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Oculopharyngodistal myopathy (OPDM) is an adult-onset inherited neuromuscular disorder characterized by progressive ptosis,
external ophthalmoplegia, and weakness of the masseter, facial, pharyngeal, and distal limb muscles. The myopathological features
are presence of rimmed vacuoles (RVs) in the muscle fibers and myopathic changes of differing severity. Inheritance is variable, with
either putative autosomal-dominant or autosomal-recessive pattern. Here, using a comprehensive strategy combining whole-genome
sequencing (WGS), long-read whole-genome sequencing (LRS), linkage analysis, repeat-primed polymerase chain reaction (RP-PCR),
and fluorescence amplicon length analysis polymerase chain reaction (AL-PCR), we identified an abnormal GGC repeat expansion in
the 5’ UTR of GIPCI in one out of four families and three sporadic case subjects from a Chinese OPDM cohort. Expanded GGC repeats
were further confirmed as the cause of OPDM in an additional 2 out of 4 families and 6 out of 13 sporadic Chinese individuals with
OPDM, as well as 7 out of 194 unrelated Japanese individuals with OPDM. Methylation, qRT-PCR, and western blot analysis indicated
that GIPC1 mRNA levels were increased while protein levels were unaltered in OPDM-affected individuals. RNA sequencing indicated
pS53 signaling, vascular smooth muscle contraction, ubiquitin-mediated proteolysis, and ribosome pathways were involved in the path-
ogenic mechanisms of OPDM-affected individuals with GGC repeat expansion in GIPCI1. This study provides further evidence that
OPDM is associated with GGC repeat expansions in distinct genes and highly suggests that expanded GGC repeat units are essential
in the pathogenesis of OPDM, regardless of the genes in which the expanded repeats are located.

Introduction Japan, the Netherlands, Italy, the United States, and China

have been reported.' It is important to identify the causa-

Oculopharyngodistal myopathy (OPDM [MIM: 164310]) is
a rare adult-onset myopathy with putative autosomal-domi-
nant or autosomal-recessive inheritance. The typical clinical
manifestations are insidiously progressive ptosis, ophthal-
moparesis, facial and masseter weakness, dysphagia, and
muscle weakness of distal limbs. The myopathological fea-
tures are myopathic changes of differing severity character-
ized by the presence of rimmed vacuoles (RVs) and filamen-
tous intranuclear inclusions in the muscle fibers.' Because
the genetic causes and pathogenic mechanisms underlying
OPDM have long remained elusive, OPDM-affected individ-
uals have been diagnosed by clinical manifestations, histo-
pathological findings, and genetic exclusion of similar con-
ditions. Since OPDM was first described by Satoyoshi in
1977, about 200 OPDM-affected individuals from Turkey,

tive genes to diagnose and study the pathogenesis of
OPDM. Our lab group and the lab group of Dr. Lochmuller
have performed whole-exome/genome sequencing (WES/
WGS) to explore the genetic causes of OPDM but have failed
to identify likely pathogenic mutations.'”""

Despite the high similarity of clinical and pathological
features in different individuals with OPDM, the inheri-
tance modes, characterized by sporadic, putative
autosomal-recessive, autosomal-dominant, or incomplete-
penetrance patterns, have been unclear.'’ Inspired by the
striking similarity to the inheritance pattern of neuronal in-
tranuclear inclusion disease (NIID [MIM: 603472]), as well
as the intranuclear inclusions observed in both diseases,
we hypothesize that OPDM may share a similar genetic ba-
sis with NIID—a disease caused by expanded GGC repeats
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in the 5’ untranslated region (UTR) of NOTCH2NLC (MIM:
618025).'%"'* To explore the possibility of repeat expan-
sions in OPDM, we performed long-read whole-genome
sequencing (LRS) on the Oxford Nanopore platform. While
our LRS data were being analyzed, a study reported that
noncoding CGG repeat expansions in LRPI12 (MIM:
618299) was identified as the disease-causing mutation in
22 out of 88 OPDM-affected individuals in a Japanese pop-
ulation.'® However, the genetic causes of 75% of OPDM
cases remained unknown in that study.

In the present study, we aimed to explore the genetic etiol-
ogy of OPDM in Chinese individuals. We performed LRS on
a cohort of individuals with OPDM and identified trinucleotide
repeat expansions in the 5 UTR not only in LRP12 as it was
described in Japanese individuals, but also in a different
gene, GIPC1 (MIM: 605072), on chromosome 19 (chr19:
14,606,853-14,606,897). We also demonstrated that the
GGC repeat expansions did not result in detectable changes
of GIPC1 protein level in skeletal muscle of affected individ-
uals. The observation of similar repeat expansions in two
distinct genes strongly suggested that these repeat expansions
caused OPDM possibly by shared pathogenesis, independently
of their genome location and impact on the recipient gene.

Material and Methods

OPDM-Affected Individuals and Control Subjects

Eight families and 16 sporadic cases diagnosed with OPDM from
mainland China were recruited from Peking University First Hospi-
tal. Families 1, 5, and 6 and sporadic individuals 1-3 had been re-
ported previously.'' This diagnosis was supported both by clinical
features including slowly progressive external ocular, laryngophar-
yngeal, facial, and distal limb muscle weakness and histopatholog-
ical abnormities such as myopathic changes with formation of
rimmed vacuoles (RVs). Genetic analysis indicated that no individ-
uals had expanded GCN repeat of the polyadenylate binding pro-
tein nuclear 1 (PABPNI) gene (MIM: 602279)'° or expanded CTG
repeat of the DM1 protein kinase (DMPK) gene (MIM: 605377)."”
Meanwhile, all known genes associated with neuromuscular disor-
ders were screened by targeted next-generation sequencing via Nex-
tera kits (Illumina). No known gene mutation was found.!' The
clinical data and laboratory findings were collected. Genomic
DNA of peripheral blood leukocytes were obtained from 8 families,
16 sporadic cases, and 1,000 unaffected control subjects.

Besides Chinese OPDM cohorts, a cohort of Japanese individuals
with OPDM diagnosed at National Center of Neurology and Psy-
chiatry were also analyzed. Inclusion criteria are clinicopatholog-
ically suspected to have OPDM, but PABPN1 and LRP12 mutations
were excluded.

This study was approved by the Local Ethics Committee of Pe-
king University First Hospital in China. All participants gave
informed consent.

Muscle Biopsy, Immunohistochemistry,
Immunofluorescence, and Electron Microscopy
Open muscle biopsy was performed according to a standard pro-
cedure."’

For histological examination, serial frozen sections (8 pm) were
stained by routine histochemistry, including hematoxylin & eosin

(H&E), modified Gomori trichrome (mGT), Oil Red O, periodic
acid Schiff, succinate dehydrogenase, nicotinamide adenine dinu-
cleotide tetrazolium reductase (NADH-TR), cytochrome c oxidase,
and muscle fiber ATPase at varying pH levels. For immunohisto-
chemistry, frozen muscle sections were immunostained with spe-
cific anti-p62 (Abcam). All slides were visualized using a
microscope.

For immunofluorescence, muscle sections were immunostained
with specific anti-GIPC1 (ProteinTech Group) and a secondary
anti-rabbit fluorescein isothiocyanate antibody, as well as anti-
p62 (Abcam) and a secondary anti-murine tetramethylrhodamine
antibody. Images were acquired at 60 X magnification by confocal
microscopy (Nikon A1MP).

Electron microscopy was done as in previous studies.'®'® Skel-
etal muscle from OPDM-affected individuals was collected and
fixed in 2.5% glutaraldehyde overnight at 4°C. Samples were
sectioned on a Leica EM UC6/FC6 Ultramicrotome. After sections
were transferred to copper grids, counter staining was performed
with uranyl acetate and lead acetate before EM imaging.

Whole-Genome Sequencing (WGS)

For short-read sequencing, the DNA sequencing library was con-
structed using a MGIEasy DNA Library Prep Kit following the man-
ufacturer’s instructions (BGI, China) to generate DNA nanoballs
(DNB). Each DNB library was sequenced on the MGISEQ-2000 in-
strument and 150 bp paired-end reads were generated. Burrows-
Wheeler Alignment Maximal Exact Matches (BWA-MEM)?® was
used for read mapping onto the hg38 human genome as a refer-
ence. Sequencing data passing quality control (QC) were subject
to a computational pipeline for data processing and analysis,
following the standard workflow.?’ Calls with variant quality
less than 20 were filtered out and 95% of the targeted bases were
covered sufficiently to pass our thresholds for calling single-nucle-
otide polymorphisms (SNP) and small insertions or deletions (in-
dels). GATK was used for calling single-nucleotide variants
(SNVs)/indels, ANNOVAR was used for variant annotation, and
we manually examined all potential disease variants in Integrative
Genomics Viewer.

Long-Read Whole-Genome Sequencing (LRS)

DNA samples of affected individuals with OPDM and healthy in-
dividuals were sequenced using a PromethION sequencer (Oxford
Nanopore Technologies). Library preparation was carried out us-
ing a 1D Genomic DNA ligation kit (SQKLSK109) according to
the manufacturer’s protocol. For each individual, one PRO-002
(R9.4.1) flowcell was used. PromethION data base-calling was per-
formed using guppy v.3.3.0 (Oxford Nanopore Technologies), and
only pass reads (qscore > 7) were used for subsequent analysis.

STR Detection and STR-Scoring Framework
Based on the repeatmasker file from UCSC Genome Browser,” we
prepared a gene-associated STR list spanning all GENCODE V19
genes. Genes upstream and downstream of the 10 kb region and
the STR repeat unit ranged in length from 3 to 6 bp. The pass reads
from PromethION were aligned to the reference genome hg19 using
ngmlr v.0.2.7.%* For each repeat, the repeat count of each read that
aligned with the STR locus was detected using repeatHMM>*
without the peak calling step, which is not good with low coverage
data.

As nanopore reads have highly biased errors, the ny, highest
repeat count was defined as the individual’s estimated repeat
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count (ERC), in which n is the largest integer not greater than the
20% sequencing depth in the STR locus. According to the above-
mentioned description, we constructed ERC matrixes for the
healthy individuals (Hy, x n) and affected individuals (A 1 x ),
where m, n, and s denote the number of STRs and the numbers
of healthy and affected individuals, respectively. For example,
H;; denotes the jy, healthy individual’s ERC at iy, STR locus for i
=1-mj=1--n

To better screen the disease-associated STR, we designed a
scoring framework, STR-Scoring, which can offset the impact of er-
ror bias and population common repeat expansion to prioritize
the STR.

The scoring procedure was implemented as follows:

Repeat count change: for each repeat, we used cubic mean®” ¢; =

{/avg(H,;?) to represent the STR repeat count in healthy individ-

uals, and used d; ; = max(Aj;-¢;, 0)/¢; to represent the difference be-
tween each affected individual and all healthy individuals.

Population proportion: the proportion of healthy individuals
with an ERC greater than the one affected individual was defined
as the population proportion of the affected individual for every
repeat, p;, j = sum(H;. > A;))/n; fori=1---m,j=1---s. In addi-
tion, the number of affected individuals whose population propor-
tion was less than 5% was normalized by the total number of
affected individuals as a weighted score, q; = sum(p;, ; < 0.05)/s
fori=1---m,j=1---s.

Repeat location and pattern: if the repeat location (coding, UTR,
promoter, exon of non-coding RNA, and intron) and pattern has
been previously reported,”” fi = 2; otherwise, fi = 1. For the
repeat pattern, the base order and reverse complement sequences
were taken into account; for example, the pattern of CAG and its
derived sequence AGC, GCA, CTG, GCT, TGC.

For each repeat, two methods were used to calculate the integra-
tive scores. One is STR_Score = avg(di,j- (1-pi,j))qi- fi, and the other
is STR_Score = avg(di,j-(1-pi,j))qi without weight coefficients of
repeat location and pattern. Finally, based on the STR_Score, we
ranked the repeats to screen the disease-associated locus.

Genome-wide Linkage Analysis

Genomic DNA was isolated from whole blood from 16 family
members of family 1 (Figure 2B) and subjected to genome-wide
linkage analysis using OmniZhongHua-8 v1.4 BeadChip (Illu-
mina) containing 1,175,489 single-nucleotide polymorphism
(SNP) markers as previously reported. >”"*® Genotype calling and
quality control were processed with Illumina GenomeStudio Gen-
otyping Module. SNPs with Mendelian errors or call rates lower
than 100% were removed. Parametric linkage analysis was per-
formed with Merlin v.1.1.2 to calculate the logarithm of the
odds (LOD) scores. The inheritance model was considered as an
incomplete penetrance autosomal dominant model with a rare
disease allele frequency of 0.0001.

Repeat-Primed Polymerase Chain Reaction (RP-PCR)

Genomic DNA from 8 families with atfected individuals, 16 spo-
radic case subjects, and 1,000 unaffected control subjects were
analyzed by repeat-primed PCR (RP-PCR). The PCR mix contained
0.25 U PrimeSTAR GXL DNA Polymerase, 1x PrimeSTAR GXL
Buffer, 200 uM each dATP, dTTP, dCTP (Takara Bio, Shiga), and
7-deaza-dGTP (Sigma-Aldrich), 5% dimethyl sulfoxide (SigmaAl-
drich), 1M betaine (Sigma-Aldrich), 0.3 pM primer GIPC1-F and
GIPC1-linker-R, 0.1 pM primer GIPC1-R, and 100 ng genomic
DNA in a total reaction volume of 20 pL. The three primers were

as follows: GIPC1-F: 5'-FAM-CAGACACATCCTTCTCGCAGAG
GCCAC-3'; GIPC1-R: 5-CAGGAAACAGCTATGACCGGCGGAGG
CAGCGGCGGCGGC-3’; and GIPC1-linker-R: 5-CAGGAAACAGC
TATGACC-3'.

After incubation at 98°C for 10 min, the cycling conditions
were followed by nine cycles of 98°C for 30 s, 66°C for 15 s
with 1°C reduction per cycle and 72°C for 4 min, followed by
30 cycles of 98°C for 30 s, 58°C for 15 s and 72°C for 4 min, fol-
lowed by a final elongation step of 72°C for 10 min. Electropho-
resis was performed on a 3500x1 Genetic analyzer (Thermo Fisher
Scientific) and the data were analyzed using GeneMapper soft-
ware (Thermo Fisher Scientific). A saw-tooth tail pattern in the
electropherogram was considered to be the disease-associated
repeat expansion.

Fluorescence Amplicon Length Analysis Polymerase
Chain Reaction (AL-PCR)

The two primers were GIPC1-AL-F: 5'-VIC-CACATCCTTCTCGCA
GAGGCCAC-3' and GIPCI1-AL-R: 5-GAAGACGCGGATTGGCT
GCGAGC-3'. The PCR mix and the thermal conditions were the
same as in the RP-PCR protocol. Electrophoresis was performed
on a 3500x]1 Genetic analyzer (Thermo Fisher Scientific) and the
data were analyzed using GeneMapper software (Thermo Fisher
Scientific). The length of the highest signal peak of expanded allele
was used to calculate the repeat number.

AL-PCR was also performed for the fragment analysis of repeat
sizes in controls with small modification. Alternatively, after incu-
bation at 98°C for 10 min, the cycling conditions were followed by
nine cycles of 98°C for 30 s, 66°C for 15 s with 1°C reduction per
cycle, and 72°C for 30 s, followed by 30 cycles of 98°C for 30 s,
58°C for 15 s, and 72°C for 30 s, followed by a final elongation
step of 72°C for 2 min.

Nanopore 5mC Methylation Modification Calling

We called 5mC methylation using the minimap2>° and Nanopol-
ish.’® The methylation level around the GGC repeats was
compared between affected individuals and healthy individuals,
and between expanded and non-expanded alleles using the Wil-
coxon Rank Sum Test.

RNA-Seq and Bioinformatic Analysis

RNA sequencing was carried out in collaboration with Oebiotech.
Total RNA was extracted using the mirVana miRNA Isolation Kit
(Ambion) following the manufacturer’s protocol. RNA integrity
was evaluated using the Agilent 2100 Bioanalyzer (Agilent Tech-
nologies). Samples with RNA Integrity Number (RIN) > 7 were
subjected to subsequent analysis. Libraries were constructed using
TruSeq Stranded mRNA LTSample Prep Kit (Illumina) according to
the manufacturer’s instructions. These libraries were sequenced on
the Illumina sequencing platform (HiSeqTM 2500 or Illumina Hi-
Seq X Ten) and 125 bp/150 bp paired-end reads were generated.
Differentially expressed genes (DEGs) were identified using the
DESeq R package®' functions estimateSizeFactors and nbinomTest.
p value < 0.05 and foldchange > 2 or foldchange < 0.5 was set as
the threshold for significantly differential expression. Hierarchical
cluster analysis of DEGs was performed to explore gene expression
patterns. GO enrichment and KEGG pathway enrichment analysis
of DEGs were separately performed using R based on the hypergeo-
metric distribution.*?
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Figure 1.

Detection of Expanded Repeats in the Long Reads Based on Comparisons between Healthy and Affected Individuals

The flow chart shows the schematic of the discovery pipeline for repeat expansion. Healthy individuals (green boxes) and affected in-
dividuals (red boxes) with OPDM were sequenced using ONT PromethION. The same pipeline is used to implement the alignment and
STR detection, and then construct the ERC matrix. A method, STR-Scoring, was developed to prioritize the STR.

Quantitative Real-Time Polymerase Chain Reaction
(gRT-PCR)

Total RNA was isolated from skeletal muscle samples with TRizol
reagent (Invitrogen). cDNA synthesis and qRT-PCR were per-
formed as described.** To detect GIPC1 mRNA levels in skeletal
muscle from affected individuals with OPDM and control subjects,
the following primers were used with GAPDH as a reference gene:
GIPC1 forward: 5'-ACCAACGTCAAGGAGCTGTA-3/, GIPC1
reverse: S5'-CCACTTTGTGGGTGTTCAGG-3'; GAPDH forward:
5'-CTGGGCTACACTGAGCACC-3/, GAPDH reverse: 5-AAGTG
GTCGTTGAGGGCAATG-3'.

Western Blot Analysis

Skeletal muscle tissues from OPDM-affected individuals and con-
trol subjects were lysed with RIPA buffer (1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS [pH 7.4]) containing a cocktail of protease
inhibitors (Roche). Lysates were analyzed by western blotting us-
ing the corresponding specific antibodies.

Statistical Analyses

Differences between two groups were analyzed using Student’s t
test. The bar graphs with error bars represent mean + standard de-
viation (SD).

Results

Identification of GGC Repeat Expansions in Individuals
with OPDM

To determine the genetic cause of OPDM, we initially per-
formed whole-genome sequencing (WGS) in OPDM-
affected individuals, but we were unable to identify any
likely causal variants. Then, we enrolled 5 individuals

from 4 families with OPDM (Figure S1), 3 individuals with
sporadic OPDM, and 100 healthy individuals and conduct-
ed long-read whole-genome sequencing (LRS) using ONT
PromethION sequencing machines. The mean aligned
coverage reached 18.6X. To better screen the disease-associ-
ated short tandem repeats (STR), we implemented a STR-
Scoring method, which was a strategy to identify expanded
repeats in the long reads based on comparisons between
healthy and affected individuals (Figure 1). For the total
107,287 STRs that located in genic regions (including 10
Kb up-/downstream of genes), we obtained the Top10 can-
didates using the STR-Scoring method, of which the CCG/
GGCrepeats in the 5’ UTR of GIPC1 achieved a considerable
higher score (4.45) compared to the other candidates (Fig-
ures 1 and S2, Table S1). To avoid potential drawbacks of
the scoring framework which gave different weight factors
to different genic regions and pattern, we re-evaluated the
scores of those STRs without weight coefficients and the re-
sults confirmed that the CCG/GGC repeat in the 5’ UTR of
the GIPC1 (Figure 2A) was still the most significant disease-
causing locus with the highest score of 2.23 (Table S2).
The repeat counts of the STR locus in one out of four fam-
ilies and three sporadic case subjects (F1-11, F1-12, S2, S3, S4)
were more than 100, while repeat counts were between 13
and 32 in the healthy individuals (Figures 1 and S3). In addi-
tion, the population proportion of this repeat was zero in all
GIPC1-affected individuals with OPDM (F1-11, F1-12,S2, S3,
S4), which indicated that no healthy individual has a repeat
count higher than that in the GIPCl-affected individuals
with OPDM. Thus, these results suggested that GGC repeat
expansions in the 5" UTR of GIPCI were associated with
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Figure 2. Validation of GGC Repeat Expansions in GIPCT and Variation of GGC Repeat Size among Normal Control Subjects

(A) Schematic representation of GIPC1 indicating the location of GGC repeat expansions. The primer set used for RP-PCR analysis is de-
signed to detect expanded GGC repeats (red line and arrows).

(B) Pedigree chart of a family with OPDM (family 1). Squares and circles indicate males and females, respectively. A diagonal line through
a symbol indicates a deceased individual. Affected individuals are indicated by filled symbols. The pedigree charts are simplified for confi-
dentiality reasons. All the numbered individuals in family 1 were examined by RP-PCR and AL-PCR. As shown in the pedigree chart,
seven individuals had repeat expansion variations, whereas ten unaffected individuals, including three married-in individuals, did
not have repeat expansion mutations.

(C) Multipoint parametric linkage analysis demonstrated a linkage interval with maximum logarithm of the odds (LOD) scores of 4.21 in
chromosome 19.

(D) Genetic linkage analysis indicated maximum LOD scores of 4.21 in chromosome 19, a 29.18-Mb region at 19p13.2-19q13.12 (chr19:
8,841,079-38,022,358).

(legend continued on next page)
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OPDM. In contrast, only one individual (F2-4) in this cohort
had expanded GGC repeat units in LRP12 based on LRS.

To validate our LRS data, linkage analysis was performed
in the six-generation Chinese OPDM-affected family (fam-
ily 1) (Figure 2B). The results identified a 29.18-Mb candi-
date region at 19p13.2-19q13.12 (chr19: 8,841,079-
38,022,358) with a maximum logarithm of odds (LOD)
score of 4.21 (Figures 2C and 2D). Therefore, we confirmed
that GIPCI1 (chrl9: 14,606,853-14,606,897) with GGC
repeat expansion was located in this candidate region.

RP-PCR and AL-PCR Analysis of Repeat Expansions in
GIPC1
RP-PCR analysis with primers targeting the GGC repeat ex-
pansions located in the 5’ UTR of GIPC1 was conducted to
verify the segregation of GIPC1 variant in family 1 (Figures
2A and 2B). The GIPCI repeat expansions were demon-
strated by a saw-tooth pattern in seven affected family
members (F1-8, F1-9, F1-10, F1-11, F1-12, F1-13, F1-14)
but not in ten unaffected family members, indicating a
family co-segregation in 17 individuals from family 1 (Fig-
ures 2B, 2E, and S4). Subsequently, GGC repeat expansions
were further examined in the index individuals of 7 addi-
tional families (Figure S1), all 16 sporadic Chinese individ-
uals, 194 unrelated Japanese individuals (both clinically
and pathologically diagnosed and known gene excluded),
as well as 1,000 unaffected Chinese control subjects. In
total, 3 out of 8 families, 9 out of 16 sporadic Chinese in-
dividuals, and seven out of 194 unrelated Japanese individ-
uals showed repeat expansions in the 5’ UTR of GIPCI,
while none of the 1,000 unaffected Chinese control sub-
jects showed repeat expansions (Figures 2F, S5, and S6).
We then determined the GGC repeat size using AL-PCR
and found that all the affected individuals carried
expanded GGC repeats, with the numbers of GGC repeat
units ranging from 88 to 164 in our cohort and 73 to 161
in the Japanese cohort (Figures 2G and S$4-S6). It should
be noted that both RP-PCR and AL-PCR had failed to detect
GGC repeat expansion in GIPCI in an unaffected individ-
ual (F1-5), who had a GGC repeat expansion with more
than 500 times in one allele identified by LRS (Figure S3),
suggesting LRS was more reliable on detecting extremely
long repeat expansion in human genome. The GGC repeat
sizes in the GIPC1 gene ranged from 12 to 32 in 550 unaf-
fected control subjects determined by fragment analysis
(Figure 2H). Together, these results strongly indicated
that GGC repeat expansions in the 5’ UTR of GIPC1 were
associated with OPDM.

Clinical Characteristics of GIPC1-Affected Chinese
Individuals with OPDM

Three familial probands and nine sporadic case subjects
with OPDM associated with GGC repeat expansions in
GIPC1 were clinically evaluated in this study (see Supple-
mental Note). Details of clinical features of GIPC1-affected
OPDM familial probands and sporadic subjects are summa-
rized in Table 1. The mean age of onset was 27.0 = 7.2
years (ranging between 14 and 38 years). Disease duration
ranged from 1 to 24 years. Initial symptoms included mus-
cle weakness of distal limb in ten individuals, ptosis in one
individual, and weakness in closing eyes in one individual.
The full OPDM phenotype developed slowly in all individ-
uals with disease progression, manifesting ptosis, ophthal-
moparesis, facial and bulbar muscle weakness, and distal
limb muscles predominantly affected.

Laboratory data are shown in Table 1. Eleven case sub-
jects (91.7%) of OPDM showed mildly to moderately
elevated serum creatine kinase (CK) levels. Electromyog-
raphy (EMG) revealed myogenic changes in ten individ-
uals (83.3%) and neurogenic changes in one individual
(8.3%). Muscle MRI examinations were done in seven
GIPC1-affected individuals with OPDM. Muscle imaging
showed mild to severe fatty replacement, and the distal
muscles were much more involved than the proximal mus-
cles (Figures 3A, 3B, and S7).

All 12 GIPC1-affected individuals with OPDM under-
went skeletal muscle biopsies. All individuals showed a
myopathic pattern to various degrees characterized by fi-
ber size variation, endomysial fibrosis, and rimmed vacu-
oles (RVs) on H&E and modified GT staining (Figures 3C-
3F). RV is a kind of autophagy-related vacuole and is
immunoreactive to anti-p62 antibody.** To investigate
p62-positive inclusions in skeletal muscle sections from
individuals with OPDM, we performed immunohisto-
chemistry (IHC) with anti-p62 antibody. The results
showed that p62-positive inclusions were present not
only in RVs (marked by arrows in Figure 3G) but also in
nuclei (marked by arrowheads in Figures 3G and 3H).
Electron microscopy revealed that RVs were filled with
myeloid bodies and tubulofilamentous inclusions
(Figure 3I) and intranuclear inclusions containing fila-
mentous aggregates (Figure 3]).

Methylation Status of Expanded GGC Repeats and
Expression of GIPC1 in Skeletal Muscle from OPDM
We examined the S-methylcytosine (SmC) modification in
the region (chr19: 14,606,353-14,607,397) including the

(E) Representative results of RP-PCR analysis showing GGC repeat expansions of individuals in family 1 (top and middle panels). In an
unaffected individual from family 1, no GGC repeat expansions were detected (bottom panel). Experiments were conducted thrice with

reproducible results.

(F) GGC repeat expansions in GIPC1 were observed in 12 out of the 24 Chinese OPDM-affected case subjects (8 familial and 16 sporadic
case subjects). The repeat expansion mutations were also detected in 7 out of 194 Japanese individuals, but were not detected in any of

the 1,000 control subjects.

(G) Representative results of AL-PCR analysis showing the numbers of expanded GGC repeats of individuals in family 1 (top and middle
panels). In an unaffected individual from family 1, no GGC repeat expansions were detected (bottom panel).
(H) Frequency distribution of repeat units of GGC repeats of 550 control subjects in GIPC1, as revealed by fragment analysis.
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Table 1.

The Clinical Features and GGC Repeat Size of 12 Chinese OPDM-Affected Individuals with GIPCT Mutation

Main Clinical Features

Predominant Serum Rimmed
Disease External Bulbar Facial Distal Limb Creatine Vacuoles GGC

Patient Age of Duration Initial Ophthalm Muscle Muscle Muscle EMG Kinase® on Muscle Repeat

No. Sex Onset (year) Symptom Ptosis oplegia  Weakness Weakness Weakness Pattern (IU/L) Pathology Size

F1-12 F 14 24 weakness in  + + + + + MC 849 + 117
closing eyes

F7-1 F 31 5 weakness in  + + + + + MC 277 + 115
bilateral legs

F8-1 F 38 7 weakness in + - + + + MC 358 + 108
bilateral legs

S1 F 30 19 weakness in  + + + + + MC 174 + 136
climbing up
stairs

S2 M 20 8 weakness in  + + + + + MC 1,090 + 117
the right leg

S3 F 28 9 bilateral ptosis + MC 581 + 108

S4 F 22 7 weakness in + + + + + MC 790 + 120
climbing up
stairs

S5 M 33 8 weakness in + + + + + MC 2,524 + 124
bilateral legs

S6 F 24 11 weakness in  + + + + + MC 154 + 129
bilateral legs & NC

S7 M 26 1 weakness in —+ —+ + + —+ NA >1,000 + 97
bilateral legs

S8 M 21 3 weakness in  + + + + + MC 455 + 106
bilateral legs

S9 M 37 12 weakness of  + + + + + N/A 345 + 103
four limbs

Abbreviations: M, male; F, female; MC, myopathic change; NC, neurogenic change; N/A, not available.

Normal limits: 70-170 IU/L.

GGC repeat and the adjacent CpG island, using the ONT
PromethION sequencing data. The methylation level
around the GGC repeats was low and no significant differ-
ences in methylation between affected individuals and
healthy individuals were detected (p = 0.334) (Figures 4A
and 4B). Moreover, SmC modifications in both expanded
and non-expanded alleles were examined, and no signifi-
cant differences in methylation were detected
(p = 0.509) while the methylation levels were significantly
increased in the Alu sequences®” in all affected individuals
as positive controls (Figures 4C, 4D, and S8). Protein abun-
dance was also unaltered in the skeletal muscle samples
from OPDM-affected individuals with GGC repeat expan-
sions in GIPC1 compared with age-matched control sub-
jects, confirmed by western blot using the antibody to
GIPC1 protein that was previously validated (Figures 4E
and 4F).>® However, qRT-PCR results showed that GIPC1
mRNA levels were significantly increased in skeletal muscle
samples from GIPCl-affected individuals with OPDM
compared with unaffected age-matched control subjects
(Figure S9). These data suggested that the GGC repeat ex-
pansions in the 5’ UTR might affect the transcriptional
but not translational level of GIPC1.

GIPC1 Distribution and RNA-Seq Profiling in Skeletal
Muscle from OPDM

To investigate the distribution of GIPC1 protein in muscle
fibers derived from OPDM-affected individuals with GGC
repeat expansions in the 5’ UTR of GIPC1, immunofluores-
cence was carried out in two GIPCl-affected individuals
(S6, S7) and an age-matched control. The results showed
that GIPC1 protein was frequently distributed in the cyto-
plasm in skeletal muscle from both control and GIPC1-
affected individuals with OPDM (Figure 5A). GIPC1
protein was partially co-localized with p62 in the RVs
(marked by arrows in Figure 5A), as well as in the intranu-
clear inclusions (marked by arrowheads in Figure 5A), in
the skeletal muscle fibers derived from GIPC1-affected in-
dividuals with OPDM. These results suggested that loss of
function of GIPC1 might affect the pathogenesis of
OPDM.

To explore the molecules and pathways involved in the
mechanisms of OPDM, the skeletal muscle biopsy samples
showing myopathic changes with formation of RVs from
three OPDM-affected subjects with GGC repeat expan-
sions in GIPC1 (F7-1, S5, S7) and five age-matched control
subjects (C1-C5) were wused in RNA-sequencing.
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The genome-wide mRNA expression profiles in muscle bi-
opsies were detected, and dysregulated genes between the
two groups are listed in Table S3. As shown in the volcano
plot and heatmap, 791 genes were differentially expressed,
with 184 downregulated and 607 upregulated (Figure S10).
The significant Gene Ontology (GO) items of the whole
differential mRNAs indicated that translation initiation,
actin nucleation, and sarcomere organization were rele-
vant to OPDM (Figure S11). Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses revealed that
differentially expressed genes most significantly corre-
sponded to components of vascular smooth muscle
contraction, ubiquitin mediated proteolysis, and ribosome
that were downregulated, while components of the p53
signaling pathway were upregulated (Figures S12A and
S$12B), shown in the annotated heatmap (Figure 5B).

Discussion

Oculopharyngodistal myopathy (OPDM) is an adult-onset
hereditary muscle disease, characterized by progressive pto-
sis, external ophthalmoplegia, facial muscle weakness,
distal limb muscle weakness and atrophy, and bulbar in-
volvements, resulting in dysphagia and dysarthria, with
autosomal-dominant or autosomal-recessive inheritance.”
“¢ Muscle biopsy and histochemistry examination show
myopathic changes of different severity with formation of
rimmed vacuoles (RVs).” The genetic mutations causing
OPDM are not yet fully understood, although a recent study
indicated that about one fourth of OPDM-affected individ-

Figure 3. Muscle MRl and Myopatholog-
ical Changes of the GIPC1-Affected Indi-
viduals with OPDM

(A and B) Muscle MRI of individual S3
showed fatty infiltration of lower limb
muscles, with the distal muscles (B, calf
level) more severely affected than the
proximal muscles (A, thigh level).

(C-F) Hematoxylin & eosin (H&E) (C and
D) and modified Gomori trichrome
(mGT) (E and F) staining of muscle sec-
tions from individuals S6 and S7, showing
dystrophic change with variation in fiber
size and endomysial fibrosis, and fibers
with rimmed vacuoles (marked by arrow).
(G and H) P62 staining of muscle section
from individual S6, inclusion bodies
shown in both rimmed vacuole (RV)
(marked by arrow) and nuclei (marked by
arrowhead and higher magnification).

(I) Electron microscopy of muscle tissue
from individual S7. RV filled with myeloid
body and higher magnification showed
cytoplasmic tubulofilamentous inclusion
bodies (marked by arrow).

(J) Electron microscopy of muscle tissue
from individual F1-12. Intranuclear inclu-
sions contained filamentous aggregates in
the nuclei of the muscle fiber (marked by
arrowhead and shown at higher
magnification).

uals carried CGG repeat expansions in LRP12 in a cohort of
Japanese individuals.'®> Here, using a comprehensive strat-
egy combining LRS, linkage analysis, RP-PCR, and AL-
PCR, we identified abnormal GGC repeat expansions in
the 5’ UTR of GIPC1 (chr19: 14,606,853-14,606,897) as a ge-
netic cause of OPDM, representing about 50% of incidence
in a cohort of 24 familial and sporadic OPDM-affected Chi-
nese individuals. However, 3.61% of OPDM-affected Japa-
nese individuals carried the GGC repeat expansions in
GIPC1, suggesting distinct genetic causes of OPDM in
different populations or different ethnic groups.

The identification of causative repeat expansions has
usually been accomplished by classic genetic linkage anal-
ysis.?” In this study, we developed an STR-Scoring method
based on long-read whole-genome sequencing (LRS) to
directly detect repeat expansions from LRS data and
discovered the causative mutations through the scoring
procedure as indicated in Figure 1. Importantly, the results
of STR-Scoring were validated by linkage analysis and RP-
PCR. Since our STR-Scoring procedure does not require
classic linkage analysis, it can be applied to families with
limited members available, as well as sporadic individuals
without family histories. This method has proven to be
promising for the discovery of repeat expansions in the
short tandem repeats (STR) with 3-6 bp repeats in the un-
translated region of the human genome that could be
pathogenic. The search for repeat expansions is expected
to further expand our knowledge about the genetic archi-
tecture of a wide range of human diseases.

The inheritance is variable in different STR expansion-
related diseases. For example, Baratela-Scott syndrome (BSS
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(A) Methylation status across the
expanded GGC repeat region in GIPC1
from whole blood DNA was determined
using LRS data from five affected individ-
uals (F1-11, F1-12, S2, S3, S4) and 100
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ence in methylation was detected between
OPDM-affected individuals and control
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(D) Quantification of methylation level be-
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(E) Western blot analysis of GIPC1 protein
levels in five OPDM-affected individuals
with expanded GGC repeats in GIPC1
and four age-matched control subjects.
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[MIM: 300881]) has autosomal-recessive inheritance>® while
LRP12-affected OPDM has autosomal-dominant inheri-
tance'® and oculopharyngeal muscular dystrophy (OPMD
[MIM: 164300]) is either an autosomal-dominant or auto-
somal-recessive pattern determining its phenotypic varia-
tion.'® Despite OPDM exhibiting variable inheritance pat-
terns in different studies, all the affected individuals with
GGC repeat expansions in GIPC1 were heterozygous in the
present study. This indicated the inherited mode associated
with GIPC1 was in an autosomal-dominant pattern.
Whether there is genetically definite recessive OPDM awaits
further investigation.

Diseases caused by STR usually show genetic instability
and anticipation with variable severity and incomplete
penetrance, such as fragile X-associated tremor/ataxia syn-
drome (FXTAS [MIM: 300623]) with CGG repeats in FMR1
(MIM: 309550).*° Among the GIPCl-affected individuals
with OPDM in our study, genetic anticipation was not
observed in family 1, and a correlation between the repeat
size and the onset age was not found with available clinical
data. Therefore, anticipation was not clearly seen in
GIPC1-affected individuals with OPDM. Surprisingly, our
LRS data indicated that an asymptomatic individual (F1-
5) carried more than 500 GGC repeats in the 5’ UTR of
GIPC1 while his offspring were both symptomatic and car-

Coﬁtrol

affected individuals with expanded GGC
repeats and controls. Data were analyzed
using Student’s t test; ns, not significant.

OPDM

riers with 117 repeats (F1-12) and 113 repeats (F1-13),
respectively. This highly suggested an autosomal-domi-
nant inheritance with incomplete penetrance in this
GIPC1-affected OPDM family, although the exploration
of the underlying mechanism is very challenging. Since
GGC repeat sizes in all GIPC1-affected OPDM individuals
ranged from 73 to 164 in this study, it is possible that the
GGC repeat sizes in the 5 UTR of GIPC1 might have a
certain range to cause OPDM. For example, a range of 55
to 200 CGG repeats in the 5 UTR of FMR1 causes FXTAS
while more than 200 CGG repeats leads to fragile X syn-
drome (FXS [MIM: 300624]) with different pathogenic
mechanisms.*’ We speculated that more than 500 GGC re-
peats in the 5 UTR of GIPC1 might not to be causative for
OPDM, which needs to be further investigated in more
OPDM-affected families. In addition, different forms of
trinucleotide repeats might also have different contribu-
tions to the pathogenic mechanism, because we observed
not only GGC repeats, but also different repeat units,
such as GCA from our LRS data (Figure S2). Unfortunately,
we were unable to compare the correlation between
different repeat interruptions and the severity of each
affected individual in this cohort, considering the high er-
ror rate of LRS in single nucleotide reading. Thus, more ac-
curate methods are required for further analyses.
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Figure 5.
Profiling
(A) Immunofluorescence staining reveals the distribution of
GIPC1 in muscle fibers. GIPC1 partially co-localized with: p62-
positive inclusions in rimmed vacuole marked with arrows; and
p62-positive intranuclear inclusions marked with arrowheads.

(B) Heatmap showing hierarchical clustering of the differentially
expressed mRNAs, with annotated genes in the p53 signaling
pathway, vascular smooth muscle contraction, ubiquitin-medi-
ated proteolysis, and ribosome.

GIPC1 Distribution in Skeletal Muscle and RNA-Seq

GGC repeat expansions in the 5’ UTR frequently result
in excessive methylation and decreased gene expression,
such as FXS or BSS.>®*! However, our results showed that
the methylation around the GGC repeats was not signifi-
cantly different between GIPCl-affected individuals with
OPDM and unaffected individuals. Additionally, the pro-
tein levels of GIPC1 were unaltered in GIPC1-affected indi-
viduals with OPDM, though the GIPC1 mRNA levels were
increased. It was reported that FMR1 mRNA was elevated in
FXTAS, suggesting that FXTAS might represent a toxic RNA
gain-of-function effect.*”*” Thus, it is likely that elevated
GIPC1 mRNA levels may result in RNA toxicity with the
transcribed expanded GGC repeats.

GIPC1, GIPC PDZ domain containing family member 1,
was first found to interact specifically with the C terminus
of RGS-GAIP to regulate vesicular trafficking.** A recent
study indicated that a GIPC1 mutant displayed angiogen-
esis defects in zebrafish model, suggesting the role of
GIPC1 in vascular development.*® We found that GIPC1
protein partially co-localized with p62 in the aggregates
both in RVs and nucleus, suggesting that loss-of-function
of GIPC1 might affect the pathogenesis of OPDM. RNA-

seq data indicated that genes in the p53 signaling pathway
were upregulated, while genes in vascular smooth muscle
contraction were downregulated. It is reported that down-
regulated GIPC1 resulted in increased p53 expression,**
suggesting that pS3 signaling pathway activation in
GIPCl1-affected individuals with OPDM might result
from the loss-of-function of GIPC1. Due to GIPC1 func-
tioning in vascular development,®® it is possible that
downregulation of components in vascular smooth muscle
contraction could be relevant to loss of function of GIPC1.
Together, GIPC1 protein partially localized in the aggre-
gates might affect the pathogenesis of OPDM.

Whole-genome mRNA expression profiling in GIPC1-
affected individuals with OPDM indicated downregulation
of components in ubiquitin-mediated proteolysis and ribo-
some, which could be a pathogenic mechanism in this
disease. Itis possible that inhibition of the ubiquitin-mediated
proteolysis pathway results in protein aggregates in RVs and
the nucleus. Interestingly, a number of components of the
ribosome were downregulated in GIPC1-affected individuals
with OPDM, which was also reported in individuals with fron-
totemporal dementia (FTD [MIM: 600274]) and amyotrophic
lateral sclerosis (ALS [MIM: 612069]) with the C9orf72 (MIM:
614260) mutation.*> The (GGGGCC),, repeats in C9ORF72
are translated into aggregating dipeptide-repeat proteins in
FTD/ALS,*® which could reduce ribosome levels.*> It is
possible that GGC repeat expansions in the 5" UTR of GIPC1
could be translated into toxic peptides, like the aggregating
dipeptide-repeat proteins from the C9ORF72 mutation,
which could similarly reduce ribosome levels.

Identification of the GGC repeat expansions as a genetic
cause of OPDM will help to elucidate the molecular patho-
genesis in this disease. The diseases FXTAS, NIID, OPMD,
and OPDM are caused by repeat expansions and have
some overlaps in clinical presentations. It is possible that
abnormal translations of expanded GGC repeats are a com-
mon mechanism in these diseases, regardless of the genes
in which the expanded repeats are located. Although there
are two distinct genes, GIPC1 and LRP12, that contribute
to the pathogenesis of OPDM, the transcribed expanded
GGC repeats RNA or translated toxic peptides via repeat-
associated non-ATG (RAN) translation*’° could be the
common pathogenic mechanisms for OPDM with GGC
repeat expansions either in GIPCI1 or LRP12. However,
the hypothesis still needs to be investigated in cellular
and animal models.

In conclusion, our study identified the expansion of GGC
repeats in GIPC1 as the most frequent genetic cause in Chinese
OPDM-affected individuals, and indicated molecules and
pathways involved in the mechanisms of OPDM. Our find-
ings will benefit the clinical diagnosis and the understanding
of the molecular pathogenesis of OPDM in the future.

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2020.04.011.
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