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1 | INTRODUCTION

Claude Férec'?

| Séverine Audebert-Bellanger?

Abstract

Alpha-mannosidosis is a rare autosomal recessive lysosomal storage disorder caused
by biallelic mutations in the MAN2B1 gene and characterized by a wide clinical het-
erogeneity. Diagnosis for this multisystemic disorder is confirmed by the presence of
either a deficiency in the lysosomal enzyme acid alpha-mannosidase or biallelic muta-
tions in the MAN2B1 gene. This diagnosis confirmation is crucial for both clinical
management and genetic counseling purposes. Here we describe a late diagnosis of
alpha-mannosidosis in a patient presenting with syndromic intellectual disability, and
a rare retinopathy, where reverse phenotyping played a pivotal role in interpreting
the exome sequencing result. While a first missense variant was classified as a variant
of uncertain significance, the phenotype-guided analysis helped us detect and inter-
pret an in-trans apparent alu-element insertion, which appeared to be a copy number
variant (CNV) not identified by the CNV caller. A biochemical analysis showing abnor-
mal excretion of urinary mannosyloligosaccharide and an enzyme assay permitted
the re-classification of the missense variant to likely pathogenic, establishing the
diagnosis of alpha-mannosidosis. This work emphasizes the importance of reverse

phenotyping in the context of exome sequencing.
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suspected in patients with the following clinical findings: neurological

anomalies (intellectual disability, psychiatric disturbances, ataxia,

Alpha-mannosidosis (OMIM:248500) is a rare autosomal recessive
lysosomal storage disorder caused by biallelic mutations in the
MANZ2B1 gene. Many patients have been described so far in the litera-
ture and a large variability in the disease severity is observed between
patients (Beck et al., 2013; Malm & Nilssen, 2008). Diagnosis is

motor disorders), sensory defects (bilateral hearing impairment),
immune deficiency, skeletal abnormalities (spine and vertebral defor-
mities, scoliosis, pes planus, hip dysplasia...) and facial dysmorphism.
Biochemical analyses can reveal serum accumulation or elevated uri-

nary excretion of mannose-rich oligosaccharides. The diagnosis is
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confirmed based on deficiency of lysosomal enzyme acid alpha-man-
nosidase (MAN2B1) in leukocytes or other nucleated cells, or by the
identification of biallelic mutations in the MAN2B1 gene (Malm & Nils-
sen, 1993). To date, more than 150 pathogenic variations have been
reported (Riise Stensland et al., 2015). They include truncative and
missense single nucleotide variations (SNVs) across the gene (Riise
Stensland et al., 2012), with an apparent genotype-phenotype corre-
lation for missense variants (Borgwardt et al., 2015). Treatment is
based, alongside treatment of manifestations, on enzyme replacement
therapy (ERT), which has proven highly effective when started early
but is still not globally available (Antanaskovi¢ et al., 2023; Borgwardt
et al., 2018), and on hematopoietic stem cell transplantation (HSCT)
(Mynarek et al., 2012).

Here, we describe an unusual case of alpha-mannosidosis diagno-
sis in a 30-year-old man, who presented with a rare ophthalmologic
finding. This case also highlights some of the limitations of CNV
detection in exome short-read sequencing and the importance of
reverse phenotyping to interpret rare missense variations.

2 | METHODS

Patient was recruited in a clinical setting for syndromic intellectual
disability. Trio-based exome sequencing (ES) was produced by Integra-
gen (IntegraGen SA, Evry, France) using the Agilent CRE v2 enrich-
ment kit (Agilent Technologies, Santa Clara, CA, USA) and an lllumina
HiSeq 4000 (lllumina Inc., CA, USA) with paired-end 150 bp reads.
Sequences were analyzed with the SeqOne platform (Montpellier,
France). Sanger sequencing was performed for variant confirmation
and familial segregation of SNV.

CNV analysis was performed by Integragen using the GATK4
gCNYV algorithm (Babadi et al., 2022). For CNV confirmation and seg-
regation, droplet digital PCR (ddPCR) was performed using the QX200
platform (Bio-Rad) in association with the 90 universal locked nucleic
acid (LNA) hydrolysis probes from the Roche Universal ProbelLibrary
(UPL, Roche Diagnostics) as described by Cassinari et al. (2019) with
minor changes. Data analysis was performed using the 2D module of
the QuantaSoft software (Bio-Rad). The copy number was calculated
from the ratio of the amount of FAM-labeled target over HEX-labeled

reference.

3 | RESULTS

3.1 | Casereport

The case is a 30-year-old man presenting with syndromic intellectual
disability. After an uneventful pregnancy and birth, early gross motor
milestones were achieved within the normal range (sitting at
6 months, walking at 1year old). His first words appeared
at 18 months of age, followed by a stagnation in speech learning.
Neurological findings include intellectual disability and, at 16 years of

age, psychiatric disorders (depression, visual hallucinations, and

psychotic events). Symptoms of cerebellar ataxia are noticed, with
dysarthria, wide-based and unstable gait, dysmetria and tremor. Facial
dysmorphisms include coarse facies, low-set hairline, thick eyebrows,
thick lips, short philtrum and bifid uvula (Figure 1a). Limbs anomalies
include right fourth finger brachymetacarpia. Additionally, he was
diagnosed with bilateral deafness at the age of five.

At 28 years old, his vision reduced. Ophthalmologic exam
highlighted a rapidly progressive cone-rod maculopathy and retinopa-
thy, characterized by a hypoautofluorescent ring around the fovea
and hyperautofluorescent ring in the vascular arche (Figure 1b).

A preliminary metabolic screening, consisting solely of urinary gly-
coaminoglycans and sialic acid, was normal, as well as the array-CGH.
Brain MRI showed no pathological finding.

3.2 | Geneticresults

In this context, a trio-based ES was performed. First, SNV analysis did
not find any de novo pathogenic or likely pathogenic variant that
could explain the phenotype of the patient. Nevertheless, a heterozy-
gous paternally inherited missense variation in MAN2B1 was identi-
fied: NM_000528.4(MAN2B1):c.2176G>A, p.(Gly726Arg) (Figure 2a).
This variation was absent from population database (gnomAD v2.1),
predicted as pathogenic by all the in silico prediction tools interro-
gated (CADD score: 25.9, REVEL score: 0.899, MetaSVM: 0.8865)
and described once in Clinvar as a variant of uncertain significance
(VUS) (Clinvar RCV002461775.1). These elements were insufficient
to definitely conclude on the pathogenicity of the variation. As a
result, it was classified as a VUS according to the American College of
Medical Genetics and Genomics recommendations (PM2, PP3)
(Richards et al., 2015). No pathogenic SNV or CNV was found in-trans
in this gene.

Considering the presence of this variant, we revisited the
patient's phenotype. Given the shared clinical features between
the patient and those of alpha-mannosidosis, that is, facial dysmorph-
ism, neurodevelopmental anomalies, deafness, and retinopathy, we
conducted a more in-depth analysis of the MAN2B1 gene. The
SeqOne platform, used to perform the SNV analysis, proposes an
algorithm, Alumei, to call for putative mobile element insertions
(MEI) (https://seqone.com/). This tool identified a maternally inherited
Alu element insertion in MAN2B1:NM_000528.4(MAN2B1).c.27
17_2718insALU, p.(Trp906_Pro907insALU). Analysis of the bam files
reveals that this insertion was actually a 1156 base pairs deletion
encompassing the entire MAN2B1 exon 21 and 52 base pairs of exon
22 (Figure 2b). This deletion was confirmed by a trio ddPCR
(Figure S1) and classified as a loss-of-function pathogenic variation
(PVS1, PM2). Despite the presence of a pathogenic variant in-trans
(PM3), the missense variant remained classified as a VUS.

Therefore, we performed a biochemical analysis of urinary oligo-
saccharides (liquid chromatography and mass spectrometry), that
revealed an important urinary mannosyloligosaccharide excretion,
consistent with the diagnosis of alpha-mannosidosis. Enzyme assay

was also performed on the patient's lymphocytes, revealing the total
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FIGURE 1 Clinical features of (a)
the index case. (a) Facial
dysmorphism, showing coarse
features, thick eyebrows, low
anterior hairline. (b) Right eye
(FAF) showing three different
types of autofluorescence: normal
peripheral autofluorescence

(area of preserved tissue), a

fairly large ring of intense
hyperautofluorescence in

the vascular arches (black

arrows) and a somewhat
inhomogeneous internal ring of
hypoautofluorescence (external
retinal atrophy) (white fundus
autofluorescence arrow) and in
the center a well-preserved
fluorescence of the fovea close to
normal.

absence of alpha-mannosidase activity. These elements added new
evidence for the interpretation of both variants (PP4: Patient's pheno-
type or family history is highly specific for a disease with a single
genetic etiology) and permitted to classify the missense variant as
likely pathogenic.

All these elements (clinical phenotype, biochemical analysis and
genetic results) led to the diagnosis of alpha mannosidosis, ending the
diagnostic odyssey of nearly 30 years for the patient and his parents.

4 | DISCUSSION

Here we describe an unusual diagnosis of alpha-mannosidosis in an
adult proband. This rare autosomal recessive lysosomal storage condi-
tion is characterized by a wide phenotypic spectrum (Malm & Nils-
sen, 1993). Originally, different forms of this disorder have been
described, based on the age of onset, that is, (i) a severe type with

central nervous system anomalies, infections and early death, (ii) a

moderate form with a myopathy and skeletal anomalies occurring

before 10 years old, and (iii) a mild form, with an onset after 10 years
old and without skeletal anomalies (Malm & Nilssen, 2008). However
other studies have suggested that patients should be placed within a
continuum of symptoms and progression (Beck et al., 2013). Due to
the variability of the clinical presentation during lifespan, a recent
international working group published guidelines to discuss shortcom-
ings in the diagnosis of alpha-mannosidosis in patients, based on their
age (Guffon et al., 2019). They stated that, after 10 years old, hearing
loss, ataxia and psychiatric disorder are the three most prominent
signs found in patients. In our case, retrospectively, the patient pre-
sented with main clinical features of alpha-mannosidosis. He devel-
oped retinopathy at the age of 28. Although rare, it is important to
note that late onset retinal degeneration has been described in a few
cases, and a recent study estimated a frequency of 1.8% in this
patient population (Courtney & Pennesi, 2011; Matlach et al., 2018;
Springer et al., 2005; Zielonka et al., 2019). Biochemical analyses,
including screening for urine oligosaccharides (which is not considered
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FIGURE 2 Genetic variants in MAN2B1. (a) IGV visualization of proband's and father's bam files showing the heterozygous missense variant
in MAN2B1 (black arrow). (b) IGV visualization of proband's and mother's bam files showing the 1556 base pairs deletion between the two
vertical dashed lines. Red reads correspond to inferred insert size that is larger than expected, suggesting a deletion.

as a diagnostic test (Malm & Nilssen, 2008), and enzymatic activity
assay, should be considered when retinopathy is present, especially if
it is associated with intellectual disability, bilateral deafness, and facial
dysmorphism. Our patient also presented with bifid uvula, which has
not been described so far. More clinical descriptions are required to
determine if this feature is part of the syndrome.

Our patient carried, in-trans with a missense variation, a 1.1 kilo-
bases deletion within the MAN2B1 gene. This deletion has not been

pointed out by the GATK4 gCNV algorithm, unlike the CNV caller
Lumpy (Layer et al., 2014) (Table S1). CNV detection in short-read
exome sequencing data is challenging, especially if based on read
depth, with an over- and underrepresentation of target regions due to
the capture step and PCR stages (Gordeeva et al., 2021). Several CNV
detection tools are available, with various efficiency rates, and a com-
mon trend to produce false-positive results (Babadi et al., 2022; Gor-

deeva et al., 2021; Layer et al., 2014). In our pipeline, the presence of
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the CNV was only raised by the Alumei algorithm from SeqOne, which
called it as an Alu insertion. This, although lucky, miscalling is due to
the presence of an Alu element at the intronic breakpoint of the dele-
tion (Figure 2b). Originally, this algorithm has been developed to
detect mobile element insertions, as they have been described in
human diseases (Torene et al., 2020). Disease-causing mobile element
insertions remain rare, and callers can produce large amounts of false
positive results. It is crucial to visualize the alignment files, via genome
viewers such as IGV, when a putative MEI is detected, moreover if it
is in-trans with another variant in a recessive disease.

GATK4 gCNV uses read-depth information, while Lumpy com-
bines read-depth information and split-reads, which was useful in our
case as the deletion occurs within an exon and split-reads are present
(Figure 2b). This outcome raises the importance of using different
CNV detection algorithms, and preferentially algorithms based on
read-depth and split-reads, especially for small CNVs.

In conclusion, this late diagnosis of alpha-mannosidosis in an adult
proband enabled the patient and his family to end a 30-year diagnos-
tic odyssey. We highlighted the importance of reverse phenotyping in
the interpretation of VUS, especially when in-trans with a pathogenic
variant, and described a novel case of particular retinopathy in this
rare lysosomal storage disease. Despite the debate surrounding the
treatment by ERT or HSCT in an adult patient (Borgwardt et al., 2018;
Mynarek et al., 2012; Wall et al., 1998), this case report also illustrates
the importance of biochemical analyses such as urinary oligosaccha-
rides and enzymatic assay when a metabolic condition is clinically

suspected.
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