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leukoencephalopathy with
subcortical cysts
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Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a rare
inherited cerebral white matter disorder in children. Pathogenic variations in the
causative gene MLCI are found in approximately 76% of patients and are inherited
in an autosomal recessive manner. In this study, we identified an 1VS2 + 1delG
variant in MLC1 in the firstborn girl of a pregnant woman who has the clinical
features of MLC, including macrocephaly, motor development delay, progressive
functional deterioration, and myelinopathy, whereas no obvious subcortical
cysts were observed by magnetic resonance imaging of the brain. The proband
is homozygous for the IVS2 +1delG mutation, which was inherited from the
parents. This variant disrupts the donor splice site, causing an abnormal transcript
that results in a premature termination codon and produces a truncated protein,
which was confirmed to affect splicing by MLC1 cDNA analysis. This variant was
also detected in family members, and a prenatal diagnosis for the fetus was
undertaken. Eventually, the couple gave birth to an unaffected baby. Furthermore,
we conducted a long-term follow-up of the proband’s clinical course. This report
improves our understanding of the genetic and phenotypic characteristics of MLC
and provides a new genetic basis for prenatal diagnosis and genetic counseling.

KEYWORDS

MLC, MLC1, leukodystrophy, splice mutation, clinical phenotype, prenatal diagnosis,
genetic counseling

1. Introduction

Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a rare inherited
cerebral white matter disorder characterized by early-onset macrocephaly and delayed-onset
neurological deterioration, including cerebellar ataxia, spasticity, epilepsy, and mild cognitive
decline (1, 2). Magnetic resonance imaging (MRI) of the brain shows evidence of severe white
matter involvement and cysts in the tips of the temporal lobes, as well as in the frontoparietal
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subcortical area (3). The disease is progressive and results in the
regression of motor and cognitive functions.

Two genes are associated with three types of MLC. Type 1 (OMIM
604004) is caused by a recessive mutation in MLCI (OMIM 605908),
type 2A (OMIM 613925) is caused by a recessive mutation in
HEPACAM (OMIM 611642), and type 2B (OMIM 613926) is caused
by a dominant mutation in HEPACAM. Biallelic pathogenic variants
in MLCI are observed in approximately 76% of individuals with MLC,
whereas pathogenic variants in HEPACAM are found in approximately
22% (1). This suggests there may be other related genes not
yet discovered.

The MLCI gene has been mapped to chromosome 22q13.33 (4,
5), which contains 12 exons, encodes 377 amino acids, and contains 8
transmembrane domains (6, 7). Over 100 mutations in MLCI have
been reported globally (HGMD® Professional 2023.4), most of which
occur throughout the coding and non-coding regions. All types of
mutations are included: missense and nonsense mutations (51%),
splice mutations (19%), deletions (14%), and insertions (6%) (HGMD).

In this study, we recruited a woman in early pregnancy whose
firstborn girl was clinically diagnosed with leukoencephalopathy
based on symptoms and brain MRI findings. In this family, a splicing
mutation was identified in MLC]I, which induces protein truncation
with a premature stop codon. A prenatal diagnosis was made for this
family, and clinical follow-up was performed for the proband and
second child.

2. Materials and methods
2.1. Clinical materials and participants

Patients and family members were recruited at the West China
Second University Hospital, and blood samples were obtained from
all participants. Genomic DNA was extracted from peripheral blood
according to the manufacturer’s instructions (CWBIO, Beijing,
China), and total RNA was isolated using the RNA Pure Blood Kit
(CWBIO). Clinical data were collected and evaluated by a
multidisciplinary team of geneticists, radiologists, obstetricians, and
pediatricians. The phenotypes of the individuals were longitudinally
and systematically evaluated. Studies involving human participants
were reviewed and approved by the Medical Ethics Committee of the
West China Second University Hospital, Sichuan University. Written
informed consent to participate in this study was obtained from
participants or their legal guardians.

2.2. Mutation identification and analysis

Exome sequencing of the target gene panel associated with
leukoencephalopathy was performed on the proband’s DNA sample
at Beijing Mygenostics Inc. (Beijing, P.R. China) using an Illumina
NextSeq 500 (Illumina, San Diego, CA, USA). The mutation was
confirmed by Sanger sequencing. All family members and 100
Chinese control samples were screened for this mutation. The primers
for Sanger sequencing can be provided upon request.

The mRNA transcription of MLCI was examined using reverse
transcription-polymerase chain reaction (RT-PCR) (PrimeScript™
RT reagent Kit, TaKaRa). The following were the primers used:
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forward (5’-AAC TGG TGA CAC GTG GCT GT-3'), reverse (5"-TTG
CTG ATG GGT TCA GGA CT-3’), or reverse (5"-ACT TCG TCC
AGA ATG TTG GC-3"). Both PCR and RT-PCR were performed in a
25-pL reaction, containing a 50 ng template, 12.5 pL Gold Taq Green
Master Mix (Promega, Madison, Wisconsin, USA), and 10 pmol/L of
each primer. The reactions were performed under the following
conditions: 95°C for 1.5min, 35 cycles at 94°C for 405, 60°C for 40s,
and 72°C for 40s, followed by a final extension at 72°C for 5 min. The
amplifiers were purified using the Wizard SV Gel and PCR Clean-Up
System (Promega), followed by direct sequencing on an ABI 3500
Genetic Analyzer (Applied Biosystems, Waltham, MA, USA), and the
data was evaluated using Chromas software (2.6.5). Alphafold 2! was
used to predict and analyze protein structure.

2.3. Prenatal diagnosis

Amniocentesis was performed at 19 weeks of gestation, according
to standard clinical operating procedures (8). Amniotic fluid was
extracted from the gravida for prenatal diagnosis to identify whether
the second fetus shared the mutation found in the proband. After
high-speed centrifugation (900 rcf, 8 min) of the amniotic fluid, the
supernatant was discarded and the bottom cell precipitate was
retained. DNA was extracted and sequenced, as described above. The
mother’s blood sample was collected in an EDTA vacutainer to
identify maternal cell contamination during prenatal diagnosis.

3. Results
3.1. Case presentation

A 29-year-old pregnant woman, gravida 2, para 1, was referred to
the Department of Medical Genetics and Prenatal Diagnosis Center
of West China Second University Hospital because her firstborn was
clinically suspected of having leukoencephalopathy. She and her
spouse were non-consanguineous, with no notable medical
conditions, and denied a family history of genetic diseases or a known
history of neurological disorders (Figure 1A). She was in her second
pregnancy at 12 weeks with no complications and had no notable
history in her first pregnancy.

The proband (firstborn), a 2-year-old girl, was born naturally at
full term and had a normal occipitofrontal circumference (OFC)
(33.5cm) and weight (3.2kg) at birth. Macrocephaly was observed
during her first year of life when she appeared with a large head
circumference (HC) (46 cm,>+3 SD) at 6 months of age [according to
the median HC (MHC) in Chinese girls (9)] and presented an HC of
48.5cm (>+3 SD, MHC: 43.5cm) at 8 months of age. At the age of
lyear and 3 months, her HC increased to 53.5cm (>+3SD, MHC:
45.9 cm; Figures 1B,C), whereas her height (75 cm) and weight (10kg)
were normal. Brain MRI at 13 months revealed swelling in the bilateral
cerebral cortex and diffuse signal abnormalities in the cerebral white
matter, showing a low signal on T1-weighted images and a high signal
on T2-weighted images, as well as fluid-attenuated inversion recovery

1 https://github.com/deepmind/alphafold
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FIGURE 1

Family pedigree and clinical features of the proband. (A) Family pedigree. The proband was noted to have a homozygous variant. Parents and
grandparents carried the heterozygous variant. The fetus carried the wild-type form of MLCI. (B) The appearance of the proband's head at 2 years of
age. (C) The curve of the HC of the proband. Macrocephaly was observed during her first year of life and her HC at 15 months was 53.5cm, > +3SD.
The early rapid growth of the head, crossing +3 SD at approximately 6 months, was followed only a few months later (at approximately 1year of age)

by a slow growth that parallels the median curve.

13months

FIGURE 2

observed in any section.

Brain magnetic resonance imaging (MRI) of the proband. (A) The brain MRI of the proband at 13 months. (B) Another image was taken at 3 years old.
The MRI revealed swelling in the bilateral cerebral cortex and diffuse signal abnormalities in cerebral white matter, showing a low signal on T1-
weighted images and a high signal on T2-weighted images, as well as in fluid-attenuated inversion recovery images. Subcortical cysts were not

images; however, subcortical cysts were not seen in all sections
(Figure 2A).

The proband also presented with severe motor developmental
delay and low muscle tone. She could not roll over at 6 months,
stand until she was 1year and 6 months of age, or crawl and
independently sit and walk until she was 2years old. She often
walked unsteadily and exhibited poor motor coordination. She had
no early-onset seizures, epilepsy, or spasticity before 2 years of age,
and her vision and hearing functions were normal. Her cognitive
functions were delayed; she could say a few enunciated words but
often spoke to herself unconsciously and could not understand the
meaning of words, follow instructions, express her intentions, or
otherwise verbally communicate. She had a motor developmental
index of less than 50 on the Bayley Scales of Infant Development
(BSID-II) at 19 months of age and a cognitive developmental index
of 52, which, respectively, equaled those of 10- and 12-month-old
infants. These results indicated that the patient had substantial
deficits in her motor, cognitive, and language development levels
outside the normal range. Detailed information is provided in
Table 1; Figure 3.
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3.2. Clinical follow-up of the proband

We also followed the proband’s clinical course after she turned
2years-old. After becoming 2 % years-old, the patient began to
experience convulsions and epilepsy, accompanied by strabismus and
loss of consciousness, lasting 1 to 2min, which occurred after a
collision on the top of her head. She has been taking valproate
(depakin) since then, bringing her seizures under control with an
average of 1-2 minor epileptic events per year. At 3years of age, an
MRI of the brain showed no obvious changes in brain lesions
(Figure 2B); however, she began to experience deterioration in motor
function; she could not walk unaided, although unsteadily, until she
was 4years old. After that, her motor functions progressively
regressed, and she relied on a wheelchair after 5years of age. Her
language skills also did not improve, and her speech became slurred
at 3years old. From the age of 6 years, her cognitive function appeared
worse than before; she began to have hypomnesia, forgetting songs she
used to remember. She developed psychiatric problems at 3 years old
and gradually began crying frequently and exhibiting more severe
signs, including screaming, poor sleep, and difficulty regulating her
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TABLE 1 The Comparison of clinical findings in MLC.

Clinical
findings of the
case with the
same variant*
(age of onset)

Clinical
findings of the
present patient
(age of onset)

Clinical findings of
MLC1 reported

previously

Macrocephaly/increasing HC +(6 month) +(3 month)
Brain MRI
Subcortical cysts - +
Leukodystrophy + /
Cortical atrophy - /
Developmental delay + /
Motor function
Independent walking +(2year) +(2year)
Ataxic gait + /
Motor deterioration +(4year) +
Loss of ambulation +(5year) +(5year)
Speech
First words (Lyear) (1year)
Speech deterioration +(6year) /
Dysarthria +(6year) /
Neurologic injuries
Hypotonia/dystonia +(6 month) /
Pyramidal findings + /
Neuroregression + /
Seizures after head
trauma(Focal epilepsy) +23yean "
Tremor - /
Choreoathetosis - /
Cognitive deterioration +(6year) /
Emotional and behavioral
problems +(3year) +(4-5year)
Hearing disorder - /
Visual impairment - /
Dysphagia - /
Absence of bladder control - /

“/”, not available; *Patrono et al. (10).

emotions. She was prescribed olanzapine at 3years of age, which
reduced her crying to some extent. The parents also found ways to
calm her, so they continued olanzapine treatment under the guidance
of a psychiatrist. She had been undergoing regular rehabilitation
training at a local rehabilitation center since the age of 5years but to
little avail. Electroencephalogram analysis at 8 years of age showed
diffuse mixed slow-wave activity in the bilateral prefrontal, frontal,
central, parietal, occipital, and temporal regions during awakening.
Regrettably, as the child was emotional and unable to cooperate,
valuable electroencephalogram data have not yet been collected, and
she could not undergo a brain MRI again. Detailed information is
provided in Figure 3; Table 1.
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3.3. Analysis of the splice mutation in this
family

A cerebral white matter disorder was suspected based on clinical
features and MRI findings. To confirm the diagnosis of the proband,
we screened for genetic mutations using a monogenic disorder panel
associated with leukoencephalopathy.

A homozygous splice variant, NM_015166.4: [IVS2 + 1 delG],
of MLCI, was identified in the proband (Figures 1A, 4A). These
results were confirmed by Sanger sequencing, and the patient was
verified to be homozygous for a mutation passed down from her
parents and grandmothers (Figure 1A). None of the 100 Chinese
normal controls harbored this mutation. This mutation was not
found in the ClinVar database or reported in the literature, nor
was it included in the healthy population (gnomAD, the 1,000
Genomes Project), local, or SNP databases. No other plausible
candidate variants were consistent with the clinical phenotype of
the patient.

“Deletion G” is in a classical splice recognition site, which can
influence mRNA splicing, so the possibility of the disease being caused
by a homozygous mutation cannot be ruled out, and no functional
studies have confirmed the reliability of its pathogenicity. Therefore,
we conducted further functional analyses by examining mRNA
reverse transcription and predicting the protein structure. The cDNA
of nuclear family members (parents and the proband) was obtained
using RT-PCR. The ¢cDNA amplicon sequence indicated that the
mutation was responsible for the protein truncation of the MLCI gene
after exon 2 (Figure 4B). The homozygous single-base deletion
disrupts the normal donor splice site of intron 2, which inhibits
splicing and causes an aberrant transcript that retains intron 2. A
reading frame shift occurs at the codon from GGG to GGA, and the
translation continues for five amino acids; finally, it is terminated early
after reaching a premature stop codon (TGA; Figure 4B). The wild-
type protein structures and of this mutation were predicted using
Alphafold2, indicating that the mutation prematurely terminates the
synthesis of the MLCI protein, preventing the formation of a normal
three-dimensional ~ protein  structure as illustrated in
Figure 4C. Consequently, this variant likely leads to a loss of function
of MLCI.

3.4. Genetic counseling and prenatal
diagnosis

Molecular genetic tests and functional analysis confirmed the
pathogenicity of the MLCI variant IVS2 + 1 delG(PVS1 + PS3 + PM2)
(11), and genetic counseling was performed to assess the risk of
recurrence and provide guidance on fertility. We informed the
couple that they had a 25% risk of having another child with
abnormalities. The gravida received a molecular prenatal diagnosis
by amniocentesis of DNA extracted in the 19th week of pregnancy,
confirming that the fetus possessed the wild type of this site
(Figure 5A). Therefore, we recommended the gravida continue the
pregnancy. The following year, a healthy baby was born at full term
(Figure 5B). The second child never showed similar symptoms and
signs as his older sister, and all of his physical indicators were
normal, including HC.

frontiersin.org


https://doi.org/10.3389/fneur.2023.1253398
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Chen et al. 10.3389/fneur.2023.1253398

Birth @ Normal OFC (33.5 cm) and weight (3.2 kg)
6mo © Macrocephaly: HC 53.5 cm, > +3SD
ly © First words, HC 46 cm, > +3SD (First brain MRI)
2y © Independently sit and walk (BSID-II)
2.5y © Seizures (occurred after a collision on the top of head), take depakin
3 ° Motor function deterioration, cognition decline, language skills stop improving,
y emotional and behavioral problems, take olanzapine (Second brain MRI)
4y © Unable to walk independently
5y © Relyupon a wheelchair, rehabilitation training
6y © Hypomnesia, slurred speech
10 ® No growth restriction, no further deterioration or progression,
y (1-2 minor epileptic events per year)
FIGURE 3
Timeline of clinical manifestations. Macrocephaly, spasticity, motor and cognitive regression, and psychiatric symptoms are the main clinical
manifestations of the proband.
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FIGURE 4

Mutation analysis. (A) Proband DNA sequencing (lll-1) with an arrow pointing to the homozygous deletion (IVS2 + 1delG) of MLC1. Sequences of this
mutation region in other family members (II-1, 1I-2) with an arrow pointing to heterozygous deletion. (B) Results of cDNA sequencing for the proband
and her parents. Compared to normal protein translation, the homozygous single-base deletion (IVS2 + 1delG) changed the donor splice site, disrupted
normal splicing, and caused a premature stop codon. (C) The protein structure was modeled by Alphafold2 in wild (C1) and mutant (C2) types,
respectively.

4. Discussion

a substantially increased HC, severely delayed motor development,
and diffuse symmetrical white matter lesions according to brain MRI

An increasing number of patients have been diagnosed with MLC
globally, although the clinical manifestations of MLC vary greatly.
Leukoencephalopathy is distinguished by the inconsistency between
mild neurological findings and severe white matter abnormalities (3,
12-14). The patient exhibited typical clinical manifestations, such as

Frontiers in Neurology

scans, which are summarized in Table 1.

The hallmark of MLC is the presence of subcortical cysts in the
anterior temporal, frontal, or parietal regions (2, 15). Brain biopsies
from a patient with MLC showed vacuolization of myelin (16), and
the vacuoles were lined with myelin, representing intramyelinic
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FIGURE 5

Prenatal diagnosis for the second child. (A) gDNA sequence of amniotic fluid cells. The arrow shows the position of the normal site, IVS2 + 1. (B) No

abnormalities were found when the baby was approximately 10 months old.
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edema, and no loss of myelin (17). Duarri et al. (18) established an in
vitro MLC model in which MLCI was knocked down in primary
astrocytes; reduced expression of MLCI resulted in the appearance of
intracellular vacuoles, proposing that this vacuolization is associated
with the loss of MLCI’s role in maintaining integrity. Interestingly,
previously reported patients with MLCI mutations showed more
subcortical cysts outside the temporal region than those with
HEPACAM mutations (2, 19). However, the brain MRI of this proband
was not entirely similar to those previously reported, as subcortical
cysts were not found at the ages of 2 and 3 years. A previous study
reported two sisters with compound heterozygous mutations (c.
393C>T and c. 823C>A) in MLCI, and subcortical cysts were not
found in all sections (axial, coronal, sagittal image) of the brain MRI
of the older sister (20), similar to the MRI findings of this patient.
Mahmoud et al. reported manifold brain MRI findings, including mild
cerebellar vermis hypoplasia and mild ventriculomegaly. Furthermore,
inter and intrafamilial variability has been observed (19, 21), revealing
that some unknown modifying factors can influence the phenotype.
Thus, more studies are necessary on the specific functions of MLCI to
verify the link between MLCI and subcortical cysts.

Macrocephaly is the most consistent and prominent feature
observed in patients with MLC. The proband had a large HC
(53.5cm,>+3SD) from 6 to 15 months of age. As seen in the HC curve
of this proband (Figure 1C), the rapid early growth of the head,
crossing the +3SD at approximately 6 months, was only followed a few
months later (at approximately 1 year of age) by slow growth, which
parallels the median curve. The change trend of the HC curve in the
early stage was roughly consistent with that previously reported (12).
Motor impairment is also one of the most common manifestations of
MLC. The proband showed progressive deterioration of gait by her 4th
year, and she finally had to rely on a wheelchair after the age of 5years,
although Patrono et al. observed a stationary course in patients who
could not walk and showed no signs of deterioration (10, 21).

Epilepsy is a common feature in patients with MLC. Research has
shown that the regulatory disorder of astrocytes in the homeostasis of
ions and water leads to overexcitation of neural networks and seizures
(22). The onset of epilepsy does not appear to depend on the number
of cysts or the causative gene (21). This proband began to have
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generalized tonic—clonic seizures after 2 years of age, accompanied by
strabismus and loss of consciousness, which were provoked by minor
head trauma, as reported in the literature (23). She responded well to
antiepileptic drugs and her seizures were controlled and reduced to an
average of one to two minor epileptic episodes per year. Furthermore,
mild-to-moderate developmental delays have been reported in
patients with MLC of various ethnic backgrounds (3, 10, 12, 19, 24,
25). This proband experienced an obvious stagnation period in the
development of her language skills and cognitive function, after which
they retrogressed. The proband is currently 10years old, her height
and weight are within the normal range, and she has no growth
restriction. However, it is unknown whether this situation will change
after she enters puberty.

The non-specific clinical manifestations and imaging features of
the proband suggested the possibility of leukodystrophy, which led to
a bottleneck in her clinical diagnosis. It is a challenge to provide
pregnant women with effective genetic counseling and an accurate
risk assessment. Advances in molecular diagnostic tools have allowed
us to identify the detailed underlying etiology of leukodystrophy and
to increase the diagnostic yield (26). Therefore, we performed exome
sequencing for the target gene panel associated with
leukoencephalopathy. The MLCI mutation IVS2 + 1delG identified in
this study is a homozygous mutation found in both parents with no
consanguinity and is not a uniparental diploid. Although this
mutation was recorded in the HGMD database as ¢.177 + 1delG (10,
27), the description of this mutation was indistinct in these two
studies, and the effect of changes in RNA splicing was not confirmed
by transcriptional studies. Therefore, in this study, for an accurate
prenatal diagnosis, we analyzed the family cDNA of the mutant gene
by RT-PCR and confirmed that the mutation caused changes in
mRNA splicing. Splicing mutations can cause the retention of introns,
complete skipping of exons, or the introduction of a new splice site
within an exon or intron (28). This variant disrupted the donor splice
site of intron 2, inhibited splicing, resulted in the retention of intron
2, and produced an aberrant transcript (Figure 4B). This variation in
MLCI may produce a truncated protein without the normal eight
transmembrane domains (6, 7) or induce degradation of mRNAs by
nonsense-mediated mRNA decay, which was also indicated by the
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protein structure predicted by Alphafold2. Having elucidated the
function of this genetic variation, we performed a prenatal diagnosis
of the fetus.

There is no cure for MLC, and treatment is primarily symptomatic.
Bosch et al. injected an adeno-associated virus (AAV), encoding
human MLCI under the control of a glial fibrillary acid protein
promoter into the subarachnoid space of the cerebellum of Micl
knockout mice (29). The expression of MLCI in the cerebellum
significantly reduced myelin vacuolation at all ages in a dose-
dependent manner. This study may provide patients with MLC with a
potential therapeutic approach in the future.

In conclusion, we analyzed a variant of MLCI and confirmed that
it is pathogenic, probably causing MLC. In addition, the clinical
course of the patient and the findings of the brain MRI are detailed.
Furthermore, we made a prenatal diagnosis for this family on the
explicit basis of the proband. Our study provides additional
information on the genotype and atypical phenotype of MLC1 and the
prenatal diagnosis process, which is important for physicians
providing genetic counseling and conducting prenatal diagnosis or
preimplantation genetic tests for families. The information and clinical
experience in this study could contribute to the field, and help other
families with MLC make
reproductive options.

informed decisions about their
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