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Introduction

This is the first reported case of prosaposin (PSAP) mutation from India manifesting as
an acute neuronal Gaucher disease-like condition. A 2-month-old male baby presented
with encephalopathy, resistant tonic-clonic seizures, moderate hepatosplenomegaly,
hypotonia, and cherry red spot in the retinae. The child had anemia, thrombocytope-
nia, elevated chitotriosidase, and normal activity of acid sphingomyelinase and low
normal activity of B-glucosidase 1 (B-glucocerebrosidase 1, GBA). The child succumbed
in the fourth month of life due to persistent respiratory distress and refractory seizures.
The clinical phenotype, cherry red spots, elevated chitotriosidase, and lysosomal assays
led to the suspicion of Gaucher disease. Exome sequencing revealed a homozygous
stop codon mutation in the PSAP gene (c.G1228T, p.Glu410ter). Prenatal diagnosis in
the next pregnancy revealed a carrier fetus, who was unaffected postnatally. The
diagnosis of specific activator deficiency such as saposin C and saposin D deficiency (in
the current study) should be considered and tested for when Gaucher disease is
suspected in an infant with partially deficient or near normal GBA activity.

bone marrow, and rarely in the lung, thus contributing to
symptoms that can include hepatosplenomegaly, pancyto-

The accumulation of glucocerebroside in the monocyte-
macrophage system due to a deficiency of either B-glucosi-
dase 1 (B-glucocerebrosidase 1, GBA) or saposin C results in
classical Gaucher disease or a Gaucher-like clinical manifes-
tation. While deficiency of B-glucosidase 1 is common,
deficiency of saposin C is very rare. Glucocerebroside is
catabolized to ceramide in the presence of B-glucosidase 1.
In the absence of B-glucosidase activity, glucocerebroside
accumulates in the reticuloendothelial cells to form Gaucher
cells. These Gaucher cells are predominant in liver, spleen,
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penia, bone complications, interstitial lung disease, and
pulmonary hypertension. Gaucher disease manifests in
non-neuronopathic (type 1) or neuronopathic (type 2 and
type 3) forms. Hepatosplenomegaly is the hallmark of type 1
Gaucher. Type 2 is the infantile form of Gaucher disease with
severe neurological symptoms with fatal outcome. Type 3 isa
chronic neurological phenotype much less prevalent than
type 1. In addition to the phenotypic presentation, biochem-
ical and molecular evaluation, diffusion-weighted magnetic
resonance imaging (MRI) of liver/spleen, brain, vertebra, and
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bone marrow'* can be used as supporting evidence in the

diagnosis of both the non-neuronopathic and neuronopathic
types of Gaucher disease. Proton MR spectroscopy assists in
the diagnosis of neuronopathic Gaucher disease based on
choline/creatine ratio and the presence of a lipid peak.’

Prosaposin (PSAP) is a precursor of saposin A, saposin B,
saposin C, and saposin D, which are activators of sphingolipid
degrading enzymes. PSAP is localized on chromosome 10g21
and spans 17 kb of genomic DNA with 15 exons and 14
introns.® Each saposin comprises ~80 amino acid residues
with six cysteine residues conferring heat stability and
tertiary structure stabilization with three disulfide bridges.
A total of 22 mutations comprising of missense, splicing,
small deletions, and gross deletions have been reported in
the PSAP gene in the Human Gene Mutation Database. To
date, only seven patients with saposin C deficiency are
reported, of whom five have type 3, and two have type 1
Gaucher disease. The saposin C deficiency was observed for
the first time in a Caucasian female with severe accumulation
of glucosylceramide in the spleen who was heterozygous for
PSAP c.1154 G > T (p.Cys385Phe) and was suspected to have
another mutation in the other PSAP allele.” A male child
succumbed from variant Gaucher disease was found to be
heterozygous for PSAP c.1144 T > G (p.Cys382Gly) inherited
from his father and a presumed mutation inherited from his
mother who had half of the normal amount of mRNA for
PSAP in her cultured skin fibroblasts.® Further analysis
revealed the maternal mutation to be PSAP c.1288 C > T
(p.GIn340ter) mutation in the saposin D domain.® Other
reported mutations include a homozygous c.803delG muta-
tion in a patient who had histiocytic infiltration in many
visceral organs and active demyelination in the brain.'® Two
siblings with compound heterozygous mutations in PSAP
(c.1A > T/c.1046T > C p.Met1Leu/p.Leu349Pro) manifested
non-neuronopathic Gaucher disease in adulthood."" Another
individual with compound heterozygous mutations in PSAP
(c.1A > G/c.943T > A p.Met1Val/p.Cys315Ser) had features
of type 3 Gaucher disease, while an individual with a
homozygous PSAP c.1024_1044 del TTTGACAAAATGTGCTC-
GAAG (p.Phe342_Lys348del) manifested as type 1 Gaucher
disease.'? A patient heterozygous for PSAP ¢.1133C > G (p.
Pro378Arg) and deletion of exon 2 to 7 presented with
hepatosplenomegaly, thrombocytopenia, and anemia.'>
Herein, we present the first reported case from India of an
acute neuronopathic Gaucher-like disorder caused by homo-
zygosity for a novel mutation in the PSAP gene.

Clinical Phenotype

A 2-month-old male baby, the first child to first cousin
parents, presented with encephalopathy. The child was
delivered by cesarian section and birth weight was 2.9 kg.
At the age of 1 month, the baby presented with bronchop-
neumonia and respiratory distress. By the second month,
tonic-clonic seizures, poor feeding, abdominal distension,
moderate hepatosplenomegaly, hypotonia of all limbs, and
sluggish deep tendon reflexes were evident. The response to
antiepileptic medication was poor and he continued to be
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encephalopathic. Due to recurrent respiratory distress, the
child was put on ventilator support. Brain MRI was normal;
however, fundus evaluation revealed bilateral cherry red
spots. An electroencephalogram was abnormal with general-
ized epileptiform discharges. Biochemically, the child had
anemia, thrombocytopenia, and abnormal liver transami-
nases. Plasma chitotriosidase was elevated and lysosomal
sphingomyelinase and B-glucosidase 1 activities were nor-
mal. Due to persistent respiratory distress and refractory
seizures, the child succumbed by the fourth month of life.

Methods

Plasma chitotriosidase activity was determined using artifi-
cial fluorogenic substrate 4-methylumbelliferyl B-D-N, N’, N’
"_triacetylchitotrioside,'* while p-glucosidase and sphingo-
myelinase activities were determined in leukocyte extract by
fluorimetry using 4-methylumbelliferyl-B-d-glucopyrano-
side’ and 6-hexadecanoyiamino-4-methylumbelliferyl-
phosphoryl-choline'® as substrates, respectively.

Genomic DNA was extracted using standard methods
(QIAcube Qiagen, Valencia, California, United States) and
quantified by nanodrop and Qubit. The Agilent Sure Select
Human All Exon V2 50Mb Illumina Paired-End Sequencing
Library Prep protocol was used for the library preparation
and exome capture. A50-bp paired-end run sequencing was
performed using [llumina Nextseq500 which resulted in 60
million independent paired reads. The Genome Reference
Consortium Human Build 37 human reference genome was
used for sequence alignment. INDEL realignment and base
quality recalibration were performed using the Genome
Analysis Toolkit. Variant annotation was performed using
Variant Annotator X. The depth of coverage was calculated
using the Genome Analysis Toolkit. The My Structured Query
Language 5.2 database was used for filtering annotated
variants.

Results

Plasma chitotriosidase was elevated to 944 nmol/h/mL (Ref
range: 8-87 nmol/h/mL). Acid sphingomyelinase was normal
(15.1 nmol/17 h/mg, Ref range: 5.8-55 nmol/17h/mg), and B-
glucosidase 1 was low normal (5.2 nmol/h/mg, Ref range: 4-
24 nmol/h/mg). Whole exome sequencing revealed a novel
homozygous stop gain mutation in PSAP c¢.G1228T (p.
Glu410ter) in exon 11 (=Fig. 1). This variant is not reported
in 1000 genome and exome aggregation consortium data-
bases and is predicted to be pathogenic by both Scoring
Intolerant from Tolerant (SIFT) and Mutation Taster. Both the
parents were heterozygous for this variant (~Fig. 1). Prenatal
diagnosis in the subsequent pregnancy revealed a carrier
fetus (~Fig. 1).

Discussion

The finding presented in this article is the first reported case
from India of an acute neuronal Gaucher like phenotype with
the presence of cherry red spots in the retina due to saposin C
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Fig. 1 Sanger sequencing of the proband, sibling, and parents for PSAP ¢.1228 G > T. (A) Upper sequence depicts a heterozygous fetus, while
the lower sequence depicts the affected proband. (B) Upper sequence (maternal) and the lower sequence (paternal) indicate carrier status of

parents for PSAP c.1228 G > T.

deficiency. Sphingolipid activator proteins are needed for the
degradation of glycosphingolipids. The PSAP post-transla-
tionally cleaves into four proteins—saposin A, B, C, and D.
Saposin C is required for glucosylceramide degradation and
its deficiency results in Gaucher disease. A systematic
approach is essential to diagnose specific activator protein
deficiency involving ophthalmological, biochemical, and
molecular tools. The clinical and biochemical phenotype of
our patient posed a challenge for diagnosis. The presence of
“cherry red spots” is often a sign of infantile neurodegen-
erative disorder, such as a gangliosidosis or Niemann-Pick
disease (rather than Gaucher disease). Elevation of chito-
triosidase is particularly suggestive of either Gaucher disease
or Niemann-Pick disease; however, the plasma level of
chitotriosidase is elevated in many other lysosomal storage
disorders. The degree of elevation is higher in Gaucher (40-
326-fold) and Niemann-Pick A/B (7-22-fold) diseases.'” In
our patient, the chitotriosidase elevation was ~11-fold com-
pared with normal. The enzyme activities for these two
disorders were normal, although the B-glucosidase 1 activity
was at the lower limit of the normal. The nondeficient (-
glucosidase 1 activity and remarkably elevated chitotriosi-
dase level prompted us to conduct PSAP gene testing. A stop-
gain mutation c.G1228T (p.Glu410ter) in exon 11 of the PSAP
gene in the child confirmed the diagnosis of saposin C
deficiency. This mutation is novel and pathogenic as it is
not reported in 1000 genome and exome aggregation con-
sortium databases and segregates in the family. The predic-
tion of deleterious effect by SIFT and Mutation Taster and the
patient’s phenotype is highly specific for Gaucher disease
and the variant is classified as pathogenic following the
American College of Medical Genetics and Genomics/Asso-
ciation of Molecular Pathology sequence variant pathogeni-
city classification guidelines. The premature termination of

the protein as a result of this mutation not only leads to
saposin C deficiency but also to saposin D deficiency.

The importance of saposin D in the lysosomal degradation
of ceramide was evident as its addition to the cultured
fibroblasts of patients with deficiency of all saposins (PSAP
deficiency) stimulated lysosomal degradation of ceramide in
vivo.'® Saposin D deficiency is likely to contribute toward
ceramidosis.’® Hence, a combined deficiency of saposin C
and D together may favor the appearance of cherry red spots
that was observed in our patient. White blood cell B-gluco-
sidase 1 activity was very close to the lower limit of normal. It
is known that in the absence of saposins, this enzyme has
reduced activity,%° particularly in combined saposin C and D
deficiency.?' Such combined deficiencies of saposin C and D
were shown to contribute to a neuronopathic phenotype in
mice with ataxia, kyphotic posturing, and hind limb paraly-
sis; and cause loss of Purkinje cells.?’ The importance of exon
11 of PSAP was shown by a knock-in point mutation
(cysteine-to-proline) in this exon in a mouse model, which
resulted in weakness of the hind limbs, progressive ataxia,
decreased motor activity, impaired hippocampal long-term
potentiation, progressive loss of cerebral Purkinje cells,
atrophy of cerebellar granule cells, and impaired axonal
integrity due to inclusion bodies.?? The proband in the
current study had hypotonia of all limbs and recurrent
seizures. The earlier reported case with combined deficiency
of saposin C and D was a 15-year-old male who died with
evidence of glucosylceramide storage in the spleen with
normal GBA activity.®°

~Figure 2 illustrates the mutation spectrum of saposin
C-deficient cases reported to date with four homozygous
mutants and three compound heterozygous mutants. Bio-
chemical and functional characterization of five mutations, p.
Cys315Ser, p.342_348FDKMCSKdel, p.Leu349Pro, p.Cys382Gly,
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Fig. 2 The spectrum of mutations reported in saposin C deficiency. Reported cases of saposin C deficiency homozygous for c.803delG,
€.943T > A, c.1154G > T,c.1228 G > T (current) mutations and compound heterozygous cases with the following mutations: c.1A > T/c.1046

T > G c.1133C > T/ex2-ex7 del; c.1144T > G[c.1288C > T.

and p.Cys382Phe, revealed that diverse aberrant disulfide bridge
rearrangements in these mutants result in diminished half-life
of saposin C and rapid degradation by autophagy.?>

Functional studies on two truncating PSAP mutations, that
is, ¢895G >T (p.Glu299*) and c.834_835delGA (p.
Glu278Aspfs*27), revealed that these variants lead to com-
plete lack of processed transcript.'* As a result, globotriao-
sylsphingosine and glucosylsphingosine are elevated and
autophagosomes accumulate due to a decreased autophagic
flux.2*

At present, no specific treatment is available for saposin
C deficiency. The expression and distribution of cathepsins
were reported to be significantly altered in neuronopathic
forms of Gaucher disease and other sphingolipidoses.?®
Ceramide is an activator of cathepsin D, leading to its
proteolytic activation in the lysosomes and thus contribut-
ing to proapoptotic functions.?® Saposin C-deficient fibro-
blasts were shown to exhibit delayed degradation of
autolysosomes due to reduced levels and activities of cathe-
psins B and D, while glucosylceramide-deficient fibroblasts
have normal level and activity of cathepsin D; and double
the activity of cathepsin B.>” Hence, restoration of cathepsin
B and D was shown to facilitate complete recovery of
autophagic flux in saposin C-deficient fibroblasts and main-
tain lysosome homeostasis?®. In vitro studies showed that
synthetic saposin C increased P-glucosidase activity.?
Further studies are required to justify its utility as an
enzyme replacement therapy in Gaucher disease. Saposin
C serves as an activator, stabilizer, and protector of gluco-
cerebrosidase activity.??

In conclusion, we report a case of specific activator
deficiency with a biallelic PSAP mutation from India adding
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to the very limited number of individuals reported with this
disorder. The cherry red spots observed in our patient are
often a sign of an infantile neurodegenerative disorder, such
as a gangliosidosis or Niemann-Pick disease (rather than
Gaucher disease). The observed elevation of chitotriosidase
was suggestive of Gaucher disease and Niemann-Pick dis-
ease. Specific lysosomal enzyme assays were normal for
Niemann-Pick disease type A and low normal for Gaucher
disease. The diagnosis of PSAP-related disease was made
using whole exome analysis. Future studies are warranted
to investigate whether this mutation induces disulfide bridge
rearrangement in saposins and thus influences the half-life
of saposin C and saposin D. The diagnosis of specific activator
deficiency should be considered and tested for when Gau-
cher disease is suspected in an infant with elevated chito-
triosidase and partially deficient GBA activity.
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