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Abstract
Neurodegenerative disorders and leukodystrophies are progressive neurologic 
conditions that can occur following the disruption of intricately coordinated 
patterns of gene expression. Exome sequencing has been adopted as an effec-
tive diagnostic tool for determining the underlying genetic etiology of Mendelian 
neurologic disorders, however genome sequencing offer advantages in its abil-
ity to identify and characterize copy number, structural, and sequence variants 
in noncoding regions. Genome sequencing from peripheral leukocytes was per-
formed on two patients with progressive neurologic disease of unknown etiol-
ogy following negative genetic investigations including exome sequencing. RNA 
sequencing from peripheral blood was performed to determine gene expression 
patterns in one of the patients. Potential causative variants were matched to the 
patients’ clinical presentation. The first proband was found to be heterozygous 
for a likely pathogenic missense variant in PLA2G6 (c.386T>C; p.Leu129Pro) 
and have an additional deep intronic variant in PLA2G6 (c.2035-926G>A). RNA 
sequencing indicated this latter variant created a splice acceptor site leading to 
the incorporation of a pseudo-exon introducing a premature termination codon. 
The second proband was heterozygous for a 261 kb deletion upstream of LMNB1 
that included an enhancer region. Previous reports of copy number variants span-
ning this region of cis-acting regulatory elements corroborated its pathogenicity. 
When combined with clinical presentations, these findings led to a definitive di-
agnosis of autosomal recessive infantile neuroaxonal dystrophy and autosomal 
dominant adult-onset demyelinating leukodystrophy, respectively. In patients 
with progressive neurologic disease of unknown etiology, genome sequencing 
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1   |   INTRODUCTION

Neurodegenerative disorders are a subset of progressive 
neurologic conditions characterized by dysfunction and 
death of select populations of neurons through proteo-
toxic stress and abnormalities in ubiquitin–proteasomal 
as well as autophagy-lysosomal systems, oxidative stress, 
programmed cell death, and neuroinflammation (Dugger 
& Dickson, 2017). Similarly, leukodystrophies cause pro-
gressive neurologic disease through the degeneration of 
white matter, with cells involved in the axon–glia unit 
such as oligodendrocytes, astrocytes, ependymal cells, and 
microglia being specifically affected (Köhler et al., 2018).

The advent of next-generation sequencing has allowed 
a comprehensive interrogation of relevant genes, reveal-
ing pathogenic variants in hundreds of genes that un-
derly fundamental neuronal and white matter pathways. 
Exome sequencing performed in a large cohort across a 
range of clinical indications identified a definitive diag-
nosis for 31% for disorders of the central nervous system 
(Retterer et al.,  2016). A more recent study reported a 
diagnostic yield of 40% among a diverse group of neu-
rologic disorders when exome sequencing is undertaken 
(Córdoba et al.,  2018). However, because this molecular 
testing focuses on the coding portion of the genome, it 
fails to detect noncoding variants beyond the canonical 
splice sites. Evidence has accumulated from genome and 
transcriptome sequencing that pathogenic mutations in 
over 75 disease-associated genes occur in deep intronic 
regions, often due to pseudo-exon inclusion or changes in 
regulatory element splicing (Vaz-Drago et al., 2017).

Genome sequencing offers a greater breadth of cover-
age and thus is better equipped to identify and character-
ize copy number, structural, and sequence variants. In a 
study where participants with undiagnosed disease un-
derwent exome sequencing followed by genome sequenc-
ing, 33% of diagnoses were missed by exome sequencing, 
and of these, 87% had copy number variants or noncod-
ing variants identified by genome sequencing (Burdick 
et al., 2020).

Here, we present two study participants with progres-
sive neurologic diseases of unknown etiology who were 
found to have novel pathogenic noncoding variants in the 
genes PLA2G6 and LMNB1, both of which were discov-
ered through whole-genome sequencing.

2   |   MATERIALS AND METHODS

2.1  |  Ethical compliance

This study was approved by the local Institutional Review 
Board at the University of Miami, USA. Clinical data 
and biological material were collected, stored, and used 
according to procedures in accordance with the ethical 
standards of the declaration of Helsinki protocols.

2.2  |  Participants

Participants were recruited for evaluation through the 
Undiagnosed Disease Network (UDN) at the University 
of Miami clinical site. Informed consent was obtained for 
NIH-UDN protocol (15-HG-0130) from the affected indi-
viduals, or parents where appropriate.

2.3  |  Genome and RNA sequencing

Genome sequencing was performed using genomic DNA 
obtained from leukocytes. Trio-genome analysis was per-
formed for proband 1, and single-genome testing was 
performed for proband 2. The sequencing was performed 
at Baylor Genetics as part of UDN workflow. Briefly, the 
library was prepared using the KAPA Hyper Prep kit and 
the Illumina NovaSeq 6000 platform for 150 bp paired-end 
reads was used for sequence analysis. Average sequenced 
coverage over the genome was >40X, >97.5% target base 
was covered at >20X and SNP concordance to genotype 
array was >95%.

Genome sequencing data processing, sequence align-
ment to GRCh37/hg19, variant filtering and prioritiza-
tion by allele frequency, predicted functional impact, and 
inheritance models were performed for both probands 
using Genesis 2.0 genome analysis software according 
to standard protocols (DePristo et al.,  2011; McKenna 
et al., 2010). CNVnator was used for copy number variant 
detection. Candidate variants were prioritized based on 
the probands’ clinical phenotype and confirmed by Sanger 
sequencing.

RNA sequencing was performed for proband 1 at Baylor 
Genetics as previously described (Murdock et al.,  2021). 

with the addition of RNA analysis where appropriate should be considered for 
the identification of causative noncoding pathogenic variants.
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Briefly, a specimen of whole blood was processed using an 
Illumina stranded, polyA-tailed kit then multiplexed and 
subjected to 150 bp paired-end sequencing with approx-
imately 30–50 million reads. Fastq files were aligned to 
the GRCh37/hg19 reference sequence using STAR-2.6.1b 
in 2-pass mode, and duplicates were marked with Picard. 
Gene count quantification for total RNA was performed 
using the GeneCounts function within STAR against the 
GENCODE v19 transcript file. RSEM was run with the 
STAR aligner to create fragments per kilobase of transcript 
per million mapped reads value (Bademci et al., 2020).

3   |   RESULTS

3.1  |  Clinical phenotype of proband 1

Proband 1 is a 5-year-old male with developmental delays 
beginning at 12 months of age. A neurologic assessment 
when he was 19  months old observed hypotonia in ad-
dition to worsening motor and speech delays. In-home 
therapies failed to lead to sustained improvements over 
the ensuing months. He was also found to have monocu-
lar esotropia of the right eye and bilateral hyperopia upon 
ophthalmologic evaluation.

At 2 years of age, he had developmental regression as 
well as postural dystonia. He could no longer sit with as-
sistance or scoot. He was also observed to have oropharyn-
geal dysphagia and failure to thrive. A gastrostomy tube 

was placed to encourage weight gain through nutritional 
supplementation.

Brain MRI demonstrated edema with restricted dif-
fusion symmetrically in the bilateral caudate nuclei and 
putamen, and likely involving the bilateral thalami with 
moderate cerebellar hemisphere and vermian volume loss 
(Figure  1a). Electromyography with nerve conduction 
study demonstrated a primary axonal motor neuropathy 
with evidence of ongoing denervation.

The proband required the use of a wheelchair at 
4 years of age. He could no longer support his head or use 
his hands. He had lost the ability to babble, and instead of 
using his eye gaze to make choices. He was also diagnosed 
with severe obstructive sleep apnea requiring treatment 
with bilevel positive airway pressure.

The etiology of his condition remained unknown de-
spite biochemical and molecular genetics testing that was 
performed prior to his enrolling in the UDN and which 
included chromosomal microarray, fragile X analysis, as 
well as exome and mitochondrial sequencing, both in 
muscle and blood that was reported as normal.

3.2  |  Identification of novel deep 
intronic variant

Proband 1 was enrolled in the UDN at age 4. His evalua-
tion consisted of reviewing past medical records, obtain-
ing a complete medical and family history, performing a 

F I G U R E  1   Brain MRI images of probands. Proband 1 (A.a) Axial T2W scans demonstrate diffuse increased signal abnormality within 
bilateral caudate and putamen and probable involvement of bilateral thalami with relative sparing of globus pallidus (A.b) Moderate 
cerebellar atrophy with prominence of cerebellar folia on axial T2W image through the level of posterior fossa. Proband 2 (B.a) Axial 
T2W and FLAIR images show extensive bilateral white matter signal hyperintensities. Basal ganglia were spared (not shown). (B.b) Axial 
T2W scans demonstrate increased signal within the bilateral internal capsules, and midbrain, including cerebral white matter. Middle 
cerebellar peduncles, pons, and medulla were also involved (not shown). (B.c) Axial T2W and FLAIR images reveal right inferior cerebellar 
encephalomalacia presumed to be due to prior vascular insult
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physical examination and trio genome and transcriptome 
sequencing. Trio genome sequencing of proband 1 revealed 
that both the proband and his unaffected mother were 
heterozygous for the PLA2G6 (NM_003560.4: c.386 T > C; 
p.Leu129Pro) variant in exon 3. This variant was found to 
have 6 prior entries in ClinVar with conflicting interpreta-
tions of pathogenicity. We interpret the variant as likely 
pathogenic based on ACMG criteria (Richards et al., 2015; 
Table S1). A second variant was found in the deep intronic 
region of PLA2G6 (NM_003560.4: c.2035-926G>A) and 
interpreted as likely pathogenic (Table S2). Proband 1 and 
his unaffected father were both heterozygous for this vari-
ant, which is absent in the Genome Aggregation Database 
and predicted by multiple splice site prediction algorithms 
to create a splice acceptor site (Table S2 and S3).

RNA sequencing demonstrated the c.2035-926G  >  A 
variant generates a 145 base pair pseudo-exon with a pre-
mature stop codon within the pseudo-exon (Figure  2a) 
and activates a cryptic donor gc splice site that is also used 
for alternative transcripts PLA2G6–236 and PLA2G-237 
(Figure 2b).

The presence of the premature stop codon within the 
pseudo-exon is predicted to trigger nonsense-mediated 
decay. Nevertheless, the transcript containing the pseudo-
exon was detected after performing RNA sequencing, 
though at reduced levels when compared to controls 
(Figure  2c). This suggests that the nonsense-mediated 
decay occurred but was incomplete. On the basis of these 
data, the c.2035-926G>A variant was re-interpreted as 
likely pathogenic.

PLA2G6 encodes iPLA2B, a group of VIA calcium-
independent A2 phospholipases that are essential for 
maintaining cell membrane integrity. Pathogenic vari-
ants in PLA2G6 underlie infantile neuroaxonal dystrophy 
(INAD; OMIM #256600), which follows an autosomal 
recessive inheritance pattern and is characterized by pro-
gressive neurodegeneration starting in the first or second 
year of life that includes developmental delay, progressive 
motor, and intellectual deterioration, and marked hypoto-
nia (Khateeb et al., 2006).

The identification of biallelic, likely pathogenic vari-
ants in PLA2G6 led the UDN to assign a definitive diagno-
sis of infantile neuroaxonal dystrophy to proband 1.

3.3  |  Clinical phenotype of proband 2

Proband 2 is a 47-year-old male who first presented with 
action tremors at age 42 that impaired his activities of 
daily living. He also demonstrated subtle evidence of cog-
nitive decline. Over the ensuing 2 years, his walking speed 
decreased and showed signs of inattention and general-
ized apathy.

Brain MRI showed diffuse abnormal confluent white 
matter lesions involving the cerebrum as well as abnormal 
signal in the brainstem and cerebellar peduncles, thinning 
of corpus callosum, and right inferior cerebellar enceph-
alomalacia, presumed to be due to an old vascular insult 
Figure 1b).

The patient’s cognitive decline progressively worsened, 
and he became unable to ambulate. He then developed 
pneumonia, which led to a prolonged hospitalization 
during which he was mechanically ventilated, however, 
he has since recovered and is at home.

He had extensive biochemical testing as well as a leu-
kodystrophy gene panel, exome sequencing, and mito-
chondrial sequencing performed prior to his enrollment 
in the UDN. However, these results were non-diagnostic 
and the cause of his condition remained unclear.

3.4  |  Identification of novel 
upstream deletion

Proband 2 enrolled in the UDN at age 46. His evaluation 
included the review of prior health records, obtaining a 
complete medical and family history, and singleton ge-
nome sequencing, as neither of his parents were available 
to participate.

A 261  kb heterozygous deletion was detected during 
CNV analysis that mapped to chr5:125844053–126,105,052 
(GRCh37/hg19), which is upstream of LMNB1. The dele-
tion was observed to overlap with previously reported de-
letions upstream of LMNB1 that involved the cis-acting 
regulatory elements, in particular a putative enhancer 
region (Figure 3). In each of these published cases, dele-
tions overlapping this LMNB1 enhancer region produced 
the phenotype associated with autosomal dominant 
adult-onset demyelinating leukodystrophy with later-
onset autonomic dysfunction (Giorgio et al., 2015; Mezaki 
et al., 2018; Nmezi et al., 2019).

LMNB1 encodes lamin B, a component of the in-
terphase nuclear lamina, which is required to main-
tain nuclear shape and mechanical integrity (Goldman 
et al.,  2002). Pathogenic variants in LMNB1 have been 
shown to cause autosomal dominant adult-onset demy-
elinating leukodystrophy (ADLD; OMIM #169500). This 
disorder is a slowly progressive leukoencephalopathy with 
an onset in the fourth and fifth decade of life that pro-
duces pyramidal and cerebellar dysfunction with symmet-
ric demyelination of the central nervous system (Padiath 
et al., 2006).

Based on the identification of this heterozygous 
261 kb deletion overlapping a minimum critical region in 
LMNB1, the UDN assigned a definitive diagnosis of adult-
onset demyelinating leukodystrophy to proband 2.



      |  5 of 9BORJA et al.

4   |   DISCUSSION

In this study, we identified novel noncoding variants 
in the genes PLA2G6 and LMNB1 that are associated 
with progressive neurologic disorders, namely infantile 

neuroaxonal dystrophy and autosomal dominant adult-
onset demyelinating leukodystrophy, in two previously 
undiagnosed individuals.

Proband 1 was found to be compound heterozygous for 
a missense variant and a pseudo-exon splice site acceptor 

F I G U R E  2   Molecular studies. (a) The PLA2G6(NM_003560.4): c.2035-926G>A is a single nucleic acid substitution that creates a splice 
site acceptor gain site. As a consequence, a pseudo-exon 145 base pairs in length is incorporated into the transcript. A premature stop codon 
within the pseudo-exon is anticipated to produce nonsense-mediated decay of the mRNA transcript. (b) Pseudo-exon donor site found to be 
active in two other PLA2G6 transcripts based on information in Ensembl GRCh37/hg19. (c) Relative expression of PLA2G6 in whole blood 
of proband 1 found to be reduced when compared to controls as measured by PLA2G6 mRNA read counts normalized to total transcriptome 
exonic reads. Mean of three controls ± SD shown in graph
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in PLA2G6 after performing genome sequencing followed 
by mRNA analysis. A very recently published study has 
established the potential pathogenicity of a similar deep 
intronic variant in PLA2G6 that alters the splice site ac-
ceptor leading to the inclusion of a pseudo-exon in the 
transcript (Cavestro et al., 2021). Having identified a pre-
mature stop codon within the pseudo-exon suggests that 
the transcript would undergo nonsense-mediated decay. 
This is further supported by reduced read counts of the 
transcript containing the pseudo-exon on RNA sequenc-
ing when compared to control samples and normalized 
for exonic reads (Figure 2c). However, the detection of the 
transcript also indicates that its nonsense-mediated decay 
is incomplete.

The activation of a cryptic donor gc splice site instead 
of typical gt sequence has been well described in other 
genes (Burset et al., 2000), and in this case, was confirmed 
through mRNA analysis. Interestingly, two alternative 
PLA2G6 transcripts were found through Ensembl to use 
this donor gc splice site.

These sequencing results confirm the diagnosis of 
infantile neuroaxonal dystrophy, which is consistent 
with the patient’s presentation and disease progression. 
The findings also have prognostic value for the patient 
and may have future therapeutic implications as anti-
sense oligonucleotide-based treatments continue to be 
developed that are able to modulate pre-mRNA splicing 
(Mezaki et al., 2021; Rigo et al., 2014).

Genome sequencing also revealed that Proband 2 was 
heterozygous for a deletion upstream of LMNB1 that 
overlaps a recently described minimum critical region of 
~167 kb required for disease causation (Nmezi et al., 2019). 
Prior reports have shown that both duplications and de-
letions upstream of LMNB1 disrupt the function of the 

gene’s cis-acting regulatory elements, leading to elevated 
mRNA expression of the gene and subsequent lamin B1 
overproduction, demyelination, and the characteristic 
phenotype of a slowly progressive leukoencephalopathy 
with an onset in the fourth and fifth decade of life (Giorgio 
et al.,  2015; Mezaki et al.,  2018). The patient’s presenta-
tion closely matched the described disease course among 
individuals with upstream deletions as he exhibited au-
tosomal dominant adult-onset leukodystrophy with later-
onset dysautonomia.

Progressive neurologic disease involves genes with 
highly variable transcripts whose expression is tightly 
regulated based on developmental and tissue-specific 
contexts. Alternative splicing has been shown to play a 
critical role for the central nervous system, which depends 
on a large repertoire of proteins to generate its complex 
neural circuits (Carvill & Mefford, 2020; Yan et al., 2015). 
Enhancers similarly regulate functional diversity across 
different classes of neuronal cells through intricate con-
trol of transcript expression (Carullo & Day,  2019). As 
such, noncoding variants beyond canonical splice sites 
can be expected to contribute significantly to the patho-
genesis of neurologic disease.

Conventional stepwise strategies for genetic testing, 
such as chromosomal microarray followed by targeted 
next-generation sequencing panels, are often costly, time-
consuming, and less likely to yield a molecular diagnosis 
when compared to exome sequencing. Recent longitudinal 
studies have further demonstrated that genome sequenc-
ing has a greater diagnostic yield than exome sequencing, 
as it can identify key types and regions of disease-causing 
genomic variation such as copy number variants, struc-
tural variants, and intronic sequence variants (Burdick 
et al., 2020; Lionel et al., 2018).

F I G U R E  3   A 261 kb copy number variant was discovered at chr5:125844053-126105052, upstream of LMNB1 as depicted. The deletion 
overlies a putative enhancer region for LMNB1 and five prior patients who are heterozygous for deletions overlying this area have been 
reported in the literature and share the autosomal dominant adult-onset demyelinating leukodystrophy phenotype (this is based on 
information from the UCSC genome browser assembly GRCh37/hg19)
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The ACMG has recently released new guidelines that 
recommend exome or genome sequencing as a first- or 
second-tier test for pediatric patients with congenital 
anomalies, developmental delays, and intellectual disabil-
ities (Manickam et al., 2021). The authors note that the ad-
vantage of exome and genome sequencing with respect to 
cost-effectiveness and clinical utility are greatest when or-
dered early in the diagnostic evaluation. We believe these 
patients with novel noncoding variants in PLA2G6 and 
LMNB1 illustrate the value of proceeding with genome se-
quencing, as well as RNA analysis when needed, to arrive 
at a definitive diagnosis.

5   |   CONCLUSION

In patients with progressive neurologic disease of un-
known etiology, genome sequencing with the addition 
of RNA analysis where appropriate should be considered 
for the identification of causative noncoding pathogenic 
variants.
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