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Biallelic GGGCC repeat expansion leading
to NAXE-related mitochondrial
encephalopathy
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Repeat expansions cause at least 50 hereditary disorders, including Friedreich ataxia and other
diseases known to cause mitochondrial dysfunction. We identified a patient with NAXE-related
mitochondrial encephalopathy and novel biallelic GGGCC repeat expansion as long as ~200 repeats
in theNAXEpromoter region using long-read sequencing. In addition to amarked reduction in theRNA
and protein, we found a marked reduction in nascent RNA in the promoter using native elongating
transcript-cap analysis of gene expression (NET-CAGE), suggesting transcriptional suppression.
Accordingly, CpG hypermethylation was observed in the repeat region. Genetic analyses determined
that homozygosity in the patient was due to maternal chromosome 1 uniparental disomy (UPD). We
assessed short variants within NAXE including the repeat region in the undiagnosed mitochondrial
encephalopathy cohort of 242 patients. This study identified the GGGCC repeat expansion causing a
mitochondrial disease and suggests that UPD could significantly contribute to homozygosity for rare
repeat-expanded alleles.

Mitochondrial diseases are a group of diseases that arise from dysfunctions
in mitochondrial oxidative phosphorylation1,2. They are the most prevalent
diseases of hereditarymetabolic disorders, especially during infancy, and are
known to occur in 1 out of 5000 births3. To date, over 425 of nuclear and
mitochondrial genome-coded genes have been reported to be associated
with mitochondrial diseases4. Single nucleotide variants (SNVs), small
indels, and structural variants cause mitochondrial diseases, while Frie-
dreich ataxia (FRDA), aneurodegenerativedisorder causedbybiallelicGAA
repeat expansion in FXN, causes mitochondrial dysfunction. It develops
during adolescence and leads to loss of frataxin, which in turn causes
abnormal accumulation of mitochondrial iron, compromised mitochon-
drial oxidative phosphorylation, and overproduction of free oxygen radicals
which damage diverse cellular functions5.

At least 50 diseases have been reported to be caused by pathogenic
short tandem repeat expansions, and several diseases such as Huntington
disease, C9orf72 associated frontotemporal dementia/amyotrophic lateral
sclerosis, and myotonic dystrophy type 1, as well as FRDA are known to
cause mitochondrial dysfunction6. Moreover, repeat expansion diseases
often involve the central nervous system (CNS)7. Long-read sequencers by
PacBio or Oxford Nanopore are useful for studying repeat expansion

diseases as they can sequence long segments of repeat expansions,which can
amount to several hundreds of base pairs to kilobases8.

Mitochondrial diseases often affect the CNS. A group of mito-
chondrial diseases especially characteristic of prominent CNS lesions
is called “mitochondrial encephalopathy”. One type of mitochondrial
encephalopathy called NAXE-related mitochondrial encephalopathy
is an autosomal recessive hereditary disorder caused by biallelic
pathogenic variants in NAD(P)HX epimerase (NAXE, alias:
APOA1BP)9–17. Patients with NAXE-related mitochondrial encepha-
lopathy exhibit developmental delay, cognitive regression, altered
consciousness, abnormalities in eye movement (including nys-
tagmus), muscle weakness, respiratory failure, seizure, ataxia, and
gait disturbance at the age of 1 to 2 years. The disease is characterized
by fluctuating symptoms over time, often exacerbated by febrile ill-
ness; it is progressive and fatal in the long term. NAD(P)HX epi-
merase is an important enzyme that catalyzes the toxic substance
NAD(P)HX in the metabolism of NADPH (“NAD(P)HX repair
system”). NADPH is used for various biosynthesis and cellular
processes and whose main pools are cytosol and mitochondria18.
NAD(P)HX epimerase deficiency, typically caused by missense,
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nonsense, frameshift, or splicing variants in NAXE, compromises the
NAD(P)HX repair system and leads to mitochondrial dysfunctions.

In our studyof a cohort of undiagnosedmitochondrial disease patients,
we identified a patient with NAXE-related mitochondrial encephalopathy
and novel biallelic GGGCC repeat expansion in the promoter region of
NAXE using long-read sequencing. Genetic analyses showed that homo-
zygosity in the patient was due to maternal chromosome 1 uniparental
disomy (UPD). A search for pathogenic GGGCC repeat expansion using
repeat-primed polymerase chain reaction (RP-PCR) in an undiagnosed
mitochondrial encephalopathy cohort yielded negative results. Further-
more, amplicon long-read sequencing used to assess short variants and
GGGCC repeats in our cohort showed that among the 484 alleles observed,
none was longer than 7 repeats, except for the patient and the mother who
carried pathogenic repeat expansion. When repeat genotypes in the NAXE
GGGCC repeat locus were searched in the TR-gnomAD19, a dedicated
catalogue of short tandemrepeat, less than 0.15%alleleswere notwithin 2–7
repeats. Consequently, this study provides an important perspective that
UPD, occurring in 0.05% of live births in the general population20, could
significantly contribute to homozygosity for exceedingly rare repeat-
expanded alleles.

Results
Isolation of the patient with markedly reduced NAXE expression
and biallelic GGGCC repeat expansion in the NAXE promoter
As part of our strategy to achievemolecular diagnoses on undiagnosed 2932
patients of mitochondrial diseases in Japan, we conducted RNA sequencing
of RNA samples from fibroblasts obtained from 400 patients, in addition to
genomic sequencing including panel sequencing, whole exome sequencing,
and whole genome sequencing (WGS). A total of 303 (75.8%) of the 400
patients were biochemically confirmed to have mitochondrial dysfunctions
(Fig. 1a). To isolate the individuals with markedly dysregulated candidate
causative gene expression, we utilized “OUTRIDER”, a tool that deciphers
singleton samples with outlying dysregulation of gene expression in a batch
of samples (for example, a batch of 32 samples)21. In the sixth batch of the 11
batches examined (400 cases in total), among 32 patients, we found a case of
a 3 year-old-girl with outstandingly reduced NAXE expression (Fig. 1a–c).

This patient (Pt2359, the proband in Family A) without an
apparent familial history of mitochondrial, rare, or neurodegen-
erative diseases, presented with truncal ataxia at the age of 1 year
and 1 month, along with mild psychomotor developmental delay
with regression, hepatomegaly, seizure, and difficulty hearing in the
right ear. The patient was not dysmorphic. The clinical course was
fluctuating with deterioration often preceded by febrile events and
progressive in neurological deficits (Supplementary Fig. 1a). At age
of 3 years, the patient was unable to sit, a skill she had acquired at
9 months old. Instead, she could only pull herself up to stand,
exhibiting trunk instability. Febrile events such as upper respiratory
infection or urinary tract infection for several days often preceded
clinical deteriorations, which could last for weeks and partially
recover over the course of several weeks or months. Laboratory
screening revealed elevated lactate and pyruvate in cerebrospinal
fluid (lactate: 30.6 mg/dl, pyruvate: 1.36 mg/dl). No inflammatory
changes were observed in the cerebrospinal fluid. Although repe-
ated episodes of seizures were observed at the age of 1 year and
3 months, the electroencephalograms showed only scarce inter-
mittent nonspecific slow waves, but no apparent epileptic dis-
charges or other specific findings. Supplementation therapy with
vitamins B1, B6, B12, C, E, biotin, carnitine, and ketogenic diet was
initiated at the age of 1 year and 3 months, and continued there-
after. Clinical stabilization and neurological improvement were
subsequently observed at least for 9 months. However, several
events of neurological exacerbation, often preceded by seemingly
infectious episodes, ensued.

At the age of 5 years, an episode of severe neurological exacerbation
occurred. Gait disturbances, decreased level of consciousness, respiratory

failure, dysautonomia such as highly volatile blood pressure and hypersa-
livation, and skin symptoms resembling heat burn on the extremities and
trunk were accompanied by urinary tract infection upon admission. The
exacerbation was so rapid that the patient became comatose in several days.
Brain magnetic resonance imaging (MRI) was initially normal but two
weeks later, during the rapid exacerbation, showed evolution of high signal
intensities of the brainstem and cerebellum in fluid attenuated inversion
recovery (FLAIR) as well as restricted diffusion in the diffusion weighted
imaging (DWI) / apparent diffusion coefficient (ADC) map (Fig. 1b)
compatible with cytotoxic edema. Later, narrow areas of the cerebrum
showed similar lesions (Supplementary Fig. 1b). All these brain lesions
revealed by MRI persisted for several weeks at least and resulted in severe
neurological sequelae.

Fluctuating but thus progressive neurological symptoms and lab
tests suggestive of mitochondrial diseases were compatible with
NAXE-related mitochondrial encephalopathy. For the analysis of
mitochondrial oxidative phosphorylation, the oxygen consumption
rate (OCR) of the patient’s fibroblasts was measured, revealing a
moderate decrease (48% of the controls and 43% in the galactose-
containing medium). Furthermore, the enzyme activity of oxidative
phosphorylation in the patient’s fibroblasts was reduced in complex
II and III (complex I: 61.6%, II: 49.1%, II+ III: 34.7%, III: 113.7%,
and IV: 102.5% in the Citrate Synthase (CS) ratio), whereas the
changes were milder in the muscle (I: 69.2%, II: 79.6%, II+ III:
85.5%, III: 44.0%, and IV: 49.4%). Loss of the NAXE protein in
Pt2359 was also confirmed by western blotting (Fig. 1d and its ori-
ginal gel blot image in Supplementary Fig. 2), in comparison with the
controls and another NAXE-related mitochondrial encephalopathy
patient (Pt2659), by compound heterozygous splicing and missense
variants. However, short read WGS with conventional variant calling
in Pt2359 revealed no causative variants in NAXE.

Furthermore, we used PacBio long-read sequencing to identify biallelic
1 kb stretch of almost pure GGGCC repeat expansion (~200 repeats) in the
promoter region ofNAXE in the patient’s fibroblasts, compared to the three
repeats in the reference sequence (GRCh38) (Fig. 1e (upper part), f and g,
and Supplementary Table 1).

We confirmed that no other pathogenic variants were detected in the
genes, which was previously reported to cause encephalopathies22,23 (Sup-
plementary Table 5) using the data of WGS and RNA sequencing. For the
mutations in the mitochondrial genome, we identified no clear pathogenic
point mutations such as m.3243 A >G or single/multiple deletions in the
mitochondrial genome, using WGS data by short-read and long-read
sequencing.

The chromosome 1 UPD in the proband
We developed a protocol for RP-PCR targeting the GGGCC repeat
expansion in NAXE, which can detect existence of repeat expanded alleles
for evaluation and cost-effective screening (Fig. 2a). We first evaluated
Family A and detected the repeat expanded allele in Pt2359 and themother,
but not in the father or older brother (Fig. 2b). Using long-read sequencing,
we confirmed heterozygous repeat expansion in the mother’s peripheral
blood leukocytes (Fig. 1e, lower part). Southern blotting (Fig. 2c, d, and its
original gel blot image in Supplementary Fig. 3) also showed that only the
mother was heterozygous for the repeat expansion. Analysis of short-read
WGS data by evaluation of homozygous SNV ratios using AutoMap24

revealed that Pt2359 harbored whole chromosome 1 UPD (Fig. 2e). We
searched for additional homozygous variants in other genes within chro-
mosome 1 UPD regions which could lead to mitochondrial dysfunction or
symptoms using WGS data of Pt2359. We found no variants that can
reasonably explain the symptoms of Pt2359 (Supplementary Table 2).

RP-PCR screening for pathogenic GGGCC repeat expansion in
NAXE in an undiagnosed mitochondrial encephalopathy cohort
We utilized RP-PCR to screen 461 undiagnosed patients with signs of
encephalopathy in the Japanese mitochondrial disease cohort
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(Group1, n = 314 and Group2, n = 147) (Table 1). RP-PCR detected
no alleles of extreme repeat expansion in NAXE, but it was difficult to
evaluate alleles with 3 to 4 repeats longer than the reference (repeat
Number=3) because of inherent limited precision at single repeat unit
resolution in RP-PCR.

Evaluation of GGGCC repeat expansion by bioinformatics tools
using short read whole genome sequencing data
For future screening for GGGCC repeat expansion using short read whole
genome sequencing data, we examined ExpansionHunter, a bioinformatics
tool for detecting repeat expansion using short read sequencing data25.
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Fig. 1 | Biallelic GGGCC repeat expansion in an NAXE-related mitochondrial
encephalopathy patient. a Our strategy for the identification of patients with out-
lying gene expression related to mitochondrial dysfunction. A total of 400 patients,
including 303 patients with proven biochemical deficits, who were negative for
pathogenic variants in the genetic screening, were analyzed by OUTRIDER. One of
such OUTRIDER batches isolated a patient (Pt2359) with a marked decrease in
NAXE expression. b “Family A” with markedly decreased NAXE expression in the
proband. An arrow with “P” denotes the proband. -/-, +/-, and +/+ denote
homozygote for wild type, heterozygote for repeat expansion, and homozygote,
respectively. FLAIR MRI showed hyperintensity in brainstem and cerebellum
(arrowhead). DWI andADC showed restricted diffusion in part (arrows). cVolcano
plot showing a remarkably decreased NAXE expression in the proband (arrow).

d Western blotting showing loss of NAXE protein in the proband’s fibroblasts.
NAXE positive controls (fHDF, fetal human dermal fibroblast (normal); C1 and C2,
mitochondrial disease controls (Pt1615YS and Pt1753) who have no causative
variants in NAXE and normal NAXE expression); Pt2659, another patient with a
novel splicing variant and a missense variant; Beta-actin, a loading control. e Left
panel, long-read sequencing of the proband showed the expansion of the GGGCC
repeat (indicated as insertion (a dark violet tag with a number denoting inserted
length of bases)) in each read (upper half) and the mother in a heterozygous state
(lower half). Right panel, an example of such long-read sequence with rare inserts of
slightly different repeat units (the red rectangle). f The site of repeat expansion with
respect toNAXE gene body. gWaterfall plot showing repeat contents of Pt2359 and
the mother for each long-read.

Fig. 2 | Genetic evaluation supporting the status of the NAXE locus in the ped-
igree. a Design of repeat-primed polymerase chain reaction (RP-PCR) showing
three primers (GGGCC_fwd primer and 5’ 6-FAM_reverse were used for initiating
amplification between the repeat stretch and the adjacent genomic region, and
RP_END primer was used for further efficient amplification) for theNAXEGGGCC
repeat. b Segregation study using RP-PCR, showing Family A (left panel) and cor-
responding RP-PCR electropherogram detecting fluorescently labeled amplicons.
Arrows in the mother and proband (Pt2359) indicate the presence of pathogenic
GGGCC repeat expansion. c Probe design for southern blotting. Two small bars are

probes that recognize the ~4.3 kb fragment created byMfeI and BamHI digestion of
genomic DNA. (GGGCC)r denotes the GGGCC repeat in the NAXE promoter
region. d Southern blotting confirmed the presence of a repeat expansion allele in the
mother (I-2, in a heterozygous state) and proband (in a homozygous state). C,
HapMap GM12878 sample with a normal range of repeat stretch as the control; M,
molecular markers for southern blotting; arrow, expanded repeat allele; arrowhead,
normal allele. e Homozygous stretch of single nucleotide variants (SNVs) using
AutoMap on short read WGS data of the proband shows that most of the chro-
mosome 1 regions were homozygous, suggesting uniparental disomy.
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When the parameters were set to find GGGCC repeat expansion in the
NAXE promoter region, homozygous repeat expansion was identified in
Pt2359,whilemild signsof heterozygous repeat expansionwere identified in
the mother (Supplementary Table 3). In addition, 366 patients with
undiagnosed mitochondrial diseases were examined. Four cases showed
slightly expanded repeat in contrast to 362 other cases. However, when
reviewed in the Integrative Genomic Viewer (IGV)24–26, one case had the
very frequent genotype with 5× GGGCC in one allele and GGGTC and 4×

GGGCC in another allele. In the other three cases, visual inspection in the
IGV could not determine the repeat length because of low coverage in the
repeat region. We further checked them using RP-PCR, and obtained
negative results for all the three cases. Therefore, Pt2359, who has homo-
zygous GGGCC repeat expansion in NAXE was reliably detected
by ExpansionHunter, while the mother, who has heterozygous GGGCC
repeat expansion, showed mild signs of expansion according to
ExpansionHunter.

To further examine whether the detection of GGGCC repeat expan-
sion inNAXEwithoutpre-setting the locus as the specific target site of repeat
expansion (“de novo detection of repeat expansion”) using whole genome
sequencing data, genome-wide evaluation by ExpansionHunter Denovo27

and STRling28 were performed. Both ExpansionHunter Denovo and
STRling failed to detect the GGGCC repeat expansion in NAXE in Pt2359
and the mother.

Amplicon long-read sequencing for evaluation of short GGGCC
repeats, SNVs, small indels, and structural variants
To evaluate the composition, length, and frequency of short GGGCC
repeats, along with SNVs, small indels, and structural variants at theNAXE
locus, we further analyzed 314 patients (Group1) using amplicon long-read
sequencing with PacBio for two overlapping amplicons (14086 and
13786 bp) covering the NAXE genomic region (Fig. 3a, b). We added four
members of Family A, Pt2659, and HapMap sample GM12878 as controls.
Following a quality assessment of the sequencing data, 242 samples were
selected for further analysis. We initially examined if specific variations in
the GGGCC repeat region are associated with mitochondrial encephalo-
pathies. Most of the alleles were with 5× GGGCC repeats or 1×
GGGTC+ 4× GGGCC repeats (chr1: 156591765G >GGGGCCGGGCC,
allele frequency in the cohort 0.483 (234/484); chr1: 156591765
G >GGGGTCGGGCC, 0.498 (241/484), respectively). Only five alleles of
6×GGGCCrepeats (0.010 (5/484)) and1allele of 7×GGGCCrepeats (0.002
(1/484))wereobserved.These allele frequencieswere comparablewith those
reported in the TR-gnomADv1.0, the dedicated tandem repeat catalogue in
338,963 human genomes19, where only 0.15% of the alleles in all the
ancestries correspond to the repeat length that is not within the common
2–7 repeats in the locus (Fig. 3b).NAXE expression was determined in one
mitochondrial encephalopathy patient with 6× GGGCC allele and another
with 7× GGGCC allele whose fibroblasts were available and underwent
RNAseq. The patients showedNAXE expression levels comparable to those
of 70 other patients in the same batches (data not shown).

To identify short variants (SNVs and small indels outside the
GGGCC repeat region) that could be pathogenic for NAXE-related
mitochondrial encephalopathy, we focused on the rare (allele fre-
quencies of 0.1 or lower) variants that may impact the NAXE protein
function (see the criteria in the Methods). Using this criteria, five var-
iants (two missense variants, one splicing variant, and two deep intronic
variants) were identified, including the splicing variant and themissense

Table 1 | Patient characteristics of the mitochondrial
encephalopathy cohort

Features Group1 Group2

Total number of patients 314 147

Sex Male 169 73

Female 143 69

Unknown 2 5

Age of onset Prenatal 6 0

0 day to <1 month 78 14

1 month to < 1 year 85 35

1 year to < 3 y 47 21

3 y to < 10 y 26 20

10 y to <20 y 9 8

20 y or older 5 2

Unclear 58 47

Family history Present 19 5

Unremarkable within 3
degrees

295 142

Clinical
diagnosis

Cardiomyopathy 4 0

Hepatic Disease 1 1

Leigh Disease 117 27

Lethal Mitochondrial Infantile
Disorder

2 0

Mitochondrial Cytopathy 176 105

Neurodegenerative Disorder 9 6

Sudden Unexpected Death 4 8

We listed the mitochondrial encephalopathy patients in chronological order and grouped them into
the two groups (Group1, n = 314; Group2, n = 147), for screening by RP-PCR. Group1 was
investigated by subsequent ultralong PCR and long-read amplicon sequencing. As for the “Clinical
diagnosis”, a list of pre-defined disease types (Cardiomyopathy, Hepatic Disease, Leigh Disease,
Lethal Mitochondrial Infantile Disorder, Mitochondrial Cytopathy, Neurodegenerative Disorder,
Sudden Unexpected Death) was used for expressing the chief clinical state of each patient.

Fig. 3 | Amplicon long-read sequencing in the unidentified mitochondrial
encephalopathy cohort. a Design of amplicons for long-read sequencing. Two
overlapping long-PCR amplicons covering the NAXE genomic region were
designed. (GGGCC)r denotes the site of pathogenicGGGCC repeat expansion in the
promoter region of NAXE. b Allele frequencies of variations in the GGGCC repeat

region in the examined cohort and in TR-gnomAD, a dedicated tandem repeat
catalogue, based on short-read whole genome sequencing (WGS). (GGGCC) ×5
denotes ×5 repeat and its derivatives. For details of each allele with different GGGCC
repeat length or internal sequence, see Supplementary Table 4.
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variant in Pt2659 (Supplementary Table 4). Among the five variants,
another heterozygous missense variant (chr1:156593531 A > G,
c.640 A > G, p.Ile214Val), absent in the public databases such as
ToMMo54KJPN29 and Gnomad v4.030, exhibited a Combined Annota-
tionDependent Depletion (CADD) phred scale score of 17.0731. The two

deep intronic variants were found to have low SpliceAI32 delta and low
CADD scores.

For structural variations, we called three structural variations in total,
but manual inspection in IGV revealed that the two following variations
(SV1 in one patient (“Pt0552”) and SV2 in another patient (“Pt1753”)) are
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likely real variations in the highly polymorphic region upstream of the
NAXE locus: SV1 (in “Pt0552”): heterozygous deletion of sequence GTT
TCACCATGTTGGCCAGGCTGGTCTCGAACTCCTGACATCAGGT
GATCCACCTGCCTTGGCCTCCCAAAGTGTTGGGATTACAGGTG
TGAGCCAGTGCATCCAGCCCTAATTTTTGTATTTTTAGTAGAGG
TGGT between chr1:156590050-156590187 (length=137 bp) and SV2 (in
“Pt1753”): heterozygous insertion of sequence GTTTCACCATGTTGG
CCAGGCTGGTCTCGAACTCCTGACATCAGGTGATCCACCTGCC
TTGGCCTCCCAAAGTGTTGGGATTACAGGTGTGAGCCAGTGCA
TCCAGCCCTAATTTTTGTATTTTTAGTAGAGGTGGT at chr1:1565
90050 (length=137 bp). Within this region upstream of the NAXE gene
body, we could not detect an enhancer/promoter element described in
ENCODE cis regulatory elements (cCREs) using SCREEN (see Supple-
mentaryNote 1). Therefore, wehavenot identified any significant structural
variants in the NAXE locus in the screening.

Variabilities of repeat internal sequences in the patient and
the mother
We investigated the variations in repeat internal sequences of every long
read in the patient’s (Pt2359) fibroblasts and mother’s (I-2 in Family A)
leukocyte genome and found slight variations in repeat unit sequences as
well as moderate variations in the number of units (patient/mother: 96.8/
96.1% of all repeat units were pure GGGCC in 12/5 reads with repeat unit
numbers of 196.1 ± 41.5/180.4 ± 51.1 (average±standard deviation),
respectively) (Fig. 1g and Supplementary Table 1).

Transcriptional suppression of NAXE in the promoter
To understand the molecular pathologic mechanism underlying the loss of
NAXE transcripts, we conducted a Native Elongating Transcript Cap
Analysis of Gene Expression (NET-CAGE)33 to quantitatively and sensi-
tively evaluate the promoter/enhancer activity by specific enrichment of
nascently transcribed and 5’ capped RNAs in the patient’s fibroblasts (Fig.
4a) in a strand-aware manner. NET-CAGE showed a marked decrease in
thenascent transcripts in theNAXEpromoter inPt2359 compared to that in
the normal control and Pt2659 (Fig. 4b). Furthermore, bioinformatics
analysis of the kinetics features of PacBio long-read sequencing data
detected CpG hypermethylation at the repeat sequence (GGGCC) per se
and in the region downstream of the repeat sequence (Fig. 4c, d) around the
promoter region of the patient’s genome, compared to those in the controls.
The long-read sequencing in the mother also showed hypermethylation in
the allele with repeat expansion, whereas the allele with a normal range of
GGGCC repeat did not show hypermethylation in the repeat and its
downstream region (Fig. 4d).

Discussion
In this study, we described a NAXE-related mitochondrial encephalopathy
patient whose condition was caused by biallelic GGGCC repeat expansion
in the NAXE promoter region (ACMG criteria34, PVS1). To date, repeat
expansions leading tomitochondrial disease have not been reported, except
in FRDA. Moreover, this is the first case of the GGGCC/GGCCC repeat
expansion leading to a human disorder. Analysis of nascent transcripts by
NET-CAGE and CpG hypermethylation by long-read sequencing

suggested that the loss of NAXE was caused by transcriptional suppression
supported by CpG hypermethylation in the promoter containing the
GGGCC repeat (Fig. 4e).

As the search for an allele of pathologic repeat expansion by RP-PCR
showed that there was not an additional patient with the NAXE GGGCC
repeat expansion in the mitochondrial encephalopathy cohort of 461
undiagnosed patients, very low frequency of the repeat expanded allele was
revealed, consistently with the public repeat database TR-gnomAD. Further
evaluation of short variants as well as structural variants by amplicon long-
read sequencing in the mitochondrial encephalopathy cohort of 314
undiagnosed patients, which were conducted in search of candidate
pathogenic variants for NAXE-related mitochondrial encephalopathy,
identified several variants including a novel missense variant. Further stu-
dies will be needed to evaluate the pathogenicity of the variants. Variations
in the GGGCC repeat within the NAXE promoter in the mitochondrial
encephalopathy cohort exhibited allele frequencies similar to those in the
Japanese public database ToMMo54KJPN or the repeat catalogue TR-
gnomAD. The data also showed that a sharp decrease in allele frequencies
with increasing GGGCC repeats (for example, from 0.010 for 6 repeats to
0.002 for 7 repeats). It is therefore expected that alleles with pathogenic and
expanded GGGCC repeats would be exceedingly rare in the general
population, with frequencies as low as 0.0001 or even lower.

In the pedigree described, genetic analyses determined that homo-
zygosity of repeat expansion in the proband was due to maternal chro-
mosome 1UPD. Supporting the concept, it is known thatUPDs occurmost
frequently on chromosomes 1, 4, 16, 21, 22, and X in the general
population20. In the study, 105 incidences (approximately 0.05%) of UPD
were detected among 214,915 trios. This implies that UPD events leading to
a homozygous state might occur as frequently as, or even more frequently
than, homozygosity in offspring from unrelated heterozygous parents for
exceedingly rare repeat-expanded alleles.

GGGCC repeat expansion in NAXE has common characteristics with
fragile X syndrome (FXS) caused by FMR1CGG repeat expansion in the 5’
untranslated region (UTR)35 in that both display transcriptional suppres-
sion and CpG hypermethylation associated with repeat expansion, leading
to the loss of gene product. It would be interesting to examine if the R-loop
mediated mechanism, which presumably mediates FXS suppression36, is
present in NAXE GGGCC repeat expansion.

Notably, GGGCC repeat expansion in NAXE might be similar to
GGGGCC repeat expansion in C9orf72, which is responsible for familial
and sporadic amyotrophic lateral sclerosis (ALS). GGGGCC repeat in
C9orf72 leads to DNA- and RNA-G-quadruplexes, which are non-
canonical structures, by Hoogsteen base pairing between guanines37,38.
While DNA G-quadruplex affects transcription and replication, RNA
G-quadruplex affects translation and sequesters RNA-binding proteins as
well as produces RNA foci37. Because GGGCC repeat inNAXEmatches the
consensus sequence for G-quadruplex formation [5’-G( > = 3)N(1-7)
G( > = 3)N(1-7)G( > = 3)N(1-7)G( > = 3)-3’], the biological consequences
mentionedmay arise. Furthermore, repeat-associatednon-AUGtranslation
(RAN translation), another known pathologic mechanism of GGGGCC in
C9orf72, may occur in GGGCC repeat in NAXE. In RAN translation,
peptide repeats are translated fromgenomic repeat sequences in themanner

Fig. 4 | Functional consequence of GGGCC repeat expansions in NAXE.
aExperimental principles ofNET-CAGE. The nuclei were isolated in the presence of
α-amanitin, which maintains the nascently transcribed mRNAs. The nascent
transcripts were enriched and processed using 5’ cap trapping technology to capture
the full-length transcripts for subsequent sequencing (cap analysis of gene expres-
sion (CAGE)). b NET-CAGE of the proband fibroblasts compared to the controls
(NHDF, normal neonatal human dermal fibroblast; Pt2659, patient with splicing
and missense variants in NAXE) showing markedly suppressed nascent transcripts
in the promoter region ofNAXE (arrowhead). Note the comparable level of signals at
GPATCH4 (arrow), which is reciprocally transcribed. c CpG hypermethylation
(methylation indicated in red) was detected within the NAXE promoter region by

analysis of long-read sequencing data in the proband as well as in the mother,
whereas not in Pt2659 and NHDF. Reads were aligned to the reference genome
(GRCh38). d Left panel, long-reads mapped against a sequence with expanded
repeat showing hypermethylation in the GGGCC repeat per se as well as in the
region downstream of the repeat stretch. The bidirectional arrow at the bottom
denotes the repeat stretch. Right panel,magnified view of the dotted rectangle area in
the left panel. Red and light blue lines below the right panel show the sites of normal
length repeat in the controls (Pt2659 and NHDF) and the promoter region down-
stream of the repeat stretch, respectively. e Diagram of the suggested pathologic
mechanism. GGGCC repeat expansion causes hypermethylation and suppressed
transcription.
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ribosomes start translation without an AUG initiation codon38. Peptide
repeats are often toxic to cells, comprising one of the gain-of-function
mechanisms by pathogenic repeat expansion. Peptide sequences starting
from any amino acid residue of “[-Gly-Pro-Gly-Arg-Ala-]”, translated from
[-GGGCCGGGCCGGGCC-] inNAXE, may play a role in the pathogenesis
of a case with GGGCC repeat expansion. However, in our case of GGGCC
repeat expansion in NAXE, our observation that NAXEmRNA was extre-
mely decreased, may minimize the impact of such gain-of-function
mechanisms compared to loss-of-function mechanisms.

When considering the secondary structure in the GGGCC repeat
sequence by a bioinformatics tool, mfold39, DNA- and RNA- 10xGGGCC
repeat sequences both gave a long stalk with a loop structure (Supple-
mentary Fig. 4). Although the biological consequence of the structure is
unknown, further investigation may reveal a functional role of the struc-
tures, particularly in RNA level.

This study had several limitations. One is that we found only a single
case (or two carriers) of repeat expansion in the pedigree, which warrants
further search of more cases and carriers in appropriate cohorts, and
another is the limited availability of human samples for tissue types, as only
the fibroblasts, but not CNS cells, were examined for molecular analysis. In
examining the undiagnosed mitochondrial encephalopathy cohort for
variants in theNAXE genomic region, we investigated pathogenic GGGCC
repeat expansion by RP-PCR, and analyzed PCR-amplifiable fragments
through amplicon long-read sequencing. Thus, PCR-resistant structural
variants including large insertionsmay be overlooked. Another limitation is
that we have not tried to measure the toxic metabolites such as cyclic-
NADHX, which is a direct consequence of the dysfunction of NAD(P)HX
epimerase encoded by NAXE.

Finally, it is worth considering checking the NAXE GGGCC repeat
expansion in cases of unexplained mitochondrial encephalopathy, espe-
cially when NAXE expression is decreased. In addition, this study added
GGGCC repeat to the list of short tandem repeats whose abnormal
expansion can cause human diseases. This work underscores the impor-
tance of genetic scrutiny using modern technologies such as long-read
sequencing and NET-CAGE in discovering and evaluating novel repeat
expansions even in previously defined hereditary diseases which are mostly
caused by non-repeat variants, and suggests that UPD could significantly
contribute to homozygosity for rare repeat-expanded alleles.

Methods
Subjects
The study was conducted under ethical agreement and permission of the
reviewboard in the involved facilities (Riken, JuntendoUniversity, Saitama-
MedicalUniversity, ChibaChildren’sHospital in Japan). Patients or parents
of patients gave written informed consent. All procedures were conducted
following the relevant rules and guidelines and in accordance with the
Declaration of Helsinki.

In our alliance ofmultiple hospitals and institute (JuntendoUniversity,
ChibaChildren’sHospital, SaitamaMedical CollegeHospital, andRiken) in
Japan, we recruited a cohort of 3478 suspected mitochondrial disease
patients under an ethical agreement by Institutional Review Board from
2007 to 2024. Patients were of Japanese origin except for one American-
Japanese, one Brazilian, one Korean, two Sudanese, and one Vietnamese.
Entry and molecular diagnosis were requested by pediatricians and physi-
cians nationwide in Japan with signed informed consents from patients or
their parents, motivated by clinical diagnoses of suspected mitochondrial
diseases based on clinical characteristics suggestive of mitochondrial dis-
eases, laboratory tests results such as elevated pyruvate or lactate levels in
blood and/or cerebrospinal fluid, suggestive pathological findings inmuscle
biopsy, or compatible imaging abnormalities by brain computed tomo-
graphy (CT) ormagnetic resonance imaging (MRI).Assessmentsweredone
in candidate cases by panel sequencing on a Human Gene Mutation
Database (HGMD (Supplementary Note 1))-based mitochondrial disease-
related in-house list of genes, whole exome sequencing, or whole genome
sequencing as well as biochemical evaluation of the oxygen consumption

rate (OCR) and enzyme complex activity assays. Of the 2932 undiagnosed
patients, 1169 were biochemically proven to have mitochondrial dysfunc-
tions either in OCR or enzyme complex activity assays. As part of our
strategy to diagnose such undiagnosed mitochondrial disease cases, 400
cases in total (303 (75.8%) of which were biochemically proven) were
investigated byRNA sequencing-based search for candidate causative genes
using “OUTRIDER”.

In theundiagnosedmitochondrial disease cohort of 2932 patients, we
defined “mitochondrial encephalopathy” patients for this study by fil-
tering our database by clinician’s diagnosis of any kind of “encephalo-
pathy”, “Leigh disease”, or “mitochondrial cytopathy” referring to
mitochondrial encephalo-myopathies, but lacking molecular diagnosis
after either panel sequencing, whole exome sequencing, or whole genome
sequencing. We listed the patients in chronological order and grouped
them into two groups because of preparation timing (Group1, n = 314;
Group2, n = 147) (We screened the Group1 for the subsequent ultralong
PCR and long-read amplicon sequencing) (Table 1). We conducted RP-
PCR for both groups along the protocol described in theMethods section.
As the controls for the RNA analyses, including NET-CAGE, we utilized
data of anNAXE-related mitochondrial encephalopathy patient (Pt2659)
verified by panel sequencing to have a novel splicing variant
(NM_144772.3:exon6:c.402+3_402+6del) and a knownmissense variant
(NM_144772.3:exon6:c.733 A > C:p.Lys245Gln) in NAXE. Pt2659 was
also analyzed by amplicon long-read sequencing as well as western blot-
ting. The two variants were proven to be in different alleles by long-read
sequencing (data not shown) and in state of compound heterozygosity.
Pt2359 (homozygous for GGGCC repeat expansion) and Pt2659 (com-
pound heterozygous for splicing and missense variants), both having
NAXE-related mitochondrial encephalopathy, were unrelated and not
from the same local region. For western blotting, two additional patients,
namely Pt1615YS (NDUFA4 deficiency) and Pt1753 (NDUFA8 defi-
ciency), whowere negative forNAXEpathogenic variants andhadnormal
expression levels, were used as positive controls as well. The family
members (the proband (Pt2359), mother, father, and older brother) of
Family A, in whichNAXEGGGCC repeat expansion was identified, were
all subjected to amplicon long-read sequencing and RP-PCR as well.

Patient fibroblast culture and DNA/RNA isolation
Patient skin fibroblasts and control fibroblasts (fetal human dermal fibro-
blast (CA10605f, HDF-fetal, Toyobo, Japan) as well as neonatal normal
human dermal fibroblasts (NHDF, Cell Applications, USA)) were cultured
in Dulbecco’s modified Eagle’s Medium (DMEM) with 10% fetal bovine
serum and 1% penicillin and streptomycin. DNA was purified using the
MagAttract HMW DNA kit (Qiagen, Germany). For quality assessment,
NanoDrop One (ThermoFisher, USA), Qubit dsDNA kit (ThermoFisher,
USA), and TapeStation 4200 (Agilent Technologies, USA) were used. RNA
was purified using theMaxwell RSC simplyRNACells Kit (Promega, USA).

Short-read whole genome sequencing and data analysis
WGS libraries were prepared from 200 ng of genomic DNA using an
MGIEasy FS DNA Library Prep Kit v2.0 (MGItech, China) in the proband
or v2.1 in the other subjects following the manufacturer’s instructions.
Paired-end 150-bp sequencing was performed on DNBSEQ-G400. Single
nucleotide variations were assessed along an in-house pipeline. Briefly, after
quality check and removal of low-quality reads, the reads were mapped
against GRCh38/hg38 using Burrows-Wheeler Aligner40. Recalibration and
variant calling was conducted using GATK41. Annotation was carried out
using ANNOVAR42. AutoMap was used to detect the homozygous regions
of each chromosome. To rule out the pathogenic variants in the genes that
cause encephalopathies, the list of genes (Supplementary Table 5) was
screened. For evaluation of mutations in the mitochondrial genome, we
used Matchclips43 for detecting mitochondrial deletions as well as referring
long-read data.

For evaluation of repeat expansion, ExpansionHunter, Expansion-
Hunter Denovo, and STRling were used. ExpansionHunter was conducted
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in 366 undiagnosedmitochondrial patients and the fourmembers of Family
A. The settings for the calculation were as follows: [LocusID: NAXE,
ReferenceRegion: chr1:156591740-156591800, LocusStructure: GGGCC,
andVariantType: Repeat]. ExpansionHunter Denovowas conducted in the
“case-control mode” comparing Pt2359 and the mother against 10 other
patientswithundiagnosedmitochondrial disease. STRlingwas conducted in
366patientswith undiagnosedmitochondrial disease and the fourmembers
of Family A.

RNA sequencing and data analysis
The mRNA was purified from total RNA using oligo(dT)-attached mag-
netic beads. After fragmentation, first-strand cDNA was generated using
random hexamers, followed by second-strand cDNA synthesis. The syn-
thesized cDNA was subjected to end repair, 3’ adenylation, and adaptor
ligation to complete the library. The dsDNA libraries were heat-denatured
and circularizedby the splint oligo sequence to generate a single strand circle
DNA, followed by rolling circle replication to create DNA nanoballs.
Sequencingwas performedon anMGIDNBSEQ-T7platform (BGI,China)
using 150-bppaired-end reads. Fastqfileswere aligned to theGRCh38/hg38
genome using STAR. Gene counting was computed using STAR quant-
Mode as GeneCounts. The outlier mRNA expression analysis was per-
formed using OUTRIDER. Outliers were detected by comparing the
mitochondrial disease cases that underwent RNA-seq analysis on the same
platform.

Oxygen consumption rate measurement
Oxygen consumption rate (OCR) was using a with Seahorse XF96 extra-
cellular flux analyzer (Agilent Technologies, USA). Patient skin-derived
fibroblasts as well as control fibroblasts were cultured in Dulbefcco’s
modified Eagle’s Medium (DMEM) with fetal bovine serum and 1% peni-
cillin and streptomycin. The cells were seeded at 2 × 104 cells/well in a
96-well plate at 37 °C and 5% CO2. After 24 h of culture, the medium was
changed for 25mMglucose or 10mMgalactose- containingDMEMfor 1 h.
Subsequently, the medium was replaced with an oligomycin (2 μM), car-
bonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 0.4 μM), and
rotenone (1 μM)-containing medium to control the ATP synthesis of the
cells to determine the maximal rate of oxygen consumption44.

Measurement of enzyme activity in oxidative phosphorylation
Oxidative phosphorylation enzyme activities in the fibroblasts were mea-
sured using a Cary 300 spectrophotometer (Agilent Technologies, USA)
following the manufacturer’s instructions45. The enzyme activities of each
complex were presented as the percentage of normal control mean relative
to the appropriate reference enzyme activities, such as that of citrate
synthase (CS).

Western blotting
To prepare the total cell lysate, cell pellets were lysed with 1× RIPA buffer
(08714-04, Nacalai Tesque, Japan) and kept on ice for 15min. They were
then centrifuged at 10,000 g for 10min at 4 °C and the supernatants were
collected. Protein concentration was determined using the BCA Protein
Assay Kit (Thermo Fisher Scientific, USA) according to the manufacturer’s
instructions. Prepared samples were denatured for 5min at 95 °C and
separated by SDS-PAGE on a 5–20% gradient polyacrylamide gel (EHR-
T520L, ATTO, Japan) with the Prestained XL-Ladder Broad (SP-2120,
Pharma Foods International, Japan) as a molecular marker. Proteins were
transferred to a PVDF membrane and subjected to western blotting. The
NAXE (HPA048164, Sigma-Aldrich, USA) and beta-actin (A5441, Sigma-
Aldrich, USA) primary antibodies were used.

Repeat-primed PCR (RP-PCR)
RP-PCR was carried out as follows: 10 µl of ExPremier 2× premix
(TaKaRaBio, Japan), 1 µl of 5´ 6-FAM_reverse primer (10 uM), 1 µl of
RP_END primer (10 uM), 1 µl of GGGCC_fwd primer (3.2 uM), 20 ng of
template genomic DNA, nuclease-free water up to 20 µl of the total volume

in a PCR-tube per sample. Primers were synthesized by Integrated DNA
Technologies (IDT, USA) in HPLC purification grade (5´ 6-FAM_reverse
primer) in 100 nmol scale or desalt grade (RP_END and GGGCC_fwd
primers). The thermal cycles were as follows: 94 °C for 1min, [98°C for 10 s,
60 °C for 15 s, 68 °C for 1min] × 35 cycles, 68 °C for 1min, 4 °C until
subsequent dilution for fragment analysis. We used VeritiPro Thermal
cycler or GeneAmp PCR system 9700 (Thermo Fisher Scientific, USA).
Fragment analysis was conducted by adding HiDi-formamide and Gen-
eScan 600 LIZ dye Size Standard v2.0 (Thermo Fisher Scientific, USA),
followed by electrophoresis on GeneticAnalyzer 3500 (Thermo Fisher Sci-
entific, USA). Data analysis was performed using the GeneMapper software
(Thermo Fisher Scientific, USA). Primer sequences are described in Sup-
plementary Table 6.

PacBio Sequel2 whole genome long-read sequencing and data
analysis
Long DNA purified as described above were then sheared at 10-20 kb with
Megaruptor 2 (Diagenode, USA) and further used for library construction
using the SMARTbell prep kit 3.0 (Pacific bioscience, USA) following the
manual’s instructions. The libraries were then sequenced on a PacBio
Sequel2 sequencer on 2 single molecule realtime (SMRT) sequencing cells
on the proband and 1 on the mother sample. Acquired raw data (sub-
reads.bam) were then transformed into circular consensus (ccs) reads.bam
bypbccs6.4.0with orwithout the kinetics information. For the evaluationof
CpGmethylation status, primrose was used for processing the ccs reads file
(.bam). The ccs reads were then mapped against the GRCh38 reference
genome. To evaluate methylation in the internal sequences of the repeat
stretch, the reads were further mapped against a synthetic sequence derived
from pure 244 GGGCC repeats and contiguous sequences. Visual inspec-
tion was carried out using IGV. Methylation level at each CpG site was
calculated as probability (0 to 100%) and illustrated in blue (0 to 49%) or red
(50% to 100%) in IGV. For repeat internal sequence analysis, tandem repeat
finder46 was employed. PacBio RepeatAnalysisTools was used to draw the
waterfall plot (see Supplementary Note 1).

PacBio Sequel2 amplicon sequencing of the NAXE region
We used ultralong PCR covering NAXE locus combined with PacBio
Sequel2 amplicon sequencing to screen for the candidate pathogenic
variants leading to NAXE-related mitochondrial encephalopathy as well
as variations in the GGGCC repeat region as candidate risk factors. We
aimed to screen 314 samples (Group1) from 461 mitochondrial ence-
phalopathy patients initially examined by RP-PCR. In addition, we added
four samples (the proband (Pt2359), older brother, mother, and father) of
the NAXE repeat expansion pedigree (Family A), another case (Pt2659)
with NAXE-related mitochondrial encephalopathy caused by compound
heterozygous variants (missense and splicing; see also the Subjects sec-
tion), andHapMap sampleGM12878 as the control. As a result, 277 out of
the 314 Group1 samples, four members of NAXE repeat expanded ped-
igree, Pt2659, andGM12878were successfully amplified on either or both
of the two 13 to 14 kb-long ultralong PCR amplicons covering theNAXE
locus, whereas the other samples were not amplifiable, probably due to
slight disintegration of genomic DNA during DNA preservation. A total
of 242 samples with 10 or more reads covering the amplicon regions were
further analyzed.

We conducted amplicon sequencing using PacBio Sequel2 long-read
sequencing with the PacBio M13 targeted amplicon sequencing protocol.
This protocol utilizes two-stepPCR to addM13primer sequences in thefirst
PCR and barcode sequences at both ends in the second PCR.

The following amplicons were designed to cover all the gene regions of
NAXE based on entry of ENSG00000163382 (Chr1: 156,591,756-
156,609,507 on GRCh38.p14): Amplicon 1: chr1:156586942-156601027,
14086 bp, Amplicon 2: chr1:156595861-156609646, 13786 bp.

The first PCR was carried out as follows: ExPremier PCR enzyme
(TaKaRaBio, Japan) was used with 10 µl of 2× ExPremier premix, final
0.25 µM of each primer, and 20 ng of template genomic DNA in a total

https://doi.org/10.1038/s41525-024-00429-5 Article

npj Genomic Medicine |            (2024) 9:48 9

www.nature.com/npjgenmed


reaction volume of 20 µl, with the following thermal cycles: 94 °C 1min,
[98 °C 10 s, 68°C 7min] × 30 cycles.

After purification, second step PCRwas carried out to add barcodes on
both sides usingM13_barcode primers as second PCR primers. Each of the
M13_bcXXXX_F and _R primers was used to comprise different 16 × 24
( = 384) sets of primer pairs. The second PCR was carried out as follows:
ExPremier PCR enzyme (TaKaRaBio, Japan) was used with 10 µl of 2×
ExPremier premix, final 0.25 µM of each primer and 1 ng of template DNA
in a total reaction volume of 20 µl, with the following thermal cycles: 94 °C
1min, [98 °C 10 s, 60 °C 15 s, 68 °C 7min] × 8 cycles (see Supplementary
Table 7 and 8 for information on first PCR and second PCR primers,
respectively).

After the second PCR, the PCR products were pooled, purified,
repaired, A-tailed, followed by adapter ligation and cleaning up, after which
theywere nuclease-treated and cleanedup following thePacBio SMARTbell
prep kit 3.0 user instruction manual. The completed libraries were pooled
and sequenced on 1 single molecule real time (SMRT) cell with the PacBio
Sequel2 sequencer (Pacific bioscience, USA). For data analysis, circular
consensus reads were produced with the pbccs 6.4.0 tool, demultiplexed,
and mapped against GRCh38 using pbmm2. For the analysis of structural
variants, sniffles2 was used47. For the analysis of SNVs and small indels,
DeepVariant was used, and the variants were annotated using snpEff 48.

For single nucleotide variations and small indels, we used
DeepVariant49 for variant calling as well as visual inspection by IGV spe-
cifically on variants in the GGGCC repeat region ofNAXE. We selected the
variants with one or more of the following characteristics: 1) “MODA-
RATE” or “HIGH” impact by snpEff annotation, 2) splice region by snpEff
annotation, and 3) Delta score of 0.1 or higher in SpliceAI, and 4) variants
affecting the NAXE GGGCC repeat sequence. Only variants with allele
frequencies of 0.1 or lower in ToMMo54KJPN were considered for those
meeting the criteria of 1), 2), and 3). For functional prediction by bioin-
formatics tools, CADD phred scale score GRCh38, delta score of SpliceAI,
and ClinVar classification (if registered) were described based on the
Gnomad database (if not registered, hand search by CADD GRCh38-v1.7
Web resources was used). Allele frequencies in public databases (ToM-
Mo54KJPN andGnomad v4.0) were described. To statistically compare the
frequencies of variations in the GGGCC repeat region, chi-square test of
independence was conducted by python scripts with significance threshold
of p < 0.05.

Southern blotting
Probe design: Probes were designed to be >200 bp in length, having no off-
target sequence in the human genome by blastn and being within an
appropriate fragment, using restriction enzymes (MfeI at chr1:156589300
and BamHI at chr1:156563563). As a result, the following two probes were
selected: p2_9F/R: chr1:156591431-156591637 (GRCh38), p3_9F/R:
chr1:156592713-156592960 (GRCh38) (For primers for probe preparation,
see Supplementary Table 9).

Template preparation: Artificially synthesized respective DNA frag-
ments were cloned in pUC vectors and midi-prepped (Eurofins Japan,
Japan). Midi-prepped plasmids were used as templates for probe prepara-
tion. PCR DIG Probe Synthesis Kit (Sigma-Aldrich Japan, Japan, Cat. No.
11 636090910)wasused forDIG-probe preparation from10 pg of template
for each probe following the user instruction manual. PCR products were
confirmed by agarose electrophoresis in 1×TBE buffer.

Restriction enzymedigestion, electrophoresis, transfer tomembrane,
and hybridization: From each sample, 1 µg of genomic DNAwas digested
by BamHI (NEB) and MfeI-HiFi (NEB) in rCutSmart buffer (NEB) at
37 °C for 2 h and electrophoresed in 1×TAE agarose (0.8%) gel made with
SeaKem LE agarose (Lonza, Switzerland) of 14 cm length × 12 cm width
format. Asmolecularmarkers, 1 kbDNA ladder PLUS (NipponGenetics,
Japan) and DIG-labeled marker VII (Sigma-Aldrich Japan, Japan) were
used.After 35 V×18 hof electrophoresis at room temperature, the gelwas
taken out and soaked in 0.25M HCl 200ml for 40min for depurination.
After two washes in 500ml MilliQ (Merck-Millipore, USA) water for

3 min each, the gel was soaked in 250ml of denaturation solution (0.5M
NaOH, 1.5MNaCl) twice for 15min each. The gel was then washed with
500ml of MilliQ water for 5 min and soaked in 250ml of neutralization
solution (0.5 M Tris-Cl pH 7.5, 1.5M NaCl) for 30 min. For blotting,
gravity-assisted blotter (G capillary blotter C set, TAITEC, Japan, cat
0014675-000) was used for overnight blotting at room temperature using
10× SSC buffer to transfer to a positively charged nylon membrane
(Sigma-Aldrich, USA). The membrane was then washed in 2× SSC buffer
and dried at room temperature. UV crosslinking was conducted for
irradiating 120,000 μJ of ultraviolet (UV) light (UV crosslinker CL1000,
UVP (Analytik Jena, USA) on the membrane. The membrane was rinsed
with 2× SSC and prehybridized in DIG Easy hyb buffer (Sigma-Aldrich,
USA) for more than 3 h at 68 °C, followed by hybridization in probes in
DIGEasy hyb buffer for 18 h at 42°C. Subsequently, washeswith 100ml of
2× SSC and 0.1% SDS for 15 min twice, 100ml of 0.5× SSCwith 0.1% SDS
for 15min once, and 100ml of 0.15× SSC with 0.1% SDS for 15min once
were conducted in a hybridization bottle in a rotating incubator set to
68 °C. Fordetectionof hybridized fragments, themembranewas takenout
from the hybridization bottle, placed in a hybridization bag, and washed
with 10 ml of washing buffer (0.1M maleic acid, 0.15M NaCl, pH 7.5,
0.3% Tween20). The buffer was discarded, and 10ml of 1× blocking
solutionwere used for blocking for 2 h at room temperature. The blocking
solution was made from 10× blocking solution containing a blocking
reagent (Sigma-Aldrich, USA, cat 11096176001) 10 g in 100ml of 0.1M
maleic acid, and 0.15M NaCl; pH 7.5; the mixture was stirred with
heating, autoclaved, aliquoted in 15ml centrifuge tubes, and preserved at
-20 °C before use. Anti-DIG-AP Fab fragments (Sigma-Aldrich, USA cat
11093274910) were diluted 1:10,000 in 1× blocking buffer for immuno-
detection. After 30 min of mild shaking in the antibody solution at room
temperature, the membrane was washed three times with 10ml of
washing buffer for 15min each and rinsed with a detection buffer (0.1M
Tris-HCl, 0.1M NaCl, pH 9.5) twice. Finally, ready-to-use CDP-star
(Sigma-Aldrich, USA, cat 12041677001) was used for chemilumines-
cence. Images were obtained by FusionSolo S (Vilbert Lourmet, France).
The raw image was linearly rescaled between intensities between 4 and
4000 in the software FusionCapt Advance in the gel imager.

NET-CAGE
1 × 107cells per sample were used for the extraction of nascently transcribed
RNA. Pelleted cells were dissolved in 1ml of a cell lysis buffer (1527 µl of EZ
lysis buffer (Sigma-Aldrich, USA), 40 µl of 1mM α-amanitin (Fujifilm,
Japan), 32 µl of 50×cOmpleteprotease inhibitor 50× (Sigma-Aldrich,USA),
and 1 µl of 20 U/ul SUPERase•In (Thermofisher, USA) for preparation of
1600 µl of cell lysis buffer), incubated on ice for 10min, and centrifuged for
800 × g 5min at 4 °C. The pellets were dissolved in 600 µl of the cell lysis
buffer and centrifuged for 800 × g 5min at 4 °C. Nuclear lysis buffer (200 µl;
final concentrations of 1%NP-40, 20mMHEPES, 300mMNaCl, 2Murea,
0.2mM EDTA, 1mM DTT, 25 µM α-amanitin, 1× cOmplete protease
inhibitor, and 20 U SUPERase in nuclease-free water) was added to the
pellet and pipet mixed, incubated for 10min on ice, and centrifuged for
3000× g 4min at 4 °C. Thepelletswere then suspended in 100 µl of nuclease
lysis buffer and centrifuged for 3000 × g 2min at 4 °C, followed by the
addition of 50 µl of DNase I mix (5 µl of ×10 DNase buffer (Thermofisher,
USA), 5 µl of DNase I (Thermofisher, USA), and 1 µl of 20 U/µl SUPER-
ase•In, and 39 µl of nuclease free water in total volume of 50 µl per sample)
and mixed with ThermoMixer (Thermofisher, USA) at 1400 rpm, 30 to
90min (until pellet was solubilized) at 37 °C with gentle agitation with
pipetting. Finally, 600 µl of RLT buffer (QIAGEN, Germany) were added
and gently mixed. The resulting solution contained enriched nascently
transcribed RNAs (nascent RNA) and was further utilized for the con-
struction of the CAGE library. For the preparation of single strand CAGE
library on nascent RNA (3 to 5 µg of nascent RNA per library), a previously
described protocolwas used (see details in SupplementaryNote 1). Libraries
were sequenced on Illumina HiSeq 2500 (Illumina, USA) using the 50 bp
single-end mode. The sequenced reads were then filtered, mapped against
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the GRCh38 genome, and normalized using MOIRAI50 and in-house
scripts.

Code availability
The codes used in this study are available from the corresponding author
upon reasonable request.
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