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Summary

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by the degeneration of motor neurons. Although repeat
expansion in C9orf72 is its most common cause, the pathogenesis of ALS isn’t fully clear. In this study, we show that repeat expansion in
LRP12, a causative variant of oculopharyngodistal myopathy type 1 (OPDM1), is a cause of ALS. We identify CGG repeat expansion in
LRP12 in five families and two simplex individuals. These ALS individuals (LRP12-ALS) have 61-100 repeats, which contrasts with most
OPDM individuals with repeat expansion in LRP12 (LRP12-OPDM), who have 100-200 repeats. Phosphorylated TDP-43 is present in the
cytoplasm of iPS cell-derived motor neurons (iPSMNs) in LRP12-ALS, a finding that reproduces the pathological hallmark of ALS. RNA
foci are more prominent in muscle and iPSMNs in LRP12-ALS than in LRP12-OPDM. Muscleblind-like 1 aggregates are observed only in
OPDM muscle. In conclusion, CGG repeat expansions in LRP12 cause ALS and OPDM, depending on the length of the repeat. Our find-
ings provide insight into the repeat length-dependent switching of phenotypes.

Introduction 2019, CGG repeat expansion in LRP12 was identified as a
causative variant for OPDM® (OPDM1, LRPI12-OPDM
[MIM: 164310]), followed by the discovery of the repeat ex-
pansions in other genes, including GIPC1 (OPDM2 [MIM:
618940]),° NOTCH2NLC (OPDM3 [MIM: 619473]),'%!!
and RILPLI (OPDM4 [MIM: 619790]).'*"% Although
abnormal RNA accumulation and translation of expanded
CGG/GGC repeats are suspected to be the common disease
mechanisms, the etiopathogenesis of OPDM isn't fully clear.

We report that CGG repeat expansion in LRP12 is a cause
of ALS. Differences in repeat lengths have different toxic-
ities, leading to the different phenotypes.

Amyotrophic lateral sclerosis (ALS [MIM: 105400]) is charac-
terized clinically by muscle weakness and spasticity
and pathologically by progressive loss of upper and lower
motor neurons.' Progressive muscular atrophy (PMA) is a
variant of ALS characterized by lower motor neuron distur-
bance. To date, more than 30 causative variants for ALS
have been identified.” Repeat expansions in ATXN2 (MIM:
601517)* and C9orf72 (MIM: 614260)*° are associated
with ALS. In particular, GGGGCC repeat expansion in
intron 1 of C90rf72 is the most common cause in the Euro-
pean population.*® The GGGGCC repeats in C9orf72 are
translated into aggregating dipeptide-repeat proteins, which
can reduce ribosome levels,”” in frontotemporal dementia/
ALS. However, the molecular mechanisms by which repeat

€Xpansions cause ALS_ aren’t fully known. . We included two ALS-affected families and 1,039 individuals with
Oculopharyngeal distal myopathy (OPDM) is a muscular Ay i the Hiroshima University cohort, 40 families with ALS in

disorder characterized by ptosis, external ophthalmoplegia,  the Tohoku University cohort, 15 individuals with OPDM, and
and weakness of the pharyngeal and distal limb muscles. In 853 healthy control participants. We obtained DNA samples
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from four individuals with ALS, one individual with OPDM, one
neurologically healthy participant in family 1, and two affected in-
dividuals and three neurologically healthy participants in family
2. We also obtained muscle specimens from 14 individuals with
ALS, 15 individuals with OPDM, and 5 negative controls (NCs).
We performed histopathological examinations of muscle tissues
from three individuals with ALS and three individuals with
OPDM and compared these with those from five NCs (Table S1).
Neurologists evaluated all participants with ALS and OPDM.

Approval was obtained from the ethics committee of Hiroshima
University, Tohoku University, National Center of Neurology and
Psychiatry, National Hospital Organization Kure Medical Center
and Chugoku Cancer Center, and Aichi Medical University. All
participants provided written informed consent. The procedures
used in this study adhere to the tenets of the Declaration of
Helsinki.

DNA, RNA, and protein extraction

Genomic DNA was extracted from leukocytes using QuickGene-
610L (KURABO). DNA, RNA, and protein extractions from muscle
tissues were performed using TRIzol Reagent (Invitrogen) accord-
ing to the manufacturer’s instructions. DNA and RNA concentra-
tions were measured with a NanoDrop apparatus (Thermo Fisher
Scientific), and protein concentration was determined with a
BCA Protein Assay Kit (Pierce). RNA and protein samples were
stored at —80°C, and DNA was stored at —4°C until use.

Homozygosity haplotype analysis and linkage analysis
We obtained SNP genotyping data using the GeneChip Human
Mapping S00K Array Set (Affymetrix). Homozygosity haplotype
analysis was performed with the HH analysis program (http://
www.hhanalysis.com/),'* and linkage analysis was conducted us-
ing Allegro (https://www.decode.com/software/allegro/)."*

Short-read sequencing

We performed exome and whole-genome sequencing using the Il-
lumina platform sequencer. The data were analyzed as previously
described,'® apart from the use of hg38 for genomic coordinates.
The identified variants were filtered by following criteria: (1) two
of more prediction algorithms (SIFT'” [https://sift.bii.a-star.edu.
sg/index.html], PolyPhen-2'® [http://genetics.bwh.harvard.edu/
pph2/], and CADD" [https://cadd.gs.washington.edu/]) were pos-
itive (the CADD score threshold was set to >15) and (2) the fre-
quency in the gnomAD database (https://gnomad.broadinstitute.
org/) was <0.001.

Long-read sequencing

Library preparation was performed using a ligation sequencing kit
(SQK-LSK-109, Oxford Nanopore Technologies) in accordance
with the manufacturer’s protocol. Sequencing was conducted us-
ing a MinION and R9.4.1 flow cell (Oxford Nanopore Technolo-
gies). We used Guppy (v.3.2.2, https://community.nanoporetech.
com) for base calling, LAST (v.983, https://github.com/mcfrith/
last-genome-alignments) for mapping, and tandem-genotypes>’
for the evaluation of repeat expansion. Methylation analysis was
performed using Guppy and Nanopolish (v.0.11.2, https://
github.com/jts/nanopolish/blob/master/docs/source/index.rst).
Methylation status was visualized with methplotlib®' (v.0.7.0,
https://github.com/wdecoster/methplotlib) and the graph was in-
verted manually to adjust to the transcript direction.

Repeat-primed PCR analysis and fluorescence amplicon
length analysis PCR

Repeat-primed PCR and fluorescence amplicon length analysis
PCR were performed as described in a previous report.® To prepare
the sample for electrophoresis, we mixed 1 pL of PCR product,
0.25 uL of GeneScan 500 ROX Size Standard, and 11.75 pL of Hi-
Di Formamide. The samples were incubated at 95°C for 5 min.
We used the ABI 3130 Genetic Analyzer for electrophoresis and
Peak Scanner software (Thermo Fisher Scientific) for fragment
size analysis.

Cas9-mediated enrichment and nanopore sequencing
The CGG repeat region in LRP12 was enriched using the CRISPR-
Cas9 system according to the protocol provided by Oxford Nano-
pore Technologies. We used two crRNAs (5-CAAGGCGACAG
CUAUUUCUCGUUUUAGAGCUAUGCU-3' and 5'-UUGACUACU
UGGUACAAUGGGUUUUAGAGCUAUGCU-3') for the regions
approximately 2,000 base pairs away from the repeat.

Generation and maintenance of human iPSCs

The use of human induced pluripotent stem cells (hiPSCs) was
approved by the ethics committees of the RIKEN Center for Devel-
opmental Biology and Kansai Medical University. For the genera-
tion of hiPSCs from six affected individuals and one healthy
volunteer, 0TX2, SOX2, KLF4, L-MYC, LIN28, EBNA1, and p53 car-
boxy-terminal dominant-negative fragments were transduced into
peripheral blood mononuclear cells using episomal vectors as pre-
viously described””** (see also Table S2). All participants provided
written informed consent. The healthy subject-derived iPSC lines
201B7 and HC6°**° were used as the controls. The hiPSCs were
maintained on laminin (iMatrix-511; Nippi) in StemFit AKO2N
(Ajinomoto) at 37°Cin a 5% CO; incubator, according to the man-
ufacturer’s instructions. Passages were performed every seventh
day. Prior to passaging, the culture dishes were coated with iMa-
trix-511 in PBS. The hiPSC colonies were treated with 0.5x
TrypLE Express Enzyme (Thermo Fisher Scientific) and dissociated
into single cells by gentle pipetting. The dissociated hiPSCs were
suspended in StemFit AKO2N, plated at a density of 1,350 cells/
cm?, and cultured in StemFit AKO2N with a 10 pM Y-27632
ROCK inhibitor (TOCRIS, Nacalai Tesque). The medium was
changed to StemFit AKO2N without Y-27632 on the following
day and then changed every other day.

Spinal MN differentiation from human iPSCs

To generate stable and inducible iPSC lines for the differentiation of
spinal motor neurons (MNs), the iPSCs were transfected with epB-
Bsd-TT-NIL, an enhanced piggyBac transposable inducible expres-
sion vector’® containing the Ngn2, Isl1, and Lhx3 transgenes.”’
MN differentiation from iPSCs was performed as described previ-
ously,?®?? with a slight modification. Briefly, the iPSCs were disso-
ciated to single cells with 0.5 x TrypLE Express and plated in StemFit
AKO2N with 10 pM Y-27632 on 1% Matrigel (Corning) at a density
of 1 x 10° cells/cm?. The following day, differentiation was induced
by adding 1 pg/mL doxycycline (Sigma-Aldrich) in DMEM/F-12
GlutaMAX (Thermo Fisher Scientific). The medium was changed
every day. After 48 h of doxycycline induction, the medium
was changed to Neurobasal/B27 (Neurobasal Medium supple-
mented with 1x B27 supplement, 1x GlutaMAX, and 0.5X peni-
cillin/streptomycin [Thermo Fisher Scientific]) containing 1x
non-essential amino acids (Thermo Fisher Scientific), 5 uM DAPT
(Sigma-Aldrich), and 4 uM SU5402 (Calbiochem). On day 5, the
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cells were dissociated with Accutase (Thermo Fisher Scientific) or
1x TrypLE Express and plated onto poly-D-lysine (Sigma-
Aldrich)/laminin (Thermo Fisher Scientific)-coated culture dishes
or eight-well culture slides (Corning) at a density of 1 x 10° cells/
cm? in Neurobasal/B27 containing 10 uM Y-27632. After overnight
incubation, on day 6, the medium was changed to Neurobasal/B27
supplemented with 20 ng/mL BDNF and 10 ng/mL GDNF (both
from R&D Systems). Half of the medium was replaced with a fresh
medium every 3-4 days.

Quantitative PCR

RNA (400 ng) was reverse-transcribed into cDNA using RevTra Ace
reverse transcriptase and Oligo(dT),o Primer (TOYOBO). Quantita-
tive PCR was performed using THUNDERBIRD SYBR qPCR Mix
(TOYOBO) and the StepOnePlus system (Thermo Fisher Scientific)
with the following primers: LRP12 (forward: 5-GCCTCAT
CTGTGGCCTGTTA-3’; reverse: 5'-ACGAGGGAGGAGCTTCTCTT
CCCTCGT-3') and GAPDH (forward: 5-GAAGGTGAAGGTCGG
AGTCAAC-3'; reverse: 5-CAGAGTTAAAAGCAGCCCTGGT-3').
We performed triplicate PCR reactions and used the 274A¢t
method to evaluate relative expression.

ELISA

ELISA was performed using the LRP12 ELISA Kit (MyBioSource) ac-
cording to the provided protocol. Optical density was measured
with Varioskan Flash (Thermo Fisher Scientific). The LRP12 values
were normalized to the total protein amount.

Immunocytochemistry

Immunocytochemistry was performed as previously reported*®*!
using the primary antibodies described in Table S4. Nuclear coun-
terstaining was performed with DAPI (Nacalai Tesque). Images
were acquired using a confocal microscope (LSM710, Carl Zeiss).
In addition, we created cell blocks of iPSMNs. The cell blocks
were prepared using HistoGel (Richard-Allan Scientific) according
to the manufacturer’s instructions. Briefly, the cell pellets were
fixed with 10% neutral buffered formalin for at least 2 h, followed
by centrifugation. After decanting, a few drops of warm HistoGel
were added to the cell pellet, gently mixed, and immediately
centrifuged. After a few hours in a refrigerator, solid HistoGel but-
tons containing the cells were transferred to a tissue cassette and
embedded in paraffin according to the standard procedure for
small biopsies in a Tissue-Tek REC6 tissue processor (Sakura
Finetek).

For each specimen of the iPSMN cell blocks, 8 um transverse sec-
tions were subjected to immunocytochemical or immunofluores-
cence detection after the cell blocks were assessed as empty, scant,
moderate, or highly cellular on the basis of the cellularity of the
HE-stained section. For immunocytochemical analysis, the sec-
tions were immunostained using a Ventana BenchMark GX auto-
mated slide staining system (Ventana Medical Systems) with a
mouse monoclonal pTDP43 antibody (Table S4). For immunofluo-
rescence analysis, the sections were incubated with primary mouse
and rabbit antibodies overnight at 4°C after washing in PBS and
thereafter directly visualized using an anti-mouse secondary anti-
body conjugated with Alexa Fluor 568 and an anti-rabbit secondary
antibody conjugated with Alexa Fluor 488. The primary antibodies
consisted of mouse monoclonal antibodies against MBNL1 and
rabbit polyclonal antibodies against LRP12 (Table S4). The sections
were photographed using a BIOREVO BZ-9000 fluorescence micro-
scope (Keyence).

Immunohistochemical analysis

All muscle biopsies were performed for diagnostic purposes. Muscle
biopsy specimens were frozen in liquid nitrogen-cooled isopen-
tane. For each specimen of muscle tissues, 8 um transverse sections
were subjected toimmunohistochemical and immunofluorescence
detection. For immunohistochemical analysis, the sections were
immunostained using a Ventana BenchMark GX automated slide
staining system (Ventana Medical Systems) with a mouse mono-
clonal pTDP43 antibody (Table S4). For immunofluorescence anal-
ysis, the sections were incubated with primary mouse and rabbit
antibodies overnight at 4°C after washing in PBS and then directly
visualized using an anti-mouse secondary antibody conjugated
with Alexa Fluor 568 and an anti-rabbit secondary antibody conju-
gated with Alexa Fluor 488. The primary antibodies consisted of
mouse monoclonal antibodies against MBNL1 and rabbit poly-
clonal antibodies against LRP12. The sections were photographed
using a BIOREVO BZ-9000 fluorescence microscope (Keyence).

Florescence in situ hybridization

The iPSMN cells were fixed in 4% paraformaldehyde for 10 min,
permeabilized in 70% ethanol on ice, equilibrated in 50% form-
amide/2x SSC for 30 min at 66°C, hybridized for 3 h at 72°C
with denatured nucleic acid probe (50 nM), and pre-heated at
80°C for 10 min in hybridization buffer (Sigma-Aldrich). The cells
were washed twice with 50% formamide/2x SSC for 20 min at
72°C and twice with 2x SSC at room temperature. To combine
FISH with immunofluorescence staining, after being washed
with 2x SSC, the cells were washed with PBS and blocked with
10% normal donkey serum in PBS/0.05% Tween 20 for 20 min
at room temperature. The cells were then incubated with primary
antibodies in PBS/0.05% Tween 20 at 4°C. The following primary
antibodies were used: Tubulin 3 (TUBB3) and LRP12. After three
rinses with PBS/0.05% Tween 20, the cells were incubated with
the appropriate secondary antibodies containing DAPI for 1 h at
room temperature. The following secondary antibodies were
used: CyS-conjugated donkey anti-mouse IgG and Alexa Fluor
488-conjugated donkey anti-rabbit IgG (both from Jackson Immu-
noresearch). After three rinses with PBS, the cells were mounted
with SlowFade Gold (Thermo Fisher Scientific). Images were ac-
quired with an LSM710 microscope.

For the iPSMN cell and muscle tissue blocks, 8 um sections were
permeabilized and equilibrated on a VP 2000 automated processor
(Abbott Molecular) according to the manufacturer’s protocol. The
sections were hybridized for 3 h at 72°C with a denatured nucleic
acid probe (50 nM) and then washed twice with 50% formamide/
2 x SSC for 20 min at 72°C and twice with 2 x SSC at room temper-
ature. To combine FISH with immunofluorescence staining, after
washing with 2 x SSC and PBS, the sections were incubated with pri-
mary mouse and rabbit antibodies overnight at 4°C after washing in
PBS and afterward directly visualized using an anti-mouse secondary
antibody conjugated with Alexa Fluor 568 and an anti-rabbit second-
ary antibody conjugated with Alexa Fluor 488. Images were acquired
using a BIOREVO BZ-9000 fluorescence microscope (Keyence).

Statistics

All statistical analyses were performed with R software (v.4.0.3) or
Prism 8 software (GraphPad Software). Differences were consid-
ered statistically significant if the p value was less than 0.05. We
performed Steel’s test for qQPCR and ELISA experiments using R
software and Mann-Whitney U and Kruskal-Wallis tests for immu-
nofluorescence and FISH analysis using Prism 8 software.
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Figure 1. Genetic analysis and pathological characteristics of ALS-affected families

(A) Pedigree chart of the families with ALS. The arrows indicate the probands. The black, striped, and white symbols indicate ALS-
affected, OPDM-affected, and unaffected participants, respectively. Indicated below the symbols is the number of CGG repeats in
LRP12 (bold letters indicate an expansion of the repeat).

(B) Muscle biopsy specimens of three participants did not show any myopathic findings including rimmed vacuoles by hematoxylin and
eosin (HE) and modified Gomori trichrome (Mod. Gomori) staining. However, muscle tissues of three participants presented fiber type

(legend continued on next page)
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Results

Initially, we analyzed six individuals with ALS, one indi-
vidual with OPDM, and four unaffected individuals from
two Japanese ALS-affected families (Figure 1A). At the
time of genetic analysis, the individual with OPDM (F1-
I1I-1) had not been diagnosed with OPDM because of mi-
nor symptoms. However, she was treated as an affected in-
dividual because she had myalgia, similar to her mother
(F1-1I-6). All affected individuals presented with slowly
progressing muscle weakness beginning in their 40s. In
their 50s, they showed muscle weakness, and two had a
positive jaw reflex. Radiological abnormalities were not
observed, except for atrophy of the thigh muscles. Electro-
myography showed active and chronic denervation in the
cervical and lumbosacral regions. In their 60s, the individ-
uals started to use wheelchairs. Muscle biopsies were per-
formed for three participants (F1-II-6, F2-III-2, and F2-III-
3) to exclude myopathy because of the high levels of serum
creatinine kinase. Muscle biopsy specimens of three partic-
ipants did not show any myopathic findings including
rimmed vacuoles, a pathological hallmark of autophagic
vacuolar myopathies including OPDM by hematoxylin
and eosin (HE), and modified Gomori trichrome (mGT)
staining (Figure 1B). However, muscle tissues of three par-
ticipants presented fiber type grouping by NADH-tetrazo-
lium reductase (NADH-TR) and ATPase staining and those
of F1-II-6 and F2-III-2 presented grouped atrophy by HE
and mGT staining. These two findings suggested neuropa-
thy or motor neuron disease but not muscle disease, such
as LRP12-OPDM (Figure 1B). In addition, the muscle bi-
opsy specimen of F2-III-2 included intramuscular nerve
bundles, which showed an axonal phosphorylated TAR
DNA-binding protein of 43 kDa (pTDP-43) accumulation
(Figure 1C) but no accumulations of fused in sarcoma
(FUS), SQSTM1/p62, and ubiquitin (Figure S1), similar to
the pathological findings in the muscle tissues of individ-
uals with simplex ALS in our previous study.** These indi-
viduals were all clinically diagnosed with ALS according to
the revised El Escorial and Awaji diagnostic criteria.”*** A
summary of the data on the study participants is given in
Table S2 and supplemental note.

To identify the causative variant, SNP genotyping was
first performed. Because homozygosity haplotype analysis
identified the shared haplotypes in the affected participants
(F1-1I-1, F1-1I-2, F1-II-3, F1-1I-6, F1-III-1, F2-I1I-2, and F2-III-

3), two families were considered to have a common causa-
tive variant (Figure S2A). Linkage analysis using Allegro'®
identified several regions with LOD scores of ~2
(Figure S2B). Next, we performed exome sequencing in
the affected individuals (F1-1I-6, F1-I1I-1, F2-III-2, and F2-
II-3), as well as whole-genome sequencing (in F1-II-1, F1-
1I-2, and F2-1II-3), with a short-read sequencer and could
not identify candidate variants. We used a long-read
sequencer for the affected individuals (F1-II-1, F1-1I-2, and
F2-I11-3). Using tandem-genotypes,”’ we identified CGG
repeat expansion in the S5'-untranslated region (UTR)
of LRP12 (GenBank: NM_013437.5, chr8:104,588,961-
104,588,999; hg38) in these three individuals (Figure 1D).
This repeat expansion was validated using repeat-primed
PCR (Figure 1E) and fluorescence amplicon length analysis.
We confirmed the repeat expansion in all affected individ-
uals (F1-1I-1, F1-II-2, F1-II-3, F1-1I-6, F1-III-1, F2-III-2, and
F2-11I-3). One unaffected participant (F2-III-1) also had
this variant. Although he has reached a sufficient age for
LRP12-ALS onset (57 years), we speculate that this is an
example of incomplete penetrance.® One individual (F1-
I1I-1) developed mild muscle weakness of the extremities,
unilateral facial muscle weakness, and dysphagia after anal-
ysis and was diagnosed with LRP12-OPDM at age 44.

We also screened a cohort with familial motor neuron
disease at Tohoku University (40 families) and identified
two PMA-affected families with repeat expansion in
LRP12 (Figures 2A and 2B). In addition, we screened the
ALS-affected individuals and healthy control (HC) partici-
pants in our cohort for the repeat expansion in LRP12.
Fluorescence amplicon length analysis and repeat-primed
PCR revealed the repeat expansion in 3 of 1,039 partici-
pants with ALS. In comparison, each of the 853 HC partic-
ipants had no more than 50 repeats (Figure 2D). One of the
three individuals had familial PMA (Figure 2C). Although
one of the two simplex individuals was clinically diag-
nosed with PMA (simplex individual 1), the other individ-
ual had typical ALS (simplex individual 2) and underwent
tracheostomy for respiratory failure 4 years after onset. All
participants with ALS and PMA had fewer than 100 re-
peats. These results demonstrate that CGG repeat expan-
sions in LRP12 cause both familial and simplex ALS, as
well as PMA.

Next, we performed Cas9-mediated target sequencing to
evaluate the CGG repeat and methylation status of the
CpG island in LRPI12. We determined that the repeat

grouping by NADH-tetrazolium reductase (NADH-TR) and ATPase staining and those of F1-1I-6 and F2-1II-2 presented grouped atrophy
by HE and mGT staining. By contrast, the OPDM-affected individuals showed myopathic changes, including rimmed vacuoles, but no

neuropathic changes.

(C) Immunohistochemistry revealed axonal phosphorylated TDP-43 (pTDP-43)-positive accumulations in intramuscular nerve bundles
(arrow), which were not observed in the OPDM-affected individuals. Inmunofluorescence analysis showed that pTDP-43 was colocal-

ized with the neurofilament in intramuscular nerve bundles.

(D) CGG repeat length in LRP12 analyzed by nanopore sequencing in F1-II-1, F1-II-2, and F2-1II-3. The x axis indicates copy number
changes relative to the reference human genome, and the y axis indicates the number of reads. The red bar indicates the number of for-
ward-strand reads, and the blue bar indicates the reverse-strand reads.

(E) Repeat-primed PCR for F1-1I-1, F1-II-2, and F2-I1I-3.

Scale bars: (B) black, 100 um; red, 200 pm; (C) bright-field, 20 pm, immunofluorescence, 10 pm.
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Figure 2. Additional families and distribution of CGG repeat length in LRP12

(A—C) Pedigree chart of the families with PMA. The arrows indicate the probands. The black and white symbols indicate affected and
unaffected participants, respectively. The numbers below the participants are the CGG repeat numbers in LRP12 (bold letters indicate
an expansion of the repeat).

(D) Number of CGG repeats in control participants (n = 853) and in participants with ALS (n = 1,039). Three out of 1,039 ALS-affected
individuals demonstrated CGG repeats longer than 50, whereas all control participants had repeat counts shorter than 50.

length in the affected participants was from 64 to 70 in III-1) had a longer expansion (197 repeats) than the other
family 1 and approximately 95 and 100 in family 2 participants in family 1 (Figure 1A, see Figure S3 for full
(Figure S3). However, the OPDM-affected individual (F1- variant descriptions). Methylation analysis revealed that
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Figure 3.

Cytopathological characteristics of iPS cell-derived spinal motor neurons (iPSMNs)

(A) iPSMNs showing cytoplasmic and nuclear staining for LRP12 in LRP12-ALS-affected and LRP12-OPDM-affected individuals.

(B) iPSMNs from LRP12-ALS-affected individuals showed accumulations of pTDP-43 in the cytoplasm.

(C) FISH showing (CGG),-positive accumulations in the nuclei of iPSMNs from LRP12-ALS-affected and LRP12-OPDM-affected individ-
uals. These aggregates colocalized with LRP12 (white arrows). HCs did not show any signals.

(D) Cell blocks of iPSC-derived neurons from LRP12-ALS-affected and LRP12-OPDM-affected individuals showing intranuclear RNA ac-
cumulations, although HE staining did not show abnormality. HCs did not show any nuclear signals.

(legend continued on next page)
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the frequency of 5-methylcytosine in the lower region
of the repeat was increased in two participants (F1-1II-1
and F2-1II-1) compared with the other participants
(Figure S4). F2-11I-1, with 101 repeats, may go on to
develop ALS or OPDM but was currently asymptomatic.
These results suggest that phenotypic differences may be
caused by differences in repeat lengths and that methyl-
ation might decrease LRP12 mRNA expression, further
modifying the phenotype.

To evaluate the impact of methylation status on LRP12
mRNA expression and clarify the pathogenetic differences
between ALS and OPDM, we compared the skeletal muscle
tissues of LRP12-ALS-affected participants (F1-II-6, F2-III-2,
and F2-111-3) with those from simplex ALS-affected individ-
uals (n = 12), LRP12-OPDM-affected individuals (n = 15),
and negative controls (NC) (n = 7) at Hiroshima Univer-
sity, Tohoku University, and the National Center for
Neurology and Psychiatry. We first quantified muscular
LRP12 mRNA using quantitative PCR (qPCR). In the
LRP12-OPDM group, LRP12 mRNA was increased in
some individuals, but LRP12 mRNA was not significantly
different compared to control group. By contrast, LRP12
mRNA in the LRP12-ALS group was increased significantly
(Figure SSA). However, significant changes in LRP12 levels
were not observed in the muscle (Figure S5B).

Based on the LRP12 mRNA and protein results, we
analyzed the cytopathological features of iPSMNs from
two LRP12-ALS-affected individuals (F1-II-6 and F2-III-2)
and compared these with those from LRP12-OPDM-
affected individuals and HC individuals (Table S3). Immu-
nofluorescent analysis revealed LRP12-positive intranu-
clear and cytoplasmic inclusions in the iPSMNs of individ-
uals with LRPI2-ALS and OPDM. iPSMNs from HCs
showed LRP12-positive inclusions in the cytoplasm but
not in the nuclei (Figure 3A). In addition, iPSMNs from
LRP12-ALS-affected individuals had cytoplasmic granules
positive for pTDP-43 (Figure 3B), which pathologically
characterizes the vast majority of ALS-affected individ-
uals.'*>*° These granules did not appear skein like or
round but were similar to the mislocalized inclusions
seen in iPSCs derived from ALS-affected individuals in a
previous report.”” iPSMNs from LRP12-OPDM-affected in-
dividuals and HCs did not contain pTDP-43-positive cyto-
plasmic granules (Figures 3B and S6A). These pathological
findings suggest that LRP12-ALS is part of the ALS spec-
trum with TDP-43 pathology.

To examine whether the length of the CGG repeat
affected inclusion formation in iPSMNs and muscle tis-
sues, we performed RNA fluorescence in situ hybridization
(RNA-FISH). A summary of the OPDM-affected individuals

and NC individuals for whom muscle biopsy specimens
were obtained is given in Table S1. RNA-FISH revealed nu-
clear RNA accumulations in iPSMNs from both LRPI12-
ALS-affected and LRP12-OPDM-affectged individuals but
not HCs. Intranuclear RNA accumulations were colocal-
ized with LRP12 (Figure 3C). The cytoplasm of iPSMNs
from all affected individuals and HCs showed non-specific
findings associated with the fixation process. We also
examined paraffin-embedded iPSMN cell blocks to detect
nuclear RNA accumulations. These iPSMN specimens
showed intranuclear RNA accumulations in both LRP12-
ALS-affected individuals and LRP12-OPDM-affected indi-
viduals. Cell blocks from HCs did not show nuclear RNA
accumulations (Figures 3D and S6B). The iPSMNs of indi-
viduals with LRP12-ALS frequently showed nuclear RNA
accumulations (64.3 + 4.8/100 nuclei [mean =+ SDJ])
compared with those of individuals with LRP12-OPDM
(14.0 = 6.2/100 nuclei) (p = 0.044) (Figures 3E and
S6C). iPSMNs from LRP12-OPDM-affected individuals
showed nuclear RNA accumulations more frequently
than those from HCs (p < 0.01). In addition, RNA-FISH
showed nuclear RNA accumulations in the muscle biopsy
specimens of both LRP12-ALS-affected and LRP12-OPDM-
affected individuals but not NCs (Figures 4A and S7).
Approximately 10% of the intranuclear RNA accumula-
tions were colocalized with LRP12 in the LRP12-ALS and
LRP12-OPDM muscle specimens. The frequency of nu-
clear RNA accumulations in muscle tissues from LRPI12-
ALS-affected individuals (27.3 =+ 4.8/100 nuclei
[mean *+ SDJ]) was not significantly higher than that in
muscle from LRP12-OPDM-affected individuals (11.7 =+
1.2/100 nuclei) (p = 0.10) (Figure 4B). These findings sug-
gest that RNA accumulations are associated with the path-
ogenesis of LRP12-ALS.

We observed an association between LRP12 and muscle-
blind-like 1 (MBNL1). MBNL1 binds specifically to
expanded CGG repeats in RNA,*® and MBNL1 sequestra-
tion causes dysregulation of mRNA splicing. MBNL1
was not detected in the nuclei of paraffin-embedded cell
blocks of iPSMNs from LRPI12-ALS-affected or LRPI12-
OPDM-affected individuals or HCs (Figures 3F and S8A).
MBNL1 was not detected in the nuclei of muscle tissues
from LRPI12-ALS-affected individuals or control individ-
uals but colocalized with LRP12-positive intranuclear
inclusions in muscle tissues from LRP12-OPDM-affected
individuals (Figures 4C and S8B). Given that the muscles
in OPDM3'' and OPDM4,'*"? which have the same 5'-
UTR CGG repeat expansion, were positive for MBNL1
aggregates, MBNL1 dysfunction in muscles may be neces-
sary for the development of muscle atrophy.

(E) Dots represent experimental trials. Number of individuals is two in ALS group, four in OPDM group, and three in HC group. FISH
revealed that nuclear (CGG),-positive accumulations were more frequent in the nuclei of individuals with LRP12-ALS than in the nuclei

of individuals with LRP12-OPDM (p = 0.044).

(F) Immunofluorescence analysis showed that MBNL1 was not localized in the nuclei of paraffin-embedded cell blocks of iPSMNs from

individuals with LRP12-ALS or LRP12-OPDM, or HCs.

Scale bars: (A)-(C), 10 pm; (D) HE, 20 um, immunofluorescence, 5 pm; (F) 10 um; *p < 0.05, **p < 0.01.
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Figure 4. Pathological characteristics of muscles

(A) Intranuclear RNA accumulations in the muscles of individuals
with LRP12-ALS and LRP12-OPDM, although HE staining did not
show any abnormalities. HCs did not show any nuclear signals.
(B) Dots represent the individuals examined. The frequency of nu-
clear RNA accumulations in muscle tissues was not significantly
higher in LRP12-ALS-affected individuals compared with that in
LRP12-OPDM-affected individuals (p = 0.10).

(C) MBNL1 localization was not observed in the nuclei of the mus-
cle tissues of LRP12-ALS-affected individuals or control individuals

Discussion

We identified CGG repeat expansions in LRP12 in two ALS-
affected families, three PMA-affected families, and two
simplex ALS-affected individuals. These individuals pro-
gressed more slowly than typical ALS-affected individuals
and presented with lower motor neuron-dominant impair-
ment. The repeat lengths in ALS-affected individuals are
64-100, shorter than those in OPDM-affected individuals,
who have more than 100 repeats.”” LRP12 mRNA in mus-
cle tended to be increased in LRP12-ALS compared with
that in LRP12-OPDM-affected individuals and NCs,
although the amount of LRP12 was not different. Intranu-
clear RNA accumulations were more prominent in iPSMNs
from LRP12-ALS-affected individuals compared with those
from LRP12-OPDM-affected individuals. Furthermore,
iPSMNs from LRP12-ALS-affected and LRP12-OPDM-
affected individuals did not have intranuclear MBNL1 ag-
gregates that were observed in the muscles from LRP12-
OPDM-affected individuals. Differences in toxic RNA
levels and MBNL1 dysfunction, which may be repeat
length dependent, might therefore underlie the observed
phenotypic differences.

Repeat length-dependent phenotypic switching is
known for the CGG repeat in the 5'-UTR of FMR1 (MIM:
309550), which causes fragile X syndrome (FXS [MIM:
300624])*° and fragile X-associated tremor/ataxia syn-
drome (FXTAS [MIM: 300623]).*! The main cause of FXS is
the suppression of FMR1 expression caused by repeat-
induced DNA methylation, while the pathophysiology of
FXTAS involves RNA toxicity and repeat-associated non-
AUG (RAN) proteins.**** In contrast to FMRI, both
LRP12-ALS and OPDM are caused by toxic gain-of-function
mechanisms. We posit that repeat length-dependent gene
expression changes and differences in MBNL1 aggregations
play a critical role in the pathogenetic differences between
ALS and OPDM. The repeat length in individuals with
LRP12-ALS is shorter than 100, although almost all individ-
uals with LRP12-OPDM have more than 100 repeats.”’ Even
though motor neurons, not muscles, are thought to be the
primary site of disease in ALS, the change in LRP12 expres-
sion is greater in the muscle in LRP12-ALS-affected individ-
uals than in LRP12-OPDM-affected individuals. However,
further confirmation of this is needed due to the small sam-
ple size and large variance in the data. Consistent with this,
nuclear RNA inclusions in muscle and iPSMNs are more
prominent in LRP12-ALS than in LRP12-OPDM. These find-
ings suggest that the amount of toxic RNA in the nucleus
plays an important role in the pathogenesis of LRP12-ALS.
We speculate that, as in the case of C90rf72, the aberrant
RNA may promote the formation of stress granules and pro-
duction of repeat-associated non-AUG (RAN) protein and
cause TDP-43 aggregation, leading motor neuron death.*’

but was colocalized with LRP12-positive intranuclear inclusions in
LRP12-OPDM-affected individuals.
Scale bars: (A) 5 pm; (C) 10 um; *p < 0.05.
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Furthermore, MBNL1 dysfunction may play a more impor-
tant role in OPDM. The aggregation of MBNL1 in the nu-
cleus is not observed in LRP12-ALS but is found in LRP12-
OPDM and other OPDMSs, and it is associated with
NOTCH2NLC'' and RILPL1."” These and the clinical find-
ings suggest that repeat expansions of more than 100 are
needed for MBNL1 aggregation, so LRP12-ALS-affected indi-
viduals do not develop OPDM.

On the other hand, LRP12-ALS and LRP12-OPDM arise
from differences in repeats in the same gene, and even
LRP12-OPDM has been reported to have p63-positive in-
clusion bodies in neurons,*® it may be possible that both
diseases belong to a single spectrum. Further accumulation
of autopsy reports is needed to be clear.

One limitation of this study is that we did not show the
accumulation of RAN proteins. CGG repeats can be trans-
lated into polyglycine, polyarginine, and polyalanine pro-
teins in the direction of the sense strand. Since polyargi-
nine protein can be followed by normal LRP12 and
detected by anti-LRP12 antibody, the LRP12 colocalized
with CGG repeat RNA (Figures 3C and 4A) may be polyar-
ginine protein. To confirm this, we need to analyze RAN
proteins in the future.

In conclusion, we report that CGG repeat expansions in
the 5'-UTR of LRP12 cause ALS via a toxic gain-of-function
mechanism. Differences in the levels of toxic RNA and
MBNL1 dysfunction, in turn dependent on repeat length,
may determine whether the affected individual develops
ALS or OPDM.
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