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Abstract
Inherited metabolic disorders are traditionallygtiased using broad and expensive panels of

screening tests, often including invasive skin amu$cle biopsy. Proponents of next generation
genetic sequencing have argued that replacing seeening panels with whole exome
sequencing (WES) would save money. Here, we preseomplex patient in whom WES
allowed diagnosis of GM1 gangliosidosis, causetidoyozygousGLB1 mutations, resulting in
B-galactosidase deficiency. A 10-year-old girl hadgpessive neurologic deterioration, macular
cherry-red spot and cornea verticillata. She hadkeahclinical improvement with initiation of
the ketogenic diet. Comparative genomic hybridaatnicroarray showed mosaic chromosome
3 paternal uniparental disomy (UPD). GM1 gangliosid was suspected, howeyer
galactosidase assay was normal. Trio WES identdipdternally-inherited pathogenic splice-
site GLB1 mutation (c.75+2dupT). The girl had GM1 gangliasid; however, enzymatic testing
in blood was normal, presumably compensated fardnyUPD cells. Severe neurologic

dysfunction occurred due to disruptive effects &Jbrain cells.

Key words: GM1 gangliosidosis, Ketogenic diet, Lysosomabdiers, GLB1, Whole exome
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Introduction



Clinical genetic testing has been revolutionizedh®ydevelopment and increasing affordability
of high throughput molecular technologies. Wholerag sequencing (WES) allows clinicians to
screen for mutations in the protein-coding regiohall ~20,000 genes carried by human beings.
Point mutations can be detected by WES while coatp@& genomic hybridization (CGH)
microarray is more traditionally used to identifypy number variants and regions of

homozygosity.

One appealing application for WES is in patientgpgeted to have complex disorders such as
inherited disorders of metabolism. These diseasede very challenging to diagnose, often
requiring a large number of screening biochemiesiist In patients with intellectual disability,
early WES can be a more cost-effective approaah titaaitional diagnostic pathways [Monroe
and others 2016], though this may not be the aarseatients with clinical features that point to
a specific category of metabolic disease. In aolditdo cost issues, traditional diagnostic
approaches often require biopsy of skin, muscletloer tissues, procedures which are invasive

and potentially painful.

One metabolic disease gen&sisB1, homozygous mutations of which result in impaiped
galactosidase function. A lysosomal storage disameRults, with two distinct possible
phenotypes, mucopolysaccharidosis type IVB and @htgliosidosis [Caciotti and others
2011]. The latter is characterized by progressaurological deterioration, progressive brain
atrophy, cardiac and skeletal abnormalities, andandindings which may include corneal
clouding and oculomotor dyspraxia [Caciotti andengh2011]. There are infantile, late-infantile

and juvenile forms of GM1 gangliosidosis, whichyar severity and rate of deterioration;



macular cherry red spot is a feature usually untquee infantile-onset form [Caciotti and

others 2011].

We describe a girl with GM1 gangliosidosis due tmsaic paternal uniparental disomy (UPD) of
chromosome 3. Due to mosaicism, lysosomal enzystmgewas normal, and the diagnosis was
not made until the results of WES determined thaedging molecular defect. We highlight that
next generation sequencing can solve the molebakis of metabolic disease in the setting of

complicated genetic pathology.

Clinical Data

A 10-year-old girl had epilepsy, severe intellettliaability and progressive neurological
decline. Epilepsy was diagnosed at three yeargafiaitially involving 10-30 second focal
impaired awareness seizures occurring up to fimediper day. At four years, she developed
twice-weekly “drop attacks” which were focal impairawareness seizures involving eye
deviation with loss of awareness for several segpadudden loss of tone, with continued
staring and eye deviation; these events lastecdappately 15 seconds. Tonic seizures
developed soon after, involving an aura of fear agitation, followed by tonic stiffening of the
upper limbs and manual automatisms. Myoclonic seizalso developed at four years, initially
seen every two days but progressively worseniriggtmme near continuous. Seizures were
refractory to clobazam, valproate, lamotrigine, tolramate; levetiracetam showed some
benefit. The ketogenic diet elicited the most draereffect, with marked improvements in both

myoclonus and gait stability, and seizure frequateyreasing from 1-3 per day to 1-3 per week.



Electroencephalography (EEG) studies showed diffi@ae&ground slowing and frontally

predominant generalized spike-wave activity thas aiatimes near continuous at 2-3 Hz.

Early developmental milestones were normal, wititgduing in the second year of life. She did
not walk independently until 23 months and languslgeeaued after she began putting two
words together late in the second year of life.igxatspectrum disorder was diagnosed at 3.5
years. From four to eight years of age, she regdeasth progressively worsening unsteadiness
and myoclonus, and becoming non-verbal by eightsy@éeuropsychologic assessment at five
years estimated her full-scale 1Q at 35-50. Theae mo known family history of febrile seizures
or intellectual disability. She was the only childunrelated parents and lived with her mother.
She had minimal contact with her father, who waBiohish descent and reported to have some

obsessional features.

General examination showed no evidence of hepaospiegaly or cardiac dysfunction.
Neurologic examination was significant for mild speity, more prominent in the lower limbs,
and brisk deep tendon reflexes. Ophthalmologic exation at five years showed cornea
verticillata and a faint macular cherry-red spattiBof these signs improved so that neither was
apparent at nine years of age. Her vision and oooddility appeared to be normal throughout.
She had precocious puberty; at eight years sheneadurable estradiol and marginally elevated
gonadotropins, and bone age was 2-3 years advaswgodnadotropin-releasing hormone

antagonist therapy (leuprorelin acetate) was ieitia



Brain magnetic resonance imaging (MRI) studie®at &ind six years of age showed diffuse
atrophy with white matter abnormalities (Figure BA-with slight interval worsening of atrophy
between the scans. Magnetic resonance spectros@spgormal. Fluorodeoxyglucose positron
emission tomography demonstrated diffuse hypomésabanvolving both hemispheres (Figure
1C). CGH microarray from a blood sample revealedaipaternal UPD of the entirety of
chromosome 3. Lysosomal enzyme testing on periplergocytes, including-galactosidase
(2.2 nmol/min/mg protein; laboratory reference ®ag-6.0), was normal. Serum lactate, very
long chain fatty acids and acylcarnitine profilerav@ormal, as were urine glycosaminoglycans.
Cerebrospinal fluid glucose, lactate and neurotrattsrs were normal. Nerve conduction testing
and electromyography were normal. Skin biopsy slibavprominent increase of lysosomal
bodies in Schwann cells and neuritic processesi(&ifjD); however, less storage material was
seen in endothelial cells and pericytes when coetpar a patient with non-mosaic autosomal

recessive GM1 gangliosidosis (Figure 1E).

Trio WES was undertaken, and allele variant freqgiesnwere plotted (Figure 2). This approach
confirmed the mosaic paternal UPD, estimated a%o-dbcells in blood. With normal biparental
inheritance, mean variant allele frequency shoelé®.5 for heterozygous variants since one
copy of the variant allele is inherited from oneqrd. However, chromosome 3 shows two
populations of variant allele frequency due tortiesaic UPD; one with mean allele frequency
~0.33 (maternal) and the other ~0.67 (paternathdfpatient had non-mosaic UPD (i.e. all cells

affected), we would see a variant allele frequenfcy.O.



Separate variant filtering algorithms were devetbfzeidentify potentially pathogenic variants
inherited in ade novo heterozygous, recessive, compound heterozygodgaternal UPD
pattern. No pathogenic candidates were identifiedmfiltering for variants inherited in a
homozygous ode novo heterozygous manner. Filtering for compound hetggotes revealed
that both parents carrigslB1 splice region variants. The maternal variant
(NM000404.3:¢.1069-4A>G; rs781267265) is presettaterozygous form in the Genome
Aggregation Database (gnomAD) 17 times, and isnakttain significance. The paternal variant
(NMO000404.3:¢.75+2dupT; rs587776525) is an insergigesent in heterozygous form in
gnomAD 57 times, which has been reported as pathoge GM1 gangliosidosis [Chakraborty
and others 1994; Morrone and others 1994]. Ther@mahomozygotes for either variant in

gnomAD.

Discussion

The girl had clinical features of a neurodegeneeatisease consistent with GM1 gangliosidosis
including cherry-red spot, cornea verticillatayaetory epilepsy and progressively worsening
myoclonus. Further supportive evidence came froamtatrophy and white matter abnormalities
on MRI, and increased lysosomal bodies observeskimnbiopsy [Tome and Fardeau 1976].
However, this diagnosis was initially considerekbduout aftef3-galactosidase testing was

normal.

The girl's age of onset and early clinical featuses most consistent with Type Il, late-infantile
onset form of GM1 gangliosidosis [Regier 0000-00%P5-0088 and Tifft 1993]. In addition,

her pattern of MRI abnormality including progresdjwworsening generalized cerebral atrophy



and deep white matter abnormalities is that mostngonly seen in the late-infantile form
[Regier and others 2016]. Her mutation was preWWoreported in the more severe infantile
onset form of GM1 gangliosidosis [Morrone and o$hE994] in a patient who died at 14
months. However, at 10 years of age our patiealréady outside the usual life expectancy for
those with the late-infantile form and is generalbing very well, with some clinical features,
such as the ocular findings, actually resolvingdieeand Tifft 1993]. This relatively good
clinical course may be explained in part by her amostate; however, the ketogenic diet may

also have improved her outcome.

This patient’s underlying molecular genetics amnplicated; she has mosaicism (~45% of cells
in blood) for paternal UPD of chromosome 3. Sineefhather carries a previously reported
pathogenic splice site mutation®LB1 [Chakraborty and others 1994; Morrone and others
1994], she is mosaic for this homozygous mutattia.hypothesize that her nornfial
galactosidase testing occurred because of the amgsgii.e., her blood may have enough cells
without the homozygous mutation to produce a noenalymatic assay. Mosaicism may also
explain the unusual corneal whorls seen, when Gafiglipsidosis is classically associated with
more uniform corneal opacities [Emery and othef&l]l.9Her severe neurologic phenotype may
occur because the fraction of metabolically abnbcebs in her brain are sufficient to produce
severe, global cerebral dysfunction. In addititwe, percentage mosaicism of UPD may be
greater in the brain than in blood. Repeating timyme assay in another tissue (e.g. skin
fibroblasts) would clarify this issue, but suchtiteg cannot be ethically performed now that she

has a molecular diagnosis.



These findings emphasize the potential of WESdaradiagnosis of inherited disorders of
metabolism [Pierson and others 2012]. GM1 ganglmsis has been previously reported in a
case of non-mosaic UPD [King and others 2014]; hang-galactosidase activity was
markedly decreased in that case, allowing for eagfirmation of the diagnosis. Our patient
illustrates that WES can identify inherited disosdef metabolism, even when functional
metabolic testing is normal. We were, however uioate that our patient had a previously
published mutation, as confirming diagnosis is mendre challenging when faced with variants

of uncertain significance.

UPD is diagnosed in ~1/400 cases referred foradiliVES [Yang and others 2014], but this
study demonstrates that mosaic UPD has a recodeigamature when trio WES is analyzed
with a focus on variant (non-reference) allele freocy. CGH microarray remains the preferred
test for identifying and quantifying regions of horygosity; however, utilizing allele frequency
plots of WES data is a reasonable screening togdbents who have WES prior to CGH
microarray. Recently described techniques usin tedd depth data and allele frequency have
improved the efficiency and accuracy of copy numizeiant detection with WES, and could

also be applied to improve homozygosity identifimafGlessner and others 2015].

In summary, this case demonstrates that mosaic ¢#ADesult in severe genetic metabolic
disease with normal blood enzymatic assay. In sasks, WES may enable a molecular
diagnosis. Use of allele frequency plots in WESyamisis a useful means of screening for

regions of homozygosity in patients who have naady had CGH microarray.



Figure Legends

Figure 1 — Neuroimaging and Skin Biopsy: (A) Axid-weighted MRI shows diffuse atrophy,
most prominent in the temporal lobes (arrows).ABial T2-weighted MRI demonstrates white
matter hyperintensity in periventricular and deapak regions (arrows). (C) Fluorodeoxyglucose
positron emission tomography shows diffuse, bi-lspiméric hypometabolism. (D) In our
patient, increased lysosomal bodies are seen iB¢h@ann cells and neuritic processes (thick
arrow). A similar pattern is seen in a 15-month-gildl with non-mosaic GM1 gangliosidosis

(E); however, more storage material is observeshtothelial cells (thick arrow) and pericytes

(thin arrow).

Figure 2 — Variant allele frequency across all alwsomes: In all but one chromosome, variant
allele frequency clusters around 0.5 for heteroaggariants and 1.0 for homozygous variants.
Chromosome 3 (red arrow) is markedly differentjwvalusters around 0.3 and 0.7. This latter

pattern occurs due to the patient’'s mosaicism lioomosome 3 uniparental isodisomy.
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