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A B S T R A C T   

Background: LBSL is a mitochondrial disorder caused by mutations in the mitochondrial aspartyl-tRNA synthetase 
gene DARS2, resulting in a distinctive pattern on brain magnetic resonance imaging (MRI) and spectroscopy. 
Clinical presentation varies from severe infantile to chronic, slowly progressive neuronal deterioration in ado
lescents or adults. Most individuals with LBSL are compound heterozygous for one splicing defect in an intron 2 
mutational hotspot and a second defect that could be a missense, non-sense, or splice site mutation or deletion 
resulting in decreased expression of the full-length protein. 
Aim: To present a new family with two affected members with LBSL and report a novel DARS2 mutation. 
Results: An 8-year-old boy (Patient 1) was referred due to headaches and abnormal MRI, suggestive of LBSL. 
Genetic testing revealed a previously reported c.492 + 2 T > C mutation in the DARS2 gene. Sanger sequencing 
uncovered a novel variant c.228-17C > G in the intron 2 hotspot. Family studies found the same genetic changes 
in an asymptomatic 4-year-old younger brother (Patient 2), who was found on follow-up to have an abnormal 
MRI. mRNA extracted from patients’ fibroblasts showed that the c.228-17C > G mutation caused skipping of 
exon 3 resulting in lower DARS2 mRNA level. Complete absence of DARS2 protein was also found in both 
patients. 
Summary: We present a new family with two children affected with LBSL and describe a novel mutation in the 
DARS2 intron 2 hotspot. Despite findings of extensive white matter disease in the brain and spine, the proband in 
this family presented only with headaches, while the younger sibling, who also had extensive white matter 
changes, was asymptomatic. Our in-vitro results confirmed skipping of exon 3 in patients and family members 
carrying the intron 2 variant, which is consistent with previous reported mutations in intron 2 hotspots. DARS2 
mRNA and protein levels were also reduced in both patients, further supporting the pathogenicity of the novel 
variant.   

1. Introduction 

Leukoencephalopathy with brainstem and spinal cord involvement 
and lactate elevation (LBSL; MIM 611105) is a rare autosomal recessive 
disease caused by mutations in the DARS2 gene [1]. At least fifty DARS2 
mutations have been identified worldwide [2], resulting in a broad 

clinical presentation. However, the most typical presentation is a mild, 
slowly progressive demyelinating disorder with characteristic magnetic 
resonance imaging (MRI) patterns involving the white matter, brainstem 
and spinal cord tracts. Elevated lactate levels are also present in the 
brain when studied by magnetic resonance spectroscopy (MRS) [3]. 
Most patients (88%) show clinical symptoms before 18 y, which include 
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ataxia, spasticity, and dorsal column dysfunction, without loss of 
cognitive abilities [4]. Current treatments for LBSL focus on supportive 
management, including physical therapy and rehabilitation to improve 
motor function and prevent contractures and scoliosis. Anti-seizure 
medication, speech therapy and special education are sometimes 
needed. There is no cure for LBSL [5]. 

DARS2 encodes mitochondrial aspartyl-tRNA synthetase (mtAspRS), 
which is responsible for the transfer of aspartic acid to its mitochondrial 
cognate tRNA. The deficiency of mtAspRS impairs mitochondrial protein 
translation affecting mitochondrial energy production and other mito
chondrial functions [6]. Most reported LBSL individuals harbor het
erozygous DARS2 mutations, with one of them being a splice site 
mutation in a hotspot in intron 2 that results in the exclusion of exon 3, 
leading to a frameshift, truncated, non-functional protein. These intron 
2 mutations are leaky, and result in the expression of both abnormal and 
normal mtAspRS, although recent studies have shown that some 
differentiated cells may only express transcripts without exon 3 [7]. 
Although these mutations in intron 2 will produce some functional 
DARS2 protein, when combined with a second, deleterious mutation, 
the amount of normal protein is not sufficient, leading to disease. Thus, 
the expression of functional mtAspRS is completely dependent on the 

allele with the intron 2 mutation [1]. 
In this study, we report a family with two affected siblings, diagnosed 

at 8 y and 4 y, in whom initial molecular testing identified only a pre
viously reported splicing mutation in intron 5, c.492 + 2 T > C. Addi
tional sequencing uncovered a novel mutation in intron 2, c.228-17C >
G. Fibroblast studies confirmed that the c.228-17C >G mutation leads to 
skipping of exon 3 and, in combination with c.492 + 2 T > C results in 
abnormal DARS2 mRNA and protein levels. 

2. Material and methods 

2.1. Study approval and subjects 

All human tissue-based experiments were approved by the Children’s 
Hospital of Orange County (CHOC) Institutional Review Board (IRB), 
IRB # 130990. Informed consent was obtained for all subjects. There 
was a total of four siblings in the family. Sibling 1, Sibling 2, and Patient 
1 are the product of a 28-week triplet pregnancy. Patient 2 is the 
younger brother of the triplets. There was no history of consanguinity; 
ancestry was mixed European and Ashkenazi Jewish. Both patients were 
diagnosed and followed by the Division of Metabolic Disorders at CHOC 

Fig. 1. Brain and spinal cord magnetic resonance imaging of Patient 1 at 4.9 y. Axial T2-weighted image shows focal and confluent signal abnormalities in the deep 
periventricular and subcortical white matter of both cerebral hemispheres sparing u-fibers, subtle signal hyperintensity in the posterior limb of the internal capsule (a 
& b). There is also signal abnormalities in the dorsal aspect of the medulla oblongata (c) and dorsal columns of the proximal cervical spinal cord (d). 
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Children’s Hospital. 

2.2. Genetic testing and Sanger sequencing 

Initial genetic testing was performed using a 300-gene leukodystro
phy panel in a certificated clinical laboratory (GeneDX, Gaithersburg, 
USA). The exonic regions and flanking splice junctions (− 13 to +6 
within the intron) of the genome were captured using a proprietary 
system and sequenced by massively parallel (NextGen) sequencing on an 
Illumina system with 100 bp or greater paired end reads. Reads were 
aligned to human genome build GRCh37/UCSC hg19 and analyzed for 
sequence variants using a custom-developed analysis tool. Sequence and 
copy number alterations were reported according to the Human Genome 
Variation Society (HGVS) and International System for Human Cytoge
netic Nomenclature (ISCN) guidelines, respectively. 

Sanger sequencing was used to confirm the results from the initial 
genetic testing and to uncover the second mutation in intron 2. Primers 
for sequencing were designed by Primer3 Input [8]. Primers for ampli
fying exon 3 were 5′-TTGCATGAATGTAACTAATGAAGGT-3′ and 5′- 
AGCTTACCCCAGCAATAGCA-3′, and exon 5 were 5′-TCTGAACA
CATCAGCCACATA-3′ and 5′-TTTCAGGACAGTGTGCCAAGA-3′ (Inte
grated DNA Technologies, Coralville, USA). The amplified fragments 
were Sanger sequenced (Retrogen Inc., San Diego, USA) and the results 
were analyzed by Sequencher® (V5.4.6, Gene Codes Corporation, Ann 
Arbor, USA). 

2.3. Cell culture 

Primary skin fibroblasts were derived from punch biopsies. The tis
sues were grown in tissue cultured-treated flasks in minimum essential 
medium (MEM) α (Gibco, Cat. 32,571,036, Waltham, USA) 

supplemented with 100 μM non-essential amino acids (NEAA) (Gibco, 
Cat. 11,140,050), 100 μg/mL Primocin (InvivoGen, Cat. ant-pm-1, San 
Diego, USA) and 15% fetal bovine serum (FBS) (HyClone™ FetalClone™ 
III Serum, Cytiva, Cat. SH30109.03, Marlborough, USA). Once cell 
cultures were established, the fibroblasts were maintained in Dulbecco’s 
modified eagle medium (Gibco, Cat.11966025) supplemented with 5 
mM glucose (Sigma, Cat. G8644, St. Louis, USA), 100 μM NEAA (Gibco, 
Cat. 11,140,050), 1 mM sodium pyruvate (Gibco, Cat. 11,360,070), 
antibiotic/antimycotic (Gibco, Cat. 15,240,062) and 10% FBS at 37 ◦C 
(growth medium) in 5% CO2 at 37 ◦C. Stocks of cells were cryopreserved 
in liquid nitrogen in a solution with 20% (V/V) FBS and 10% (V/V) 
dimethyl sulfoxide (Sigma, Cat. D2650). Cultured cells from control and 
family members were at similar passage number and had similar growth 
rate at the time of the experiments. 

2.4. RNA extraction and RT-PCR 

RNA was extracted using PureLink™ RNA Mini Kit (Invitrogen, Cat. 
12–183-018A, Waltham, USA) and samples were treated with Pure
Link™ DNase Set (Invitrogen, Cat. 12,185,010) to produce pure RNA. 
Two μg of RNA were reverse transcribed using the Superscript VILO 
cDNA synthesis kit (Invitrogen, Cat. 11,754,050). The exclusion of exon 
3 was analyzed by PCR using the Q5® Hot Start High-Fidelity 2× Master 
Mix (New England BioLabs, Cat. M0494S, Ipswich, USA), and the for
ward and reverse primers 5′- GAGGAGAATTCCAGAATTCAGTAG-3′ and 
5′- CTGTTGGCATTTTTGGATTCTC-3′, respectively. PCR products were 
visualized after 1 h electrophoresis at 140 V on 2% agarose gel. Sanger 
sequencing was performed in the PCR products to confirm the skipping 
of exon 3. 

Fig. 2. Brain and spinal cord magnetic resonance imaging of Patient 1 at 8.4 y. Axial T2-weighted image shows persistent focal and confluent signal abnormalities in 
the deep periventricular and subcortical white matter of both cerebral hemispheres sparing u-fibers, subtle signal hyperintensity in the posterior limb of the internal 
capsule (a & b). Previously seen signal abnormality in the dorsal aspect of the medulla oblongata and dorsal columns of the proximal cervical spinal cord 
demonstrated (d & e). New signal abnormalities identified in middle cerebellar peduncles (c) and bilateral pyramids (d). 
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2.5. Quantitative PCR 

RNA expression levels of DARS2 were measured using a CFX Connect 
Real-Time PCR Detection System (Bio-Rad Inc., Hercules, USA). Quan
titative PCR was performed via the DARS2 Taqman gene expression 
assay, Hs01016220_m1 (Thermo Fisher, Waltham, USA), spanning the 
exon 8 and 9 boundary and using actin beta as housekeeping gene. 
Samples were run in triplicate. Gene expression was quantified via the 
ΔΔCt method using Bio-Rad CFX Manager Software version 3.0 (Bio-Rad 
Inc). 

2.6. Western blot 

Fibroblasts were lysed in radioimmunoprecipitation assay buffer 
(Sigma, D2650-100ML) containing 1× HALT protease/phosphatase in
hibitor cocktail (Thermo Fisher, Cat. PI78442). The antibodies used 
were anti-DARS2 (Abcam, Cat. ab154606, Cambridge, USA; dilution: 
1:2000), anti-actin (Abcam, Cat. ab184220, dilution: 1:80,000), and 
horseradish peroxidase-conjugated anti-rabbit or -mouse IgG (H & L,) 
secondary antibody (Abcam, Cat. ab6721 & ab6728, dilution: 1:20,000). 
The signals were developed by SuperSignal Chemi-luminescent 

substrate (ThermoFisher, Cat. PI34577), and imaged on CL-Xposure film 
(ThermoFisher, Cat. PI34090,). The images were analyzed using ImageJ 
[9]. 

2.7. Statistical analysis 

Statistical analyses were performed by student’s t-test or one-way 
ANOVA as indicated in each figure legend. The accepted level of sig
nificant for all tests was P < 0.05. Statistics and graphs were performed 
by using Graphpad Prism 9® (GraphPad, San Diego, USA). 

3. Results 

3.1. Clinical reports of two LBSL patients 

Patient 1, male, was the 28-week product of a triplet pregnancy who 
remained in the neonatal intensive care unit (NICU) for three months 
and required patent ductus arteriosus ligation. Mild hydrocephalus, 
detected at two weeks, did not require shunting. After discharge from 
the NICU he had no significant illnesses. At 4.9 y a brain MRI, obtained 
due to headaches, showed mild prominence of the lateral ventricles with 

Fig. 3. Spinal cord magnetic resonance imaging (MRI) of Patient 1 at 9 y. MRI of the spine axial T2-weighted images show signal abnormality involving the lateral 
cortical spinal tracts (b) as well as the dorsal columns (c). This extends throughout the cervical and thoracic spine (a). Axial cuts (b & c) correspond to the yellow lines 
drawn in the sagittal view (a). 
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mild T2-hyperintensities in the deep periventricular and subcortical 
white matter (Fig. 1a & 1b), which were considered secondary to the 
patient’s perinatal complications. There were also abnormal T2- 
hyperintense signals in the dorsal aspect of the proximal cervical spi
nal cord (Fig. 1c & 1d). At 5.4 y the patient had an episode of transient 
loss of consciousness following a head trauma. A computed tomography 
(CT) scan was not concerning for acute lesions, and the patient fully 
recovered. The patient’s headaches remained mild and intermittent 
until age 8.4 y when headaches became more intense. A new MRI 
showed mild progression of the abnormal T2-hyperintensities within the 
supratentorial white matter with sparing of the subcortical U fibers with 
unchanged subtle signal hyperintensity in the posterior limb of the in
ternal capsule (Fig. 2a & 2b). There were no changes in the previously 
seen signal abnormalities in the dorsal columns of the proximal cervical 
spinal cord, however, new signal abnormalities were identified in mid
dle cerebellar peduncles and bilateral pyramids (Fig. 2c, d, & e). 

Due to the abnormal MRI, the patient was referred for a metabolic 
evaluation. The patient was intellectually normal, attended regular 
school with good performance, and had no significant findings in the 
physical exam. An MRI of the spine was obtained at 9 y and showed 
extensive signal abnormality involving the lateral cortical spinal tracts, 
as well as the dorsal columns throughout the cervical and thoracic spine 
(Fig. 3). 

Patient 2, the younger brother of Patient 1, was ascertained at 4 y of 
age after molecular testing was performed. Patient 2 had no history of 
head trauma. Physical exam and intellect were normal; however, a brain 
MRI obtained at 5.4 y showed abnormalities in the supraventricular and 
periventricular white matter as well as hyperintense signals in the pos
terior limbs of the internal capsule, the pyramids at the level of the 
medulla, and the dorsal columns of the spinal cord (Fig. 4 a-e). Addi
tionally, the MRI uncovered a cyst in the right ventricle, which has not 
been described in LBSL, and was interpreted as an incidental finding 
[10]. 

3.2. Clinical genetic testing and Sanger sequencing revealed a novel 
DARS2 mutation in LBSL patients 

Due to the abnormal MRI in Patient 1, a 300-gene leukodystrophy 
panel test was performed in a certified clinical laboratory, which un
covered a previously reported intron 5 mutation (c.492 + 2 T > C) in 
DARS2 inherited from mother, with a GnomAD frequency of 0.000335 
(47/140240), which was classified as pathogenic according to American 
College of Medical Genetics (ACMG) criteria (PS_A, PS1, PP4) [1,11]. 
However, no second mutation in DARS2 or any other gene was 
identified. 

Since most LBSL affected individuals are compound heterozygous for 
a splice defect in the mutational intron 2 hotspot [1,4], Sanger 
sequencing was performed in that region in the proband and family 
members uncovering a novel c.228-17C > G variant (Fig. 5b). In addi
tion, the common polymorphism, c.228-20 T > C, was present in cis with 
both the c.228–17C > G and the c.492 + 2 T > C variants. Because of 
this, both Patient 1 and Patient 2 were homozygous for the poly
morphism, while mother, father, and sibling 2 were heterozygous. Of 
note, the father and Sibling 1 were also heterozygous for c.228-20dupT, 
which was in trans to the c.228-20 T > C and c.228-17C > G. 

Subsequently, the clinical laboratory was contacted and, after 
sequencing the intron 2 hot spot region, confirmed the intron 2 variant, 
which was found to have ExAC frequency of 0.000008 (1/120908) and 
was classified as likely pathogenic according to ACMG criteria (PM2, 
PM3, PP4, PP) [11]. The laboratory also confirmed the presence of the 
c.228-20 T > C polymorphism as well as the c.228-20dupT variant, 
which was classified as likely benign as it has been seen frequently (817 
times) as homozygous in population cohorts [12]. 

Fig. 5a depicts the segregation of the mutations within the family 
with the identification of the second affected sibling (Patient 2). 

Fig. 4. Brain magnetic resonance imaging of Patient 2 at 5.4 y. Axial T2-weighted image shows focal and confluent signal abnormalities in the deep periventricular 
and subcortical white matter of both cerebral hemispheres sparing u-fibers, and subtle signal hyperintensity in the posterior limb of the internal capsule (a & b). 
Signal abnormalities seen in the middle cerebellar peduncles (c), dorsal aspect of the medulla oblongata (d), and dorsal columns of the proximal cervical spinal cord 
(e). Dilated posterior horn of the right lateral ventricle is shown with cerebrospinal fluid signal on all sequences, consistent with a cyst (b). 
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Fig. 5. Pedigree of two patients affected with leukoencephalopathy with brain stem and spinal cord involvement and lactate elevation (LBSL) and Sanger sequencing 
result of mutations. Family tree of the affected siblings. Open square, unaffected male. Solid square affected male. Black dot in the circles and squares, female carriers 
and male carrier. c.228-17C > G, newly discovered mutation in intron 2. c.492 + 2 T > C, previous reported mutation in intron 5 (a). Electropherogram of the Sanger 
sequencing of intron 2 and intron 5, show segregation of the mutations in the family (b). 
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3.3. Splicing abnormality and low gene expression in LBSL patients 

Analysis of a PCR amplified fragment from exon 2 to exon 4 showed 
that both patients had an extra band at 229 bp besides the normal ex
pected band at 296 bp, consistent with the skipping of the exon. More
over, the father and Sibling 2, who also carry the intron 2 mutation, 
showed a second smaller fragment (Fig. 6a & 6b). 

To further confirm exon 3 skipping in family members carrying the 
c.228-17C > G variant, cDNA obtained from fibroblasts of all family 
members was sequenced (Fig. 6c). The electropherograms showed 
multiple peaks within the exon 3 region in the two patients and the 
carriers of the intron 2 mutation (father and Sibling 2), indicative of the 
different mRNA transcripts due to the leaking effect of the intron 2 

mutation. 
As expected, both patients showed a moderate decrease in DARS2 

expression (F(6, 14) = 129.8; P < 0.0001) and reduced DARS2 protein 
content, while all carriers had a mildly reduced DARS2 gene expression. 
(Fig. 7a & 7b). 

4. Discussion 

LBSL is characterized in most affected individuals by slowly pro
gressive ataxia and spasticity with dorsal column dysfunction starting 
before 18 y. More than one hundred individuals with mutations spread 
throughout the DARS2 gene have been reported. Clinical presentation 
ranges from antenatal onset in patients harboring two severe mutations 

Fig. 6. Effects of the DARS2 mutations on mRNA splicing in a family affected with leukoencephalopathy with brain stem and spinal cord involvement and lactate 
elevation. RNA and protein were extracted from fibroblasts and RT-PCR was performed to obtain cDNA. Scheme for exon 3 skipping (a). The exclusion of exon 3 was 
visualized by PCR with primers amplifying a fragment from exon 2 to exon 4 (inverted image). The expected sizes of 296 bp (for the full transcript with exon 3) and 
229 bp (without exon 3) are shown (b). Electropherograms from Sanger sequencing confirmed lack of exon 3 in the two patients and the family members carrying the 
c.228-17G > C mutation (c). 
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[13] to a milder disease in patients with one severe and one “leaky” 
mutation in intron 2 [4], while no affected individuals have been 
described harboring two “leaky” mutations. 

Due to the unique combination of one severe and one “leaky” mu
tations, it is challenging to establish a clear genotype and phenotype 
correlation in patients with mild disease. However, a subgroup of pa
tients with a combination of the c.228-21_20delTTinsC together with 
c.455 G > T (n = 9), or with c.492 + 2 T > C (n = 11) consistently 
showed a mildly progressive neurological deterioration [4]. 

Like this subgroup, Patient 1 and Patient 2 have an intron 2 mutation 
in the hot spot, in combination with the c.492 + 2 T > C and present 
with a slowly progressive clinical course [4]. As previously reported by 
van Berge et al. [4], the common polymorphism c.228-20 T > C was also 
found segregating with the novel c.228–17C > G intron 2 variant. 

The two LBSL affected individuals presented here share the distinc
tive MRI pattern that has been reported in most LBSL patients [14]. Of 
note, initial MRI abnormalities in Patient 1 at 4.9 y and Patient 2 at 5.4 y 
were very similar, with characteristic brain leukodystrophy and signal 
abnormalities in the cerebellar peduncles, dorsal aspect of the medulla 
oblongata, and dorsal columns of the proximal cervical spinal cord. A 
follow-up MRI in Patient 1 showed mild progression of the disease in the 
brain and spine. This second MRI was obtained 3 years after Patient 1 
had a concussion. It is known that head trauma can contribute to pro
gression of the disease in patients with leukodystrophies [15,16], 
however it is not clear if the worsening MRI changes in Patient 1 are 
associated to head trauma or simply represent age-related disease pro
gression. Potentially follow-up MRI in the sibling, who has not experi
enced head trauma, could help answer this question. 

At the time of diagnosis, 8 y, Patient 1 presented only with a long 
history of headaches, which have not been described in a comprehensive 
review of 67 LBSL patients [2]. To our knowledge, there is only one 
report of a patient presenting with headaches and vision loss at age 9 y, 
who also had congenital cataracts. This patient had a splice site muta
tion in intron 2 (c.228-21_228-20delTTinsC), and a missense alteration 
in exon 5 (c.455G > T p.C152F), which significantly decreased dimer
ization of the wild-type enzyme [17], different from Patient 1. Of note, 
other patients with the above genotype have had a benign phenotype 
with no reported cataracts or headaches [4]. 

Patient 1 is currently 14 y and headaches have become less frequent 

and Patient 2, has not complained of headaches and remains asymp
tomatic at 9 y. Additionally several asymptomatic patients with LBSL 
and extensive lesions demonstrated in brain and spine have been re
ported [4,18]. Therefore, it is unclear whether headaches in Patient 1 
are indeed a clinical manifestation of LBSL. 

Genetic testing confirmed the presence of a c.492 + 2 T > C mutation 
in Patient 1 and Patient 2. This previously reported intron 5 defect re
sults in exon skipping without a frameshift and is the most common 
pathogenic variant reported in LBSL [5]. 

The reporting clinical laboratory did not identify the c.228-17C > G 
since the reporting boundaries were at − 13 and + 6 base pairs within the 
intron, while the novel mutation described here was deeper into intron 
2. Lack of complete coverage of intronic regions is a known limitation of 
any exome based genetic testing. Therefore, additional sequencing for 
the known intron 2 hot spot region should be offered by laboratories 
when a potential pathogenic variant is identified somewhere else in the 
gene. 

This novel mutation is in a stretch of C residues just upstream of exon 
3 and is predicted to affect the splicing of this exon, leading to a 
frameshift and the transcript of a truncated, non-functional protein 
[1,4]. PCR results shown here proved that this intron 2 mutation caused 
skipping of exon 3 and are consistent with the electropherograms 
showing a clear overlap of exon 3 and exon 4, in patients and carriers. As 
expected, the combined effect of both mutations resulted in low DARS2 
mRNA levels and absent protein content in Patients 1 & 2, which could 
be secondary to decay. This can also explain why Western Blot assay did 
not identify the mutated DARS2 protein with a smaller size in carriers 
[1]. 

Currently, there is no available treatment for LBSL. Palliative care is 
mostly focused on physical therapy and rehabilitation to maintain or 
improve motor function and prevent complications. While availability of 
genetic testing allows earlier diagnosis of the disease, further research is 
needed for a deeper understanding of pathophysiology and to develop 
potential treatments. 

In summary, we present a family with two affected children with 
LBSL with ambiguous clinical presentation despite extensive MRI ab
normalities and describe a new mutation in the intron 2 hotspot, proving 
its pathogenicity. 

Fig. 7. mRNA expression and protein content of the DARS2 mutations in a family affected with leukoencephalopathy with brain stem and spinal cord involvement 
and lactate elevation. DARS2 mRNA levels were assessed using the TaqMan qPCR assay and normalized by actin beta (a). DARS2 protein levels were measured using 
Western Blot. Bars represent mean ± standard error of mean. Parents were compared to a normal Adult Control, and Sibling 1 was used as a control for both patients 
and Sibling 2. ***P < 0.001; ****P < 0.0001; one-way ANOVA, followed by the post hoc Tukey test (b). 
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