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Introduction

We report the clinical and molecular characterization of a novel biallelic mutation in the
CSF1R gene leading to an autosomal recessive form of childhood onset leukoencephalop-
athy in a consanguineous family. The female child experienced acute encephalopathy at the
age of 2 years, followed by spasticity and loss of all achieved milestones over 6 months. Her
elder brother presented with encephalopathy at 4 years of age, with a subsequent loss of all
achieved milestones over 8 months. Brain imaging in both children revealed multiple well-
defined areas of calcification in the parietal and frontal regions and the occipital horns of
both lateral ventricles. Clinical exome trio analysis showed homozygosity for a p.T833M
mutation in CSFTR in the girl. Heterozygous family members, including both parents, were
asymptomatic, with the eldest being 68 years of age. Total CSF1R protein expression levels
were normal as compared with wild-type allele, but CSF1 ligand dependent autophosphor-
ylation was consistent with a hypomorphic allele.

Clinical Data

Mutations in CSF1R (colony stimulating factor 1 receptor) are a
well-recognized cause of autosomal dominant leukoencephal-
opathy with axonal spheroids and pigmented glia (ALSP). More
recently, autosomal recessive mutations in the same gene have
been described to underlie a novel phenotype encompassing
pediatric-onset progressive brain disease and osteopetrosis.'?
We now report two siblings with childhood-onset neuro-
degeneration after an initial period of normal development
likely due to a novel homozygous missense mutation in CSFIR.
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The patients were born to a consanguineous couple of Indian
ancestry (=Fig. 1A). Limited clinical history was available to us,
but the female proband was described to have demonstrated
completely normal development until the age of 2 years when
she experienced an abrupt onset of encephalopathy followed
by rapid loss of all achieved milestones (first motor-adaptive
followed by speech) over 6 months (~Figs. 1B-D). At the age of
3 years 11 months, she had a head circumference of 47 cm
(—1.59SD), length of 87 cm (<third centile), and weight of
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Fig.1 (A) The pedigree of the family. IV-2 is the proband (indicated by the arrow), who died at 12 years of age; IV-1 is her elder brother who died
aged 4 years 8 months (black coloring indicates clinically affected). The parents of the children are consanguineous and carriers for the p.
Thr833Met mutation (indicated by half coloring). They are clinically healthy. II-3 (age 68 years) and 11-4 (age 60 years) were found to be healthy
carriers for p.Thr833Met mutation. II-3 had a normal CT scan brain. An asterisk above the pedigree symbol sign indicates individuals who
underwent DNA testing. The individual I-1 reportedly died of stroke at 65 years of age; details were not available. Individual I-2 died at 95 years of
age. (B-E) Clinical image of the affected siblings. Proband IV-2 at age of 2 years (B) (before onset of iliness) and at age of 12 years (C, D) showing
microcephaly, tall forehead, coarse facies, arched eyebrows, depressed nasal bridge, large protruding teeth and low set ears, (E) probands’ elder
brother IV-1 at 4 years of age again before the onset of illness (B), showing normal facial features. CT scan brain of the proband showing punctate
to confluent calcifications (white arrows) in white matter of the brain (F-K). Cranial CT scan of the elder brother at age of 4 years demonstrating
punctate to confluent calcifications (red arrows) in white matter of brain and cerebellum (L-N). MRI brain of the brother at age of 4 years (T-spin-
echo sequences: (0-Q) inversion recovery sequences: (R-T) showed diffuse periventricular T2 hyperintensities (black arrows) with focal
hypointensities (arrowheads) suggesting calcification. Calcification is also seen in the corpus callosum. There is loss of periventricular white
matter and thinning of the corpus callosum. Brainstem, cerebral sulci, and screening for spinal cord were normal for the sibs. Informed consent

for the publication of clinical pictures of the children has been obtained. CT, computed tomography.

10.74 kg (<third centile). A further assessment at the age of 12
years revealed microcephaly (exact size not recorded), and she
was unable to speak, communicate, visually fixate, recognize
parents, control bowel/bladder, or use her hands. She had
upper limb hypotonia, lower limb spasticity with contractures
at the knees and ankles, brisk reflexes and extensor plantars,
and she demonstrated intermittent dyskinesias. Cranial com-
puterized tomography (CT) imaging at 2 years of age was
characterized by punctate to confluent brain calcifications in
the white matter (corpus callosum, centrum semiovale, sub-
cortical white matter, and cerebellum; =Figs. 1F-K). She died
shortly thereafter of pneumonia. Autopsy was not undertaken.
An older male sibling to the proband demonstrated normal
development until the age of 4 years (~Fig. 1E) and then began
to toe-walk reportedly due to pain in his legs. One month later,

he had a febrile convulsion with brief unconsciousness after
which he lost the ability to walk and speech deteriorated. Over
a period of 8 months, rigidity and dyskinesia increased and he
lost all motor, adaptive, speech, and social abilities. He died at 4
years 8 months of age apparently due to pneumonia. Cranial
CT scan revealed multiple well-defined areas of calcification in
the parietal and frontal regions and the occipital horns of
both lateral ventricles (~Figs. 1L-N), while cranial magnetic
resonance imaging showed cerebral atrophy with patchy
areas of increased signal intensity in the white matter and
ex-vacuo dilatation of the ventricles (=Figs. 10-T). Chest
X-ray was unremarkable. Leucocyte aryl sulphatase A and 3
galactosidase were normal. Cerebrospinal (CSF) studies were
normal including normal levels of 5 hydroxy indole acetic acid,
homovanillic acid, 3,4-dihyroxyphenylacetic acid, 3-methoxy-
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position 833 falls within the tyrosine kinase domain (TKD;
amino acid residues 582-910) of the encoded protein, a muta-
tional hotspot with multiple unique pathogenic alleles reported
in the context of ALSP3 Analysis by HOPE software showed
that mutant residue is bigger and more hydrophobic than wild-
type residue. The wild-type residue normally forms a hydrogen
bond with glutamine 835; the mutant residue may affect
this bond formation. The residue at 833 is located on surface

4-hydroxyphenyl glycole, 3-o-methyl dopa, 5-hydroxytrypto-
phan, 5-methyl tetrahydrofolic acid, neopterin, and biopterin.
Brain biopsy of the left frontal lobe was performed on the boy
and was reported as inconclusive on cytopathology, with
absence of toxoplasma and cytomegalovirus antigen on immu-
nohistochemistry. Staining for microglia was not undertaken.
The important clinical differential of Aicardi-Goutiéres syn-
drome was considered and made less likely by the absence of a
CSF lymphocytosis, normal CSF levels of neopterin and bio-  of the protein and mutation at this residue can disturb inter-
pterin, as well as a difference in the pattern of calcification  actions with other molecules or other parts of the protein
seen. (~Supplementary File, =Supplementary Animation S1,
and ~Supplementary Animation S2; online only).° The p.
(Thr833Met) observed in our family was further evaluated by
transfecting HEK293T cell lines followed by immunoblot analy-
sis and functional test of CSF1R ligand dependent autophos-
phorylation (LDA) at important tyrosine residues.'® This
analysis demonstrated that the total CSF1R protein expression
levels were normal. But the autophosphorylation was
completely lost at the p.Ty546, and p.Tyr708 positions, while
the percentage of autophosphorylation (LDA) at p.Tyr723 was
22% of wild-type levels (~Figs. 2A-C).

Genetic and Functional Data

Trio whole exome sequencing identified the female child to be
homozygous for a missense mutation (Chr5:149435645G > A
/c2498C>T [p.(Thr833Met) [rs780804532) in CSFIR. The
child’s mother and father, aged 35 and 41 years of age respec-
tively, were heterozygous for this variant. No sample was
available from the deceased brother. The ¢.2498C >T transition
was also present in the heterozygous state in the maternal
grandfather and paternal grandmother (siblings to one anoth-
er), both of whom were healthy at the ages of 68 and 60 years
respectively, with a cranial CT in the former being completely
unremarkable at this age. The putative mutant allele is only
recorded once, in the heterozygous state, out of 251,366 alleles
on gnomAD. It has additionally been incidentally reported in
two adult carriers without neurological disease.? The variant is
predicted to be pathogenic by Protein Variant Effect Analyzer
(PROVEAN), Polyphen2 and MutationTaster software, and is
conserved in evolution across multiple species to zebrafish.*~
Using American Council of Medical Genetics guidelines, the p.
(Thr833Met) substitution is classified as likely pathogenic (IIIB)
(PS3, PM1, PM2, PP3, and PP4 criteria).7 The threonine at

Discussion

Patients with autosomal dominant ALSP typically demon-
strate progressive neurodegeneration, with mean age at
onset as 43 years, mean duration of disease being 6.8 years,
range of presenting ages being 18 to 78 years.'! The disease is
characterized by a complex phenotype including progressive
dementia, apraxia, apathy, ataxia, parkinsonism, spasticity,
and epilepsy,8 Brain imaging is characterized by intracranial
calcification, multifocal white matter demyelination, cere-
bral atrophy® %2 while brain biopsy shows loss of myelin
sheaths and axons, spheroids, and pigmented macrophages.
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Fig.2 Functional assay of mutant CSF1Rs. (A) Western blot analysis: HEK293T cells were transiently transfected with wild-type or mutant CSF1R
and stimulated with its ligand CSF1 to induce autophosphorylation. Detergent cell lysates were subjected to immunoblot analysis using either
specific antiphosphorylated CSF1R antibodies. (antiphosphorylated-Y546-CSF1r (first/top panel); antiphosphorylated-Y708-CSF1R [second
panel]; antiphosphorylated-Y723-CSF1R [third panel]) OR antiantibody for Gterminus G-20 (bottom panel) to detect total CSF1R. The assay
shows normal autophosphorylation at Y546, Y708, and Y723 for wild-type alleles but absent autophosphorylation at positions Y546, Y708, Y723
for alleles p.1794T and whereas for p.T833M, autophosphorylation at positions Y546, Y708 is absent but partially present at Y723 position. The
total protein in both wild-type and mutant alleles is comparable (bottom panel). (B) Ligand-dependent autophosphorylation of CSF1R was
examined in cells transiently transfected with the wild-type or variant CSF1Rs. Detergent-extracted lysates were collected at the indicated time
(min) after CSF1 stimulation. Increased levels of phosphorylated CSF1R were observed in cells expressing the wild-type allele but results for p.
T833M allele showed absent at Y546, Y708 positions and partially present at Y723 position. (C) Results of semiquantification of immunoblot
data: the mean intensity of autophosphorylation at Y723 position of CSF1R was normalized to the total amount of CSF1R. Mean data are
presented. The mean intensity for p.T833M allele is 22% that of wild allele.
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Intracranial calcification can occur since birth and is inde-
pendent of white matter degeneration or clinical symptoms.
Since the original discovery as causative for hereditary
leukoencephalopathy (ALSP) in 2012, several families have
been described with 102 unique mutations listed in Human
Gene Mutation Database. Almost all mutations are located in
tyrosine kinase domain of CSF1R protein.'?

The first reported recessive cases (year 2017) include
two Arab sibs, with osteopetrosis, hypocalcemia, agenesis of
the corpus callosum, enlarged ventricles, periventricular
calcifications, cerebellar hypoplasia leading to perinatal
lethality. DNA tests of children were not available, but the
consanguineous parents were carriers for p.Y540X muta-
tion in CSFIR gene.14 Another infant from Alaska, (year
2019) homozygous for ¢.1754-1G > C(p.Gly585_Lys619de-
linsAla) presented with Dandy-Walker syndrome, agenesis
of corpus callosum, ventriculomegaly, osteopetrosis, hypo-
calcemia, epilepsy, swallowing difficulties, death at
10 months due to septicaemia.” Another Arab patient
with homozygosity for ¢.1929C>A (p.His643GIn) was
24 years old with leukodystrophy, pontocerebellar hypopla-
sia, periventricular calcification, and onset of neuroregres-
sion since 12 years of age.? This patient is similar to our
patients in having a period of normal development before
the onset of disease. Several of the patients described by
Guo et al, including a 37-year-old woman who was diag-
nosed with osteopetrosis at age of 5 years, but did not
experience any neurological symptoms until the third
decade of life.""? Dysmorphic facial features, such as long
eyelashes, epicanthic folds, bulbous nose, dysplastic ears,
and macrocephaly (+5SD), have also been described in
recessive form."? Patients with biallelic mutations can
also have osteosclerosis of the craniofacial bones and skull,
platyspondyly and abnormalities of the long bones, includ-
ing undermodeling, widened metaphyses, and constricted
and sclerotic diaphyses. Mild facial dysmorphism but no
skeletal findings were present in our cases. Thus, biallelic
mutations in CSFIR are associated with a remarkably broad
phenotypic and neuroradiological spectrum.

The CSF1R protein is composed of extracellular ligand
binding domain, a transmembrane domain and an intracel-
lular tyrosine kinase domain (TKD). The binding of ligand
CSF1 to CSF1R results in autophosphorylation of several
tyrosine residues in the TKD followed by phosphorylation
of downstream effector proteins. The molecular mechanism
of CSFIR gene pathology is not exactly understood. It is
intriguing to note that mutations leading to dominant
form of disease can have haploinsufficiency, dominant neg-
ative, or gain-of-function mechanisms. Heterozygosity for
ALSP causative mutation p.P104Lfs*8 (exon 4, much before
the TKD) causes haploinsufficiency due to nonsense mediat-
ed decay of the mRNA from mutant allele.’® In contrast, the
mutation p.Y886Qfs*55 (exon 21, TKD) causes truncated
protein with absent autophosphorylation and causes domi-
nant negative mechanism by forming heterodimers with
wild-type chain.'® Gain-of-function mutations such as
K584E, R802V, T633 (gatekeeper) residue mutations led to
constitutive activation (ligand independent autophosphor-
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ylation) and subsequent rapid degradation ultimately lead-
ing to decreased protein levels (haploinsufficiency).!!
Homozygosity for amorphic alleles (e.g., c.1754-1G > C, p.
Y540*) have been reported to lead to perinatal death but in
these families, the carriers (parents and/or grandparents)
were not old enough to have excluded presentation as ALSP
later in life.? These could be examples of severe presentation
in patients homozygous for dominant alleles. However,
mutations leading to “true” recessive form of disease are
partial loss of function type (hypomorphic). This suggestion
is further strengthened by our description of individuals
heterozygous for the p.Thr833Met (LDA 22% of wild type)
who remains asymptomatic in the seventh decade of life,
with normal neuroimaging recorded in one. Previously
described recessive alleles include hypomorphs p.Pro132Leu
(LDA 50%), p.Lys627del (LDA 40%), p.Ser620delins40 (LDA
15%), and p.His643GIn (LDA not available). Compound
heterozygosity for hypomorphs (p.Lys627del and p.Ser620-
delins40) led to osteopetrosis-related fracture at 5 years but
neurological disease at 33 years. Compound heterozygosity
for amorph (p.GIn481*) and hypomorph (p.Pro132Leu) led to
Dandy-Walker syndrome and hydrocephalus requiring
shunt at the age of 3 months with carrier adults having
mild bone disease and dementia at 70 years.! Homozygosity
for hypomorphic allele ¢.1969 +115_1969 + 116del in
intron 14 that affects a splicing regulatory site led to varying
degrees of intellectual disability followed by childhood onset
progressive encephalopathy at 14 to 23 years and milder
bone disease. The carrier parents aged 70 and 69 years were
normal clinically and on neuroimaging; thus, these alleles
are also true recessive.’

In conclusion, we identify a novel biallelic mutation in
CSF1R associated with childhood-onset neurodegeneration
and provide further functional evidence that mutations
associated with CSF1R-related autosomal recessive disease
likely act as hypomorphic alleles.
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