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Abstract

Background: GGC repeat expansions in NOTCH2NLC are associated with neuronal intranuclear inclusion disease. Very
recently, asymptomatic carriers with NOTCH2NLC repeat expansions were reported. In these asymptomatic individuals,
the CpG island in NOTCH2NLC is hypermethylated, suggesting that two factors repeat length and DNA methylation
status should be considered to evaluate pathogenicity. Long-read sequencing can be used to simultaneously profile
genomic and epigenomic alterations. We analyzed four sporadic cases with NOTCH2NLC repeat expansion and their
phenotypically normal parents. The native genomic DNA that retains base modification was sequenced on a per-trio
basis using both PacBio and Oxford Nanopore long-read sequencing technologies. A custom workflow was devel-
oped to evaluate DNA modifications. With these two technologies combined, long-range DNA methylation informa-
tion was integrated with complete repeat DNA sequences to investigate the genetic origins of expanded GGC repeats
in these sporadic cases.

Results: In all four families, asymptomatic fathers had longer expansions (median: 522, 390, 528 and 650 repeats)
compared with their affected offspring (median: 93, 117, 162 and 140 repeats, respectively). These expansions are
much longer than the disease-causing range previously reported (in general, 41-300 repeats). Repeat lengths were
extremely variable in the father, suggesting somatic mosaicism. Instability is more frequent in alleles with uninter-
rupted pure GGCs. Single molecule epigenetic analysis revealed complex DNA methylation patterns and epigenetic
heterogeneity. We identified an aberrant gain-of-methylation region (2.2 kb in size beyond the CpG island and

GGC repeats) in asymptomatic fathers. This methylated region was unmethylated in the normal allele with bilateral
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ylation to ensure NOTCH2NLC expression.

sequencing, Single molecule epigenetic analysis

transitional zones with both methylated and unmethylated CpG dinucleotides, which may be protected from meth-

Conclusions: We clearly demonstrate that the four sporadic NOTCH2NLC-related cases are derived from the pater-
nal GGC repeat contraction associated with demethylation. The entire genetic and epigenetic landscape of the
NOTCH2NLC region was uncovered using the custom workflow of long-read sequence data, demonstrating the utility
of this method for revealing epigenetic/mutational changes in repetitive elements, which are difficult to characterize
by conventional short-read/bisulfite sequencing methods. Our approach should be useful for biomedical research,
aiding the discovery of DNA methylation abnormalities through the entire genome.
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Background

Neuronal intranuclear inclusion disease (NIID) is a pro-
gressive neurodegenerative disease characterized by
various clinical manifestations, such as cognitive decline,
peripheral neuropathy, autonomic dysfunction, enceph-
alitic episodes, parkinsonism, and cerebellar ataxia
(OMIM #603472). Histologically, the presence of eosino-
philic hyaline intranuclear inclusions is the pathological
hallmark of NIID. On neuroimaging, NIID is character-
ized by high-intensity signals in the corticomedullary
junction on diffusion-weighted imaging (DWI) of mag-
netic resonance imaging (MRI). These are useful diagnos-
tic markers for NIID [1]. In 2019, GGC repeat expansion
in the 5-untranslated region (5-UTR) of NOTCH2NLC
was identified as causative in familial and sporadic cases
of NIID [2-4]. Now, genetic tests targeting NOTCH2NLC
repeat-expansion, which have been widely used, have
revealed a surprisingly broad clinical spectrum [5-10].
Furthermore, studies to understand the molecular basis
of repeat instability and the pathomechanisms of GGC
repeat expansion have just started [11-13]. In par-
ticular, three and two asymptomatic individuals with
NOTCH2NLC repeat-expansion accompanied by DNA
hypermethylation in this region were very recently
reported in oculopharyngodistal myopathy (OPDM) and
NIID, respectively [11, 12].

We recruited four affected individuals with
NOTCH2NLC-related disorders whose trio-based muta-
tion screening indicated possible de novo occurrence of
GGC repeat expansion in previous reports. [3, 8—10].
The origin of new expansion mutations in these families
remains unclear.

In typical repeat expansion diseases, the pathogenic
repeats are more prone to expand during parent-to-off-
spring transmission, leading to increase in disease sever-
ity and/or earlier onset disease, in a phenomenon termed
genetic anticipation. Such repeat instability is also a risk
factor for new mutations in families with intermediate-
size repeats (premutation), pointing to genetic changes
being behind the molecular basis of clinical expression.

Moreover, repeat instability is affected by cis- and trans-
elements, such as repetitive sequences, repeat configu-
rations, repeat compositions, interruption sequences,
nearby sequence variations, CpG methylation, and rep-
lication origins [14]. As such, to better understand the
possible de novo NOTCH2NLC mutations, accurate
determination of whole and nearby repeat sequences is
important.

In the present study, we investigate four sporadic
cases with possible de novo mutations using long-read
sequencing technologies to probe the genetic and epige-
netic landscape of NOTCH2NLC.

Results

Long GGC repeat expansion in four asymptomatic fathers
Four affected individuals were previously reported
to have possible de novo GGC repeat expansion of
NOTCH2NLC (Fig. 1a). II-3 in Family F1 (ID3661 in a
previous report) was diagnosed as sporadic NIID [3].
II-1 in Family F2 (Patient 11 in a previous report) had
leukoencephalopathy [10]. II-2 in Family F3 was diag-
nosed as NIID with mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episode (MELAS) in her
clinical course of polyneuropathy [9]. II-2 in Family F4
is an affected twin with oculopharyngodistal myopathy
(OPDM) (patient 7 in a previous report) [8]. The clini-
cal features of these subjects are summarized in Addi-
tional file 2: Table S1, and have been previously described
in detail [3, 8—10]. All fathers and mothers of the four
affected individuals were enrolled and examined geneti-
cally in a per-trio basis, and are an invaluable resource in
such late-onset adult diseases.

To investigate the genetic basis underlying these pos-
sible de novo mutations, trio samples (patient plus par-
ents) of all four families were sequenced by targeting
the 4-kb genomic region (chrl:149389497-149393469
in hg38) by Cas9-mediated PCR-free enrichment with
Nanopore long-read sequencing [3]. We analyzed Cas9-
mediated enrichment sequencing data by tandem-
genotypes to evaluate the number of GGC repeat units
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Fig. 1 Repeat copy-number analysis of four sporadic cases and their parents. a Familial pedigree of four sporadic cases having NOTCH2NLC GGC
expansion. b Repeat-size evaluation of NOTCH2NLC GGC repeats using tandem-genotypes. The copy number changes in the NOTCH2NLC GGC
repeat relative to the human reference genome (hg38) were examined in the patient-parents trio in four families. Pale blue: non-expanded allele;
pale pink: expanded allele. Pt patient; fa father; Mo mother

in NOTCH2NLC [15]. Tandem-genotypes was able
to discriminate non-expanded and expanded alleles
with different repeat copy-numbers. As expected, all
four patients—II-3 (Fl-patient), II-1 (F2-patient), II-2
(F3-patient) and II-2 (F4-patient)—had disease-causing
GGC expansions with median repeat copy-numbers
of 93, 117, 162 and 140, respectively [80, 104, 149 and
127, respectively, relative to the reference (13 copies)
in tandem-genotypes output], whereas there were no
expanded alleles in their healthy mothers (Fig. 1b and
Additional file 2: Table S2). Despite negative results of
repeat-primed polymerase chain reaction (RP-PCR),

we noticed expanded alleles in all paternal sequencing
samples (Fig. 1b and Additional file 1: Fig. S1). Unex-
pectedly, the repeats in the paternal samples were much
longer than those in their affected offspring and were
extremely variable in repeat length (Fig. 1b and Addi-
tional file 2: Table S2). Such high variability had never
been seen before, but the substantial numbers of reads
(39, 1070, 88 and 505 reads for Fl-father, F2-father,
F3-father and F4-father, respectively) supported the pres-
ence of expansion alleles (Additional file 2: Table S2). To
confirm this result, we performed Southern blot analysis
using a probe near the NOTCH2NLC GGC repeat, and
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confirmed the long repeat expansion in paternal sam-
ples in three families (Southern blot analysis could not be
performed in F1 family because of insufficient amount of
DNA) (Additional file 1: Fig. S2). The four fathers were
clinically asymptomatic based on careful interviews by
professional neurologists, suggesting that the fathers
are asymptomatic carrier males with extremely long
NOTCH2NLC repeat expansion.

Complete GGC repeat expansion sequence

We next completely sequenced the GGC repeat expan-
sion. Given the high deletion and insertion error rates
in Nanopore sequencing, constructing the consensus
sequence from multiple Nanopore reads (i.e., inter-
molecular consensus) is preferable. However, repeat
length was too variable to generate an inter-molecular
consensus sequence (Fig. 1b). To overcome this diffi-
culty, we used the PacBio no-amplification (No-Amp)
targeted sequencing method, which can generate high-
fidelity consensus reads (HiFi reads) from multiple passes
of subreads taken from a single template molecule (i.e.,
intra-molecular consensus) [16]. Indeed, the No-Amp
method uncovered the whole expansion sequence in the
paternal samples, which had not been well character-
ized before (Fig. 2a and Additional file 2: Table S3). The
repeat size in each HiFi read varied, again indicating
repeat instability and/or possible somatic mosaicism of
long expanded alleles, as suggested by Nanopore analy-
sis (Fig. 1b and Additional file 2: Table S2). The F1-father
and F4-father had pure (GGC)n configuration, whereas
the F2-father and F3-father had the (GGC)n followed by
[(GGA),(GGCQC),], repeats (Fig. 2a and Additional file 2:
Table S3). Importantly, patients had the same repeat
configurations as their fathers, although repeat size was
contracted, indicating the paternal origin of the patho-
genic allele (Fig. 2a). Consistently, all non-expanded
alleles were transmitted from their mothers, as indicated
by amplicon-length PCR (AL-PCR) analysis (Additional
file 1: Fig. S3).

Detection of DNA modification by PacBio SMRT
sequencing

As described above, the disease-causing allele was inher-
ited from their asymptomatic carrier fathers. The lack
of clinical symptoms in the carrier fathers indicates dif-
ferences in the functional consequences of GGC expan-
sion between patients and carrier fathers. We previously
reported that there is no DNA methylation difference
between expanded and non-expanded alleles in NIID
patients [3]. Therefore, we were curious about the meth-
ylation status of the asymptomatic carrier fathers. We
examined the base modification, which can be inferred
from measuring the kinetics of replication during the
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PacBio single-molecule real-time (SMRT) sequenc-
ing run (polymerase kinetics), using the No-Amp data.
Intriguingly, base incorporation in the GGC repeat
region (i.e., DNA polymerase speed) was much slower in
the four asymptomatic carrier fathers (0.9 bases/second
in the repeat expansion allele vs. 2.0 bases/second in the
non-expanded allele), suggesting DNA hypermethyla-
tion in the repeat expansion allele (Fig. 2b and Additional
file 1: Fig. S4). To confirm this observation, we performed
Southern blot analysis using the methylation-sensitive
restriction enzyme Hpall and the methylation-insensitive
restriction enzyme Mspl. Genomic DNA was initially
digested with Nhel, and then the DNA methylation status
was compared by examining the Hpall and Mspl diges-
tion efficiencies of the GGC repeat-containing Nhel frag-
ment (Fig. 3a). The Nhel DNA fragments with the GGC
repeats were completely resistant to Hpall digestion in
the fathers’ samples, but not in patients or mothers, con-
firming the presence of fully hypermethylated CpG in
all three fathers tested (Southern blot analysis could not
be performed in family F1 because of insufficient DNA)
(Fig. 3b).

DNA methylation landscape of the NOTCH2NLC region
assessed by Nanopore sequencing

To investigate the hypermethylated region at a higher res-
olution, we developed a custom program to detect 5-mC
from Nanopore sequencing. Our analysis was based on
Guppy, a basecalling program from Oxford Nanopore
Technologies, which directly identifies 5-mC by calculat-
ing the likelihood of base modification [17]. The modi-
fied base information from Guppy was assigned to the
genomic position by our custom program methylstat,
and used for methylation calling at that genomic posi-
tion using methylcall. This modified base information was
also used for generating BAM files containing the in silico
bisulfite-like base-converted reads for IGV visualization
(ont2bisul) (see the Methods section for further detail).

Our analysis revealed heterozygous gain of 5-mC in
the father of patient F2 (F2-father) which can be properly
detected by our methylation calling method methylcall
(Additional file 1: Fig. S5). A comparison of the methyla-
tion calls between the patient (F2-patient) and his father
(F2-father) revealed that the 2.2 kb genomic region was
hypermethylated en bloc, encompassing regions 700-
bp upstream and 1,000-bp downstream of the GGC
expanded repeat (Additional file 1: Fig. S5).

Taking advantage of long-read sequencing, we per-
formed haplotype-phasing based on GGC repeat copy-
number from the tandem-genotypes results. This analysis
clearly showed that only the non-pathogenic long expan-
sion allele in asymptomatic fathers, but not the disease-
causing expansion allele in patients, was hypermethylated
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(Fig. 4a). The read-level plot also enabled us to observe
the methylation status of individual DNA molecules,
confirming that some reads with long expansion were
not hypermethylated, indicating epigenetic mosaicism
(Fig. 44, inset).

DNA methylation status within the GGC repeat sequence
We next investigated the 5-mC status of the
NOTCH2NLC GGC repeat sequence using a reference-
free approach. This requires the entire repeat expansion
DNA sequence and the corresponding methylation infor-
mation for the subject. Taking advantage of two technol-
ogies, PacBio and Nanopore, we generated high-quality
consensus GGC repeat sequences from PacBio HiFi reads
(Additional file 1: Fig. S6), and then mapped the 5-mC
annotated nanopore reads to their respective GGC
repeat expansion sequence (HiFi consensus as the expan-
sion reference). Not all, but a proportion of CpG sites
in the long GGC expansion in the asymptomatic father
(F2-father) had the 5-mC modification, whereas the dis-
ease-causing expansion allele in the patient (F2-patient)
was completely unmethylated (Fig. 4b).

DNA methylation boundary
A region spanning approximately 700 bases upstream and
1,000 bases downstream of the GGC repeat was completely

unmethylated (chrl: 149390115-149391841) in the non-
expanded allele (Fig. 4a and Additional file 1: Fig. S7). The
region outside of this unmethylated region was hypermethyl-
ated (Fig. 4a and Additional file 1: Fig. S7). We identified two
distinct transitional zones between the completely unmeth-
ylated and hypermethylated regions. The methylation sta-
tus of these transitional zones consisted of methylated and
unmethylated CpGs, indicative of DNA methylation mosai-
cism, similar to the DNA methylation boundary in the FMRP
translational regulator 1 (FMRI) promoter [18] (Fig. 4c).
Four (chrl: 149389972-149389973, 149390041-149390041,
149390068-149390069 and 149390075-149390076) and
eight (chrl: 149392058-149392059, 149392099-149392100,
149392169-149392170, 149392326-149392327, 149392338-
149392339, 149392376-149392377, 149392434-149392435
and 149392440-149392441) CpG dinucleotides were charac-
terized by a mosaic pattern of DNA methylation, upstream
and downstream of the GGC repeat (Fig. 4c). The position
of the transition zones was conserved in all 12 individuals
tested in this study (Additional file 1: Fig. S7). These tran-
sitional zones were lost in the repeat-expanded allele in the
four asymptomatic fathers, and the CpG dinucleotides were
fully methylated (Fig. 4c).

In summary, the combination of the two long-read
sequencing technologies allowed us to characterize the
genomic and epigenomic landscape of the pathogenic
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(disease-causing) and non-pathogenic NOTCH2NLC
repeat regions.

Pathological cell-context consequences of pathogenic
NOTCH2NLC repeat expansion

As described above, we observed differential DNA meth-
ylation between patients and their asymptomatic fathers.
Gain of DNA methylation in asymptomatic carriers
likely suppresses the toxic effect of the long GGC expan-
sion allele. To dissect the pathological cell-context con-
sequences of disease-causing and non-pathogenic long
expansions, we investigated the formation of nuclear
inclusion bodies using immunocytochemistry combined
with FISH for detecting GGC-repeat expansion RNA in
lymphoblastoid cell lines (LCLs) derived from F3 and F4
families. Approximately 3% of LCLs showed ubiquitin-
and p62-double positive intranuclear inclusions in both
the F3-patient and F4-patient, with the disease-causing
allele, but not in their healthy mothers or asymptomatic
fathers (Fig. 5a, Additional file 2: Table S4). Importantly,
intranuclear inclusions were negative in fathers with
extremely long expanded GGCs, indicating the dis-
tinct pathological consequences of two different classes
of GGC expansion among fathers and their affected
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offspring. These intranuclear inclusions were co-localized
with FISH-labeled CGG-RNA (only in affected offspring),
suggesting that NOTCH2NLC mRNA with disease-caus-
ing GGC expansions was not only distributed diffusely in
the nucleus, but also co-aggregated with the inclusions,
as reported previously on skin biopsy samples [12]. These
observations confirmed that fathers are indeed clinico-
pathologically normal.

Fragile X-associated tremor/ataxia syndrome (FXTAS),
which is caused by a CGG repeat expansion in the
5-UTR region of FMRI, and NIID display striking simi-
larities in clinical features and histological findings of
intranuclear inclusions [19]. The CGG repeat expansion
in FMRI mRNA results in the formation of G4 struc-
tures, which co-aggregate in intranuclear inclusions in
brain tissues in FXTAS model mice [20]. Notably, we
found that immunoreactivities of G4 foci co-localized
with p62-positive intranuclear inclusions, suggesting the
involvement of RNA G4 in NIID development in humans
(Fig. 5b).

Next, we investigated the expression of NOTCH2NLC
mRNA by qPCR in LCLs derived from F3 and F4
families. Consistent with DNA methylation analysis,
expression of NOTCH2NLC mRNA in LCLs from both
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asymptomatic fathers was significantly decreased com-
pared with the corresponding healthy mothers and
patients (F3 father: 0.66 £0.038 (relative to F3 mother)
vs. F3 mother (p<0.05) and F3 patient (p<0.05); F4
father: 0.70 £ 0.070 (relative to F4 mother) vs. F4 mother
(p<0.01) and F4 patient (p<0.01) in Fig. 5¢c). Transcrip-
tional repression of NOTCH2NLC in fathers was also
supported by the relatively lower nuclear signal inten-
sity of GGC RNA FISH (Fig. 5a). These evidences indi-
cate extremely long expanded GGCs in fathers promote
epigenetic changes that silence NOTCH2NLC. Only two
families were studied in this study. Hence, further inves-
tigation with new families is needed to confirm the rela-
tionship between DNA methylation and NOTCH2NLC
mRNA expression.

Simple and fast identification of biologically important
differentially methylated regions

Our methylation calling method (methylcall) can cor-
rectly detect hypermethylated bases, and is potentially
useful for medical research for identifying differentially
methylated regions among samples. However, methyl-
call cannot quantitatively measure the methylation sta-
tus (Additional file 1: Fig. S5). Given the zygosity and
epigenetic mosaicism, we decided to establish a quanti-
tative method for Nanopore methylation data analysis.
We calculated the methylation level by counting the ratio
of 5-mC/(5-mC+ C) at each base using a custom script
(mtcall2mtkit), and analyzed it using Methylkit, which
was originally developed for short-read methylation
sequencing [21].

The quantitative measurement enabled us to compare
methylation levels across samples. As described above,
single-sample analysis revealed the detailed methyla-
tion profile of the NOTCH2NLC region in the F2 family
(Fig. 4). The other three families (F1, F3 and F4) had simi-
lar DNA methylation signatures (Additional file 1: Fig.
S7). This similarity was confirmed by principal compo-
nent analysis and hierarchical clustering analysis, reveal-
ing two clusters, one from asymptomatic carrier fathers
and the other from patients and their mothers (Fig. 6a, b).

Methylkit can also extract and visualize differentially
methylated bases between samples. As expected, the
percent methylation values between the F2-mother and
F2-patient had high similarity (Pearson’s correlation
score of 0.998) (Fig. 6¢c). By contrast, the F2-father and
F2-patient showed relatively less similarity (Pearson’s
correlation score of 0.955) because a proportion of the
differentially methylated cytosines were unmethylated
in the F2-patient and methylated in the F2-father with
the percent methylation values of mostly<0.5, indicat-
ing heterozygous gain of 5-mC in the father (Fig. 6¢ and
Additional file 2: Table S5).
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Such differential DNA methylation is more useful when
it is analyzed in the genomic context, such as repeats,
CpG islands and promoters. We summarized percent
methylation scores based on the RepeatMasker annota-
tion from UCSC (http://genome.ucsc.edu/). In general,
these regions are difficult to analyze by conventional
methods using short-read next-generation sequencing
because its repetitive nature hampers correct mapping of
reads. Long-read sequencing has the advantage of being
able to distinguish these repetitive elements from other
copies throughout the human genome by spanning entire
repeat sequences and adjacent unique regions as well
as together with 5-mC. Moreover, these differentially
methylated regions were evaluated in the context of gene
annotation, such as the distance to transcription start site
(TSS) and nearest gene name using Methylkit (Additional
file 2: Table S6) [21]. Indeed, our analysis enabled the
simple and fast identification of differentially methylated
GGC repeats at NOTCH2NLC (Fig. 6d, e and Additional
file 2: Table S6).

Discussion

Two previous studies demonstrated that very long expan-
sion in five asymptomatic carrier males, of which four
were the fathers of affected individuals, was likely trans-
mitted to sporadic cases showing NOTCH2NLC-related
disorders [11, 12]. The CpG islands of NOTCH2NLC
in the long expansion of carrier males have been
shown to be hypermethylated, along with silencing of
NOTCH2NLC transcription [11, 12]. Our current study
not only provides an additional four cases to corroborate
these observations, but also provides a more complete
understanding of the genetic and epigenetic landscape
of NOTCH2NLC at the nucleotide resolution using the
power of single molecule epigenetics.

Here, four apparently sporadic affected individuals
with NOTCH2NLC repeat expansion were investigated.
Unexpectedly, the two long-read sequencing technolo-
gies (PacBio and Nanopore) uncovered the extremely
long repeat-expansion alleles in paternal samples in all
four families, despite negative results of previous RP-
PCR based studies. Therefore, we repeated the RP-PCR
experiment. Again, the longer expansion alleles in fathers
were not amplified, whereas the pathogenic repeat-
expansion alleles in the affected individuals were read-
ily detected by RP-PCR (Additional file 1: Fig. S1). We
note the abnormally slow polymerase kinetics (presum-
ably due to 5-mC) in the long repeat expansion alleles by
SMRT sequencing (Fig. 2b), which may be related to the
inefficient RP-PCR amplification in fathers. Thus, PCR-
free (single molecule) long-read sequencing technologies
may be advantageous for evaluating NOTCH2NLC repeat
expansion. Nonetheless, our findings provide additional
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F3-father or F4-father (Fig. 3b). In the RP-PCR for the
F2-father, we detected weak and rapidly diminished sig-
nals of sawtooth pattern (Additional file 1: Fig. S1). The
F2-father had a wide variation in repeat copy numbers,
with a relatively high proportion of reads in the disease-
causing range (37.1% in the F2-father compared with
6.5%-12.8% in other fathers) (Fig. 1b and Additional
file 2: Table S2). This scanty sawtooth amplification may
reflect repeat instability or somatic mosaicism; that is, a
relatively high proportion of reads with GGC expansions
within the disease-causing range (41-300 repeats) were
amplified by RP-PCR in the F2-father.

To clarify the molecular basis of this repeat insta-
bility, we investigated the full GGC repeat expansion

evidence that the disease-causing allele in sporadic
cases is transmitted exclusively from fathers who have
extremely long expanded repeats with repeat contraction.

The long expansion allele in fathers showed wide vari-
ation in repeat length, suggesting repeat instability or
somatic mosaicism in blood samples (Figs. 1b, 2a and
Additional file 2: Table S2). This is not merely a tech-
nological artifact of long-read sequencing technologies
because DNA extracted from the LCL established from
the F4-father did not show such high variability (Addi-
tional file 1: Fig. S8 and Additional file 2: Table S2). Con-
sistently, this repeat instability or somatic mosaicism
was confirmed by Southern blot analysis in blood sam-
ples from the F2-father, but not in the LCLs from the



Fukuda et al. Clin Epigenet (2021) 13:204

sequences in asymptomatic carrier fathers (Fig. 2a).
Characterization of HiFi reads did not support any
new repeat configuration or expansion-prone sequence
within the repeats. Instead, the repeats consisted of
long uninterrupted GGC repeats with or without a
GGA interruption sequence, as previously reported
(Fig. 2a) [3]. The number and position of GGA inter-
ruption units was stable across generations (compare
patients and fathers of families F2 and F3 in Fig. 2a)
and within tissues (F2-father and F3-father in Fig. 2a),
despite dynamic changes in GGC repeat units (Fig. 2a).
F2-father and F3-father had 2 and 25 GGA repeat
interruption units at the 3’ end of long stretches of
pure GGCs, respectively (Fig. 2a and Additional file 2:
Table S3). These GGA interruptions located at the 3’
end of the repeat may lessen GGC repeat instability,
as suggested for the CGG repeat expansion in fragile X
syndrome [22, 23]. In fact, the variation in repeat length
was small in the F3-father with 25 GGA interruption
units compared with the three other fathers, as indi-
cated by the small standard deviation (SD) and inter-
quartile range (IQR) (106.2 vs. 168.6-205.5 (SD) and
186.8 vs. 298.5-329.0 (IQR)) (Fig. 1b and Additional
file 2: Table S2). This is not the case in the F2-father,
with 2 GGA repeat interruption units. However, the
F2-father had two prominent cell populations with dif-
ferent repeat copy-numbers of approximately 230 and
580 (Figs. 1b and 3b), which may still suggest that two
GGAs may stabilize the repeat. Notable also is the ACC
GAGAAGATGCCCGCCCTGC insertion event at the
3" end of GGCs in the Fl-patient (Fig. 2a). This inser-
tional mutation may also impact repeat instability in
the Fl-patient during intergenerational transmission.
Further studies are needed to evaluate this interruption
unit hypothesis.

Recent studies suggest that NOTCH2NLC expansion-
derived transcripts can produce repeat-containing
RNA foci and/or are translated into a toxic polygly-
cine-containing protein (polyG protein) [12, 13]. We
observed consistently that the GGC RNA-positive
nuclear inclusions were only formed in LCLs from the
affected patients, with possible formation of G4 foci in
transcripts from the disease-causing allele. The gain of
5-mC, detected in this study and by others, could pos-
sibly abolish the expression of toxic polyG protein/
repeat-containing transcripts through epigenetic tran-
scriptional silencing [11, 12]. Deng et al. proposed that
NOTCH2NLC repeat expansions have a disease-causing
range, of 41-300 repeats [12]. Above these repeat num-
bers, expanded GGCs likely reach a DNA methylation
threshold. Currently, we do not know if a clear bound-
ary number separates the hypermethylated allele from
the hypomethylated allele. Moreover, we also note that
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some reads with disease-causing alleles (median repeat
length of 140) in the F4-patient were hypermethylated
despite having the same repeat length as some hypo-
methylated reads (Additional file 1: Fig. S9), suggest-
ing some degree of stochastic epigenetic change. These
unambiguous epigenetic factors may modify clinical
expression.

We discovered the transitional zones of DNA methyla-
tion (Fig. 4c and Additional file 1: Fig. S7), which sepa-
rate the hypomethylated and hypermethylated regions
in the normal allele. Interestingly, two transposable ele-
ments (LINE L2 family L2c and SINE MIR family MIRb)
are located at or nearby the transitional zones (Fig. 4c).
Therefore, these transposable elements may form a
DNA methylation boundary, as recently reported for the
mouse B2 SINE family of elements [24]. These possible
DNA methylation boundaries may play a role as a pro-
moter safeguard for NOTCH2NLC, which can inhibit the
spreading of DNA methylation to the transcriptional reg-
ulatory region of NOTCH2NLC to ensure expression of
the normal allele. Further studies are needed to validate
these complex methylation patterns and evaluate these
epigenetic scenarios.

Long-read sequencing (LRS) has many advantages
for investigating long-range methylation profiles as
demonstrated in this study, but some technical limita-
tions remain. Detection of DNA methylation by SMRT
sequencing is indirect and relies on polymerase kinet-
ics. Polymerase kinetics must be evaluated cautiously
because sequence-specific slowdown of the polymerase
can be caused by not only DNA methylation but also sta-
ble DNA secondary structures, such as hairpins and G4
structures, and are sequence-context dependent. In fact,
the degree of polymerase slowdown is strand-dependent.
We observed more prominent slowdown of replication
rate in the reverse strand than in the forward strand (com-
pare st=0 (forward strand) and st=1 (reverse strand) in
Additional file 1: Fig. S4). While Nanopore technology
can directly detect 5-mC, the high sequencing error rates
of this technology should be taken into consideration [25].
In addition to random sequencing errors, we reported
non-random and local DNA sequence context-specific
errors at repetitive regions [26]. These errors may result in
the miscalling of 5-mC or canonical C. Hence, cross vali-
dation using different technologies, including Southern
blot, PacBio and Nanopore methylation analysis, is neces-
sary, as demonstrated in this study.

Conclusions

Investigation of epigenetic status in repetitive elements
is challenging because of the incomplete reference
sequence and the difficulty in correctly mapping reads
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(low mappability). This study highlights that long-read
sequencing is highly useful in examining the epigenetic
landscape of repetitive elements by combining two differ-
ent long-read sequencing technologies.

Methods

Subjects

Four affected individuals with NOTCH2NLC repeat
expansion and their clinically asymptomatic parents were
enrolled in this study. All affected individuals were exam-
ined by professional neurologists. Brain MRI and/or skin
biopsy were conducted for the clinical diagnosis of NIID.
Cognitive and executive functions were evaluated using
the Mini Mental State Examination (MMSE), Japanese
version of the Montreal Cognitive Assessment (MoCA-]),
or Frontal Assessment Battery (FAB). Nerve conduction
study was carried out to evaluate the presence of neurop-
athy. NOTCH2NLC repeat expansion was examined by
RP-PCR and AL-PCR as described below.

RP-PCR

RP-PCR was performed according to a previously
described protocol [3]. The primer mix contained the fol-
lowing three primers: 5-FAM-GGCATTTGCGCCTGT
GCTTCGGACCGT-3’, 5-CAGGAAACAGCTATGACC
TCCTCCGCCGCCGCCGCC-3,5-CAGGAAACAGCT
ATGACC-3".

RP-PCR products were resolved and visualized using a
3500xL Genetic Analyzer (Thermo Fischer Scientific) and
analyzed using GeneMapper software (Thermo Fisher
Scientific).

AL-PCR

AL-PCR was performed as previously described [3]. The
following PCR primers were used: 5-VIC-CATTTGCGC
CTGTGCTTCGGAC-3’ and 5-AGAGCGGCGCAG
GGCGGGCATCTT-3". AL-PCR products were resolved
and visualized using a 3500xL Genetic Analyzer (Thermo
Fisher Scientific) and analyzed using GeneMapper soft-
ware (Thermo Fisher Scientific).

Nanopore long-read sequencing with Cas9-mediated
PCR-free enrichment

CRISPR/Cas9 digestions and library preparations were
performed according to the manufacturer’s instructions
with the SQK-LSK109 kit (Oxford Nanopore Technolo-
gies). Briefly, 5 pug of genomic DNA was treated with
Quick calf intestinal phosphatase for 10 min at 37 °C to
prevent adapter ligation with the off-target DNA frag-
ment ends, followed by heat inactivation at 80 °C for
3 min. Two target specific-ctRNAs on opposite strands
(forward and reverse orientations) were designed to
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flank the NOTCH2NLC GGC repeat (chr1:149390803-
149390842 from the human reference genome hg38).
Approximately 4 kb of genomic DNA fragment was tar-
geted by the double Cas9 digestion (chr1:149389497-
149393469). The Mixture of the two Alt-R CRISPR-Cas9
ctRNAs  (5-UUCUUAGCCCACUUGUACCCAGG-3’
and 5-GGAGCACUCAAAAGUUUAGAAGG-3; 10 uM
each) and the transactivation crRNA (tracrRNA; 10 pM)
in duplex buffer (Integrated DNA Technologies) were
denatured at 95 °C for 5 min and cooled to room tem-
perature for 5 min to prepare crRNA:tracrRNA duplexes.
The duplexes were incubated at room temperature for
30 min with Alt-R HiFi Cas9 nuclease V3 (Integrated
DNA Technologies) to generate ribonucleoprotein (RNP)
complexes. Next, dephosphorylated genomic DNA and
Cas9 RNP were mixed for target cleavage and simulta-
neously tailed with dATP for Nanopore adapter ligation
using NEB Taq polymerase. The CRISPR/Cas9 diges-
tion and dA-tailing reaction were performed at 37 °C
for 60 min and then inactivated at 72 °C for 5 min.
Next, Nanopore adapter ligation mix was added to the
CRISPR/Cas9-cleaved and dA-tailed sample. Unligated
adapters and short DNA fragments were removed with
a 0.3 x sample volume of AMPure XP beads (Beckman
Coulter), including a washing step with long-fragment
buffer (Oxford Nanopore Technologies), before elu-
tion in elution buffer (Oxford Nanopore Technologies).
Then, sequencing buffer and loading beads were added to
the DNA library, which was sequenced with a MinION
sequencer, using FLO-MIN106D (R9.4.1) flow cells.

Repeat analysis using nanopore long-read sequencing
data

Target sequencing data from the MinION sequencer was
analyzed as previously described [3, 26]. In short, the raw
data were base-called and processed into fastq files, using
MinKNOW (v.18.12.9). Reads were aligned to the human
reference genome hg38 using LAST (http://last.cbrc.jp),
and tandem repeat genotyping compared with the hg38
human reference genome (13 copies in the hg38) was car-
ried out using tandem-genotypes v1.3.0 (https://github.
com/mcfrith/tandem-genotypes).

PacBio No-Amp targeted sequencing

No-Amp targeted enrichment and library preparations
were performed in accordance with the manufactur-
er’s instructions (Pacific Biosciences). Briefly, 5 pg of
genomic DNA was treated with shrimp alkaline phos-
phatase (NEB) for 1 h at 37 °C to prevent adapter liga-
tion with the off-target DNA fragment ends, followed
by heat inactivation at 65 °C for 10 min. The same crR-
NAs (5-UUCUUAGCCCACUUGUACCCAGG-3’ and
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5-GGAGCACUCAAAAGUUUAGAAGG-3) were
used as for Nanopore Cas-mediated PCR-free enrich-
ment. The two crRNAs were annealed to tracrRNA sep-
arately in duplex buffer (Integrated DNA Technologies),
and then pooled in an equimolar mixture. The result-
ant crRNA:tracrRNA duplexes were incubated at 37 °C
for 10 min with Cas9 Nuclease, S. pyogenes (NEB), to
generate RNP complexes. Dephosphorylated genomic
DNA was mixed with Cas9 RNP for Cas9 digestion, and
then purified using a 0.45 x sample volume of AMPure
PB beads (Pacific Biosciences). PacBio hairpin barcoded
adapter (Pacific Biosciences) was ligated to the Cas9
cleavage sites using T4 DNA Ligase (Thermo Fisher
Scientific) at 16 °C for 2 h. The SMRTbell libraries were
pooled for multiplexed sequencing, and then puri-
fied with a 0.45 x sample volume of AMPure PB beads
(Pacific Biosciences). Exonuclease digestion using Exo-
nuclease III (NEB) and enzymes A, B, C and D (Pacific
Biosciences) was performed to removed failed ligation
products. After the digestion reaction, the SMRTbell
library was treated with trypsin for exonuclease removal
(Sigma-Aldrich) and purified twice using 0.45 x and
0.42 x sample volumes of AMPure PB beads (Pacific
Biosciences). The sequencing primer, v4 (Pacific Bio-
sciences), was conditioned at 80 °C for 2 min, and
then annealed to the SMRTbell library at 20 °C for 1 h.
After primer annealing, Sequel II DNA Polymerase 2.0
(Pacific Biosciences) was incubated with the SMRTbell
template at 30 °C for 4 h to prepare polymerase-bound
SMRTbell complex. The SMRTbell DNA/polymerase
complex was then purified using a 0.6 x sample volume
of AMPure PB beads (Pacific Biosciences). The puri-
fied complex was loaded onto the Sequel II SMRT Cell
8 M (Pacific Biosciences). Samples were sequenced on
the PacBio Sequel II System using a Sequel II Sequenc-
ing Kit 2.0 (Pacific Biosciences), and data were collected
for 30 h. One Sequel II SMRT Cell 8 M was used to
sequence three samples.

Repeat analysis using No-Amp data
No-Amp data analysis was carried out using PacBio
RepeatAnalysisTools (https://github.com/PacificBio
sciences/apps-scripts/tree/master/RepeatAnalysisTools)
according to instructions (Pacific Biosciences). Circular
consensus sequencing (CCS) was generated using the fol-
lowing command:
“ccs<inSubreads.bam > <outCCS.bam > -j 32 --disa-
ble-heuristics --draft-mode full”.

To demultiplex No-Amp samples, demultiplex bar-
codes application was used as follows:
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“lima --same --ccs --split-bam-named --peek-guess -j
8 <outCCS.bam > < barcodes.fasta > <outDemuxed.
bam>".

Alignment to the human reference genome hg38 was
carried out using the following command:

“pbmm2_extention.sh < human_hg38.fasta> <out-
Demuxed.bam > < mapped.ccs.bam>".

Repeat analysis of CCS results, such as a waterfall-style
plot, was carried out using the scripts provided in Repea-
tAnalysisTools  (https://github.com/PacificBiosciences/
apps-scripts/tree/master/RepeatAnalysisTools).

Polymerase kinetics analysis using No-Amp data
Polymerase kinetics were included in PacBio consensus
reads by running ccs v6.0.0: “ccs --hifi-kinetics < subreads.
bam > <hifi.bam>". Consensus reads were demultiplexed
by sample barcode using lima v2: “lima --ccs --split-
named < hifi.bam > < demux.hifi.bam >". For each sample,
reads were mapped to GRCh38 (GCA_000001405.15)
using pbmm2 v1.4.0 with HiFi parameterization:
“pbmm?2 align --preset=HiFi<reference.fasta> <sam-
ple.hifi.bam > < mapped.sample.hifi.bam>"  Using the
mapped GRCh38 region found by alignment as a guide
sequence, the on-target reads were clustered into alleles
using pbaa v0.1.2: “pbaa cluster< GRCh38 loci.guide.
fa> <sample.hifi.bam > <output_prefix>". Polymer-
ase kinetics were averaged by position across the reads
spanning each allele. Average replication cycle time per
base was measured as the sum of the average inter-pulse
duration (fi tag: forward orientation; ri tag: reverse ori-
entation) and pulse width (fp tag: forward orientation; rp
tag: reverse orientation) by strand (forward strand: st=0;
reverse strand: st=1). Cumulative replication cycle time
by allele position was calculated as the sum of the average
single-base replication cycle times.

DNA methylation analysis using nanopore long-read
sequencing data

We used guppy (v3.5.2) basecaller to detect 5-methylcy-
tosine (5-mC). Specific basecalling model for modified
bases was processed using the configuration file named
“dna_r9.4.1_450bps_modbases_dam-dcm-cpg_hac.cfg”.
The modified base information was written as a part of
fast5 file output. Estimated probabilities of canonical C
(unmodified) and 5-mC (modified) were described as
integers in the range of 0-255, which represents likeli-
hood in the range of 0%—100%. For example, scores of 255
and 192 for 5-mC indicate likelihoods of 100% (255/255)
and 75% (192/255), respectively, of being 5-mC. We set
a threshold of>128 as a modified base (5-mC) in this
manuscript. Reads were aligned to the human reference
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genome hg38 using minimap2 (https://github.com/lh3/
minimap2). Then, we used the custom program methyl-
stat for assigning the modified base information from
guppy to the genomic position of aligned reads with min-
imap2. The modified base information from methylstat
output was summarized and used for statistical testing
for methylation calling at the respective genomic posi-
tions (Fisher’s exact test under the null hypothesis of no
chance of being methylated) using the custom program
methylcall. The methylcall program can also output the
percent methylation score [5-mC/(canonical C+5-mC)]
to detect DNA methylation using the “--rate” option. In
this study, we set the cut-off value at 20% for methyla-
tion calling with the “--rate 0.2” option. Read-level plot
showing methylation patterns (in-silico bisulfite-like
conversion) were generated using the custom program
ont2bisul and visualized using the Integrative Genomics
Viewer (IGV). In this custom program, cytosines with
5-mC scores of <128 were converted to thymine (T) and
adenine (A) for forward and reverse reads, respectively,
whereas methylcytosine (cytosines with 5-mC scores
of >128) was not converted.

For multi-sample comparison, the publicly avail-
able methylkit software for high-throughput bisulfite
sequencing experiments was applied to the Nanopore
long-read sequencing data [21]. Input file for methylkit
was prepared from methylcall output using the custom
script mtcall2mtkit.

The methylstat, methylcall, ont2bisul and mtcall2mt-
kit custom programs are available at https://github.com/
bitsyamagu/methyl-stat/tree/main.

DNA methylation analysis within the GGC repeat sequence
PacBio amplicon analysis (pbaa) tool (https://github.
com/PacificBiosciences/pbAA) was used to cluster and
generate high-quality consensus sequences from HiFi
reads (pbaa consensus) as described above. Nanop-
ore reads from Cas9-mediated PCR-free enrichment
were classified into non-expanded allele (tandem-geno-
types call<50) and expanded allele (tandem-genotypes
call > 50) based on GGC repeat copy number from tan-
dem-genotypes call, and then aligned to the PacBio pbaa
consensus sequence using minimap2 (https://github.
com/lh3/minimap2). NOTCH2NLC is located within a
segmental duplication highly homologous to four other
genomic regions. To improve the mapping accuracy, the
four homologous sequences (chr1:119989248-120093730,
chr1:120705588-12081063, chr1:146139729-146254754
and chrl:148590677-148705497) were added as decoy
sequences before minimap2 alignment. Correct align-
ments of Nanopore reads to NOTCH2NLC region were
supported by the NOTCH2NLC specific insertion of an
AluYa5 (chr1:149392790-149393094) [4].
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Southern blot analysis

For evaluating NOTCH2NLC repeat expansion, 5 pug of
genomic DNA was digested with Nhel (NEB). For DNA
methylation analysis, 15 pug of genomic DNA was initially
digested with Nhel (NEB) and purified by phenol-chlo-
roform extraction. Purified DNA was divided into three
parts and subjected to secondary digestion with either
methylation sensitive or insensitive isoschizomers Hpall
and Mspl (NEB), respectively, with no secondary diges-
tion. Digested DNA was separated on 0.8% agarose gels
(w/v) in 1.0 x Tris/borate/EDTA buffer at 4 °C for 2 h,
and then transferred to positively-charged nylon mem-
branes by capillary transfer. DNA fragments were fixed
to the membranes using the autocrosslink mode of the
Stratalinker UV Crosslinker 2400 (Stratagene). The
digoxigenin (DIG)-labeled probe was generated by PCR
amplification from the DNA fragment cloned into TOPO
qCR 2.1 vector in accordance with the manufacturer’s
instructions (Roche). The following PCR primers were
used for generating the hybridization probe: 5-AACGGA
TGACACTCCAAAGG-3' and 5-TCCTGCTTCATA
GGTGAAGAGAC-3'". Prehybridization was performed
at 37 °C for 1 h in DIG Easy Hyb buffer. Hybridization
was performed at 37 °C overnight in DIG Easy Hyb buffer
containing the DIG-labeled unique PCR probe. After
hybridization, membranes were washed twice at room
temperature in 2 x SSC/0.1% SDS for 5 min, followed by
two 15-min washes in 0.5 x SSC/0.1% SDS at 68 °C. The
DIG-labeled probe was visualized by chemiluminescence
detection using anti-DIG antibodies conjugated with
alkaline phosphatase (anti-DIG-AP) and its chemilumi-
nescence substrate CSPD-star (Roche). Briefly, mem-
branes were blocked for 30 min in 1 x blocking solution,
and then incubated for 30 min in antibody solution
(75 mU/mL of anti-DIG-AP), followed by two 15-min
washes in washing buffer (0.1 M maleic acid, 0.15 M
NaCl, 0.3% Tween 20) at room temperature. Finally,
the chemiluminescence reaction was performed using
CSPD-Star and visualized using a ChemiDoc Touch
imaging system (Bio-Rad).

RNA fluorescence in situ hybridization (FISH)

and immunofluorescence

RNA FISH and immunocytochemistry were performed
as previously described [20]. In brief, the lymphoblastoid
cell lines (LCLs) derived from F3 and F4 families were
fixed with 4% paraformaldehyde in phosphate-buffered
saline (PBS), and then washed with diethylpyrocar-
bonate-treated PBS (DEPC-PBS; 3 x 20 min). For per-
meabilization, cells were incubated with 70% ethanol at
4 °C overnight. After several washes, LCLs were plated
on coverslips coated with 0.1% poly-L-lysine. After cell
attachment and several washes with 1 x DEPC-PBS,
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LCLs were blocked in hybridization solution (40% for-
mamide, 10% dextran sulfate, 2 mM vanadyl sulfate and
0.5 mg/mL yeast tRNA in 2 x SSC (300 mM NaCl, 30 mM
sodium citrate)) for 1 h at 37 °C, and then incubated
with 1 nM Cy5-(CCG)g probe in hybridization solu-
tion at 37 °C overnight. Thereafter, LCLs were washed
sequentially with 40% formamide in 2 x SSC, 2 x SSC and
0.2 x SSC at 37 °C (2 x 20 min). Samples were washed
with 1 x PBS, incubated with 1% bovine serum albu-
min and 0.1% Triton-X in PBS (blocking solution) for
1 h at room temperature, and then treated with anti-p62
(1:1,000; GP62-C, PROGEN Biotechnik) and anti-ubiq-
uitin (1:1,000; ZO458, Dako) antibodies, as markers of
inclusion bodies, diluted in blocking solution overnight
at 4 °C. For staining G-quadruplex (G4) structures, LCLs
were incubated with an antibody against the 6X His
epitope tag (1:1,000; ab18184, Abcam) present on BG4
(1:800, 1.0 pg/mL) [20]. After several rinses, diluted sec-
ondary antibodies Alexa 488-conjugated goat anti-guinea
pig (1:1,000; A-11073, Invitrogen) and Alexa 594-conju-
gated donkey anti-rabbit (1:1,000; A-21207, Invitrogen)
or Alexa 594-conjugated donkey anti-mouse (1:1,000;
A-21203, Invitrogen) were reacted with LCLs overnight
at 4 °C. After several washes and 4’,6-diamidino-2-
phenylindole (DAPI) staining, LCLs were mounted with
Vectashield (Vector Laboratories). Immunofluorescent
images of each sample were obtained using a confocal
laser-scanning microscope (Leica TCS SP8). The number
of p62/ubiquitin double-positive intranuclear inclusions
in LCLs was counted and calculated as a ratio.

Reverse-transcription quantitative PCR (RT-qPCR)
Total RNA was purified from LCLs using the RNeasy
Mini Kit (Qiagen) in accordance with the manufacturer’s
protocol. The RNA was reverse-transcribed into single-
stranded cDNA using oligo(dT) primers (Promega) and
Moloney murine leukemia virus reverse transcriptase
(Invitrogen), and then subjected to RT-qPCR with gene-
specific primers, performed as previously described,
using iQ SYBR Green Supermix (Bio-Rad) [20]. Gene
expression was analyzed using the comparative threshold
cycle (ACT) method and normalized to GAPDH expres-
sion, and then further relative to a healthy mother sam-
ple. The following primers were used for RT-qPCR:
Notch2nlc (Fw): 5-GATCTTTCCAAAGAGAATTCT
GTATCTC-3 Notch2nlc (Rv): 5-GAGAGCCACATG
GCTGACTT-35 GAPDH (Fw): 5-CTGGGCTACACT
GAGCACC-35 GAPDH (Rv): 5-AAGTGGTCGTTG
AGGGCAATG-3".

Statistical analyses
Statistical analysis was performed using R, version
3.6.2. For Fig. 6c, R function of cor.test with parameter

Page 150f 17

method ="pearson” was used (https://www.r-project.
org/). For Table S6, Methylkit function of calculate-
DifftMeth was used to extract differentially methylated
bases by Fisher’s exact test and calculate p-values. The
sliding linear model (SLIM) method was used to calcu-
late g-values, corrected for multiple hypothesis testing,
and values of g<0.01 were considered significant. One-
way analysis of variance (ANOVA) with post-hoc Bon-
ferroni’s multiple comparison test was used for analysis
of RT-qPCR data (Fig. 5¢). Data were expressed as the
mean =+ standard error of the mean (SEM), and p<0.05
represented a statistically significant difference.
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