thrive, no language and hand skills, inability to walk, head nodding
stereotypies, hand rubbing/wringing stereotypies, drooling, tongue
thrusting, axial hypotonia, muscle atrophy and lower limb spasti-
city (Fig. 1B and Supplementary Video 3). He had a Babinski sign
and brisk tendon reflexes (Supplementary Video 3). His vision was
poor, but hearing was within normal range. Facial dysmorphism in-
cluded long and narrow face, upswept anterior hairline, prominent
supraorbital ridges, deep-set eyes, thick arched eyebrows, long eye-
lashes, long or large ears, high nasal bridge, full nasal tip, low-set
columella, bow-shaped upper lip, flared alae nasi and tall chin
(Fig. 1B, Supplementary Table 3 and Supplementary Video 3).
Additionally, he had long and slender fingers, broad and round dis-
tal thumbs, long toes, over-riding of hallux and third toe by second
toe, deep plantar crease, thin trunk and extremities (Fig. 1B,
Supplementary Table 3 and Supplementary Video 3).

Brain MRI at 1 year of age demonstrated moderate white matter
volume reduction and delayed myelination with associated ven-
tricular dilatation, especially in the parieto-occipital regions, thin
corpus callosum, mild enlargement of the cerebral subarachnoid
spaces and very small thalami (Supplementary Fig. 2E-H). The
pons and inferior cerebellar vermis were small with associated
mega cisterna magna, while the cerebellar hemispheres volume
and cerebellar white matter signal were normal (Supplementary
Fig. 2E-H). Follow-up MRI at 13 years of age showed disease progres-
sion with moderate cerebral and cerebellar atrophy, lack of myelin-
ation progression, further reduction of the thalamic volume, mild
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Figure 2 Neuroimaging findings. Brain MRI studies of a control subject
performed at 9 years of age for comparison, and of the patients per-
formed at 9 years (Patient FI:1), 7.7 years (Patient FI:2), 13 years Patient
FII:1), 12 years (Patient FII:2) and 3 years of age (Patient FIII:1). In the pa-
tients, sagittal T;- or T,-weighted (left), axial T,-weighted (middle) and
coronal T, or T,-weighted images (right) reveal mild-to-severe cerebral
atrophy with reduced white matter volume and enlarged subarachnoid
spaces in all cases. There is diffuse T, hyperintensity of the cerebral

(Continued)
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T, hypointensity of the globi pallidi and optic nerve atrophy (Fig. 2).
Additional focal To/FLAIR signal alterations were noted in the front-
al and parietal periventricular regions, with an ‘ears of the lynx’
pattern in the frontal lobes (Supplementary Fig. 3H and I).

Patient FII:2

Patient FII.2 (Fig. 1A and B and Supplementary Fig. 1) is an
11-year-old female, the second child of the Iranian-Arab Family
FII. Her prenatal and perinatal history and metabolic investigations
were unremarkable. She was born at term with normal growth
parameters (3 kg weight, 48 cm length). However, she had global
developmental delay with severe-to-profound intellectual disabil-
ity and failure to thrive. At present, she cannot speak and has no
eye contact with others. Neurological examination at 11 years of
age showed postnatal microcephaly, no language, no hand skills,
inability to walk, hand rubbing/wringing stereotypies, axial hypo-
tonia, and spasticity and muscle atrophy of the lower limbs
(Supplementary Video 4). She has a Babinski sign and brisk tendon
reflexes (Supplementary Video 4). Ophthalmic examination at the
age of 2 years revealed bilateral optic atrophy. Hearing was normal.
She has facial dysmorphic features including bifrontal narrowing,
arched eyebrows, synophrys, full nasal tip and prominent heels
(Fig. 1B, Supplementary Table 3 and Supplementary Video 4).

Brain MRI performed at 2 years of age revealed mild volume reduc-
tion and diffuse T, hyperintensity of the cerebral white matter in keep-
ing with absent myelination, with associated ventricular dilatation
especially in the parieto-occipital regions, thin corpus callosum, mild
enlargement of the cerebral subarachnoid spaces and very small thal-
ami (Supplemental Fig. 2I-L). Additional focal T,/FLAIR signal altera-
tions were noted in the frontal and parietal periventricular regions,
with an anterior ‘ears of the lynx’ pattern lobes (Supplementary Fig.
3J and K). The cerebellar volume and white matter signal were normal
(Supplementary Fig. 2I-L). Follow-up brain MRI at 12 years of age
showed disease progression with mild cerebral and moderate cerebel-
lar atrophy, lack of myelination progression, further reduction of the
thalamic volume, mild T, hypointensity of the globi pallidi and optic
nerves atrophy (Fig. 2). The fronto-parietal periventricular To/FLAIR sig-
nal alterations were accentuated (Fig. 2).

Patient FIII:1

Patient FIII.1 (Fig. 1A and B and Supplementary Fig. 1) is a 3-year-old
female, the only child of a consanguineous Egyptian family. Parents
are healthy and there is no history of similar conditions reported in
the extended family. The pregnancy history noted weak fetal
movement and maternal pre-eclampsia and delivery was by elect-
ive Caesarean section. The measurements at birth were: 3.1kg
weight, 48 cm length and 33.5 cm OFC. After birth, she was irritable,
had excessive crying and refused to suckle. At the end of the
first day, she was admitted to the NICU for 8 days, where

Figure 2 Continued

white matter in all subjects, with relative sparing of the internal cap-
sules and subcortical U-fibres in Patients FII:1 and FII:2, in keeping
with hypomyelination. Focal signal alterations are associated at the le-
vel of the fronto-parietal white matter. The corpus callosum is thin in
all patients (thick arrows). The thalami are very small and slightly T, hy-
pointense in all cases (asterisks). The globi pallidi are small and darker
on T,-weighted images in Patients FI:1, FII:1 and FII:2 (full arrowheads).
There is mild pontine hypoplasia (thin arrows) and marked optic nerve
and chiasm atrophy (thin dashed arrows) in all subjects.
Mild-to-moderate cerebellar atrophy with prevalent enlargement of
the hemispheric subarachnoid spaces is present in all subjects (empty
arrows), while involvement of the superior vermis is visible only in
Patients FII:1, FII:2 and FIII:1 (empty arrowheads).
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hyperbilirubinaemia and hypocalcaemia were recorded. Her devel-
opmental milestones were severely delayed. She did not acquire
any motor or cognitive skills and had an apparently progressive
course as she had some visual tracking and social smile at 3 months
old. She suffered from recurrent choking spells followed by chest
infections. On examination, she was lethargic, encephalopathic,
not reacting to her surroundings and had absent speech. Seizures
started at the age of 8 months, were intractable with myoclonic
and focal patterns, recurred four to eight times per day, did not re-
spond to several drug combinations including valproate, levetirace-
tam, vigabatrin, topiramate and clonazepam. The anthropometric
measurements at 3 years of age identified a weight of 13 kg, length
of 85 cm and OFC of 45 cm. The patient had a hypotonic face, a slop-
ing forehead, sparse hair, wide-spaced eyes, an upturned nose, long
philtrum, retruded mandible and low-set ears (Fig. 1B and
Supplementary Table 3). General examination was unremarkable
and neurological evaluation showed generalized hypotonia (both
axial and limbs) with hyporeflexia. Laboratory tests showed normal
karyotype, metabolic screening, acylcarnitine profile, organic acid
in urine, ammonia and lactate in plasma, and auditory brainstem
response (ABR). Liver transaminases were elevated (ALT: 113 and
AST: 52). EEG revealed subcortical epileptogenic discharges. Pallor
of the optic nerves was observed at fundus oculi examination.
Brain MRI performed at 3 years of age showed severe cerebral and
mild cerebellar atrophy with supratentorial ventricle dilatation,
lack of supratentorial white matter myelination with sparing of
the cerebellar white matter, thin corpus callosum, very small thal-
ami, optic nerve atrophy, and pontine and inferior vermis hypopla-
sia with mega cisterna magna (Fig. 2).

In Family FI, quad familial research exome and genome sequencing
of DNA from the affected siblings (Patients FI:1 and FI:2) and their
parents identified two variants in trans in BORCS8: a maternally in-
herited frameshift variant [NM_001145783.2:c.71_75dup(p.Asn26
Trpfs*51)] and a paternally inherited missense variant [NM_0011
45783.2:c.85T>C(p.Ser29Pro)| (Fig. 1A). The frameshift variant is
not present in ~2000000 alleles/chromosomes across multiple
large, aggregated sequence databases (Supplementary Table 2).
This variant results in substitution of Trp for Asn-26 and replace-
ment of the remaining 93 amino acids by 49 extraneous amino acids
(henceforth denoted N26W*) (Fig. 3A and B). The missense variant,
on the other hand, is present in 35 carriers in the European popula-
tion. This variant encodes a substitution of Pro for the highly con-
served Ser-29 [Genomic Evolutionary Rate Profiling (GERP) score
4.71 and Combined Annotation Dependent Depletion (CADD) score
25.6] (Fig. 3A and B and Supplementary Table 2) and is predicted tobe
damaging/deleterious and disease-causing by most in silico tools
(Supplementary Table 2).

In Family FII, research exome sequencing of DNA from the two
siblings (Patiens FII:1 and FII:2), confirmed by Sanger sequencing,
identified a novel homozygous BORCS8 missense variant
[(NM_001145784.2):c.196A>C (p.Thr66Pro)] (Fig. 1A). This variant is
within a sizable region of homozygosity and is absent from all the
inspected variant databases. It encodes a substitution of Pro for
the highly conserved Thr-66 (GERP score 4.24 and CADD score
28.4) (Fig. 3A and B and Supplementary Table 2) and is predicted
to be damaging/deleterious and disease-causing by most in silico
tools (Supplementary Table 2).

In Family FIII, clinical exome sequencing of the proband (Patient
FIII-1) identified a novel homozygous missense variant in BORCS8
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[(NM_001145784.2):c.124T>C (p.Ser42Pro)] residing within a large
region of homozygosity. This variant was not observed in any vari-
ant frequency databases. It encodes a substitution of Pro for the
highly conserved Ser-42 (GERP score 4.71 and CADD score 28.3)
(Fig. 3A and B) and is predicted to be damaging/deleterious and
disease-causing by the majority of employed in silico tools
(Supplementary Table 2).

In all three families, no additional variants of unknown signifi-
cance, pathogenic or likely pathogenic, associated with neurodeve-
lopmental or neurodegenerative disorders were identified.

BORCS8 encodes a protein of 119 amino acids named BORCS8
or MEF2BNB (https:/www.ncbi.nlm.nih.gov/gene/729991). BORCS8
is a subunit of the hetero-octameric BORC (Fig. 3C-E), previously
shown to mediate ARL8-dependent regulation of lysosome motil-
ity and positioning.? The N26W* variant removes most of a pre-
dicted long a-helix (Fig. 3C-E), resulting in a protein with only 25
N-terminal amino acids from the normal protein, followed by an
irrelevant sequence. The substitutions to Pro in the missense var-
iants likely cause destabilization by disruption of the long a-helix.

To determine the properties of the patients’ variants in cells, we ob-
tained cultured skin fibroblast from Patients FI:1 and FI:2, and from
their unaffected mother as a control. Cells from Families FII and FIII
were not available for analysis. Immunoblot and immunofluores-
cence microscopy analyses for BORCS8 itself in Family FI fibroblasts
were unsuccessful because several commercial and house-made
antibodies failed to recognize the endogenous protein. As an alter-
native, we performed immunoblot analysis of the fibroblasts for
BORCSS5 and BORCS7, for which there are suitable antibodies. For
this analysis, we also included two additional human skin fibro-
blast cultures from a healthy individual (Control 1: 85E0344) and
from an SPG50 patient that carries pathogenic mutations in the
AP4M1 and ATS genes (Control 2: 87RD39).%'° This analysis re-
vealed no significant differences in the levels of BORCS5 and
BORCS7 in fibroblasts from the mother and the unrelated controls,
but a significant 45%-60% reduction in BORCS5 and BORCS?7 levels
in the patient’s fibroblasts relative to fibroblasts from the mother
and the unrelated controls (Fig. 3F and G). These findings indicated
that the BORCS8 N26W* and S29P variants resulted in reduced levels
of other BORC subunits. Quantitative real-time reverse-
transcription PCR (qQRT-PCR) revealed equal levels of BORCSS,
BORCS5 and BORCS7 mRNAs in fibroblasts from the mother and
both patients (Supplementary Fig. 4A and B), indicating that the
variants did not decrease mRNA levels but likely destabilized the
corresponding proteins.

To directly analyse the effect of the individual variants on the
expression and assembly of BORCSS itself, we next used a heterol-
ogous system in which wild-type and BORCS8-mutant proteins
tagged with a C-terminal HA epitope were expressed by transient
transfection in HEK293T cells. Immunoblotting of cell extracts
showed that whereas the wild-type, S29P, T66P and S42P mutants
were expressed at similar levels, the N26W* mutant was expressed
at ~40% levels of the wild-type and other mutants (Fig. 4A-D, 10%
input lanes). Real-time gRT-PCR showed that the wild-type,
N26W* and S29P BORCS8 mRNAs were expressed at similar levels
(Supplementary Fig. 4C). Incubation with the proteasome inhibitor
MG132 did not change the levels of wild-type and S29P but in-
creased the levels of N26W* BORCS8 (Fig. 4E). These findings are
consistent with the lower levels of the N26W* mutant protein being
at least partly due to proteasomal degradation.
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Figure 3 Characteristics of wild-type and variant BORCS8 alleles. (A) Amino acid sequence of wild-type BORCS8 indicating the positions of the variants.
(B) Amino acid conservation of BORCSS from different species calculated on the ConSeq server” using default search values. (C) Structure of BORCSS
extracted from the whole BORC complex predicted by AlphaFold Multimer. (D) Structure of the BORC complex predicted by AlphaFold Multimer. (E)
Close-up view of the positions of the variants. (F) Skin fibroblast cultures from two unrelated controls [a healthy individual (Control 1, 85E0344) and
an SPG50 patient (Control 2, 87RD39)],*®*° the unaffected Family FI mother and her affected children were analysed by SDS-PAGE and immunoblotting
for the endogenous BORCS5 and BORCS7 subunits of BORC. B-Actin was used as loading control. The positions of molecular mass markers (in kDa) are
indicated on the left. (G) Quantification of endogenous BORCSS and BORCS?7 levels from at least four independent experiments such as that shown in F.
Values are the mean + standard deviation (SD) from the number of data-points shown on the figure. Statistical significance was calculated by one-way
ANOVA followed by multiple comparisons using Dunnett’s test. ***P < 0.0001.
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Figure 4 BORCS8 patient variants reduce the levels and/or assembly of BORC subunits. (A and B) HEK293T cells were transfected with plasmids en-
coding the indicated HA-tagged constructs and subjected to immunoprecipitation with antibody to the HA epitope. Cell extracts (10%) and immuno-
precipitates (HA IP) were analysed by SDS-PAGE and immunoblotting (IB) for the HA epitope, endogenous BORCS5 and BORCS7, GAPDH (control) or
B-actin (control). KLC1-HA was used as a non-specific immunoprecipitation control. The positions of molecular mass markers (in kDa) are indicated
on the left. Arrows indicate the positions of the specific proteins. (C and D) Quantification from three independent experiments such as those shown
in A and B. Values are the mean + standard deviation (SD). Statistical significance was calculated by one-way ANOVA followed by multiple comparisons
using Dunnett’s test. *P < 0.05; **P < 0.01; ***P < 0.0001. (E) HEK293T cells transfected with HA-tagged BORCS8 constructs were treated with 40 uM of the
proteasomal inhibitor MG132 for the indicated times, lysed and immunoblotted for the HA epitope and GAPDH (loading control). The positions of mo-
lecular mass markers (in kDa) are indicated on the left.
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Immunoprecipitation from extracts of transfected HEK293T
cells expressing BORCS8-HA constructs with antibody to the HA
epitope, followed by immunoblotting for endogenous BORCS5
and BORCS7, showed that co-immunoprecipitation of these subu-
nits was reduced to 30%-80% for the S29P, T66P and S42P mutants,
and to ~5% for the N26W* mutant (Fig. 4A-D, HA IP lanes). The
N26W* co-immunoprecipitation was indistinguishable from that
obtained with the irrelevant KLC1-HA control (Fig. 4A and C), indi-
cating that it was non-specific. From these experiments, we con-
cluded that, despite being expressed at similar levels than
wild-type BORCSS, the S29P, T66P and S42P mutants were partially
impaired in their ability to assemble with other subunits of BORC.
The N26W* mutant, on the other hand, was not only expressed at
lower levels but was also completely incapable of assembling with
other BORC subunits. The reduced assembly of the BORCS8 mu-
tant proteins into the complex likely results in partial degradation
of the other subunits, accounting for the reduced levels of both
BORCS5 and BORCSY in the patients’ fibroblasts (Fig. 3F and G).
These findings are in line with previous studies showing a require-
ment of all subunits for stable assembly of BORC.%?®

To investigate the functional properties of the patients’ BORCS8 var-
iants, we performed rescue experiments with BORCS8-KO HeLa
cells (Fig. 5A). Extracts from wild-type and BORCS8-KO HelLa cells
showed reduced amounts of endogenous BORCS5 and BORCS7
proteins (Fig. 5B and C), but not of the corresponding mRNAs
(Supplementary Fig. 4D). This confirmed that BORCS5 and
BORCS7 were destabilized in the absence of BORCSS, and that all
the subunits are necessary for assembly of a stable BORC.”?®
Cycloheximide chase experiments showed increased turnover of
BORCSS and BORC7 in BORCS8-KO relative to wild-type HeLa cells
(Supplementary Fig. 5A and B), demonstrating that the reduced le-
vels of BORCS5 and BORCS7 in the absence of BORCS8 were due to
enhanced degradation. As shown above for HEK293T cells
(Fig. 4A-D), transfection of BORCS8-KO cells with plasmids encod-
ing HA-tagged wild-type and mutant BORCS8 constructs showed
that the wild-type, S29P, T66P and S42P proteins were expressed
at similar levels, whereas the N26W* protein was expressed at low-
er levels (Fig. 5D).

Next, we examined the effect of expressing wild-type and
mutant BORCS8 proteins on the distribution of lysosomes labelled
for the endogenous lysosomal membrane protein LAMP1 in
BORCS8-KO Hela cells. In agreement with previous findings,"®
BORCS8 KO caused clustering of lysosomes in the juxtanuclear
area of the cells and their depletion from the peripheral cytoplasm
(Fig. 5E, G and H). Expression of wild-type BORCSS8 restored the nor-
mal distribution of lysosomes (Fig. 5F-H). In contrast, expression of
the BORCS8 mutants resulted in partial (S29P, T66P) or no rescue
(N26W*, S42P) (Fig. SF-H). These observations demonstrated that
the patients’ BORCSS8 variants have reduced ability to distribute ly-
sosomes toward the peripheral cytoplasm.

BORCS8 KO has also been shown to increase the levels of
the autophagy protein LC3B, due to inhibition of lysosome-
autophagosome fusion?® (Supplementary Fig. 6A and C). We
observed that re-expression of wild-type, S29P or T66P BORCSS8
decreased the number of LC3B puncta in BORCS8-KO HelLa cells,
whereas re-expression of N26W* and S42P BORCS8 did not
(Supplementary Fig. 6B and C). From these experiments, we con-
cluded that at least some of the BORCS8 mutants compromise the
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ability of lysosomes to fuse with autophagosomes. Differences in
the activity of the S29P in T66P mutants in lysosome dispersal
(Fig. 5) and LC3B reduction (Supplementary Fig. 6) may be due to
the different sensitivity of each assay.

A role for BORCS8 in neurodevelopment had not been demon-
strated prior to this work. To assess this role in a vertebrate model,
we examined the effect of knocking out borcs8 in zebrafish. The zeb-
rafish genome encodes a single borcs8 orthologue that shares 67%
nucleotide and 76% amino acid identity with human BORCSS8/
BORCS8. We generated a borcs8 FO KO model using CRISPR-Cas9.*
To this end, we used three sets of Cas9-gRNA ribonucleoproteins
(RNPs) to target borcs8 (Supplementary Fig. 7A), thereby generat-
ing a biallelic zygotic KO directly in the injected embryos
(FO generation). Using a high-resolution melting assay,’’ we
found that RNPs were very efficient in creating indels in injected
embryos (Supplementary Fig. 7B). Sequencing of injected em-
bryos revealed mutations at the targeted loci, with a high percent-
age of indels leading to premature stop codons (Supplementary
Fig. 7C and D).

We found that at 3 days post-fertilization (3 dpf) borcs8 FOKO lar-
vae exhibited a smaller body size (intermediate phenotype), with
some of the larvae exhibiting a slight curvature of the body axis
(strong phenotype) (Fig. 6A-C), as compared to wild-type controls.
Injections of Cas9 protein alone as a control showed no morpho-
logical defects compared to wild-type larvae (Fig. 6A-C).
Additionally, the borcs8 FO KO 3dpf fish displayed a smaller
head (Fig. 6D) and eye size (Fig. 6E) compared to wild-type controls
and Cas9-expressing control fish. These morphological defects
persisted at 5 dpf (Supplementary Fig. 8A-C). We further exam-
ined these fish at the histological level on transverse brain sec-
tions at 3 dpf (Supplementary Fig. 7E) and 5 dpf (Fig. 6F and G).
Haematoxylin and eosin staining revealed significant structural
differences and smaller brain size in 5 dpf brains from borcs8 FO
KO relative to wild-type larvae (Fig. 6F and G). These differences
were not evident at 3dpf (Supplementary Fig. 7E), suggesting
that structural brain abnormalities in borcs8 FO KO fish are
progressive.

Normalization of head and eye areas to body length at 3 dpf re-
vealed no differences in both ratios in borcs8 FO KO larvae compared
to wild-type controls (Supplementary Fig. 8D and E). Similarly, no
differences were observed in normalized head and brain areas to
body length at 5 dpf, but the eye area:body length ratio was signifi-
cantly reduced in borcs8 FO KO larvae (Supplementary Fig. 8F-H).
Taken together, these data suggest a global developmental delay
in borcs8-KO zebrafish, consistent with clinical findings in the chil-
dren bearing mutations in BORCS8. To test the specify of the mor-
phological phenotypes in borcs8 KO fish, mRNA encoding human
BORCSS8 (Rescue) was injected along with RNPs, resulting in signifi-
cant rescue of the head, eye and brain areas, and the body length
defects (Fig. 6C-E and G).

Given the clinical findings of hypotonia and limb spasticity in pa-
tients bearing BORCS8 mutations, we assessed neuromuscular
morphology and locomotion in borcs8 FOKO larvae. The areas of dorsal
and ventral myotomes of 3 dpf borcs8 FO KO larvae were significantly
reduced (Fig. 6H and I). Additionally, the myosepta of borcs8 FOKO lar-
vae were markedly narrower than in controllarvae (Fig. 6]). Along with
these muscle phenotypes, we found that the motor neurons, which
innervate the myotomes, have shorter and less branched axons
(Fig. 7A and B). The motor axonal defects in borcs8 FO KO zebrafish
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were significantly rescued upon expression of the human BORCSS8
mRNA (Fig. 7B). We next examined NM]J integrity by performing double
immunohistochemistry using specific presynaptic (SV2) and postsy-
naptic (o-bungarotoxin) markers. We observed a drastic alteration in
NMJ morphology with reduced presynaptic and postsynaptic staining
in 3 dpf (Fig. 7C) and 5 dpf (Supplementary Fig. 9A) borcs8 FO KO larvae
compared to wild-type controls, and a reduction in the number of co-
localizing presynaptic and postsynaptic puncta in borcs8 FO KO larvae
(Fig. 7D and Supplementary Fig. 9B). This decrease in synaptic puncta
at NMJs in borcs8 FO KO fish was accompanied by a significant reduc-
tion in AChE activity (Supplementary Fig. 9C). Further analysis re-
vealed no change in co-localization of presynaptic and postsynaptic
puncta in borcs8 FO KO at early embryonic developmental stages (2
dpf; Supplementary Fig. 9D and E). However, 2 dpf borcs8 FO KO larvae
displayed impaired movement after touch (i.e. touch-evoked escape
response) (Fig. 7E), and 5 dpf larvae decreased locomotor activity (i.e.
free swimming), as compared to controls (Fig. 7F). No significant
changes in free-swimming activity between borcs8 FO KO fish and
wild-type controls were observed at early developmental stages (2
and 3 dpf; Supplementary Fig. 9F and G). These findings thus indicated
that borcs8 FO KO larvae had neuromuscular defects with a strongim-
pact on motor function. Moreover, our data suggest that the defectsin
NMJ morphology and locomotor activity were progressive with larval
age, consistent with the neurodegenerative findings in patients bear-
ing BORCS8 mutations.

Discussion

Here we report on five children from three unrelated families with
biallelic variants in BORCS8. These children present with global
developmental delay, severe-to-profound intellectual disability,
facial dysmorphism, variable neurological features including
seizures, spasticity, stereotypies, cortical visual impairment and
consistent neuroradiological findings. The latter include cerebral
and cerebellar atrophy, white matter hypomyelination, hypoplasia
of the pons, thin corpus callosum, small thalami and optic atrophy.
In addition, focal white matter signal alterations with an ‘ears of the
lynx’ sign were noted in two subjects, and T, hypointensity of glo-
bus pallidi was evident in another patient. Many of these features
were apparent on initial MRI scans at the age of 1-3 years, with
the rest becoming noticeable on follow-up scans several years later.
In line with these findings, biallelic KO of borcs8 in zebrafish leads to
neurodevelopmental defects and loss of motility. These findings
demonstrate that BORCS8 is critical for the development and func-
tion of the CNS in vertebrates.

The neuroimaging findings in the BORCS8-deficient patients
overlap with those of other congenital neurological disorders and,
in combination, could help with the diagnosis of this condition.
Hypomyelination is a key feature of a large number of disorders,
many of which present with developmental disability (DD), intellec-
tual disability (ID) and/or facial dysmorphism.*? Among these disor-
ders are Pelizaeus-Merzbacher disease, Pelizaeus-Merzbacher-like
disease, 4H syndrome, Salla disease, hypomyelination and congeni-
tal cataract, and 18q deletion syndrome.?? Of note, hypomyelination
associated with neurodegenerative features is also common in
infantile-onset lysosomal neuronal storage disorders, such as in-
fantile GM1 and GM2 gangliosidosis, fucosidosis and neuronal cer-
oid lipofuscinoses, in which myelination is perturbed due to
axonal dysfunction and degeneration starting before myelination
has reached completion.**

Small thalami are a feature of postnatal progressive micro-
cephaly with seizures and brain atrophy caused by biallelic
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variants in MED17,* and neurodevelopmental disorder with sei-
zures and brain atrophy caused by biallelic variants in EXOC7.%
Thin corpus callosum with ‘ear of the lynx sign’ can be seen in
hereditary spastic paraplegia due to biallelic SPG11 and SPG15
variants, both characterized by lysosomal dysfunction.®
Neurodevelopmental impairments with T, hypointensity of the
globus pallidi in children suggests connections to a form of neu-
rodegeneration with brain iron accumulation (NBIA).?”*® NBIA is
now a fairly large group of disorders, but childhood-onset NBIA
with MRI features overlapping with those seen in children with
biallelic BORCS8 variants (i.e. globus pallidi T, hypointensity
plus white matter changes) include infantile neuroaxonal dys-
trophy (NBIA2A), fatty acid hydroxylase-associate neurodegen-
eration (FAHN; also called hereditary spastic paraplegia type 35),
Kufor-Rakeb syndrome and Woodhouse-Sakati syndrome.?”:*
However, when these MRI features are seen in association with
progressive cerebral and cerebellar atrophy, optic atrophy and
hypoplasia of the pons in a child with DD/ID, abnormal neurology
and facial dysmorphism, BORCS8-related disorder should be con-
sidered a likely diagnosis.

The clinical features of the patients with BORCS8 variants de-
scribed here are also like those of a previously reported patient
with a homozygous splice variant of BORCS5 (c.203-1G>T)."” The ex-
act nature of the transcript and the activity of the BORCSS variant
protein were not assessed in the previous study. Nevertheless, the
similarities in clinical presentation suggest that the BORCS5
variant protein may likewise be defective in expression, assembly
and/or function. Together, these findings begin to define a
‘BORC-deficiency syndrome’ caused by variants in any of the subu-
nits of this complex, in the same way that an ‘AP-4 deficiency syn-
drome’ (a form of hereditary spastic paraplegia) is caused by
variants in subunits of the AP-4 complex 3

The BORCS8 S29P, T66P and S42P substitutions are all pre-
dicted to be deleterious by bioinformatics tools. Their deleterious
effects are likely due to destabilization of the long a-helix by the
irregular geometry of the substitute Pro. The N26W"* variant, on
the other hand, results in deletion of most of the long a-helix
and its partial replacement by an irrelevant sequence. This latter
variant has little of the normal BORCSS8 and is thus also expected
to be deleterious. Indeed, analyses using a heterologous cell sys-
tem show that all BORCS8 variants are functionally defective
(Supplementary Table 4). In transfected HEK293T and HelLa cells,
the S29P, T66P and S42P proteins are expressed at normal levels
but display reduced assembly with BORCS5 and BORCS7.
Furthermore, the N26W"* protein is expressed at very low levels
because of proteasomal degradation and does not assemble at
all with BORCS5 and BORCS?. KO or mutations in BORC subunit
genes were previously shown to cause destabilization and deg-
radation of other subunits of the complex.™**"?® This phenom-
enon may account for the reduced levels of BORCS5 and BORCS7
in skin fibroblasts of the Family FI affected siblings relative to
those of the mother.

The variant BORCS8 proteins displayed not only expression and/
or assembly defects but also decreased ability to rescue lysosome
dispersal in BORCS8-KO cells. BORC is part of an adaptor system
that couples lysosomes to kinesin-1 and -3 motors for anterograde
transport along microtubule tracks.™® Accordingly, we found that
KO of BORCS8 impairs the distribution of lysosomes toward the per-
ipheral cytoplasm, causing their clustering in the juxtanuclear area
of the cell. Whereas re-expression of wild-type BORCS8 restored the
normal distribution of lysosomes, all the variants displayed re-
duced activity in this assay. We were unable to assess the
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distribution of lysosomes in fibroblasts from the Family F1 siblings
versus their mother because the spindly shape of the fibroblasts
and proximity of lysosomes to the nucleus precluded accurate
quantification of lysosome distribution. Taken together, the above
findings demonstrated that the BORCSS8 variants analysed in this
study are likely pathogenic.

The severity of phenotypic defects in mice and humans with muta-
tions in BORC-subunit genes emphasizes the critical importance of
lysosome distribution for the maintenance of cellular homeostasis.
This importance derives from the need to distribute not only the de-
gradative activity of lysosomes, but also their non-degradative roles
in signalling, adhesion and plasma membrane repair to all regions of
the cell.™*" This ability is even more critical in neurons, where lyso-
somes are required for maintenance of axonal health. In our functional
assay, we focused on the function of BORC in promoting anterograde
lysosome transport. However, BORC also mediates ARL8-dependent re-
cruitment of RUFY3, a regulator of lysosome coupling to the retrograde
microtubule motor dynein-dynactin**** and the HOPS complex, a
regulator of endolysosomal/autophagosomal tethering and fu-
sion.?>*4> Indeed, BORGS-KO Hela cells exhibited accumulation of
the autophagy protein LC3B, which was reversed by re-expression of
wild-type but not N26W* or S42P BORCS8. It is thus likely that
BORCS8-deficient patients also have endolysosomal/autophagosomal
fusion defects that contribute to the pathogenesis of the disease.

Loss-of-function of borcs8 in zebrafish resulted in neurodevelop-
mental defects including reduced muscle size, motor axon defects,
NMJ anomalies and impaired motility, further supporting a role for
bores8 in the development and function of the CNS. Some of these
defects were progressive, consistent with the presentation of the
disease in humans. These findings are in line with those in previous
studies of BORCSS and BORCS7 mutant mice, which displayed a
number of neurodevelopmental abnormalities.”'* For instance,
BORCS7 Q87X/Q87X-mutant mice exhibited motor axonal atrophy
and impaired motor function.'® One difference with the borcs8 FO
KO zebrafish is that BORCS5-KO mouse embryos did not display de-
fects in the diaphragm NMJs, although the innervating phrenic
nerve was severely dystrophic.’ This differential effect on NMJs
could be due to differences in species, developmental stage, specific
NMJs or BORC subunits mutated. It is noteworthy that BORCS5-KO
and BORCS7-KO mice die neonatally.”' It is thus likely that
BORCSS8 KO would also be lethal in mice and humans, and that
the partial activity of some of the variants keeps the patients alive,
albeit with severe CNS problems.

In summary, our results identify BORCS8 as a novel neuroge-
netic disease gene, and BORC-dependent lysosome dynamics as a
critical process in human CNS development and function.
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