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Abstract
Background and Objectives
GGC repeat expansions in the NOTCH2NLC gene are associated with a broad spectrum of
progressive neurologic disorders, notably, neuronal intranuclear inclusion disease (NIID). We
aimed to investigate the population-wide prevalence and clinical manifestations of
NOTCH2NLC-related disorders in Koreans.

Methods
We conducted a study using 2 different cohorts from the Korean population. Patients with
available brain MRI scans from Seoul National University Hospital (SNUH) were thoroughly
reviewed, and NIID-suspected patients presenting the zigzag edging signs underwent genetic
evaluation for NOTCH2NLC repeats by Cas9-mediated nanopore sequencing. In addition, we
analyzed whole-genome sequencing data from 3,887 individuals in the Korea Biobank cohort to
estimate the distribution of the repeat counts in Koreans and to identify putative patients with
expanded alleles and neurologic phenotypes.

Results
In the SNUH cohort, among 90 adult-onset leukoencephalopathy patients with unknown
etiologies, we found 20 patients with zigzag edging signs. Except for 2 diagnosed with fragile
X-associated tremor/ataxia syndrome and 2 with unavailable samples, all 16 patients (17.8%)
were diagnosed with NIID (repeat range: 87–217). By analyzing the Korea Biobank cohort, we
estimated the distribution of repeat counts and threshold (>64) for Koreans, identifying 6
potential patients with NIID. Furthermore, long-read sequencing enabled the elucidation of
transmission and epigenetic patterns of NOTCH2NLC repeats within a family affected by
pediatric-onset NIID.

Discussion
This study presents the population-wide distribution of NOTCH2NLC repeats and the esti-
mated prevalence of NIID in Koreans, providing valuable insights into the association between
repeat counts and disease manifestations in diverse neurologic disorders.
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Introduction
Neuronal intranuclear inclusion disease (NIID) is a complex
neurodegenerative condition characterized by the widespread
distribution of eosinophilic hyaline intranuclear inclusions
within various somatic cells, including neuronal cells. Despite
being first reported in the 1960s, the limited number of
reported cases until the mid-2010s was due to the diagnostic
challenges posed by the need for postmortem brain biopsies.1

However, with the development of an antemortem diagnostic
modality using skin biopsies,2,3 more patients have been di-
agnosed. Furthermore, brain MRI characteristics have been
identified as valuable clues for diagnosing NIID. Notably,
most patients with NIID exhibit a distinct pattern called the
“zigzag edging sign,” characterized by confluent white matter
hyperintensities along the corticomedullary junction on
diffusion-weighted imaging (DWI).4

In recent years, there has been a significant breakthrough in
understanding the genetic basis of the neurologic disorder.
Specifically, GGC repeat expansions located in the 59 un-
translated region of the notch 2 N-terminal-like C
(NOTCH2NLC) gene have been identified as the genetic
cause of NIID. Since the discovery of repeat expansions, a
range of other disorders have also been associated with
NOTCH2NLC repeat expansions, such as oculophar-
yngodistal myopathy, multiple system atrophy, retinopathy,
dementia, Parkinson disease, essential tremor, and amyo-
trophic lateral sclerosis.5-16 This discovery has not only
broadened the clinical spectrum of NOTCH2NLC-related
disorders but also expedited the diagnostic evaluation of pa-
tients with NIID. While this genetic abnormality has been
rarely reported in Europeans,17,18 it may contribute to a
substantial portion of undiagnosed adult-onset leukoence-
phalopathies among East Asians.19-21

Although NOTCH2NLC repeat expansions have been widely
studied in other East Asian populations, there has been a lack
of investigation into this genetic abnormality in Koreans. In
addition, the population-wide burden of NOTCH2NLC-re-
lated diseases remains poorly understood. In this study, we
aimed to address this knowledge gap using 2 different ap-
proaches, encompassing both patient and population cohorts.

Methods
SNUH Cohort
Participants were retrospectively enrolled from the Seoul
National University Hospital (SNUH), who meet the eligible
criteria as follows: (1) Korean patients who visited the

Department of Neurology at SNUH between September
2019 and March 2023; (2) patients suspected to have adult-
onset leukoencephalopathy, exhibiting confluent white matter
hyperintensities in both hemispheres based on brain MRI
studies; and (3) patients presenting the zigzag edging sign on
DWI, which were thoroughly reviewed by 2 independent
neurologists. Only patients who satisfied all these criteria were
selected for further evaluation. Through a comprehensive
retrospective review of medical records, we excluded patients
suspected to have white matter changes secondary to other
medical conditions, such as cerebral infarction, hemorrhage,
brain tumor, and viral infection.

Korea Biobank Cohort
A total of 3,887 Korean individuals, including patients di-
agnosed with rare diseases and their relatives, were obtained
from the Korea Biobank cohort. Of these, 1,672 exhibited 19
distinct phenotypes with the most frequently observed being
neurologic and neurodevelopmental disorders (665, 39.8%),
followed by cardiovascular disorders (219, 13.1%) and tumor
syndromes (210, 12.6%) (eTable 1). The remaining 2,215
reported no health problems. Ancestry prediction was de-
termined through principal component analysis of whole-
genome data alongside reference data from the 1K Genomes
Project via Somalier (eFigure 1).22 Kinship was assessed with
Somalier by comparing a selected array of informative genetic
markers between pairs of individuals, and we refined the co-
hort to ensure all sample pairs were second-degree relatives or
more distantly related, by excluding any with a relatedness
coefficient above 0.125. Among these fairly unrelated indi-
viduals, 596 (21.8%) were patients with rare diseases, while
2,141 had not received any rare disease diagnosis. All data
collected were deidentified in compliance with relevant
guidelines and regulations.

Whole-Genome Sequencing Analysis
Paired 150-bp sequencing reads, generated from the NovaSeq
6000 platform (Illumina, San Diego, CA) for WGS, were
aligned to the human reference genome GRCh38. We used
ExpansionHunter (v5.0.0)23 to identify short tandem repeats
(STRs), specifically GGC repeat expansions within the 59
untranslated region of the NOTCH2NLC gene (NM_
001364012). We filtered the candidate STRs based on the
allele depth and visually inspected the reads using REViewer
(v0.2.7)24 to eliminate potential false positives. To compare
GGC repeat expansion lengths among various ethnic groups,
we used data sourced from the 100,000 Genomes Project
cohort. The quantification of GGC repeat expansion length
was performed following the methodology previously
described.25

Glossary
DWI = diffusion-weighted imaging;MELAS = mitochondrial encephalomyopathy, lactic acidosis, and stroke;NIID = neuronal
intranuclear inclusion disease; SNUH = Seoul National University Hospital; STRs = short tandem repeats.
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Cas9-Mediated Nanopore Long-
Read Sequencing
Genomic DNA was extracted from whole blood samples us-
ing the Qiagen Puregene blood kit (Qiagen, Maryland; cat.
158023). Cas9-mediated target enrichment was conducted as
described previously.14 Briefly, 5 μg of DNA was subjected to
the Cas9 sequencing kit protocol (cat. SQK-CS9109; Oxford
Nanopore Technologies, United Kingdom). Prepared librar-
ies were loaded onto R9.4 flow cells (FLO-MIN107) and
sequenced by the GridION platform (Oxford Nanopore
Technology). Base calling and FASTQ conversion were
performed using MinKNOW software (v5.3.6). FASTQ files
were aligned to the human reference genome GRCh38 using
minimap2 (v2.24-r1122).26 We used the software Straglr27 to
estimate the NOTCH2NLC repeat counts. The detection of
methylated base modifications was performed using Nano-
polish.28 The methylation log-likelihood was computed from
the index files and subsequently transformed into binary
methylated/unmethylated calls. The percentage of methyla-
tion was determined by calculating the proportion of meth-
ylated reads within the NOTCH2NLC promoter region
(chr1:149,390,103–149,391,842, 1.74 kb).

Repeat-Primed PCR, Skin Biopsy, and PacBio
HiFi Long-Read Sequencing
Fourteen patients (except for P06 and P08 with no additional
samples) underwent repeat-primed PCR (RP-PCR) to cross-

validate the results following the previous study.14 The fol-
lowing primers were used for the experiments:

59-FAM-GGCATTTGCGCCTGTGCTTCGGACCGT-39,
59-CAGGAAACAGCTAT-
GACCTCCTCCGCCGCCGCCGCC-39, and
59-CAGGAAACAGCTATGACC-39.

Two patients (P02, P04) underwent a skin biopsy on their
upper arms. The specimen was fixed and embedded with 4%
formalin solution and paraffin, respectively. The paraffin block
was cut into 4-mm section slides and stained with hematoxylin
and eosin. Immunohistochemical staining was performed
using the anti-ubiquitin antibody (ab7780, Abcam, United
Kingdom) and the SQSTM1/P62 antibody (Santa Cruz
Biotechnology, CA; sc-28359). One affected patient (KBB1S)
underwent PacBio HiFi long-read WGS on the Sequel II
platform (Pacific Biosciences) following the protocol de-
scribed previously (target coverage: 10X).29 Sequencing and
subsequent data processing were conducted by DNA Link
(Seoul, Korea).

Statistical Analysis
Statistical analyses were performed using the software R
(version 4.1.2). A p value <0.05 was considered significant. All
data are presented as n (%) or median (range). Categorical
variables were compared using the Fisher exact test, and

Figure 1 Study Cohorts and Overall Workflow

(A) We screened the brain MRI scans of 90 undiagnosed patients with adult-onset leukoencephalopathy who showed the zigzag edging signs on DWI (SNUH
cohort). As a result, 20 patients were identified, and Cas9-mediated nanopore sequencing was performed for 16 patients after excluding 2 for whom samples
were unavailable and 2 patients with FXTAS. (B) We included 3,887 individuals from the Korea Biobank cohort who underwent whole-genome sequencing
(Korea Biobank cohort). We investigated the NOTCH2NLC GGC repeats and identified 6 putative patients with repeat expansions. DWI = diffusion-weighted
imaging.
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continuous variables were compared using the Mann-
Whitney U test. Methylation frequencies were compared us-
ing the Wilcoxon rank-sum test.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study protocol was approved by the Institutional Review
Board of Seoul National University Hospital (2210-004-
1364), and the study was conducted in accordance with rel-
evant guidelines and regulations. Informed consent was duly
obtained from all participants.

Data Availability
The SNUH cohort data are not publicly available to ensure
the protection of participant anonymity. The Korea Biobank
cohort data are available at coda.nih.go.kr with the accession
number (CODA_D22004).

Results
Identification of Patients With NIID in the
SNUH Cohort
Among the 19,852 patients who underwent brainMRI studies
during the study period, we identified 90 adult-onset

leukoencephalopathy patients with suggestive image findings,
requiring differential diagnosis for NIID. Of these patients, 20
exhibited the zigzag edging sign on DWI (Figure 1A). Thir-
teen patients underwent FMR1 genetic testing, of whom 2
were positive for FMR1 premutation indicative of fragile
X-associated tremor/ataxia syndrome (FXTAS). After ex-
cluding these 2 patients with FXTAS and 2 patients for whom
additional DNA samples were not available, we performed
Cas9-mediated nanopore long-read sequencing on the
remaining 16 patients. Of interest, all of these patients (16/90,
17.8%) were found to have heterozygous NOTCH2NLC
GGC repeat expansions, with a range of 87–172 repeats
(eFigure 2). We cross-validated the presence of repeat ex-
pansions in 14 patients using RP-PCR (eFigure 3), and
intranuclear inclusions were also confirmed from 2 patients
(P02, P04), who underwent skin biopsies (eFigure 4). Female
patients (10/16, 62.5%) were predominant, and the median
age at onset was 57 years (range: 34–76). Among the 16
patients, 4 (25.0%) had a family history of neurologic disor-
ders in their first-degree relatives or siblings. Table 1 provides
the detailed clinical characteristics of these patients.

Mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episode (MELAS)-like or encephalitis-like

Table 1 Clinical Characteristics of Adult-Onset Leukoencephalopathy Patients With NOTCH2NLCGGC Repeat Expansions
Identified in the SNUH Cohort

ID
Sex/onset age,
y

Expanded repeat
counts

Initial
symptom EE HA Fever CI VD Tremor

Abnormal
gait Pism Dementia

PN/
MW

UI/
FI

P01 M/34 87 CI + + − + + − − − − + −

P02 F/76 103 CI + + + + + − + − − − +

P03a F/50 90 Tremor + + + + + + − − − − −

P04 F/55 106 Dysarthria + + + + − − − − − − −

P05 M/65 94 Aphasia, apraxia + + + + + − − − − − −

P06 F/58 163 Dementia + + + + + − + + + − +

P07 M/59 98 Nausea, HA, CI + + + + + + + − − − −

P08 F/57 172 Tremor − − − − + + − + − − −

P09a F/51 135 Tremor − − − − − + + − − − −

P10a M/68 160 De − − − + − − + − + − +

P11 F/60 155 Tremor − + + + − + − − − − −

P12 M/62 125 HA − + − + − − − − − − −

P13 M/52 166 Neck, lumbar
pain

− − − − − − + − − + −

P14 F/57 142 Ataxia − − − + − − + − − − −

P15 F/58 115 VD − − − + + − − − − − −

P16a F/55 126 CI, apraxia − − − + − + + + − + −

Abbreviations: CI = cognitive impairment; EE = encephalitis-like episode; HA = headache; Pism = parkinsonism; PN/MW = peripheral neuropathy/muscle
weakness; UI/FI = urinary/fecal incontinence; VD = visual disturbance.
Positive cases are expressed in bold.
a Family history of neurologic disorders in their first-degree relatives or siblings.
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episodes are major devastating conditions observed in pa-
tients with NIID.30 We observed that 7 of 16 patients (43.8%)
with NIID had these encephalitis-like episodes with distin-
guishable clinical features. These episodes were significantly
accompanied by headache (100%, p = 0.0032), fever (83.3%, p
= 0.0087), and visual disturbance (83.3%, p = 0.041). Of in-
terest, the patients with NIID displaying encephalitis-like epi-
sodes tended to have significantly shorter expanded repeats
than those without encephalitis-like episodes (p = 0.016;
Figure 2A). In patients displaying encephalitis-like episodes,
various changes were noticed in their brain MRI findings,
particularly with the timing of the encephalitis-like episodes
(Figure 2B). The zig-zag edging signs tended to exhibit a more
extensive and pronounced distribution during the events, even
manifesting as widespread high-signal intensities that extended
to cortical areas in T2-weighted imaging. Collectively, our re-
sults show thatNOTCH2NLC repeat expansions are a frequent
genetic cause of adult-onset leukoencephalopathy in Koreans
who exhibit the typical zigzag edging signs.

Distribution of NOTCH2NLC Repeat Counts in
2,737 Unrelated Koreans
To determine the prevalence of expanded alleles in the Ko-
rean population, we investigated the GGC repeat counts in
the Korea Biobank cohort of 2,737 unrelated individuals
(Figure 1B). After removing alleles with an allele depth of less
than 3.0, 5,446 alleles were used for further analysis. The most
common repeat size was 15, found in 25.5% (1,389/5,446) of
the total alleles, followed by 20 repeats occurring in 18.9%
(1,031/5,446). The repeat count ranged between 6 and 105
(95% confidence interval: 13–32; Figure 3A). We identified 6
extreme outliers (Z scores >6) above the threshold (>64 re-
peats), based on the expected range of a normal distribution.
After excluding these outliers, the distribution of repeat

counts in the Korean population was 6–60, with a median of
20 repeats. We also identified 9 individuals with intermediate
length GGC repeats in the range of 49–60 (eTable 2). Among
these, 2 individuals (KBB9, KBB10) had neurologic symp-
toms which were potentially associated with NOTCH2NLC-
related disorders, while others have no associated symptoms.

We also compared this distribution with other populations
using the 100,000 Genomes Project data, and GGC repeats
did not significantly vary among Asian, White, and Black
populations.25,31 When we juxtaposed our findings with the
aforementioned data, the distribution showed a high degree of
concordance across Korean, Asian, and White populations
(Figure 3B, eTable 3). The distribution in the Black pop-
ulation displayed a subtle deviation from other populations,
suggesting possible variations in their genetic architecture,
while comparatively low numbers of the African population
(n = 282) might also affect the distribution.

By phasing the parental origin, we analyzed the changes in
GGC repeat counts among 703 trios. We observed that length
changes tended to be more frequent in longer alleles than in
shorter alleles (Figure 3C). However, no evidence of bias in
allele transmission was observed depending on parental sex.
Finally, we scrutinized the trios that stood as outliers, which
had 82, 85, and 105 repeats. The repeat counts in the offspring
expanded more during transmission compared with that in
the corresponding parent (66, 71, and 57 repeats,
respectively).

Putative NOTCH2NLC-Related Patients
Identified in the Korea Biobank Cohort
A total of 3,887 individuals were assessed in the Korea Bio-
bank cohort, and 6 individuals (Table 2) were suspected of

Figure 2 Association Between NOTCH2NLC Repeats and Clinical Manifestations of Encephalitis-Like Episodes

(A) A negative association betweenNOTCH2NLC repeats and the occurrence of encephalitis-like episodes. The SNUH cohort of NIID patients with encephalitis-
like episodes had significantly shorterNOTCH2NLC repeats than thosewithout these events (Mann-WhitneyU test, p = 0.016). (B) Changes in brainMRI findings
over time in patient P04. The left and right images were acquired during encephalitis-like episodes, while the middle images were obtained during a stable
stage. Two images on the left (upper, T2-FLAIR; lower, DWI) show high-signal intensities (SIs) with diffusion restriction in the left parieto-occipital lobe and
multifocal confluent high SIs in both the periventricular and subcortical white matter areas. The middle and right images were taken 2 and 3 years later,
respectively (upper, T2-weighted; lower, DWI). In this series of images, it is evident that leukoencephalopathy deteriorates over time, and the regions
exhibiting diffusion restriction vary at each time point. DWI = diffusion-weighted imaging.
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being putative patients based on the expected distribution of
NOTCH2NLC repeats (Figure 3A). Two were pediatric pa-
tients, while the remaining 4 were adults with reported neu-
rologic disorders, including Charcot-Marie-Tooth (CMT)
disease, adult-onset leukodystrophy, and/or retinitis pig-
mentosa. Except for the patient with a metabolic disorder
(KBB4), the neurologic or ophthalmologic symptoms in the
other patients could be attributed to NOTCH2NLC-related
disorders.5-11 Although detailed clinical information was not
available for the other patients, one pediatric-onset patient
(KBB1P) was enrolled from our institution, allowing us to
conduct a more comprehensive investigation.

Characterization of Transmission and
Epigenomic Patterns in the KBB1 Family
The patient (KBB1P) was the second child in the KBB1
family. NOTCH2NLC repeat counts, estimated by

ExpansionHunter using short-read WGS data, were as follows
in the KBB1 family: 29/105 (KBB1P), 22/57 (KBB1F), and
15/29 (KBB1M). Of interest, we found that the first child
(KBB1S) was also affected, and both patients exhibited pro-
gressive neurologic symptoms resembling CMT disease and
cerebellar ataxia, with symptom onset at early school age
(Figure 4A). The first child experienced more severe mani-
festations and tragically died in the late 10s, with no definitive
cause identified. Brain MRI findings of these 2 patients un-
veiled distinctive features, including the presence of zigzag
edging signs and cerebellar atrophy, consistent with the
characteristic imaging patterns associated with
NOTCH2NLC-related disorders (Figure 4B).

To validate our findings, we conducted Cas9-mediated
nanopore long-read sequencing using DNA samples from
all 4 members of the KBB1 family, including preserved DNA

Figure 3 Exploring NOTCH2NLC GGC Repeat Expansions in the Korea Biobank Cohort

(A) Distribution of the sizes of GGC repeats in 2,737 unrelated controls (5,446 alleles). The red dashed line represents the obtained cutoff value of 63.48. The 6
outliers are colored in red. The y-axis displays the allele count value on a square root transformed scale. (B) Size comparison of the GGC repeats among
various ethnicities: 2,737 Korean, 961 Asian, 8,126 White, and 282 Black populations. (C) Clustering of STR transmission patterns within the NOTCH2NLC
region, which has been categorized based on the number of STRs present in the parents. The magnitude of change (Δ) within the interval is indicated by the
95% confidence interval.

6 Neurology: Genetics | Volume 10, Number 3 | June 2024 Neurology.org/NG

http://neurology.org/ng


from the deceased first child (Figure 4C). The sequencing
results yielded repeat lengths of 22/574 for the father
(KBB1F), 14/28 for the mother (KBB1M), 14/90 for the first
child (KBB1S), and 28/109 for the second child (KBB1P). In
addition, PacBio HiFi long-read sequencing further ascer-
tained the presence of repeat expansion in KBB1S (eFig-
ure 5). These results confirmed the utility of short-read STR
analysis as a preliminary screening tool for the
NOTCH2NLC repeat expansions. However, it is noteworthy
that the asymptomatic father indeed possessed an excep-
tionally long allele (574 repeats), significantly deviating from
the estimation provided by ExpansionHunter in the short-
read data (57 repeats). This discrepancy underscores the
limitations of short-read WGS in precisely estimating
lengthy repeat counts.

To investigate the origin of disease-associated repeats, we
conducted allele-phasing using 3 single-nucleotide variants
(rs1278726608, rs1325353797, and rs1396053493) located
within the NOTCH2NLC gene (Figure 5A). This analysis
determined that the expanded allele in the father (574 re-
peats) was passed on to the offspring, albeit with a reduction
in repeat numbers (KBB1P: 109; KBB1S: 90 repeats). A
previous study has reported similar instances of repeat con-
traction and demethylation during paternal transmission of
unusually long NOTCH2NLC repeats.32,33 Particularly, the
previous study demonstrated that the contraction of ex-
panded GGC repeat expansion in sperm could be a possible
mechanism for the paternal-biased origin in some sporadic or
recessive inherited NIID individuals.32

Therefore, we hypothesize that the asymptomatic status of the
father may be attributed to hypermethylation in the promoter
regions of theNOTCH2NLC gene, which would suppress the
expression of these disease-associated repeats. To validate our
hypothesis, we conducted an in-depth examination of the
methylation profiles within the NOTCH2NLC promoter re-
gion for the 4 family members, using Nanopolish (Figure 5B).
Intriguingly, our analysis unveiled noteworthy variations in
methylation levels within the promoter region among the
KBB1 family members (eTable 4) and patients in the SNUH
cohort (eTable 5). The asymptomatic father exhibited a sig-
nificantly elevated methylation frequency (mean: 13.5%)
compared with their affected offspring, KBB1P (mean: 4.2%),
and KBB1S (mean: 0.6%) as well as other patients. Further-
more, the second child (KBB1P) displayed significantly
higher methylation levels (p = 0.027) than the first child
(KBB1S), implying that not only repeat counts but also
methylation levels in the expanded allele might be associated
with the disease’s severity. Specifically, the more pronounced
demethylation in KBB1S likely resulted in increased tran-
scription of the disease-associated repeat expansions, mani-
festing as more severe neurologic symptoms.

Discussion
NIID has been regarded as a rare disease entity within the
spectrum of adult-onset leukoencephalopathy. However, the
identification of genetic loci within the NOTCH2NLC gene
has led to an increased recognition of patients with various

Table 2 Putative Patients Associated With the Expanded NOTCH2NLC Alleles Identified in the Korea Biobank Cohort

Patient Sex Age

NOTCH2NLC
GGC
repeatsa Clinical information

Phenotypic association with NOTCH2NLC-related
disorders

KBB1 Male 17 105 (109)b Neurology and neurodevelopmental disorders
Motor and sensory disorders of the peripheral nervous
system
Hereditary neuropathy (including Charcot-Marie-Tooth
disease)

Yes

KBB2 Female 48 85 Neurology and neurodevelopmental disorders
Motor and sensory disorders of the peripheral nervous
system
Charcot-Marie-Tooth disease

Yes

KBB3 Male 3 82 Metabolic disorders
Specific metabolic abnormalities

Unknown

KBB4 Male 54 77 Ophthalmologic disorders
Posterior segment abnormalities
Retinal disorders, retinitis pigmentosa

Yes

KBB5 Female 64 77 Neurology and neurodevelopmental disorders
Motor and sensory disorders of the peripheral nervous
system
Charcot-Marie-Tooth disease

Yes

KBB6 Male 68 75 Neurology and neurodevelopmental disorders
Adult-onset leukodystrophy

Yes

a The repeat counts were estimated using short-read whole-genome sequencing.
b The calculated repeat counts using nanopore long-read sequencing in the parenthesis.
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neurologic disorders in East Asian populations.5-16 Notably, a
recent study reported that the NOTCH2NLC-related disor-
der is the second most common cause of genetic leukoence-
phalopathy, accounting for 19% in a Chinese cohort.20 By
contrast, the occurrence of NOTCH2NLC GGC expansion
has been rarely observed in Europeans, indicating a distinct
genetic etiology that varies across ethnic groups.17,18

Despite extensive studies on NOTCH2NLC repeat expan-
sions in other East Asian populations, the burden of
NOTCH2NLC-related diseases remains poorly investigated
in Koreans. In this study, we conducted large-scale investi-
gations using 2 distinct cohorts. For the SNUH cohort, we
used long-read nanopore sequencing to screen highly suspi-
cious cases based on brain imaging findings and identified 16
patients with NOTCH2NLC repeat expansions, accounting
for 17.8% of patients with adult-onset leukoencephalopathy.
In addition, we characterized the distribution of repeat counts
using the Korean population data (Korea Biobank cohort)
and identified 6 putative patients whose clinical features were

largely consistent with those of NOTCH2NLC-related dis-
orders. Our findings provide compelling evidence that
NOTCH2NLC repeat expansions represent a frequent cause
of adult-onset leukoencephalopathy in Koreans as reported in
other East Asian populations. However, the reported preva-
lence of NOTCH2NLC-related disorders in the Korean Bio-
bank cohort, which is up to 0.26% (7 of 2,737; Table 2,
eTable 2), might represent an overestimation compared with
the general Korean population.

In the SNUH cohort, we screened patients with NIID using
the pathognomonic brain MRI findings of the zigzag edging
sign, which was previously reported to have high sensitivity
(88.2%) and specificity (98.4%).19 Strikingly, all 16 patients
with the zigzag edging signs had expanded alleles. However, 2
patients with FXTAS also showed the typical zigzag edging
pattern on DWI. This result implied that FXTAS should be
ruled out in patients with the zigzag edging sign because the
brain MRI findings are indistinguishable between NIID and
FXTAS.34 It is noteworthy that when the zigzag edging sign is

Figure 4 A Korean Family With NOTCH2NLC-Related Disorders Identified in the Korea Biobank Cohort

(A) Pedigree information of the KBB1 family.
Both the first child (KBB1S) and the second child
(KBB1P) exhibited cerebellar ataxia and Charcot-
Marie-Tooth disease. The first child had more
severe symptoms with rapid progression and
died at the age of late 10s. (B) Brain MRI of both
affected patients showed the zigzag edging sign
and cerebellar atrophy. (C) Nanopore long-read
sequencing for the family members. Both af-
fected patients had NOTCH2NLC repeat expan-
sions within the disease-associated range
(KBB1S: 90; KBB1P: 109), while the father was
found to possess an extremely long allele (574)
that differed from the estimation by Expan-
sionHunter with the short-read data (57).
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presented, it is more likely to be NIID (88.9%) rather than
FXTAS (11.1%) in Koreans.

We found a higher frequency (7/16, 43.8%) of encephalitis-
like episodes in our cohort than in the largest NIID cohort
(58/247, 23.5%).12 We observed that encephalitis-like epi-
sodes were frequently accompanied by headache, fever, and
visual disturbances, which have also been observed in previous
studies.30,35-37 Noticeably, we observed that patients with
NIID experiencing encephalitis-like episodes tended to have
significantly shorter repeat counts in the expanded alleles than
the others (p = 0.016, Figure 2A). Despite the marginal p
value (p = 0.06), this negative association between the
number of GGC repeats and encephalitis-like episodes was
also observed in a Chinese cohort (n = 247).12 Recent studies
have established fly and mouse models for NOTCH2NLC
repeat expansions.38,39 In these animal models, neurotoxicity
caused by polyglycines and mitochondrial dysfunction have
been suggested as the major disease-associated mechanisms.
In our study, approximately half of the patients exhibited
MELAS-like or encephalitis-like episodes, and recurrent epi-
sodes largely affected disease progression and prognosis.30

Further research is required to determine the molecular
mechanisms responsible for the formation of MELAS-like
lesions in NIID. This investigation could potentially provide
insights into viable treatment options for symptom pre-
vention or management, including the exploration of antiox-
idants or anti-inflammatory agents.

The first and second children in the KBB1 family remained
undiagnosed for over a decade, highlighting the diagnostic
challenge in such cases. Fortunately, the detection of
NOTCH2NLC repeat expansions by ExpansionHunter pro-
vided a valuable diagnostic clue. Notably, our patients
exhibited clear neurologic symptoms that manifested before
the age of 10 years, possibly constituting one of the earliest-
onset cases reported globally.40 Despite exhibiting neurologic
symptoms at an early age, the lengths of their repeat expan-
sions did not significantly differ from those observed in other
adult patients. This observation raises the possibility that
additional genetic or environmental factors may contribute to
disease prognosis. The asymptomatic father in the KBB1
family implies that the presence of an exceptionally long re-
peat more than 300 may not invariably lead to disease man-
ifestation.33 Our epigenetic analysis further corroborated
previous findings that hypermethylation of the
NOTCH2NLC promoter region can silence the expression of
disease-associated repeats, resulting in an unaffected status in
their father.32 Specifically, it has been identified that hyper-
methylation in the asymptomatic carrier led to decreased
mRNA levels in muscle biopsies.33 Furthermore, a previous
study reported that the DNA methylation status of the
NOTCH2NLC promoter region is negatively correlated with
the age at onset, the number of multi-systemic involvements,
and positively correlated with GGC repeats.41 Our findings
further support the previously documented phenomenon of
large repeat contractions leading to shorter disease-associated

Figure 5 Patterns of Allele Transmissions and Methylation Within the NOTCH2NLC Promoter Region in the KBB1 Family

(A) Investigation of allele transmission based on 3 single-
nucleotide variants. The allele-phasing analysis reveals that
the long-expanded allele (pale blue) in the asymptomatic
father was transmitted to the offspring with contraction. (B)
Methylation frequencies within the NOTCH2NLC promoter
region (chr1:149,390,710-149,390,901) among the KBB1
family members. The asymptomatic father (KBB1F, red) ex-
hibits significantly higher methylation frequencies (hyper-
methylation) than other family members.
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repeat expansions, a process that may occur during sper-
matogenesis in male carriers. Future studies with repeat count
estimation combined with comprehensive methylation pro-
filing in a larger cohort may yield deeper insight into the
underlying mechanism modulating disease severity of NIID.
While sex differences in the transmission of NOTCH2NLC
repeats were considered, our study did not yield significant
variations between paternal and maternal transmissions
(Figure 3C). This finding underscores the need for larger
cohort studies to delve deeper into this aspect, shedding more
light on the intricate mechanisms governing the transmission
and effect of NOTCH2NLC repeats.

Although NOTCH2NLC-related disorders have been shown
to be prevalent in the Korean population, our observations did
not reveal significant differences in the distribution of repeat
counts across various ethnic groups, based on estimations using
short-read sequencing. However, our findings do include a few
instances of intermediate to long repeats in the NOTCH2NLC
genes, unique to the Korean population (Figure 3B). Given the
discrepancy in repeat counts observed in KBB1F between long-
read (577 repeats) and short-read (57 repeats) sequencing, it is
plausible that expanded alleles might have been underestimated
in short-read data sets. It is also plausible that some low-
frequency variants, specific to the East Asian population, may
serve as founder mutations without significantly affecting the
repeat count distribution.17,18 In addition, population-specific
geneticmodifiers, such as GGA sequence interruptions observed
in Southeast Asia, could exacerbate the manifestation and se-
verity of NIID.42 Furthermore, as indicated in our familial case
study, epigeneticmechanismsmay also contribute to shaping the
landscape of NIID across diverse populations.32,33,41 Collec-
tively, these genetic and epigenetic differences may explain why
NOTCH2NLC-related disorders aremore prevalent and diverse
in East Asians than in other populations. However, further re-
search and collaborative efforts are required to comprehensively
understand the full spectrum of genetic factors affecting the
manifestations of NIID across various ethnic groups.

Until now, NIID has been scarcely investigated within the Ko-
rean population. Our aimwas to screen for patients withNIID in
a conservative manner: 2 independent neurologists thoroughly
reviewed not only the MRI images to identify representative
features of NIID, but also themedical records to excludemedical
conditions that could cause or mimic leukodystrophy. Conse-
quently, a significant number of patients were excluded from the
initial cohort, resulting in a relatively small final sample size for
NIID screening in this study (n = 16). Given the diverse clinical
conditions associated with NOTCH2NLC repeat expansions, it
is possible that some patients with atypical or subtle imaging
features or clinical presentations might have been overlooked.
Future studies should aim to screen a broader range of imaging
findings and clinical presentations suspected of being associated
with NIID in the Korean population.

In conclusion, this study showed that NOTCH2NLC repeat
expansions are a major genetic cause of adult-onset

leukoencephalopathy in Koreans, particularly when the typi-
cal zigzag edging sign is observed. In addition, our study
provided the population-wide distribution of the
NOTCH2NLC repeat counts and underscored the utility of
short-readWGS in screening disease-associated repeat counts
within the NOTCH2NLC gene, while long-read sequencing
platforms are indispensable for precise repeat count estima-
tion. Furthermore, our familial case expands the disease
spectrum of NOTCH2NLC-related disorders to include
pediatric-onset patients. Our results provide compelling evi-
dence for the role of differential methylation in the promoter
regions of the NOTCH2NLC gene, coupled with contraction
during paternal transmission, contributing to disease severity.
These results emphasize the necessity of considering not only
repeat count estimation but also epigenomic profiling for a
comprehensive characterization of NOTCH2NLC-related
disorders.
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