Identification of new repeat expansion diseases
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Abstract (250 words)

Through a genetic study of benign adult familial myoclonus epilepsy (BAFME) type 1,
TTTCA and TTTTA repeat expansions have been identified in intron 4 of SAMDIZ.
Lengths of expanded repeats inversely correlated with age at onset of epilepsy. Gain-of-
toxic function mechanisms are suggested by the presence of UUUCA-repeat-containing
RNA foci. From families with BAFME who did not have repeat expansions in SAMD12,
we identified expanded TTTCA and TTTTA repeats in TNRC6A and RAPGEFZ2. These
findings indicated a strong correlation between the repeat motif and the phenotype,
leading to the identification of other types of BAFME. We then conducted genetic
analysis of neuronal intranuclear inclusion disease (NIID), oculopharyngeal myopathy
with leukoencephalopathy (OPML), and oculopharyngodistal myopathy (OPDM). From
the observation that NIID, OPML, and OPDM, in addition to fragile X-associated
tremor/ataxia syndrome, have shared clinical features, a direct search for CGG repeat
expansions successfully led to the identification of the causative genes. Here, I review

recent studies on repeat expansions.



1. Introduction

Through linkage analysis, many hereditary conditions in large families have
been uncovered since the 1990s. After the development of next-generation sequencing
technology, many more causative genes have been found especially in families with de
novo mutations and in small nuclear families.!-3 However, finding the causative genes
for some diseases is difficult. Disease-causing variants might be located in introns or
regulatory regions where it is difficult for us to determine the pathogenicity of variants.
Disease-causing variants might not be simple: large duplications, large deletions,
insertions of unknown sequences, inversions, and repeat expansions are hardly visible
with standard variant calling methods after short-read sequence analysis. There might
be a reduced penetrance (some mutation carriers do not show a phenotype) or
phenocopies (some mutation noncarriers show a similar phenotype to those of carriers),
which substantially reduces the power of identifying disease-causing variants.

As an awardee of the Japanese Society of Neurology, I will provide an overview
of the paper that contributed to my award, review recent studies by ours and others on
hereditary neurological and muscular diseases, and show how we overcame the
difficulties described above. The studies highlight the importance of noncoding repeat
expansions. On the basis of our findings, we propose a new concept of repeat motif—
phenotype correlation and suggest the role of repeat expansions in the pathogenesis of

diseases.

2. Benign adult familial myoclonic epilepsy
2.1 Overview

Benign adult familial myoclonus epilepsy (BAFME) is an autosomal dominant
disease characterized by infrequent epilepsy and cortical tremor. Many cases have been
1dentified in Japan, and the disease concept was clinically, electrophysiologically, and
pathologically established in Japan around 1990;4-6 the first case report of the disease
can be traced back to the 1920s.4 Seizures can be easily controlled with antiepileptics
such as sodium valproate, clonazepam, and primidone. Recently, the effects of low-dose
perampanel have also been reported.” Patients show photosensitivity. Tremulous
movement of the hands is also characteristic of the disease. This involuntary movement
1s always seen and not directly related to epilepsy. It is aggravated by mental stress,
fatigue, or sleep deprivation, and it responds to alcohol intake in some patients.
Electrophysiologically, it is considered to be myoclonus of cortical origin, as shown by
giant somatosensory evoked potentials, C reflex, and a myoclonus-related cortical

activity revealed by the jerk-locked back averaging method. It is virtually nonprogressive



or minimally progressive. Its diagnostic criteria have been proposed, in which the clinical
features are well summarized.8

The disease is also known as familial adult myoclonic epilepsy (FAME), familial
cortical myoclonic tremor with epilepsy (FCMTE), or autosomal dominant cortical tremor,
myoclonus, and epilepsy (ADCME). Of note, Yasuda® originally named this disease
“benign adult familial myoclonic epilepsy (BAFME)”, which is the most widely used
name in Japan, but the term “benign adult familial myoclonus epilepsy” is also used
because cortical myoclonus in this disease seems to occur independently from seizures.
Terms such as FAME and FCMTE are used in Europe and other countries; however, 1

prefer to use BAFME in this paper.

2.2 History of genetic analysis

Linkage analyses were performed on Japanese families?!2 and a Chinese
family,’3 and the results showed a linkage to the long arm of chromosome 8 (called
BAFME type 1). Exons and splicing regions were thoroughly examined in a Japanese
family, which did not suggest a pathogenic variant.12

Of note, similar diseases have been identified in Europe, Australia, New
Zealand, and Thailand. Linkage studies showed linkages to chromosomes 2,14 5,15 and
3,16 which are called BAFME types 2, 3, and 4, respectively. The studies indicated genetic

heterogeneity but also suggested a founder effect in the disease.1?

2.3 Identification of repeat expansion mutations in BAFME

We enrolled 51 Japanese BAFME families in a study. By linkage analysis, we
confirmed a linkage to chromosome 8, but failed to further narrow down the candidate
region on 8q24. To further narrow down the candidate region, we performed haplotype
analysis hypothesizing that there is a founder effect in the disease. This is partly because
we learned from previous studies that a founder effect can exist if a frequency of disease
is particularly high in a region.!8-21 As a result, we finally found a founder chromosome,
resulting in the narrowing down of a candidate region from 4.2 Mb to 134 kb, which only
included exon and surrounding introns of SAMDI12.

After excluding exonic variants as a cause of the disease, we performed Sanger
sequencing for intronic variants using polymerase chain reaction (PCR) products. The
analysis unexpectedly revealed a repeat sequence, which appeared to be discordant
between affected parent—offspring pairs. The observation prompted us to consider the
presence of repeat expansions. Visual inspection of whole-genome sequencing data

actually revealed the presence of repeat expansions in intron 4 of SAMDI1Z2, which



consisted of expanded TTTTA and TTTCA repeats, where the reference sequence mainly
consists of TTTTA repeats. While the TTTTA repeats were expanded in a limited number
of controls, no TTTCA repeats were found in control subjects, indicating an important
role of TTTCA repeats. In line with this idea, RNA foci containing UUUCA repeats have
been identified in neurons of the autopsied brains from patients with BAFME1.22
Lengths of expanded repeats inversely correlated with age at onset of epilepsy. We
considered that these findings suggested an RNA-mediated gain-of-function mechanism
caused by TTTCA repeats.

At that time, we identified two BAFME families without repeat expansions in
SAMD12. 1t was expected that expanded TTTCA repeats in other genes can also cause
BAFME if the RNA-mediated gain-of-function mechanism in BAFME was true. Through
the analysis, we noticed that repeat expansions can be identified by evaluating short
reads. That is, if expanded TTTCA repeats are present, we should find many short reads
with TTTCA repeats when we perform whole genome sequencing. Using TRhist,23 which
efficiently analyzes short reads filled with repeat sequences, we further identified
TTTCA and TTTTA repeat expansions in TNRC6A and RAPGEF2 from two families
without repeat expansions in SAMDI2 (Fig. la,b). Again, whereas the reference
sequence mainly consists of TTTTA repeats and the TTTTA repeats were sometimes
expanded in controls, TTTCA is exclusively found in BAFME patients, indicating the
importance of TTTCA repeats. The diseases are designated as BAFME types 6 and 7 for
these expansions in TNRC6A and RAPGEF?Z, respectively.22

2.4 Repeat motif—phenotype correlation

After identification of expanded TTTCA and TTTTA repeats in Japanese
BAFME families, we predicted the presence of TTTCA repeats in other forms of BAFME.
Indeed, expanded TTTCA and TTTTA repeats have been identified in STARD?7,24
MARCHF6,25 YEATS226, and RAI12"in BAFME types 2, 3, 4, and 8 respectively. TTTCA
repeats were exclusively found in patients with BAFME, whereas a limited number of
control subjects showed expanded TTTTA repeats. The findings strongly indicate the
repeat motif—phenotype correlation in the disease.28 The findings also suggest that
expanded TTTCA repeats, rather than dysfunctions of causative genes, commonly play

an important role in the disease (Fig. 2a).

3. CGG or CCG repeat expansion disorders
3.1 Fragile X syndrome and fragile X-associated tremor/ataxia syndrome

When I began my research, the well-known CGG repeat disorders were fragile



X syndrome (FXS) and fragile X-associated tremor/ataxia syndrome (FXTAS). FXS is an
X-linked disease characterized by intellectual disability. In most cases, the cause of the
disease is CGG repeat expansions (>200 repeat units) located in the 5 untranslated
region of FMR1. This was one of the first pathogenic repeat expansions discovered in the
history of this field.2 Very interestingly, relatively short CGG repeats in FMR1 (55-200
repeat units called premutation) have been shown to be associated with a late-onset
disease with leukoencephalopathy, ataxia, and tremor called FXTAS.30 Whereas a full
mutation (>200 repeat units) causes hypermethylation and transcriptional silencing of
FMR1 leading to FXS, the premutation found in FXTAS is shown to escape

transcriptional silencing and rather causes gain of toxic function.

3.2 History of genetic analysis of CGG repeat expansion disorders

Neuronal intranuclear inclusion disease (NIID) is a heterogeneous disorder
characterized pathologically by the presence of intranuclear inclusions.3! Originally,
patients from Europe, mainly with juvenile onset, have been described. 32-34 On the other
hand, adult-onset cases were reported from Japan. In particular, after it was shown that
skin biopsy is useful for the antemortem diagnosis of NIID,3 many cases have been
identified. Most of the patients mainly show cognitive dysfunction. Brain MRI revealed
leukoencephalopathy and characteristic  diffusion  hyperintensities in the
corticomedullary junctions. Some patients mainly show peripheral neuropathy. Other
features include autonomic dysfunction, ataxia, parkinsonism, retinopathy, and
encephalitic episodes.36

Oculopharyngodistal myopathy (OPDM) was first reported in Japan,3” which is
characterized by ocular, facial, pharyngeal, and distal muscle weakness. OPDM has been
shown to be distinct from oculopharyngeal muscular dystrophy (OPMD) caused by GCN
repeats encoding polyalanine stretches in PABPN1.38.39

3.3 Identification of CGG repeat expansions in NIID, oculopharyngeal myopathy with
leukoencephalopathy (OPML), and OPDM

The initial idea of directly searching repeat sequences was based on our
observation that the clinical and pathological features of NIID are similar to those of
FXTAS. Another clue came from a family we encountered, whose members were affected
by both oculopharyngeal myopathy and leukoencephalopathy with characteristic
diffusion hyperintensities in the corticomedullary junctions. We named the disease
“oculopharyngeal myopathy with leukoencephalopathy (OPML)”. From these clinical

observations, in addition to our experiences in BAFME research, we hypothesized that



the expanded CGG repeats are the causes of NIID, OPML, and OPDM.

Whole-genome sequencing of affected families in addition to repeat-primed PCR
and long-read sequence analysis actually revealed expanded CGG repeats in
NOTCH2NLC (formerly known as NBPF19), LOC642361/ NUTMZ2B-AS1, and LRP12in
NIID, OPML, and OPDM, respectively.4? Due to the presence of homologous sequences
with high local similarity (>99% identity) to NOTCH2ZNLC, namely, NOTCHZ,
NOTCH2NLR, NOTCH2NLA, and NOTCH2NLB, precise localization of the expanded
CGG repeat was challenging and required confirmation through long-read sequencing
(Fig. 1¢).

Very interestingly, CGG repeat expansions in NOTCH2NLCwere found not only
in patients with familial NIID, but also in those with sporadic NIID. Some patients with
OPDM were negative for LEP12, indicating further genetic heterogeneity. In summary,
our research suggests that NIID, which causes leukoencephalopathy and neuropathy,
and OPDM, a peculiar muscle disorder, represent a disease spectrum with a common
basis of CGG repeat expansions.

In this paper, we refer to the repeat sequence in NOTCHZNLC as a CGG repeat
in order to focus on the disease spectrum shared with other CGG repeat disorders.

However, it should be noted that this repeat is also sometimes described as a GGC repeat.

3.4 Repeat motif—phenotype correlation

After our publication, patients with expanded CGG repeats in NOTCHZNLC
were also reported to have the oculopharyngodistal myopathy phenotype (termed OPDM
type 3), although more than half of these cases also present cognitive decline,
leukoencephalopathy, and neuropathy, signs frequently found in NIID.41.42 Moreover,
expanded CGG repeats in GIPC1 and expanded CGG repeats RILPLI have been
identified as causes of OPDM types 24344 and 445, respectively. More recently, expanded
CCG repeats in ABCDS3 have been identified in European patients with OPDM.46
Regarding the clinical phenotype, the repeat expansion in LOC642361/ NUTM2B-AS1,
initially identified in OPML families, has also been found in OPDM cases.47-50

Taken together, expanded CGG or CCG repeats seem to expand a new disease
spectrum from leukoencephalopathies to oculopharyngeal-type myopathies. We propose
the disease spectrum as FNOP-spectrum disorder after the names of FXTAS, NIID,
OPML, and OPDM.5! The findings that these diseases share some clinical features
strongly indicates that there is a common disease pathomechanism caused by expanded
CGG or CCG repeats (Fig. 2b).23

There seems to be accumulating evidence showing that very long CGG repeats



in these genes cause methylation and transcriptional silencing. Very interestingly, for
example, individuals with very long CGG repeats in NOTCH2NLC are asymptomatic.52
The findings support the original idea that expanded CGG repeats cause the spectrum

of disease probably through gain of toxic function rather than haploinsufficiency.

4. Conclusion

In this review, I summarized recent studies on repeat expansion diseases by
ours and others. The identification of the repeat motif—phenotype correlation, namely,
the same expanded repeat motifs in similar diseases, strongly indicates the gain-of-
function mechanism in these diseases as the primary pathomechanism rather than
dysfunctions of causative genes. Further studies on molecular mechanisms of these

diseases and novel therapeutic trials are awaited in this field.
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Figure legend

Figure 1 Method for identifying repeat expansions from short-read sequencing data

(a) Paired-end short reads consist of opposing read 1 and read 2, typically ranging from
100 to 150 base pairs in length. The total length of the DNA fragment is often between
300 and 500 base pairs. This panel shows the type of pair-end reads obtained when a
short tandem repeat (STR) is present and has not undergone expansion. The blue
represents surrounding (unique) sequences, while the red represents repeat sequences.

(b) When repeat expansion sequences are present, they can be classified into the
following three scenarios: 1. Both paired-end reads are unique. 2. One read contains
repeat sequences, and the remainder of the read is unique. 3. Both paired-end reads
consist entirely of repeat sequences. When both repeat and unique sequences are present,
the location of the repeat expansion sequence can be determined based on the unique
sequences.

() NOTCH2NLC has homologous genes with highly similar sequences, namely,
NOTCH2 NOTCH2NLR, NOTCH2NLA, and NOTCH2NLB, all of which are located on
chromosome 1. Some unique sequences from paired-end reads may map equivocally to
these homologous genes, making it difficult to determine the location of the repeat
expansion sequence in such cases (left). On the other hand, several unique sequences
from paired-end reads, although mismatched with the sequences of other homologous
genes, perfectly align with the NOTCH2NLC sequence, strongly suggesting that the
CGG repeat expansion is present in NOTCH2NLC (right). This was confirmed by long-
read sequencing analysis. Similar sequences also exist on the genome for
LOC642361INUTM2B-AS1.

Figure 2 Pathomechanisms of repeat expansion diseases

(a) Proposed pathomechanism of benign adult familial myoclonus epilepsy (BAFME).
Expansions of intronic TTTCA and TTTTA repeats have been found in six genes in
BAFME. The findings strongly indicate that the expanded repeats, especially TTTCA
repeats, rather than dysfunctions of each gene, play an important role in the
pathomechanism of BAFME, probably through abnormal RNA.

(b) Proposed pathomechanism of CGG or CCG repeat expansion diseases including
fragile X-associated tremor/ataxia syndrome, neuronal intranuclear inclusion disease,
oculopharyngeal myopathy with leukoencephalopathy, and oculopharyngodistal
myopathy. The findings that expanded CGG or CCG repeats in seven genes/loci cause

diseases with shared clinical features strongly suggests a common mechanism caused by



CGG or CCG repeats, probably through an abnormal RNA with expanded repeats and/or

an abnormal protein with an expanded amino acid translated by the abnormal RNA.



