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Abstract

Background and Objectives O Class of Evidence
Criteria for rating

Next-generation sequencing (NGS) has expedited the diagnostic process and unearthed many
therapeutic and diagnostic

rare disorders in leukodystrophy (LD) and genetic leukoencephalopathy (gLE). Despite the
progress in genomics, there is a paucity of data on the distribution of genetic white matter
disorders (WMDs) and the diagnostic utility of NGS-based assays in a clinical setting. This
study was initiated to explore the clinical, radiologic, and genetic spectrum of LD and gLE in the
Indian population and also to estimate the diagnostic yield of clinical exome sequencing (CES).

studies
NPub.org/coe

Methods

This is a retrospective descriptive analysis of patients with a diagnosis of genetic WMDs from a
single tertiary referral center who had CES performed as part of the diagnostic evaluation
between January 2016 and December 2021. The demographic, clinical, radiologic, and genetic
data were collected. The variants were classified using the American College of Medical Ge-
netics and Genomics criteria. Pathogenic and likely pathogenic variants were included in the
calculation of the diagnostic yield.

Results

In the study period, 138 patients were clinically diagnosed with either LD or gLE, of which 86
patients underwent CES. Pathogenic variants, likely pathogenic variants, and variants of uncertain
significance with phenotype match were seen in 40 (41.8%), 13 (29.1%), and 15 (15.2%) patients,
respectively. The mean age at onset in these 68 patients was 6.35 years (range 1 month-39 years),
and 38 (55.9%) were male. LDs and gLE were diagnosed in 31 and 37 patients, respectively. 56
patients (71.8%) had autosomal recessive inheritance. The common clinical presentations were
developmental delay (23.5%), psychomotor regression (20.6%), progressive myoclonic epilepsy
syndrome (19.1%), and spastic ataxia (14.7%). Myelin disorders (48.5%) and leuko-axonopathies
(41.2%) were the commonest type of disorders. The most frequently identified genes were ARSA,
CLNS, ABCD1, CLN6, TPP1, HEXA, and LZHGDH. The diagnostic yield of the study was 61.6%
(53/86), which increased to 79.1% when VUS with phenotype match were included.

Discussion
This study demonstrated a high diagnostic yield from proband-only CES in the evaluation of
genetic WMDs and should be considered as a first-line investigation for genetic diagnosis.

Classification of Evidence
This study provides Class IV evidence that proband-only clinical exome sequencing is a useful
“first-line investigation” for patients with genetic white matter disorders.
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Glossary

AD = autosomal dominant; AGS = Aicardi-Goutiéres syndrome; ALD = adrenoleukodystrophy; ALSP = adult-onset
leukoencephalopathy with axonal spheroids and pigmented glia; AR = autosomal recessive; C.Het = compound heterozygous;
CMT = Charcot-Marie-Tooth disease; CMTX = Charcot-Marie-Tooth disease X-linked dominant; CNV = copy number
variation; CTX = cerebrotendinous xanthomatosis; HABC = hypomyelinating leukodystrophy with atrophy of basal ganglia and
cerebellum; Hemi = hemizygous; Het = heterozygous; HLD = hypomyelinating leukodystrophy; Hom = homozygous; Hp =
heteroplasmy; LD = leukodystrophy; MELAS = mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like
episodes; MLC = megalencephalic leukoencephalopathy with subcortical cysts; MLD = metachromatic leukodystrophy;
MMDS = multiple mitochondrial dysfunctions syndrome; MPS = mucopolysaccharidosis; Mt = mitochondrial; NCL =
neuronal ceroid lipofuscinosis; PMD = Pelizaeus-Merzbacher disease; PMLD = Pelizaeus-Merzbacher-like disease; SLS =
Sjogren-Larsson syndrome; VWMD = vanishing white matter disease; XLD = X-linked dominant; XLR = X-linked recessive.

Introduction

Leukodystrophy (LD) is a group of rare heritable disorders
primarily affecting the white matter of the CNS with or without
involvement of the peripheral nervous system."” Genetic dis-
orders where primary neuronal involvement or systemic
manifestations are at the forefront over and above white matter
abnormalities are labeled as genetic leukoencephalopathy
(gLE).1 MRI of the brain has a crucial role in recognizing and
categorizing these white matter disorders (WMDs); however,
the exact diagnosis depends on genetic confirmation.>* Up
until a few years ago, genetic testing was not widely available
except in developed countries and very few specialized centers
in other regions and was limited by the high cost. The tradi-
tional step-by-step diagnostic approach of biochemical and
enzymatic assays and targeted gene sequencing was tiresome
and time consuming.” Our understanding of these conditions
has tremendously improved in the past 2 decades with the
advent of next-generation sequencing (NGS) for genetic di-
agnosis, which has also expedited the diagnostic odyssey. The
discovery of newer genes and novel variants causing LDs and
gLE by whole-exome sequencing (WES) and whole-genome
sequencing (WGS) was instrumental in reducing undiagnosed
genetic WMDs from $50% to 30%.”” A chance for disease-
specific treatment or enrolment in clinical trials is not possible
without an early genetic diagnosis.*'® Moreover, molecular
genetic analysis would also help to streamline genetic coun-
seling, family screening, and reproductive decision making”

The most prevalent and well-studied LDs worldwide, in-
cluding in India, are metachromatic leukodystrophy (MLD),
Pelizaeus-Merzbacher disease (PMD), adrenoleukodys-
trophy (ALD), Krabbe disease, and megalencephalic leu-
koencephalopathy with subcortical cysts (MLC).*'**® The
earlier concept of LDs being a disorder of myelin or oligo-
dendrocyte has now become obsolete because it has now been
widely recognized that defects in microglia, astrocytes, axons,
neurons, and blood vessels can lead to abnormalities in white
matter. > Hence, a newer classification for genetic WMDs
was proposed recently, in which disorders of lysosomes,
peroxisomes, and mitochondria; aminoacidemias; organic
acidemias; DNA repair disorders; defects in ion and water
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channels; and genetic vasculopathies were all placed under the
5 broad categories.” We have limited knowledge of the epi-
demiology and the genetic spectrum of LDs and gLE in ac-
cordance with the latest classification, especially after the
discovery of many newer and rarer disorders. Owing to the
perceived rarity of these disorders, research into the molecular
mechanisms and development of newer therapeutics for these
conditions has been lackadaisical. Hence, to foster research,
we need more information about the distribution and genetic
profile of these disorders in different populations.' The
number of genetic laboratories offering various genetic testing
at an affordable price in the past 7 to 8 years in our region has
helped clinicians pursue genetic diagnosis in these disorders.
Despite this, only very few studies have explored the appli-
cability and estimated the diagnostic yield of NGS-based
technology in a clinical setting.'”>°

Our primary objectives in this study were to describe the
clinical, radiologic, and genetic spectrum of LDs and gLE as
per the classification scheme of van der Knaap® and to identify
the relative proportion of the specific subtypes from a tertiary
neurologic referral center. The secondary objective was to
explore the diagnostic utility of clinical exome sequencing
(CES) in genetic white matter disorders.

Methodology

This is a retrospective descriptive analysis of patients with a
diagnosis of LD or gLE from a single tertiary referral center
(Paediatric Neurology subdivision and Department of Neu-
rology) who had CES performed as part of the diagnostic
evaluation of genetic WMDs between January 2016 and De-
cember 2021. We have adhered to the STrengthening the
Reporting of OBservational studies in Epidemiology
(STROBE) guidelines for the study. Patients were identified
from the electronic medical records (EMRs) using the search
terms “leukodystrophy,” “genetic leukoencephalopathy,” and
“hypomyelinating disorders” and individual names of the
disorders (e.g., MLD and Krabbe disease) mentioned in the
recent diagnostic classification for genetic WMDs." Patients
were included in this study when all the 3 inclusion criteria
were satisfied: (1) clinical phenotype suggestive of LD or gLE,
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(2) white matter abnormalities in MRI, and (3) genetic
evaluation by CES. Exclusion criteria were as follows: (1) no
white matter involvement in MRI or if an MRI/radiology
report was not available; (2) acquired causes of cerebral white
matter lesions such as vasculitis, inflammatory demyelination
of the CNS, and vascular WMDs not due to genetic vascu-
lopathies; and (3) genetic diagnosis confirmed by targeted
gene sequencing, chromosomal microarray, PCR, or multi-
plex ligation probe amplification. Individual case files were
scrutinized for clinical details and reports of CES by the first
author (KYM) and the principal investigator (SS), and MRI
scans were reviewed by the principal investigator and the
neuroradiologist (BT) for selection of the patients based on
inclusion and exclusion criteria. If the MRI scan was not
available for review, then the findings from the radiology re-
ports were recorded.

Data Collection

Demographic and clinical data, including the age at onset; de-
velopmental aspects; presence of psychomotor regression; pyra-
midal, extrapyramidal, and cerebellar signs; peripheral neuropathy
and seizures; anthropometric measurements; ophthalmologic
findings (cherry red spot, retinitis pigmentosa, and optic atrophy);
facial and nonfacial dysmorphism; and dermatological manifes-
tations, were recorded. Family history of similar disorders or any
other neurologic disorders and consanguinity were noted, and the
inheritance pattern was classified into autosomal recessive (AR),
autosomal dominant (AD), X-linked, and mitochondrial. Labo-
ratory studies including metabolic and specific enzyme assays and
electrophysiologic studies such as electroencephalograms, nerve
conduction studies, and visual-evoked potentials were recorded.

The MRI brain sequences reviewed were T1-weighted (T1W),
T2W, fluid-attenuated inversion recovery, susceptibility-
weighted imaging, diffusion-weighted imaging, apparent diffu-
sion coefficient maps, and magnetic resonance spectroscopy.
‘White matter abnormalities in MRI were described based on the
pattern recognition approach provided previously.”* LDs were
broadly classified into hypomyelinating LD (HLD) and other
white matter pathologies.

Clinical Exome Sequencing

As per the routine protocol at our institute, genetic testing was
procured only after informed written consent from the par-
ents of the proband (children), patients, or caregivers (in
adult patients unable to provide consent). CES was per-
formed in 2 private laboratories (MedGenome Labs Ltd. and
Strand Life Sciences), and reports generated were recorded in
the study. The clinical exome panel consisted of approxi-
mately 6,000-8,000 genes, which included nuclear genes and
mitochondrial DNA analysis in a few patients, depending on
the protocol prevalent at that time. The Illumina sequencing
platform was used for exome sequencing, and the sequences
were aligned to the human reference genome (GRCh37/
hg19) using the Sentieon aligner. Single nucleotide variants
(SNVs) were annotated using the variant effect predictor
(VEP) program.21 Small indels, delins, and copy number
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variants (CNVs) were detected from targeted sequence data
using the ExomeDepth (v1.1.10) method.*

Clinically relevant variants were cross-referenced with the lit-
erature evidence (segregation analysis, functional study, allelic
data set, and genome-wide association studies) and the disease
databases such as ClinVar** and Online Mendelian Inheritance
in Man (OMIM™*). The allele frequency was estimated from
the population data sets of 1000 Genome Phase 3 (1000 G),
Genome Aggregation Database (gnomAD v3.0), dbSNP
(v151), and the internal Indian population database. The types
of variants were denoted as missense, nonsense, frameshift,
indels, start loss, and splice site variants. The computation tools
used for functional prediction of the nonsynonymous variants
were implemented using sorting intolerant from tolerant
(SIFT), PolyPhen-2, MutationTaster2, and combined
annotation-dependent depletion (CADD). For splice site var-
jant analysis, SpliceAl was used. Annotation of the clinically
relevant variants was performed using American College of
Medical Genetics and Genomics (ACMG) criteria, and the
variants were classified as pathogenic (P) variants, likely path-
ogenic (LP) variants, variants of uncertain significance (VUS),
and likely benign and benign variants. Null variants (nonsense,
frameshift, splice site, initiation codon, single or multiexon
deletion) were classified as either pathogenic or likely patho-
genic if the loss of function in that gene causes the specific
disorder. Missense variants were classified as P/LP only if there
was any previous literature or functional evidence for their
pathogenicity, or else they were kept as VUS.>

Diagnosis of Leukodystrophy and

Genetic Leukoencephalopathy

The final diagnosis was arrived at for each patient based on the
clinical, neuroimaging, and genetic profile. In the case of VUS,
the variant was attributed as disease causing only if there was a
genotype-phenotype correlation with supporting evidence
from biochemical assays. Patients must have either P/LP variants
or VUS with phenotype match for the diagnosis to be confirmed
genetically. Patients with genetic diagnosis were broadly cate-
gorized as LDs, which include 30 distinct WMDs, and gLE,
which has more than 61 disorders." These disorders were again
subclassified into myelin disorders (hypomyelination, de-
myelination, and myelin vacuolization), astrocytopathies, leuko-
axonopathies, microgliopathies, and leukovasculopathies.® For
the calculation of diagnostic yield of CES, only P and LP variants
were included.

Statistical Analysis

The data were collated in an Excel sheet, and descriptive sta-
tistics were used. Means were compared between the LD and
gLE groups with the ¢ test and proportions with the Fisher exact
test. p Values less than 0.05 were considered as significant.

Standard Protocol Approvals, Registrations,
and Patient Consents

The study was approved by the institutional ethics committee
(IEC) of Sree Chitra Tirunal Institute for Medical Sciences
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and Technology. Because this was a retrospective descriptive
study, the requirement of consent was waived off by the IEC.

Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results

Demographic, Clinical, and Radiologic Profile

A total of 138 patients were identified from the EMR using the
keywords, of which 86 had undergone CES. Among them, 40
had pathogenic variants and 13 had likely pathogenic variants.
Of 26 patients with VUS, only 15 had phenotype match.

Therefore, a genetic diagnosis was established in 68 patients

(Figure 1).

The mean age at onset was 6.35 years (range, 1 month to 39
years), and 38 (55.9%) were male. Pediatric onset of symptoms
(younger than 18 years) was found in 60 patients (88.2%). 31
(45.6%) and 37 (54.4%) patients were categorized as LD and
gLE, respectively. Table 1 summarizes the demographic, clinical,
and radiologic features of patients with LD and gLE. In the
clinical presentation, spastic ataxia syndrome (p 0.167) was
more common in LD but progressive myoclonic epilepsy syn-
drome was more common in gLE (p 0.004). Myoclonus (p <

0.001), microcephaly (p 0.097), seizures (p 0.153), and visual
impairment (p 0.115) were more frequent in gLE while spas-
ticity (p 0.015) and peripheral neuropathy (p 0.400) were more
frequent in LD. Background activity slowing or epileptiform
discharges were more common in gLE, and the results were
significant. In MRI, hypomyelination was more often seen in
gLE (p 0.031) while other white matter pathologies were more
common in LD (p 0.031). gLE had more frequent occurrence of
white matter rarefaction or cystic changes and BG involvement
than LD, but the difference did not attain statistical significance.

ACMG Variant Classification

Among 86 patients who underwent CES, as per ACMG criteria,
pathogenic variants (Table 2 and a more comprehensive de-
scription in eTable 1) were reported in 40 patients (46.5%), likely
pathogenic variants (Table 3) in 13 (15.2%), and VUS with
phenotype match (Table 4) in 15 (17.4%). Detailed information
on the clinical phenotypes and MRI findings of individual pa-
tients are listed in eTables 2-4. The clinical and radiologic profile
of patients with negative results in CES (7 patients) and VUS
without phenotype match (11 patients) is given in eTable S. All
patients with P and LP variants had a clinical-radiologic pheno-
type consistent with the genetic variant identified.

Variant Type
In total, 79 variations were found in 68 patients, of which 22
were novel. In patients with pathogenic variants, 45 variants

Figure 1 Flowchart Depicting Methodologic Workflow

electronic medical records using search terms from 2016 to 2021
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Patients with leukodystrophy and genetic leukoencephalopathy identified from
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Table 1 Demographic, Clinical, and Radiologic Parameters

Variables Total, n =68 LD, n =31 (%) gLE, n =37 (%) p Value
Age iny, mean + SD (range) 6.35+8.67 (1 moto39y) 7.14+9.82(2moto39y) 5.7+7.65, (1 moto30y) 0.499
Onset <18y of age 60 (88.2) 27 (87.1) 33(89.2) 1.000
Sex, male 38 (55.9) 22 (71) 16 (43.2) 0.029
Neurologic presentation
Global developmental delay 16 (23.5) 8(25.8) 8(21.6) 0.774
Psychomotor regression 14 (20.6) 6(19.4) 8(21.6) 1.000
Spastic ataxia syndrome/cerebellar ataxia 10 (14.7) 7 (22.6) 3(8.1) 0.167
Cognitive decline 7(10.3) 4(12.9) 3(8.1) 0.694
Progressive myoclonic epilepsy syndrome 13(19.1) 13.2) 12 (32.4) 0.004
Others 8(11.8) 5(16.1) 3(8.1) 1.000
Clinical features
Microcephaly 10(14.7) 2(6.5) 8(21.6) 0.097
Macrocephaly 4(5.9) 13.2) 3(8.1) 0.619
Visual impairment 20 (29.4) 6(8.8) 14 (37.8) 0.115
Hearing loss 4(5.9) 1(3.2) 3(8.1) 0.619
Seizures 33 (48.5) 12(38.7) 21 (56.8) 0.153
Eye movement abnormalities 21(30.9) 10(32.3) 11(29.7) 1.000
Nystagmus 10(14.7) 6(8.8) 4(10.8) 0.494
Spasticity 37 (54.4) 22(71) 15 (40.5) 0.015
Cerebellar ataxia 31 (45.6) 12(38.7) 19 (51.4) 0.336
Dystonia 9(13.2) 4(12.9) 5(13.5) 1.000
Myoclonus 15(22.1) 1(3.2) 14 (37.8) <0.001
Peripheral neuropathy 6(8.8) 4(12.9) 2(5.4) 0.400
Ophthalmologic features
Optic atrophy 8(11.8) 1(3.2) 7(18.9) 0.063
Retinitis pigmentosa 6(8.8) 2(6.5) 4(10.8) 0.681
Cherry red spot 2(2.9) 0(0) 2(5.4) 0.497
EEG, n 60 27 33
Slow background activity 21(35) 4(14.8) 17 (51.5) 0.006
IEDs 25 (41.7) 6(22.2) 19 (57.6) 0.008
MRI findings
Hypomyelination 32 (47.1) 10(32.3) 22(59.5) 0.031
Other WM pathologies 36 (52.9) 21 (67.7) 15 (40.5) 0.031
Diffuse cerebral 13(36.1) 7(33.3) 6 (40) 0.549
Cystic/rarefaction 11(30.1) 4(19.1) 7 (46.7) 0.742
Basal ganglia 10(14.7) 3(4.4) 7(18.9) 0.326
Thalamus 5(7.4) 3(4.4) 2(5.4) 0.653
Posterior fossa involvement 24 (35.3) 10 (32.3) 14 (37.8) 0.799

Abbreviations: gLE = genetic leukoencephalopathy; IEDs = interictal epileptiform discharges; LD = leukodystrophy; mo = months; WM = white matter; y = years
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Table 2 Genetic Spectrum of Patients With Pathogenic Variants

Pt ID Gene Variant AA change Variant type Zygosity In silico predictions

2 G2 ¢.508delG E170Rfs*40 Fs Hom —

5 LYRM7 c.2T>C M1? Start loss Hom SIFT (0), PP2 (0.978), CADD (23.8)

6 L2HGDH €.293A>G HI98R Mis Hom SIFT (0), PP2 (1), CADD (27.5)

1 L2HGDH c.829C>T R277* Non Hom CADD (39)

12 CYP27A1 C.646+1G>A Intronic SS Hom SpliceAl (0.96)

13 CSF1R €.23817>C 17941 Mis Het SIFT (0), PP2 (1), CADD (28.3)

14 FOL1R Cc.428G>A W143* Non Hom MT (1)

16 MT-TL1 n.14A>G — Mis Hp MitoTip (13.35)

17 PLP1 c.354_355delAG G120Pfs*83 Fs Hemi —

18 ALDH3A2 €.798+1del/c.1094C>T Intronic/S365L SS/mis C.Het SIFT (-/0), PP2 (-/0.98), CADD (-/24.4)

21 PLP1 Exons 3-8 del* — CNV Hemi —

22 CLN5 c.595C>T R199* Non Hom CADD (37), MT (1)

24 TPP1 c.89+1G>A Intronic 5"SS Hom CADD (33), MT (1)

30 SLC17A5 c.116G>A R39H Mis Hom SIFT (0), PP2 (1), CADD (25.5)

31 GALC C€.956A>G/c.236G>A Y319C/R79H Mis/Mis C.Het SIFT (0.01/0.002), PP2 (0.98/1),
CADD (24.8/29.5)

33 MT-ND3 n.1019T7>C S45pP Mis Hp —

37 CLN3 Exons 11-14 del — CNV Hom —

38 CLN5 c.595C>T R199* Non Hom MT (1)

39 MFSD8 €.590dupG V198Cfs*7 Fs Hom —

40 TPP1 ¢.565C>T Q189* Non Hom MT (1), CADD (35)

44 ARSA Cc.465+1G>A Intronic 5" SS Hom SpliceAl (0.86), CADD (33)

45 ABCD1 c.612delT F204Lfs*12 Fs Hemi —

46 ERCC8 €.78_79delAG R26Sfs*8 Fs Hom SpliceAl (0.98)

47 CLN5 c.433C>T R145*% Non Hom —

50 Suox €.144_145insC/c.1096dupC N49Qfs*28/R366Pfs*50 Fs/Fs C.Het —

53 ARSA c.883G>A G295S Mis Hom SIFT (0), PP2 (1), CADD (31)

54 L2HGDH c.829C>T R277* Non Hom MT (1), CADD (37)

55 MLC1 c.353C>T T118M Mis Hom SIFT (0.01), PP2 (1), CADD (26.7)

60 RNASEH2C c.205C>T R69W Mis Hom SIFT (0), PP2 (0.997), CADD (28.8)

61 CLCN2 €.2068G>T E690* Non Hom MT (1), CADD (39)

62 CLN6 Exons 3 to 5 delt — CNV Hom —

64 MT-TL1 n.14A>G — Mis Hp MitoTip (13.35)

65 MLC1 c.135dup C46Lfs*34 Fs Hom —

66 HEXA ¢.509G>A R170Q Mis Hom SIFT (0), PP2 (1), CADD (33)

67 CLN5 ¢.565+1G>A — SS Hom MT (1), CADD (34)

70 HEXA c.821C>T T2741 Mis Hom SIFT (0), PP2 (0.123), CADD (29.1)

72 HEXA c.1151G>A/c.1337A>G W384*/Y446C Non/Mis C.Het SIFT (-/0), CADD (45/27.2), MT (1/1)

73 FIG4 c.1601+1G>T Intronic 5'SS Hom SpliceAl (0.99), CADD (33), MT (1)
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Table 2 Genetic Spectrum of Patients With Pathogenic Variants (continued)

Pt ID Gene Variant AA change Variant type Zygosity In silico predictions
76 POLR3B €.2303G>A/c.2980A>C R768H/T994P Mis/Mis C.Het SIFT (0/0.015), MT (1/1)
77 ABCD1 c.1661G>A R554H Mis Hemi SIFT (0.002), PP2 (1)

Abbreviations: AA = amino acid; CADD = combined annotation-dependent depletion; C.Het = compound heterozygous; CNV = copy number variation; del =
deletion; Fs = frameshift; Hemi = hemizygous; Het = heterozygous; Hom = homozygous; Hp = heteroplasmy; Mis = missense; MT = MutationTaster2; Non =
nonsense; PP = PolyPhen-2; Pt = patient; SIFT = sorting intolerant from tolerant; SS = splice site.

*chrX:g.(103031928_103040510)_(103045526_?)del; c.(790 + 1_791-1)_(1056 + 1_1057- 1)del;

tchr15:g.(2_68211209)_(68214438_?)del.

were identified in 40 patients, only 3 of which were in the
mitochondrial genome. § patients had variants in a compound
heterozygous state (P18 ALDH3A2, P31 GALC, P50 SUOX,
P72 HEXA, and P76 POLR3B). One of the compound het-
erozygous variants in P31 (c.956A>G) and P76 (c.2980A>C)
was classified as VUS while one in P72 (c.1337A>G) was
classified as LP. In 13 patients with likely pathogenic variations,
17 variants were identified, with P10, P57, and P71 having
compound heterozygous variants in ARSA, PI4KA, and TPP1I,
respectively. In them, P10 had 3 missense variants and 2 were
VUS (c.129C>A and c.496C>A) and 1 variant in P71 was VUS
(c.1231_1233dup). Among 15 patients with VUS, 2 patients
had compound heterozygous variants (P8 PEXI and P79
IBAS7) and all 17 variants were missense (Figure 2, A-C).

Zygosity and Inheritance Pattern

AR inheritance was seen in 56 patients (71.8%), followed by XL
in 6 (8.8%) and AD and mitochondrial inheritance in 3 (4.4%)
each. In patients with pathogenic variants, 32 had AR inheritance,
4 had XL, and 3 had mitochondrial inheritance. In the patients
with likely pathogenic variants, 11 had AR and 1 each had XL and
AD inheritance patterns. In patients with VUS, 13 had AR in-
heritance and 1 patient each had XL and AD inheritance.

Spectrum of LD and gLE

LDs and gLE were seen in 31 (Figure 2D) and 37 (Figure 2E)
patients, respectively. The most frequently identified disease-
causing gene variants in our cohort were in ARSA (MLD) and
CLNS [neuronal ceroid lipofuscinosis (NCL) S] in 4 patients
each, followed by ABCDI (ALD), CLN6 (NCL 6), TPPI
(NCL 2), HEXA (Tay-Sachs disease), and L2HGDH (L2-
hydroxyglutaric aciduria) in 3 patients each. Next frequent were
in MLCI (MLC), GALC (Krabbe disease), PLP1 (PMD), GJC2
[ Pelizaeus-Merzbacher-like disease (PMLD)], POLR3B [Pol III-
related leukodystrophies/hypomyelination, hypodontia, and
hypogonadotropic hypogonadism leukodystrophy (4H syn-
drome)], MT-TL1 [mitochondrial myopathy, encephalopathy,
lactic acidosis, and stroke-like episodes (MELAS)], and CSFIR
[adult-onset leukoencephalopathy with axonal spheroids and
pigmented glia (ALSP)] in 2 patients each.

Pathogenic Classification of Genetic White
Matter Disorders

As per the recent classification (Figure 3),> myelin disorders
constituted the majority, which was seen in 33 patients
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(48.5%). Of the myelin disorders, myelin vacuolization, de-
myelination, and hypomyelination were seen in 17, 10, and 6
patients, respectively. Leuko-axonopathies were the next most
common disorder observed in 28 patients (41.2%), followed
by astrocytopathies and microgliopathies in S (7.4%) and 2
(2.9%) patients, respectively. None of the patients had
leukovasculopathies.

Diagnostic Yield

Among the 86 patients who underwent CES, 7 had negative
test results and 53 patients had P or LP variants. Hence, the
diagnostic yield of CES in LDs and gLE was determined to be
61.6%. When we included the additional 15 patients with VUS
who had a genotype-phenotype match, the yield increased
to 79.1%.

Discussion

In this study, we elaborated on the clinical, radiologic, and
genetic spectrum of 68 patients with genetic WMDs di-
agnosed by CES in South India. gLE marginally outnumbered
LD, as shown in 37 and 31 cases, respectively. Spastic ataxia
was more common in LD while progressive myoclonic epi-
lepsy syndrome was more common in gLE, as was the oc-
currence of myoclonus, microcephaly, and visual impairment.
The presence of white matter rarefaction and cystic alter-
ations and involvement of the basal ganglia suggest gLE on
MRI. NCL and mitochondrial disorders emerged as the most
frequent groups of disorders in gLE. Among the five cate-
gories of genetic WMDs, myelin disorders (48.5%) and leuko-
axonopathies (41.2%) were the most common. Only a few
patients had astrocytopathies (7.4%) and microgliopathies
(2.9%), and none had leukovasculopathies. There were 40
patients with pathogenic variants and 13 patients with LP
variants, thus estimating a diagnostic yield of 61.6% by CES,
which increased to 79.1% by including additional 15 patients
who had VUS with genotype-phenotype correlation.

Almost 2 to 3 decades before, the diagnosis of LDs and gLE
was often based on the MRI pattern recognition approach and
further corroboration from metabolic analysis, enzyme assays,
or when possible, pathology. Genetic diagnosis was laborious
at that time because the candidate genes were discovered
through genetic linkage studies, which required large
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Table 3 Genetic Spectrum of Patients With Likely Pathogenic Variants

Pt Variant

ID Gene Variant Refseq ID AA change type Inheritance Zygosity In silico predictions AF Clinvar

7 TUBB4A c731G>A rs886041010 G244D Missense AD Het MT (1), CADD (25.7) NR NR

10 ARSA c.129C>A/ —/rs199476386/__ H43Q/ Missense AR C.Het SIFT (0/0/0.005/0), PP2 NR/ NR/NR/
c.847G>A/ D283N/P166T (all 3) (0.998/1/0.88), MT (1/1/1) NR/ NR
C.496C>A NR

26 DEGST c.565A>G rs771864122 N189D Missense AR Hom SIFT (0.002), PP2 (1), MT (1)  0.0004 LP

32 PDSS2  c.1145C>T rs118203956 S382L Missense AR Hom SIFT (0.002), PP2 (0.98), 0.0032 LP

CADD (31)
35 CLN6 c.2T>G rs2093262877 M1? Start loss AR Hom SIFT (0), CADD (25), MT (1)  NR Novel
52 ABCDT c.509C>A A170D Missense XLR Hemi SIFT (0.001), CADD (27.3), NR Novel
MT (1)

56 GALC ¢.1073T>C L358P Missense AR Hom SIFT (0), CADD (28.7), MT (1) NR Novel

57 PI4KA  c.5700del/ _/rs1601301648  D1901Tfs*96/ Frameshift/ AR C.Het SIFT (0/-), CADD (-/27.2) NR/ Novel/
€.6122T>C M2041T missense NR NR

68 MOCST c.217C>T rs104893970 R73W Missense AR Hom SIFT (0), PP (1) CADD (29.7)  0.0068 P

69 POLR3A c.2171G>A rs267608679 C724Y Missense AR Hom SIFT (0), PP (0.98) CADD NR NR

(29.1)

71 TPP1 €.729C>G/ F243L/ Missense/in AR C. Het SIFT (0.048/-), MT (1/-) NR/ Novel/
€1231_ G411dup frame dup NR Novel
1233dup

74 ARSA c.736C>T rs74315470 R246C Missense AR Hom SIFT (0.002), PP2 (1), CADD  0.0008 P

(26.3)
75 CLN6 c.393G>T K131N Missense AR Hom SIFT (0.144), MT (1) NR Novel

Abbreviations: AA = amino acid; AD = autosomal dominant; AF = allele frequency in gnomAD database; AR = autosomal recessive; CADD = combined
annotation-dependent depletion; C.Het = compound heterozygous; dup = duplication; Hemi = hemizygous; Het = heterozygous; Hom = homozygous; Hp =
heteroplasmy; LP = likely pathogenic; MT = MutationTaster2; NR = not reported; P = pathogenic; Pt = patient; PP = PolyPhen-2; SIFT = sorting intolerant from

tolerant; XLR = X-linked recessive.

samples.16 There has been a dramatic change in the genetic
landscape of hereditary WMDs after the widespread imple-
mentation of NGS-based diagnostic testing. According to the
earlier literature, almost 25% of the cases were constituted by
MLD, ALD, PMD, and mitochondrial diseases.’ Later, many
disorders were included under the term gLE.l’2 In a surveil-
lance of children with progressive intellectual and neurologic
deterioration with WMDs in the United Kingdom, 349 and
454 children were diagnosed to have LDs and gLE, re-
spectively. Mucopolysaccharidosis, GM1 and GM2 ganglio-
sidoses, and mitochondrial disorders constituted most of the
gLE.10 In 104 Indian families, mitochondrial disorders were
foremost, identified in 20 families using various genetic tests.'®
In the recent study using NGS, MLD, Canavan disease, Tay-
Sachs disease, and ALD were the most frequent in the Iranian
population.” In our study also, disorders of myelin were the
most common, comprising predominantly MLD, PMD,
Krabbe disease, ALD, and PMLD. A notable finding in this
study was the emergence of leuko-axonopathies as the second
most common group of disorders, contributed by NCL
(CLNS, CLN6, CLN8, MESDS, and TPP1), Tay-Sachs disease
(HEXA), Pol Il-related leukodystrophies (POLR3B and
POLR3A), and hypomyelination with atrophy of the basal
ganglia and cerebellum (HABC, TUBB4A), which were earlier
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classified as hypomyelinating LD NCL, a prototype of
leuko-axonopathy, typically presents as progressive myoclonic
epilepsy (progressive cognitive decline, ataxia, multifocal my-
oclonus, and seizures), and its high proportion observed in our
cohort could be due to the referral bias because ours is a high
volume center for refractory epilepsy.”® Mitochondrial disor-
ders are another group of disorders that were also frequently
observed in our study, similar to another study from India.'®
The variability in the genetic spectrum observed in these
studies could be attributed to the methodological differences,
NGS pipelines, and the referral pattern.

Our cohort had a lower number of astrocytopathies [MLC1,
vanishing white matter disease (VWMD), and Aicardi-
Goutiéres syndrome (AGS)] and microgliopathies (CSFIR-
related disorders) without any leukovasculopathies. 1 patient
with Alexander disease was excluded because the diagnosis
was confirmed by targeted gene sequencing. Adult-onset LDs
were less frequent in this study, hence accounting for a smaller
number of microgliopathies and none in the leukovasculop-
athy group. In a recent study of young-onset dementia due to
genetic WMDs, most had pathogenic or novel variants in
NOTCHS3, causing cerebral autosomal dominant arteriopathy
with  subcortical infarcts and leukoencephalopathy
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Table 4 Genetic Spectrum of Patients With Variants of Uncertain Significance With Phenotype Match

Pt AA Variant

ID Gene Variant Refseq ID change type Inheritance Zygosity In silico predictions AF Clinvar

1 G/B1 C.677A>G rs781312706 N226S Missense XLD Het SIFT (0.731), PP (0), CADD 0.0175 LB
(10.58)

3 GJc2 c.251T7>G 184S Missense AR Hom SIFT (0), CADD (23.7), MT (1) NR Novel

4 C0Q2 c.1039A>G rs566845170 S347G Missense AR Hom SIFT (0.014), PP (0.1), CADD 0.0055 NR
(9.78)

8 PEX1 €.2308C>G/ rs751076530/__ Q770E/ Missense/ AR C.Het SIFT (0.848/0.32), PP (0.01/0),  0.0107 NR/NR

c.701G>A R234H missense MT (0.98/0)

15 SGSH €.613G>C G205R Missense AR Hom CADD (26.7), MT (1) NR NR

20 £/F2B3 ¢.1103C>T S368L Missense AR Hom SIFT (0.005), CADD (25.1), NR Novel
MT (1)

25 OPA1 c211CT rs368488165 R71C Missense AR Hom SIFT (0.013), CADD (24.5), 0.0047 B
MT (1)

28 POLRIC c.118T>G W40G Missense AR Hom SIFT (0), CADD (32), MT (1) NR Novel

29 (CSFIR  c.1852_1854del L618del Missense AD Het — NR Novel

41  POLR3B .2458A>G K820E Missense AR Hom SIFT (0.287), CADD (23), NR Novel
MT (1)

42 IDUA c.143C>G rs1362102709 A48G Missense AR Hom SIFT (0.029), MT (1) NR Novel

58 ISCA1 C.244G>T rs1324359474  V82F Missense AR Hom SIFT (0), CADD (23.6), 0.0004 NR
MT (1)

59 MSTO7 c.920G>A rs751943144 G307D Missense AR Hom SIFT (0.069), PP (0.98), 0.1042 NR
CADD (23.6), MT (1)

63 CLNS8 c.433G>T rs753439965 G145W Missense AR Hom SIFT (0.049), PP (1), 0.0004 NR
CADD (23.1), MT (1)

79 IBA57  c.802C>T/ R268C/ Missense/ AR C. Het SIFT (0/0), PP (-/1), CADD NR/ VUS/NR

c.738C>G N246K missense (-/25.7), MT (1/1) 0.0004

Abbreviations: AA = amino acid; AD = autosomal dominant; AF = allele frequency in gnomAD database; AR = autosomal recessive; B = benign; CADD =
combined annotation-dependent depletion; C.Het = compound heterozygous; del = deletion; Het = heterozygous; Hom = homozygous; LB = likely benign; MT
= MutationTaster2; NR = not reported; PP = PolyPhen-2; Pt = patient; SIFT = sorting intolerant from tolerant; VUS = variants of uncertain significance; XLD = X-

linked dominant.

(CADASIL), and only 1 patient had CSF1R-related disorders."”
These disorders are inherited in an AD fashion while three-
fourths in our study population had AR inherited disorders,
which might be accounted by the higher proportion of con-
sanguineous marriages. In addition, acquired causes for white
matter pathology such as vascular, primary progressive MS,
other inflammatory demyelinating disorders, and neoplasms
would be more common, thus decreasing the yield in adult
patients.””** Multifocal white matter lesions, calcifications, and
cysts are points favoring genetic leukovasculopathy. However,
lack of family history, similar clinical and radiologic picture in
small vessel disease, and less suspicion of genetic WMDs in
adults were the reasons why genetic testing was pursued less
often in adults. Due to their rarity, LDs and gLE can be difficult
to diagnose, especially in adults and in disorders with atypical
presentations.8

In our study, two-thirds of patients were diagnosed using CES
and the diagnostic yield of 61.6% for proband-only CES was
comparable with the results from another Indian study.*’

Neurology.org/NG

WES could further improve the diagnosis because the entire
protein-coding region is covered, as shown in a recent study.'®
In unresolved genetic WMDs, trios WES was able to achieve a
diagnosis in 42%.” A similar finding was observed in a small
cohort of hypomyelinating LD, wherein a diagnosis was
eluded by targeted gene sequencing for the PLP1 or LD panel
covering more than 100 genes, and trios WES could reveal a
diagnosis in more than half of the patients.*® Even with WES,
variants in noncoding parts of the gene and noncoding RNAs,
and CNVs, are missed.” The results could further improve
with WGS, where the diagnostic yield was found to be 75% in
an Iranian cohort.'” CES used in our study had a coverage of
only 6,000-8,000 genes, thus missing out on ultrarare genetic
causes of WMDs. These studies, including ours, support the
recommendation of CES/WES as a first-tier investigation in
genetic WMD?® and should be commenced immediately, as
shown in a randomized controlled trial wherein the time to
achieve a diagnosis was shorter with a much better yield in the
genome sequencing compared with the standard approach.31
Still, one-third of patients may remain undiagnosed, and in
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Figure 2 Upper Panel: Types of Variants in the Study Population Lower Panel: Spectrum of Leukodystrophy and Genetic

Leukoencephalopathy

A. Types of pathogenic variants (n = 40)

D. spectrum of leukodystrophy (n = 31)
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B. Types of likely pathogenic variants (n = 13)
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ALD = adrenoleukodystrophy; ALSP = adult-onset leukoencephalopathy with axonal spheroids and pigmented glia; CNV = copy number variant; HLD =

hypomyelinating leukodystrophy; IEM =

inborn errors of metabolism; MLC = megalencephalic leukoencephalopathy with subcortical cysts; MLD = meta-

chromatic leukodystrophy; n = number; NCL = neuronal ceroid lipofuscinosis; PMLD = Pelizaeus-Merzbacher-like disease; PMD = Pelizaeus-Merzbacher

disease; VUS = variants of uncertain significance.

them, WGS in the research setting has been proven useful to
decipher ultrarare variants and novel genes.s’16

Accurate and early diagnosis has potential therapeutic impli-
cations in these devastating disorders—enzyme replacement
therapy in Fabry disease and TPP1 deficiency; hematopoietic
stem cell transplantation in the early stages of cerebral ALD,
ALSP, and juvenile and adult MLD, and Krabbe disease; and
Janus kinase inhibition in AGS.> These treatments are
beneficial only when they are given early; hence, a conven-
tional stepped diagnostic approach, a time-consuming ordeal,
is now replaced by NGS in many centers. Devising treatment
strategies is an unmet need, and to boost the research, more
information is needed on the prevalence of these conditions."
Accurate case definitions and classification are extremely im-
portant for designing research studies and epidemiologic
surveys in LDs and gLE; a lack of adherence leads to variable
results. In this study, we have used the latest classification for
genetic WMDs."? Although this categorization looks simple
and straightforward, immediate consensus emerged for only
10 of 91 disorders to be classified under LDs, even among
experts in this field.' When newer concepts on the molecular
basis and neuropathologic evidence emerge, the disease
classification is bound to change. Some of these disorders have
complex biology; hence, exact categorization might be chal-
lenging.® We were also met with the predicament of categorizing
October 2024
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a few disorders—LD related to cerebral folate deficiency
(FOLIR), Sjogren-Larsson syndrome (ALDH3A2), Cockayne
syndrome (ERCC8), Charcot-Marie-Tooth disease 4] (FIG4),
and spastic paraplegia 84 (PI4KA)—into any specific sub-
category because these disorders were not mentioned in the van
der Knaap classification.” After analyzing the radiologic findings
and categorization of the closely related disorders, we assigned
them to the most suitable category.

In this study, we were able to achieve a genetic diagnosis in
two-thirds of patients with genetic WMDs with proband-only
CES. We had diligently looked into neuroimaging patterns
and genetic profiles and subclassified various conditions into
different categories as per the latest classification, one of the
few studies to have adopted this scheme. There are a few
limitations in this study. The first and foremost is the retro-
spective data collection, which does not reflect the actual
number of cases because CES was not pursued in all suspected
genetic WMDs. We have also excluded patients when an MRI
scan was not available for review or when a proper radiology
report was unavailable. Sometimes, patients were diagnosed
only on the basis of MRI, enzyme assay, pathology, or targeted
gene sequencing, and they were excluded. Because of these
reasons, the distribution of LDs and gLE does not reflect the
actual prevalence in our population but represents the con-
ditions identified by CES. Another limitation is the lack of
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Figure 3 Classification and Distribution of Genetic White Matter Disorders

L Pathogenle M Likelypathogenic M Variant ofuricertaimsignificance OMIM diagnosis

Hypomyelination PLP1 ; %) : : Pelizaeus-Merzbacher disease

Gjc2 I 2 : Pelizaeus-Merzbacher-like disease

FIG4 [l 1 : Charcot-Marie-Tooth disease, type 4J

DEGST [ 1 : Leukodystrophy, hypomyelinating, 18
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ABCD1 ' I 3 : Adrenoleukodystrophy
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Myelin L2HGDH i 3 L-2-hydroxyglutaric aciduria
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MT-ND3 il Mitochondrial complex 1 deficiency

suox 1 Sulfite oxidase deficiency
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GJB1 w1 Charcot-Marie-Tooth neuropathy, X-linked
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MOCS1 I 1 Molybdenum cofactor deficiency A

IBAS7 I 1 Multiple mitochondrial dysfunctions syndrome 3

coQ2 I 1 Coenzyme Q10 deficiency, primary
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ISCAT 1 Multiple mitochondrial dysfunctions syndrome 5
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Astrocytopathy mLC1 | 2 : Megalencephalic leukoencephalopathy with subcortical cysts1
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axonopathy CIN5 : : ' 4 Ceroid lipofuscinosis, neuronal, 5
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CLN6 I 3 : Ceroid lipofuscinosis, neuronal, 6A

POLR3B _ 2 Leukodystrophy, hypomyelinating, 8 (POL-lI related)

CLN3 1 Ceroid lipofuscinosis, neuronal, 3

MFSD8 1 : : Ceroid lipofuscinosis, neuronal, 7

CLN8 _ 1 : Ceroid lipofuscinosis, neuronal, 8

SGSH I 1 : : Mucopolysaccharidosis type IlIA (Sanfilippo A)

IDUA T 1 Mucopolysaccharidosis type |

TUBB4A I 1 _ v Leukodystrophy, hypomyelinating, 6

POLR3A I 1 : : Leukodystrophy, hypomyelinating, 7 (POLIII-related)

POLR1C _ 1 : : Leukodystrophy, hypomyelinating, 11

PEX1 _ 1 i Peroxisome biogenesis disorder

SLC17A5 1 : : Salla disease
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PI4KA _ 1 : : : Spastic paraplegia 84

Microgliopathy  Cser WS MMM 2 Leukoencephalopathy, difiuse hereditary, with spheroids
0 1 2 3 4

Number of patients (n = 68)

MELAS = mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes; n = number; OMIM = Online Mendelian Inheritance in Man.
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Sanger sequencing of parents to ascertain the de novo status
of heterozygous variants and the segregation of compound
heterozygous variants. Lack of feasibility for functional studies
hindered further classification of VUS, which could have
predicted a better diagnostic yield. Not all protein-coding
regions were sequenced in CES, for which WES was required.

This cohort identified by CES was clinically and genetically
diverse, and myelin disorders and leuko-axonopathies topped
the list. Neuronal ceroid lipofuscinosis and mitochondrial
disorders were the most prominent groups of disorders
among genetic leukoencephalopathy. Our study confirms the
high diagnostic utility of proband-only CES in the evaluation

of genetic WMDs and should be considered as a first-line
investigation for genetic diagnosis.
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