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ARTICLE INFO ABSTRACT
Article history: Purpose: Biallelic variants in FIG4 or VACI4 are associated with Yunis-Var6n syndrome
Received 11 August 2023 (YVS), which is characterized by multisystem involvement including skeletal findings,
Received in revised form craniofacial dysmorphisms and central nervous system anomalies. Pathogenic variants in those
7 March 2024 same genes have also been associated with a predominantly neurological phenotype and with
Accepted 11 March 2024 nonsyndromic conditions, such as Charcot-Marie-Tooth disease and amyotrophic lateral
Available online 13 March 2024 sclerosis. By describing 5 new cases of FIG4-associated YVS and reviewing the literature,
we better delineate the clinical phenotype associated with loss of function of those genes. We
Keywords: also explore osteopenia mechanisms by assessing bone physiologic parameters in a mouse
Exome sequencing model.
FIG4 Methods: Exome sequencing or Sanger sequencing was performed in 5 unrelated individuals.
Osteopenia Bone histomorphometry was performed in Fig4p“/plt mice and compared with wild type.
VAC14 Relevant literature from the last 10 years was reviewed.
Yunis-Varén syndrome Results: All individuals presented a phenotype overlapping the typical YVS and the brain

anomalies and neurologic syndrome. Clinical features included developmental delay, structural
brain malformations, and skeletal anomalies, such as osteopenia. Biallelic FIG4 variants were
identified in each individual. In mice, bone histomorphometry parameters suggested that
osteopenia might be secondary to reduced bone formation rather than increased bone
degradation.
Conclusion: This study contributes to a better understanding of the phenotypic variability caused
by pathogenic variants in FIG4 or VACI4 and suggests an important overlap between previously
described phenotypes. The brain anomalies and neurologic syndrome is likely in the same
spectrum as classical YVS. Further studies are still needed to clarify the effects of partial loss-of-
function (hypomorphic) variants and to identify genotype-phenotype correlations.
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Introduction

FIG4 (HGNC:16873) and VACI4 (HGNC:25507) genes
encode proteins that form a multiprotein biosynthetic com-
plex with Fabl/PIKFYVE (HGNC:23785), a lipid kinase
adding a phosphate group to phosphatidylinositol 3 phos-
phate PI(3)P. This complex is localized at the membranes of
late endosomes and lysosomes and modulates the level of
phosphatidylinositol ~ 3,5-biphosphate  (PI(3,5)P2), a
signaling molecule that plays an important role in protein
sorting, endolysosomal vesicles trafficking and fusion at the
cytoplasmic membrane, and other essential functions of
endolysosome, such as cellular osmoregulation via regula-
tion of ion channels. FIG4 encodes the phosphatidylinositol
phosphatase part of the complex, whereas VACI4 encodes
the scaffold protein of the complex, and they both function
as an activator of Fabl/PIKFYVE.'°

FIG4 or VACI4 deficiency results in a significant
reduction in PI(3,5)P2*""* and in PI(5)P, a lipid signaling
molecule playing a role in autophagy and endosomal
maturation.® Depletion of PI(3,5)P2 causes intracellular
accumulation of enlarged endolysosomal vacuoles.”™’
In mouse models and human cells of individuals with
partial or complete loss of FIG4 or VACI4, we can observe
the accumulation of large vacuoles compatible with lyso-
some-derived swollen vesicles in different tissues, such as
skeletal muscles, fibroblasts, central nervous system
(CNS) tissues (cortex, cerebellum, and basal ganglia),3 5:9-14
and calvarial tissue.” Mouse models with homozygous
variants of FIG4 or VACI4 display neurodegeneration
and hypomyelination.””'>'*'> FIG4-null mice also have
reduced body weight and bone density, as well as vacuo-
lated osteoblasts.” As such, FIG4-VAC14-related disorders
are considered by some to be part of the large group of
lysosomal diseases.”'”'*'® Neuronal expression of an
enzymatically inactive FIG4 in null mice (PIt mice used
here, which do not express FIG4) does partially rescue the
phenotype potentially by stabilizing the complex, but the
neurological disease nevertheless progresses until an early
death.'’

In humans, partial loss-of-function variants in FIG4 were
first associated with the autosomal recessive Charcot-Marie-
Tooth disease type 4] (CMT4J) (OMIM 611228) and the
autosomal dominant amyotrophic lateral sclerosis type 11
(OMIM 612577). In the last decade, a wide spectrum of
other autosomal recessive syndromes has been reported to
be caused by partial or complete loss-of-function variants in
FIG4 gene, such as Yunis-Var6n syndrome (YVS) (OMIM
216340), bilateral temporooccipital polymicrogyria syn-
drome (OMIM 612691), and cerebral hypomyelination.'”
Loss-of-function variants in VACI4 have been associated
with striatonigral degeneration syndrome (OMIM 617054)
and have been reported in a single individual with YVS."
YVS is characterized by skeletal abnormalities (eg, apla-
sia/hypoplasia of clavicles and phalanges of hands and feet,
absence of thumbs and halluces, pelvic bone dysplasia, and

ossification defects), craniofacial dysmorphisms, hypo-
trichosis, and structural brain anomalies with severe
neurological disability. It is a very rare and severe condition,
which is often lethal in infancy.'® Other more recently
described phenotypes associated with a biallelic deficiency
of FIG4 or VACI4 present with CNS anomalies and
neurologic impairment as predominant features.'*'*'?>
In this study, we present 5 individuals affected by FIG4-
related autosomal recessive syndromes, in whom the spec-
trum of clinical manifestations is situated between the
typical YVS and the brain anomalies and neurologic syn-
drome, and we review the literature of individuals with
biallelic FIG4 and VACI4 variants to better delineate the
clinical phenotypes associated with loss of function of those
genes. We also explored osteopenia mechanisms by
assessing bone physiologic parameters in a mouse model.

Material and Methods

The study was conducted according to the guidelines of the
investigators’ local institutional review board, and informed
consent was obtained before collection of samples and
pictures. The inclusion criterion was the identification of
biallelic FIG4 pathogenic or likely pathogenic variants,
mostly in individuals with a high index of suspicion of YVS
by a clinical geneticist.

DNA sequencing

Family 1 was consented for clinical exome sequencing.
Exome sequencing was performed for the affected individ-
ual and both parents. Families 2, 3, and 4 consented to
Sanger sequencing of the FIG4 gene (RefSeq accession
number NM_014845.6) in probands. Identified FIG4 vari-
ants were afterward analyzed by Sanger sequencing in
parents. In family 5, FIG4 variant was identified through
exome sequencing and was subsequently confirmed using
Sanger sequencing in the affected individual and both
parents.

Bone physiologic parameters

Fig4”""P" male mice were obtained from Dr Miriam Meisler
and were sacrificed on day 21. Bone histology, staining, and
histomorphometry  were performed as previously
described.”®® Lumbar vertebrae were dissected, fixed for
24 hours in 10% formalin, dehydrated in graded ethanol
series, and embedded in methyl methacrylate resin accord-
ing to standard protocols. Von Kossa/Van Gieson and
Goldner trichrome staining were used for bone volume and
tissue volume measurements, whereas calcein double-
labeling method”’ was used to analyze bone formation
rate and mineralization apposition rate. For the analysis of
osteoclasts, sections were stained with tartrate-resistant acid
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phosphatase. Histomorphometric analyses were performed
using the Osteomeasure Analysis System (Osteometrics).

Fibroblast study of FIG4 variants

Skin fibroblasts were obtained from individual 1. After
culture, light microscopy was performed.

Literature review

PubMed (https://www.ncbi.nlm.nih.gov/pubmed/) was used
to search for studies from the last 10 years, using the key-
words “VAC14” or “FIG4” and “syndrome.” A secondary
search was performed by identifying pertinent articles cited
in articles identified in the primary search.

Results

Clinical features of 5 affected individuals with FIG4
variants

Individual 1 is a 6-year-old male. He was born at term with
normal growth parameters. He presented with hypotonia and
severe developmental delay. He also had one episode of
seizure. Brain magnetic resonance imaging (MRI) showed
dilation of the ventricles, cerebellar hypoplasia with hypo-
plastic vermis, severe global delayed myelination, and cer-
vical canal stenosis. On physical exam, he was found with
macrocephaly, wide anterior fontanelle, and protruding eyes
with orbital fullness. Neurological exam revealed peripheral
neuropathy with generalized weakness. Skeletal survey
showed abnormal ossification of cranial vault, craniofacial
disproportion, coxa valga, and osteopenia. Additional in-
vestigations revealed bilateral sensorineural hearing loss and
dilated ascending aorta.

Individual 2 is a female, who was born small for gesta-
tional age with multiple anomalies. She had a cleft palate,
genital anomalies, and limb anomalies with absent distal
phalanges. Dysmorphic features included short philtrum
with thin upper lip, micrognathia, and abnormal ears. She
had severe developmental delay with hypotonia and sei-
zures. She was fed exclusively through a gastrostomy and
had severe failure to thrive. Brain MRI showed agenesis of
corpus callosum, Dandy-Walker malformation, vermis hy-
poplasia, basal ganglia anomalies, and hypomyelination.
Eye exam revealed bilateral retinopathy and normal cornea
with some opacity of lens segment. Skeletal survey identi-
fied abnormal ossification of cranial vault, absent clavicles,
coxa valga with hip subluxation, and osteoporosis. She
gradually lost her ability to move and developed contrac-
tures but did not have spasticity or any movement disorder.
She passed at 14 years of age.

Individual 3 is a 7-year-old female. Growth parameters
were normal at birth. She was born with absent thumbs and

halluces. She also presented with hypotonia, severe devel-
opmental delay, and seizures. Brain MRI revealed pachy-
gyria, Dandy-Walker malformation, cerebral atrophy,
hypoplastic vermis, basal ganglia anomalies, and hydro-
cephalus (Figure 1B-D). Skeletal survey showed abnormal
ossification of cranial vault, absent clavicles, hip dislocation,
absent distal phalanges, and osteopenia (Figure 1E). She had
cortical cataract, bilateral retinal detachment, and bilateral
sensorineural hearing loss. Neurological exam confirmed the
presence of lower limbs spasticity and peripheral
neuropathy.

Individual 4 is a male who was born at 36 3/7 weeks of
gestation with hypotonia and abnormal thumbs and halluces.
Birth weight was on the 3rd percentile and head circum-
ference was on the 1st percentile, whereas length was on the
13th percentile for his gestational age. He had several dys-
morphic features, including protruding eyes, anteverted
nares, short philtrum, high-arched palate, micrognathia,
low-set and dysplastic ears, and hypoplastic nipples
(Figure 1A). He also had sparse scalp hair and absent eye-
brows and eyelashes. On brain MRI, he was found with
absent olfactory bulbs and tracts, hypomyelination, cerebral
atrophy, and vermis hypoplasia. Skeletal survey showed
abnormal ossification of cranial vault with widened fonta-
nelle, absent clavicles, pelvic dysplasia, and hypoplastic
middle and distal phalanges (Figure I|F-I). Eye exam
revealed bilateral congenital cataract. He also had hearing
loss. He passed at 1 month of age.

Individual 5 is a 14-year-old male. He presented with
mild intellectual disability and a complaint of lower limbs
weakness. Physical exam revealed microcephaly, low
columella, short and broad thumbs and halluces, and brittle,
thick, and discolored hair. Brain MRI and skeletal survey
were not performed.

Molecular analysis of FIG4 variants

The FIG4 genotypes of parents and affected offspring in the
5 families described in Table 1 are shown in Figure 2.
Figure 2 shows notably the catalytic site of FIG4, in brown.
Note that the first third of FIG4 is important for its inter-
action with VAC14. Individual 3 has missense variants in
both regions. Supplemental Table I shows American Col-
lege of Medical Genetics and Genomics classification of the
variants.

All alleles were in trans, confirming the autosomal
recessive inheritance of the disorder (Figure 2A). In family
1, the affected individual is the first and only male child of
a nonconsanguineous couple. The mother is heterozygous
for a nonsense variant ¢.1141C>T p.(Arg381%*), and the
father has a donor splice site variant ¢.24594+1G>A (see
Figure 2A and B). The nonsense variant p.(Arg381%*) was
first described in CMT4J, an autosomal recessive peripheral
neuropathy with severe motor dysfunction and rapid pro-
gression, and is considered a null allele because it is pre-
dicted to cause nonsense mediated decay (NMD).”" 1t is
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Figure 1

Photographs, brain imaging and X-rays of affected individuals. A. Individual 4. Note microcephaly, sparse scalp hair, absent

eyebrows and eye lashes, protruding eyes, anteverted nares, short philtrum, micrognathia, low-set dysplastic ears with brachydactyly, thumb
and hallux hypoplasia, and hypoplastic nails. B-D. Brain imaging of individual 3. B. CT axial: diffuse pachygyria with ventricular dilatation
more significant at the left ventricle. C. MRI axial T2: frontal bilateral pachygyria, extreme bilateral ventricular dilatation, IV ventricle
dilatation, thinned mesencephalus, atrophic cerebellum, and thinned thalamus. D. MRI sagittal T1: “J-shaped” sella, thinned cerebral cortical
parenchyma and Dandy-Walker malformation. E and F. Skull X-ray, frontal and lateral plane of individuals from family 3 (E) and family 4
(F). Note unmineralized skull and craniofacial disproportion. G. Chest Radiograph showing narrow chest and hypoplastic clavicles in in-
dividual from family 4. H. Plain abdominal X-ray showing pelvic dysplasia in individual from family 4. I. Upper limb X-ray of individual 4
showing complete absence of thumb, hypoplasia of halluces, and hypoplastic middle and distal phalanges.

furthermore localized in the Sacl homology domain-
containing inositol phosphatase and upstream of the phos-
phatase catalytic motif CX5RT/S; therefore, even if NMD
is incomplete, complete loss of enzymatic function of the
protein is expected.””' The splice site variant
¢.2459+1G>A was previously described in 3 affected in-
dividuals with cerebral hypomyelination and neurologic
syndrome.'" It is a rare variant in the general population

(allele frequency of 0.00000797 in gnomAD’?). The
variant is expected to be a loss-of-function allele because
the G>A substitution at the consensus +1 position of intron
21 most probably disables the donor splice site of exon 21
according to protein prediction programs (Supplemental
Results 2) and RNA studies demonstrated that the subse-
quent read-through into intron 21 generates a unique
shorter RNA product that lacks hundreds of C-terminal



Table 1

Clinical features of FIG4 variant positive patients in this study

Review of
the Literature

Clinical Characteristics Family 1 Family 2 Family 3 Family 4 Family 5 (n = 30%
FIG4 variants c.1141C>T, p.(Arg381%),  ¢.1294C>T, c.122T7>C, p.(Ile41Thr), €.2285_2286del, €.1583+1G>T,

(NM_014845.6, g.109760253C>T (mat); p.(Arg432*), g.109715133T>C (mat); p.(Ser762Trpfs*3), g.109765162G>

NP_055660.1, NC_000006.12) €.2459+1G>A, g.109762113C> c.1474C>T, p.(Arg492Cys), g.109791480_ T (homozygous)

g.109792665G>A (pat) T(homozygous) g.109765052C>T (pat) 109791481del
(homozygous)
Consanguinity - - + (first cousins) - + (first cousins)
Gender M F F M M
Postnatal evolution 6 years at last follow-up Deceased at 7 years at last follow-up Deceased at 1 month 14 years at last
14 years follow-up

GROWTH
Prenatal growth retardation - + - - -

Birth weight (q) 4024 2476 3280 2480 NA 2448 + 908

BW < 3e centile - + - - NA 13/30 (43%)

Birth length (cm) 54 NA 51 47 NA 46 + 7

BL < 3e centile - NA - - NA 12/27 (44%)

OFC at birth (cm) NA 34 32.5 31 NA 315
Severe postnatal failure to thrive - + - NA - 4/6 (67%)
Microcephaly - - - + + 15/29 (52%)
HEAD and NECK
Sparse scalp hair - - + — 27/29 (93%)
Absent eyebrows and eyelashes - NA - + - 6/7 (86%)
Widened fontanelle/sutures + NA - + - 26/28 (93%)
Protruding eyes + - - + - 20/25 (80%)
Corneal opacity/congenital cataract - + + + - 11/28 (39%)
Anteverted nares - - + - 20/26 (77%)
Short philtrum - + - + - 10/20 (50%)
Short upper lip - + - — - 20/26 (77%)
Labiogingival retraction — NA - — — 13/22 (59%)
High arched palate - + (cleft palate) - + - 15/22 (68%)
Micrognathia - + - + - 13/14 (93%)
Low-set/dysplastic ears - + - + - 30/30 (100%)
Loose nuchal skin - NA - + - 13/15 (87%)
Hearing lost + - + + - 4/13 (30%)
THORAX
Congenital heart defect + (dilated ascending Ao) — - - — 5/14 (36%)
Absent/hypoplastic nipples - - - + - 5/20 (25%)
GENITOURINARY
Genital anomalies - + - - - 9/26 (35%)
LIMBS
Absent/hypoplastic thumbs - + + + + 28/30 (93%)

(continued)
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Table 1 Continued
Review of

the Literature
Clinical Characteristics Family 1 Family 2 Family 3 Family 4 Family 5 (n = 30%
Absent/hypoplastic halluces - + + + + 27/29 (93%)
Nail aplasia/hypoplasia - + + + - 24/26 (92%)
Single transverse palmar creases - NA - NA NA 10/15 (67%)
RADIOLOGICAL
Abnormal ossification of cranial vault + + + + NA 21/26 (81%)
Osteoporosis osteopenia + osteopenia NA NA 8/27 (30%)
Absent/hypoplastic clavicles - + + + NA 16/19 (84%)
Craniofacial disproportion + - - - — 19/26 (73%)
Absent sternal ossification center - — - - NA 9/12 (75%)
Pelvic dysplasia + (coxa valga) + - + NA 16/21 (76%)
Hip dislocation - + + - NA 9/19 (47%)
Aplastic/hypoplastic middle phalanges - + - + NA 20/26 (77%)
Aplastic/hypoplastic distal phalanges - + + + NA 22/24 (92%)
CENTRAL NERVOUS SYSTEM (n = 58°)

Retinopathy - + + (retinal detachment) NA NA 5/25 (20%)
Structural brain anomalies + + + + NA 34/45 (76%)
Agenesis/hypoplasia of corpus callosum - + - - NA 3/33 (9%)
Absent olfactory bulbs and tracts - - - + NA 1/33 (3%)

Pachygyria or polymicrogyria - + + + NA 5/33 (15%)
(temporo-occipital)
Dandy-Walker malformation - + + - NA 1/33 (3%)
Leukodystrophy/hypomyelination + + - + NA 8/33 (24%)
Cerebral or cerebellar/white matter atrophy + (cerebellar) - + + NA 8/33 (24%)
Vermis hypoplasia + + + + NA 4/33 (12%)
Basal ganglia anomalies - + + — NA 10/33 (30%)
Ventriculomegaly + - + - NA 4/33 (12%)
Hypointense substantia nigra - — — - NA 4/33 (12%)
Severe developmental delay + + + + - 30/40 (75%)
Hypotonia + + + + - 23/45 (51%)
Speech difficulties (eg, dysarthria) - + + NA - 14/28 (50%)
Movement disorder (eg, ataxia, - + + NA - 18/28 (64%)
dystonia, chorea, etc.)
Peripheral neuropathy + - + NA - 7/27 (26%)
Seizures + + + - - 6/29 (21%)
LABORATORIES (n = 58)
Enlarged cytoplasmic vacuoles + + NA NA NA 14/17 (82%)

Plus signs (+) and minus signs (—) indicate presence and absence of trait, respectively.
Ao, aorta; BL, birth length; BW, birth weight; F, female; M, male; OFC, occipitofrontal circumference; NA, not assessed.

Yunis-Varon syndrome patients in the literature.

PFIG4-VAC14 variant positive patients in the literature with Yunis-Varon syndrome (n = 30) or Brain anomalies and neurologic syndrome (n = 28).

"le 39 xi010e7-pJebainesg 3
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p.(Arg381*) ©.2459+1G>A p.(Arg432*) p.(Arg432*) p.(Arg492Cys) p.(lle41Thr) p.(Ser762Trpfs*3) p.(Ser762Trpfs*3) c.1583+1G>T c.1583+1G>T

p.(Arg381%); p.(Arg432*); p.(lle41Thr); p.(Ser762Trpfs*3); c.1583+1G>T;
Family 1 C.2459+1G>A Family 2 p.(Arg432%) Family 3  p.(Arg492Cys) Family 4  p.(Ser762Trpfs*3) Family 5 ¢ 1583+1G>T
B Yunis-Varon Syndrome

. /Family 3 .
Family 1\ $ Arg492Cys Family 5 Family 4
Gly104Asp ¢.1583+1G>T
Leul75Pro Lys278Trpfs*6 Thr422GInfs*6 ¢.1750+1delG Ser762Trpfs*3
Family 2

FIG4

Family 3—@ llc41Thr Tyr169Ser

CMT4]
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Figure 2
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Glu813del
Asp783Val

l & ¢.2459+1G>A
Arg492Pro

Family 1

Brain Anomalies and Neurologic Syndrome

@ FRAMESHIFT @ PROTEINDEL

@ MISSENSE @ SPLICE
p-(Arg492Cys)
o o o o Ce o o
DCLDRTNTA
e o o ¢« R e o o
e o o o R e o o &
e o o ¢ R e o o
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Segregation of FIG4 variants in 5 families and location of FIG4 variants. A. FIG4 genotypes of family members demon-

strating autosomal recessive inheritance. Numbering from RefSeq NM_014845.5. B. Location of variants in F/G4 exons; introns not drawn
to scale. Above, YVS; below, Brain anomalies and neurologic syndrome. Phosphoinositide polyphosphatase domain, green; Sacl homology
domain-containing inositol phosphatase, purple; P loop containing the catalytic CX5SR(T/S) motif, orange. Arrows point to FIG4 variants
reported in this study. C. Evolutionary conservation of amino acids around the missense variants. Dots represent identity.

residues compared with the wild-type protein.'” SpliceAl
also predicts a donor loss with a delta score of 1. The
C-terminal domain docks the FIG4 protein to the mem-
branes’' and binds VAC14 to the complex.* Some consider
that a C-terminal truncated protein will keep partial func-
tion because the phosphatase domain and the catalytic
active site are retained.*'"

In family 2, the parents are not related, but both are
heterozygous for the same nonsense variant c.1294C>T
p-(Arg432*) (Figure 2A and B). The ¢.1294C>T variant is
rare (allele frequency of 0.00000796 in gnomAD??) and
predicted pathogenic by multiple protein prediction pro-
grams, most probably by causing NMD. Even if NMD was
incomplete, it is an enzymatic null allele because the
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nonsense variant is localized in the phosphoinositide poly-
phosphatase domain and upstream of the phosphatase cat-
alytic motif CX5RT/S and therefore will lead to complete
loss of function of the protein.”'

In family 3, the individual is the only female child of first
cousins, but each parent is heterozygous for a different
variant. The mother is heterozygous for the missense variant
c.122T>C p.(Ile41Thr), the common pathogenic missense
variant reported in CMT4J .Y whereas the father is hetero-
zygous for a mnovel missense variant c.1474C>T
p-(Arg492Cys) (Figure 2A and B). Both missense variants
concern amino acid residues highly conserved through
evolution (Figure 2C). The p.(Ile41Thr) is a very well-
described variant encountered in CMT4J. This missense
substitution is predicted to cause partial loss of function of
the protein by reducing the binding affinity of FIG4 for the
scaffold protein VAC14 and for Fabl/PIKFYVE (the sub-
stitution is located at the N-terminal surface of FIG4 that
contains the VACI4 binding domain and plays an important
role in Fabl activation4). Therefore, it disrupts to a certain
extent the multiprotein biosynthetic complex and causes low
protein level in functional studies.””''" The missense
variant inherited from the father, p.(Arg492Cys), has not
been previously reported, but it affects a highly conserved
amino acid residue positioned in the phosphatase catalytic
active site (in the motif CX5RT/S). Therefore, the arginine
for cysteine substitution at this position is expected to
destabilize the dephosphorylation transition state and
modify Fabl association with the complex,® consequently
occasioning complete loss of enzymatic activity of the
multiprotein complex.'*!

In family 4, the parents are nonconsanguineous, but both
are heterozygous for the same 2 bp frameshift deletion
c.2285_2286del p.(Ser762Trpfs*3) (Figure 2A-B). It is pre-
dicted to cause loss of function of the protein as a frameshift
truncating variant, the altered protein lacking the C-terminal
residues of the wild-type protein that anchor the FIG4 protein
to membranes”" and that stabilize the binding of VAC14 to
the complex.” This variant was reported as a null allele in a
previous study, for an individual with YVS,*? but it can be
argued that the loss of function may be partial as the protein
will retain the phosphoinositide phosphatase domain and the
catalytic active site.”'" The severity of individual 4’s
phenotype could suggest that this variant causes a complete
loss of function of the protein, but it is also possible that
additional factors could contribute to his phenotype.

In family 5, the affected individual is homozygous for the
splice variant ¢.1583+1G>T. His parents are first cousins.
He has a younger unaffected sister who was found hetero-
zygous for the same variant. It is a rare variant that is absent
from populational database gnomAD”” and has never been
reported in the literature. It affects a donor splice site
(Supplemental Material 2) and is therefore predicted to
result in a loss of function. SpliceAl, indeed, predicts a
donor loss with a delta score of 1. However, because there
are no functional data for this specific variant, its conse-
quence on the protein remains uncertain.

Bone physiologic parameters

Given the osteopenia and osteoporosis noted in YVS and the
reduced bone density we previously reported in mice, we
aimed to better understand that mechanism underlying these
observations. Mice vertebrae histology analysis showed that
bone surface/bone volume fraction and bone volume/tissue
volume fraction were significantly decreased in Fig4"/P"
mice compared with Fig4*"* mice. Marrow volume fraction
was increased. Trabecular number was reduced, whereas
trabecular separation was increased. There was no statisti-
cally significative difference for trabecular thickness
(Figure 3B). Tartrate-resistant acid phosphatase staining for
osteoclasts revealed no statistically significative difference
either (Figure 3C). Mineralizing surface and bone formation
rate were reduced in Fig4”"P" mice (Figure 3E). Overall,
those findings suggest that osteopenia in YVS might be
secondary to slower bone formation rather than increased
bone resorption.

Fibroblast study of FIG4 variants

To further highlight the vacuolation abnormalities in YVS,
we studied fibroblasts of individual 1. Light microscopy
revealed the presence of enlarged vacuoles (Figure 3F),
which is in accordance with results from previous
studies.””'*"?

Literature review of FIG4-VAC14-related disorders

9,13,16,33-4
,13,16,33-41 and

A total of 30 cases of Yunis-Varon syndrome
28 cases of brain anomalies and neurologic
syndrome™' 2022230343637 \were retrieved from the liter-
ature, either having biallelic FIG4 variants,” > "7
biallelic VAC14 pathogenic variants,”'>'***** or unknown
genotype.”'****" YVS cases included only 1 individual with
VAC14 variants (the remaining being either F/G4 variants or
unknown genotype), whereas the neurological phenotype
was associated with FIG4 variants in 17 cases and VACI4 in
11 cases. The clinical features of the YVS individuals are
summarized in Supplemental Table 3 and clinical features of
individuals with brain anomalies and a neurologic syndrome
are compiled in Supplemental Table 4.

Regarding YVS (Supplemental Table 3), the most
frequent craniofacial clinical features described in the liter-
ature (>70% of cases) are protruding eyes, anteverted nares,
short upper lip, high-arched or cleft palate, micrognathia,
low-set and dysplastic ears, and hypotrichosis (hair, eye-
brows, and eyelashes). Less-frequent recurrent craniofacial
features not previously mentioned stand out of the literature
review, namely, sensorineural hearing loss (30% of cases)
and corneal opacity or congenital cataract (39% of cases).
These findings were found retrospectively in many cases
previously reported.

Recurrent skeletal features (>75% of cases) involve
widened fontanelle or sutures, calvarial dysostosis, digital
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Figure 3 Bone Physiologic Parameters and Abnormal Subcellular Morphology in FIG4 mutated fibroblasts. A. Von Kossa and
Goldner staining of lumbar vertebrae in Fig4”P* and Fig4** mice. B. Vertebral bone parameters. S/V, surface/volume; V/V, volume/
volume; Tb.N, trabecular number; *P < .05; **P < .01; ***P < .001. C. Tartrate-resistant acid phosphatase staining in Fig4*'* and Fig4?'"/"
mice. Oc.S/BS, osteoclast surface/bone surface; N. Oc, osteoclast number. D. Double calcein staining in Fig4+/+ and Fig4l’“/Plt mice.
E. Mineralization application rate (MAR), mineralized surface (MS/BS) and bone formation rate (BFR). *P < .05. F. Light microscopy of
cultured skin fibroblasts from individual 1 showing large, empty cytoplasmic vacuoles.

hypoplasia with or without nail aplasia or hypoplasia, most and/or hip dislocation. Osteoporosis/osteopenia was not
frequently involving the thumbs, halluces, and distal pha- previously noted but is present in 30% of cases. This feature
langes, absent or hypoplastic clavicles, and pelvic dysplasia is consistent with FI/G4-null mouse model reported in
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Campeau et al” that has bone trabeculation, volume, surface,
thickness, and density reduced by more than 50% compared
with the wild-type mouse. Note that the patients described
here were not treated with bisphosphonates because they did
not have recurrent fractures.

Two-thirds of the affected individuals from the literature
also presented with severe neurological manifestations: se-
vere developmental delay and CNS anomalies, such as
agenesis/hypoplasia of corpus callosum, cerebral (white
matter) atrophy, vermis hypoplasia, basal ganglia anomalies,
ventriculomegaly, and pachygyria. Moreover, 88% of YVS
were significantly hypotonic.

Cardiac defects seem to be more prevalent than previously
thought (36% vs 20% in a previous report’). On the other
hand, prenatal growth retardation is less frequent than pre-
viously assessed (BL < 3e centile in 44% of cases vs 59% in a
previous review” and BW < 3e centile in 43% of cases vs 71%
in a previous report”). Severe failure to thrive is noted in 67%
of survivors, and microcephaly is present in 52% of affected
individuals. Fifty percent of cases from the literature exhibit
enlarged cytoplasmic vacuoles in cultured cells.

Concerning the brain anomalies and neurologic syn-
drome (Supplemental Table 4), the predominant clinical
features noted in the literature are severe developmental
delay (79% of cases) and CNS anomalies (85% of cases),
such as leukodystrophy/hypomyelination, polymicrogyria
(for individuals with FIG4 variants), basal ganglia anoma-
lies, and hypointense substantia nigra (for individuals with
VAC14 variants) with usual onset in early childhood. Less-
frequent recurrent clinical manifestations include movement
disorders, such as dystonia, rigidity, ataxia, spasticity (64%),
speech difficulties (50%), hypotonia (29%), peripheral
neuropathy (26%), seizures (21%), retinopathy (20%), and
mild skeletal anomalies, such as coxa valga, hip dislocation,
abnormal trabeculations in bones,'””* and brachydactyly
(27%). One hundred percent of cases from the literature that
had a cultured cell analysis exhibit enlarged cytoplasmic
vacuoles in those cells. Individuals with biallelic VACI4
variants also present with developmental regression and
(rapidly) progressive neurodegeneration.”’

Discussion

According to recent studies,”'"”** depending on the
combination of allelic variants of FIG4 gene and the degree
of residual function of FIG4 protein or level of remaining
protein, affected individuals will suffer diverse clinical
consequences, namely, complete loss of FIG4 activity as a
result of biallelic null variants is expected to cause the most
severe phenotype of YVS,”* whereas compound hetero-
zygous variants comprising a null allele and an hypomor-
phic allele or 2 partial loss-of-function alleles lead to a
phenotype limited to the nervous system, such as the less
severe phenotype of Charcot-Marie-Tooth type 4J (only
peripheral nervous system)’” or such as the intermediate
phenotype of brain anomalies and neurologic syndrome

(central and peripheral nervous system).'””* A similar
interpretation can be retrieved in VACI4-related disorders.'”
In this study, individuals 2 and 4 seem to correspond to that
model, both having biallelic predicted null variants and a
more severe phenotype, with the classical clinical features
of YVS. Individual 4 has, indeed, the most complete and
severe YVS phenotype and had besides the most severe
clinical course, with death at 1 month, although his ho-
mozygous variant can be considered a partial loss-of-
function variant according to a certain interpretation of
the variant pathogenicity (see Molecular analysis of FIG4
variants).

However, from our analysis, the clinical consequences of
the combination of a predicted partial loss-of-function
variant with a predicted null variant seem to be much
more diversified than previously expected. Some individuals
display a peripheral neuropathy (CMT4]J), especially when
the missense variant p.Ile41Thr is involved,' " some have
brains anomalies with neurological manifestations,
including peripheral neuropathy,'”'*'*** but others exhibit
a mixture of neurologic features from the 2 above-
mentioned neurologic disorders and the typical cranio-
facio-skeletal features of YVS,m as individuals 1 and 3
from this study. Thus, individual 1 has a severe neurologic
presentation with severe developmental delay, significant
hypotonia, seizures, peripheral neuropathy causing diffuse
muscle weakness, bilateral sensorineural hearing loss, mul-
tiple brains anomalies, ranging from myelination abnor-
malities to cortical atrophy, cerebellar anomalies, and
ventriculomegaly with macrocephaly but also demonstrates
important skeletal features, such as osteopenia, widened
fontanelle and sutures, abnormal ossification of the cranial
vault, craniofacial disproportion, cervical canal stenosis due
to vertebral subluxation and coxa valga, and a congenital
heart defect (dilated ascending aorta). Concerning individual
3, her clinical phenotype is even more interesting because
she has the common missense variant p.Ile41Thr only pre-
viously described in most individuals with CMT4J"" in trans
with a null allele but still presents with many frequent
skeletal features of YVS, such as abnormal ossification of
the cranial vault, osteoporosis, hypoplastic clavicles, digital
hypoplasia, and nail hypoplasia, as well as corneal opacity
and bilateral sensorineural hearing loss, in addition to her
severe neurologic manifestations of significant develop-
mental delay, hypotonia, seizures, peripheral neuropathy (as
in CMT4J), and multiple brain anomalies (Figure 1C-E).

Individual 5 is homozygous for a splice variant and ap-
pears to have a less severe phenotype with minimal skeletal
involvement and mild cognitive impairment. It suggests that
the variant does not cause a complete loss of function but
would instead result in a protein with a partial function.
Functional studies would be needed to formally assess
consequences of the variant.

Other overlaps between the OMIM phenotypes can be
observed when comparing the affected individuals from this
study and the cases from the literature. For example, many
of the structural brain anomalies of YVS overlap with the
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brain anomalies and neurologic syndrome, such as poly-
microgyria or pachygyria, basal ganglia anomalies, leuko-
dystrophy/hypomyelination, or white matter atrophy. The
presence of white matter atrophy and hypomyelination re-
inforces the potential role of FIG4-VAC14-multiprotein
complex in myelin biosynthesis.'*"”

The clinical heterogeneity between individuals with a
predicted null allele and a predicted partial loss-of-
function allele is striking. The question remains if it
could be related to the specific hypomorphic variant,
which does not seem to be the case (eg, individual 2 with
the classic CMT4J missense variant), or if modifier genes
play an important role in this variable expressivity. It also
raises the question whether skeletal anomalies and other
malformations were not assessed frequently enough in
cases from the literature when the phenotype was pre-
dominantly neurologic. On the other hand, peripheral
neuropathy, movements disorder, or seizure were present
in most of the affected individuals in this study, but they
are usually associated with the brain anomalies and
neurological syndrome and were not described in the YVS
cases from the literature. The absence of these clinical
manifestations in previously reported YVS individuals
can probably be explained by the fact that these features
were not investigated or not possible to assess because of
the severe central neurological presentation of these in-
dividuals and/or their frequent early death.” These
neurological findings can now be considered part of the
YVS phenotype as well. The same goes for retinopathy
because individual 2 from this study displayed this retinal
disorder while she had a typical YVS phenotype. Thus,
we consider that individuals with partial loss-of-function
variants in FIG4, and an apparently isolated peripheral
nervous system phenotype should be investigated for CNS
anomalies, and individuals with partial loss-of-function
variants in FIG4 or VACI4 with a predominantly CNS
phenotype should be assessed systematically for skeletal
anomalies, congenital heart defect, and other craniofacial
features, such as eye anomalies (cataract, retinopathy, etc)
and deafness. Moreover, seizures, neuropathy, movement
disorders, and retinopathy should be assessed systemati-
cally in YVS individuals.

We should consider that CMT4J, brain anomalies and
neurologic syndrome, and YVS are part of the same pheno-
typic continuum.'**"** As we can see from the literature
review, individuals with VAC14 or FIG4-deficiency display a
very similar spectrum of phenotypes. As such, we argue that
these 2 genes share the same spectrum of clinical syndromes,
which is concordant with their tightly associated roles in the
same multiprotein complex. We can now talk about a spec-
trum of FIG4-VACI4-related disorders.'**"-**

It is important to note that most of the participants from
this study survived beyond 6 years of life, contrary to cases
from the literature who frequently died in infancy, usually
from respiratory complications (Supplemental Table 3),
except for 6 individuals from the literature for whom we

have data beyond infancy.”>

tancy of YVS individuals.

Finally, we highlight that 30% of the patients have
osteopenia or osteoporosis and explored this aspect in a
mouse model. Indeed, osteopenia or osteoporosis can be
secondary to an imbalance between bone formation and
bone degradation. Here, we show that although the osteo-
clasts are normal, there is however reduced bone formation,
which is consistent with our previous observation of large
vacuoles in mouse osteoblasts. Thus, we can ascertain that
the mechanism of osteopenia and osteoporosis in YVS is
through osteoblast dysfunction. Should fractures be recur-
rent in affected individuals, bisphosphonates could be used
to inhibit osteoclasts and try to rebalance bone metabolism.

In summary, this study contributes to a better under-
standing of the phenotypic variability related to pathogenic
and likely pathogenic variants in FIG4 or VAC14, suggesting
an important overlap between the previously described phe-
notypes and that not only null variants can cause a YVS
clinical presentation. Individuals with FIG4 or VACI4 bial-
lelic variants should be investigated for CNS anomalies, pe-
ripheral neuropathies, seizures, eye anomalies, deafness,
skeletal malformations, and congenital heart defect as part of
the evaluations after initial diagnosis. Enlarged vacuoles of
lysosomal origin in cultured cells is a recurrent marker of the
impaired function of FIG4 and VACI4 proteins.””'"'*"?
Osteopenia is a recurrent finding in YVS individuals and,
according to analyses performed on mouse models, it seems
to be due to reduced bone formation rather than increased
bone resorption. Further experiments could explore the os-
teoblasts pathways affected by lysosomal dysfunction.

The genotype-phenotype correlation still needs further
studies to clarify the effects of partial loss-of-function var-
iants, for example, by measuring enzymatic activity result-
ing from the hypomorphic alleles'” or to identify modifier
genes that can affect the prognosis and clinical character-
istics. To account for cases with unknown genotype, many
YVS individuals from the literature haven not been tested
for FIG4 variants or VACI4 variants. Yunis-Varén syn-
drome could also be more genetically heterogeneous than
what has been reported by now.” Fabl/PIKFYVE would be
an interesting new candidate gene as part of the trimolecular
protein complex with VACI4 and FIG4.

This widens the life expec-
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