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Summary

Background Fuchs endothelial corneal dystrophy (FECD) is the most common repeat-mediated disease in humans. It
exclusively affects corneal endothelial cells (CECs), with <81% of cases associated with an intronic TCF4 triplet repeat
(CTG18.1). Here, we utilise optical genome mapping (OGM) to investigate CTG18.1 tissue-specific instability to gain
mechanistic insights.

Methods We applied OGM to a diverse range of genomic DNAs (gDNAs) from patients with FECD and controls
(n = 43); CECs, leukocytes and fibroblasts. A bioinformatics pipeline was developed to robustly interrogate CTG18.1-
spanning DNA molecules. All results were compared with conventional polymerase chain reaction-based fragment
analysis.

Findings Analysis of bio-samples revealed that expanded CTG18.1 alleles behave dynamically, regardless of cell-type
origin. However, clusters of CTG18.1 molecules, encompassing ~1800-11,900 repeats, were exclusively detected in
diseased CECs from expansion-positive cases. Additionally, both progenitor allele size and age were found to
influence the level of leukocyte-specific CTG18.1 instability.

Interpretation OGM is a powerful tool for analysing somatic instability of repeat loci and reveals here the extreme
levels of CTG18.1 instability occurring within diseased CECs underpinning FECD pathophysiology, opening up new
therapeutic avenues for FECD. Furthermore, these findings highlight the broader translational utility of FECD as a
model for developing therapeutic strategies for rarer diseases similarly attributed to somatically unstable repeats.
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Introduction countries.”” The post-mitotic monolayer of corneal
Fuchs endothelial corneal dystrophy (FECD) is a com- endothelial cells (CECs) maintains a leaky barrier that
mon age-related cause of heritable visual loss primarily ~ regulates corneal hydration.” In FECD, accelerated CEC
affecting the corneal endothelium and is the leading ~ loss occurs, compromising barrier function and pro-
indication for corneal transplantation in high-income gressively resulting in corneal swelling, clouding and
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Research in context

Evidence before this study

Somatic instability of short tandem repeats (STRs) is
recognised to be a key mechanism contributing to the tissue-
specific, age-dependent and progressive nature of several
neurological and neuromuscular repeat expansion diseases
(Huntington'’s disease and myotonic dystrophies). Fuchs
endothelial corneal dystrophy (FECD) is the most common
repeat expansion-mediated disease reported to date in
humans, predominantly attributed to expansion of a non-
coding CTG element (CTG18.1) in the ubiquitously expressed
gene, TCF4. At the onset of this study, the contribution of
somatic instability to this common, tissue-specific and sight
threatening disease was unknown.

Added value of this study

Our study provides insights into the tissue-specific nature of
FECD. Utilising optical genome mapping (OGM) to obtain
single-molecule resolution of CTG18.1, we detected extreme
levels of somatic repeat instability exclusively in affected
corneal endothelial cells (CECs) from expansion positive
individuals. Furthermore, analysis of leukocyte gDNA revealed

reduced visual acuity.’ To date, expansion of an intronic
triplet repeat within the TCF4 gene (termed CTG18.1;
OMIM #613267) has been identified as the most com-
mon risk factor for FECD in all ethnic groups studied.®
Remarkably, such expansions are detected in up to 81%
of European patients with FECD, making it by far the
most common short tandem repeat (STR) expansion
disease in humans.®” Thus, as well as being a common
cause of age-related vision loss, FECD represents an
important paradigm for much rarer, currently incurable
and devastating STR diseases, such as Huntington’s
disease (OMIM #143100) and myotonic dystrophy
(OMIM #160900; 602668).

STRs are somatically unstable elements that can
contract and expand in an age-, repeat length- and
tissue-specific manner.*'° We have previously utilised a
long-read amplification-free sequencing method to
determine that expanded copies of CTG18.1 (defined as
>50 repeats) are somatically unstable in peripheral
blood leukocytes, with progenitor repeat lengths posi-
tively correlating with increased CTG18.1 instability."
Southern blot data of patient-derived corneal endothe-
lial cell cultures have also suggested that CTG18.1
repeat length is greater in affected cells compared to
leukocytes, in keeping with the dogma that STRs typi-
cally display high levels of instability within affected cell
types.'*"* For example, in myotonic dystrophy type 1, the
disease-associated repeat has been reported to expand
up to 4000 repeats in skeletal muscle, representing up to
a 25-fold increase in length compared to blood."* Multi-
omic data studies of Huntington’s disease have recently
brought disease-associated STR instability mechanisms

that both progenitor allele size and age influence somatic
instability rates at this locus. More generally, these data also
exemplify OGM as a powerful tool to explore somatic
instability of STR loci across the human genome, especially in
instances whereby patient-derived gDNA availability from
affected tissues is limited, and/or repeats are large and
unstable, given OGM imposes no size detection limit.

Implications of all the available evidence

These findings reveal that CEC-specific somatic instability is a
pivotal prerequisite of downstream pathogenic events elicited
by CTG18.1 expansions. Thus, our data shed insights into the
molecular mechanisms of this disease and, in-part, explain its
tissue-specific nature. This knowledge is anticipated to inform
the development of new therapies for this common cause of
age-related visual loss. Furthermore, these findings now
highlight the broader relevance of FECD as a translationally
relevant model system to the growing number of rarer and
currently incurable repeat-mediated human diseases similarly
underpinned by somatic instability mechanisms.

to the forefront of translational genomic medicine,
revealing that repeat-length mosaicism within affected
cell populations is a fundamental driver of disease.”

Disease-associated STR instability is hypothesised to
be a unifying mechanism and translationally relevant
pathway for many STR-associated diseases.® However,
it can be extremely challenging to measure repeat length
mosaicism in affected cell types, given the rarity of
relevant material and the technical difficulties associated
with accurately sizing or sequencing large repetitive and
unstable genomic elements. Conventionally, STR length
is assessed by gel or capillary electrophoresis of PCR
amplicons and/or Southern blot.”” More recently, short-
read next-generation sequencing (NGS) approaches
have been developed to quantify levels of repeat length
instability.”® Amplification-free long-read sequencing
methods have also yielded novel insights but require
high levels of input DNA."* Thus, collectively, these
approaches are either restricted by repeat size detection
thresholds, resolution or the large inputs of DNA
required, which are scarcely available from affected
patient-derived tissues.

Optical Genome Mapping (OGM) offers a powerful
method to interrogate native ultra-long molecules of
DNA (>150 kb) to reveal large and/or complex structural
variants (>500 nucleotides) across the genome.” To
date, it has been suggested as a viable way to detect STR
expansions and contractions associated with a subset of
neurological and neuromuscular conditions.”* Despite
TCF4 being ubiquitously expressed, CTG18.1 expan-
sions have only been robustly associated with FECD, a
corneal  endothelial cell-specific  disease.  This
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knowledge, in combination with increased levels of so-
matic instability reported in other disease-associated
STR loci within affected cell populations, prompted us
to explore CTG18.1 length and instability in patient-
derived CECs.

Here, we apply OGM to enable single molecule
resolution of CTG18.1 in a series of genomic DNA
samples from expansion-positive individuals affected by
FECD. Utilising gDNA samples isolated from unaf-
fected peripheral blood leukocytes and affected corneal
endothelial cells, we explore the utility of this method to
size the repeat and, importantly, to gain insights into the
tissue-specific nature of this common and sight
threatening disease.

Methods

Subject recruitment and bio-sample processing

All FECD cases recruited to this study had clinical signs
of disease at the time of bio-sampling and displayed
similarly advanced disease (Krachmer Grade 5). The
diseased corneal endothelium attached to the Descemet
membrane was removed and collected as part of poste-
rior corneal transplantation surgery to alleviate symp-
toms in individuals with FECD. Control corneal
endothelium was similarly isolated from donor cor-
neoscleral discs rejected for clinical transplantation
(Miracles in Sight Eye Bank, Texas, USA). Excised tis-
sues were stored in Leibovitz L-15 media (Life Tech-
nologies) or Eusol-C (Alchimia) until processing.
Karyotypic sex of all participants in the study was
determined based on the OGM data.

Ethics

This study was approved by the Research Ethics Com-
mittees of University College London (UCL) (22/EE/
0090) or the General University Hospital (GUH) Prague
(2/19 GACR) and was conducted in accordance/
compliance with the Declaration of Helsinki. Written
informed consent form was obtained and archived from
all participants who provided peripheral blood, skin bi-
opsies and/or corneal endothelial samples.

Primary corneal endothelial cell (CEC) culture

CECs were isolated and cultured as described by Zar-
ouchlioti et al., 2018, originally adapted from Peh et al.,
2015.% After excision of the Descemet membrane with
the attached endothelium, the tissue was incubated in
0.2% collagenase type I for 2—4 h to digest the Descemet
membrane and release the CECs. Following digestion,
the CECs were pelleted and resuspended in stabilisation
media (Human Endothelial-SFM (Life Technologies)
supplemented with 5% foetal bovine serum (FBS), 1%
antibiotic/antimycotic, and 10 pM ROCK inhibitor
Y-27632 (AdooQ BioSciences). Cells were seeded onto
FNC-coated tissue culture plates (Stratech) with stabili-
sation media. The following day, cell cultures were
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switched to expansion medium (Ham’s F-12 Nutrient
Mix with GlutaMAX Supplement (Life Technologies)/
Medium 199 GlutaMAX Supplement (Life Technolo-
gies) (1:1), 20 pg/mL ascorbic acid, 1% insulin-
transferrin-selenium (Life Technologies), 5% FBS, 1%
antibiotic/antimycotic, 10 ng/mL bFGF (Life Technolo-
gies) and 10 pM ROCK inhibitor Y-27632 (AdooQ
BioSciences)). Cells were cultured at 37 °C, 5% CO,
with media changes twice weekly. Cells were passaged
once to expand the cell lines and were collected when
they reached maximum confluency.

F35T cell culture

F35T is an immortalised human corneal endothelial line
(RRID: CVCL_E2X2), originally isolated from a 62-year-
old female with FECD.”* F35Ts were cultured on FNC-
coated tissue culture vessels with expansion media
(recipe described in the previous section). F35T cells
were passaged using 1X TrypLE Express (Life Technol-
ogies) and the media was changed three times per week.
F35Ts were cultured in a controlled environment of
37 °C and 5% CO,. Cells were authenticated by Glob-
alFiler™ IQC PCR Amplification kit (Thermo Fisher
Scientific) and were routinely tested for mycoplasma
using MycoStrip™ (InvivoGen).

Fibroblast cell culture

Fibroblast cell lines isolated from dermal skin biopsies
were cultured in DMEM/F-12, GlutaMAX (Life Tech-
nologies) supplemented with 10% FBS and 1% peni-
cillin/streptomycin. ~ Fibroblast cell cultures were
maintained at 37 °C, 5% CO,. Fresh medium was added
every 2-3 days and cells were passaged using 1X TrypLE
Express (Life Technologies).

Dual CTG18.1 targeted genotyping

To stratify participants in the study, a dual PCR-based
approach was applied to genotype CTG18.1 and deter-
mine progenitor allele size. Genomic DNA was extrac-
ted from peripheral blood samples from individuals
with FECD (QIAgen Gentra Puregene Blood Kit) or
from the scleras of the control corneoscleral discs
(QIAgen Blood and Tissue kit) in accordance with the
manufacturer’s guidelines.

The CTG18.1 repeat length was determined using a
dual PCR-based approach adapted from Weiben E et al.
2012.* In brief, to detect and size CTG18.1 repeat
length STR PCR using a 6 -FAM-conjugated primer (5 -
CAGATGAGTTTGGTGTAAGAT-3) upstream of the
repeat and an unlabeled primer (5-ACAAGCA-
GAAAGGGGGCTGCAA-3') downstream was per-
formed. A further triplet-primed (TP) PCR assay to
confirm the presence or absence of a CTG18.1 allele
above the detection limit of the STR assay (approxi-
mately 125 repeats), was also performed utilising a 5'-6-
FAM-conjugated primer (5-AATCCAAACCGCCTTC-
CAAGT-3') upstream of the repeat in combination with
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a reverse primer complementary to the repeat sequence
and encompassing a common 5 sequence (tail) that
shares no homology to human genomic sequence (5 -
TACGCATCCCAGTTTGA-
GACGCAGCAGCAGCAGCAG-3') to serve as an anchor
for a second reverse primer (5-TACGCATCC-
CAGTTTGAGACG-3'). All PCR amplicons were mixed
with the GeneMarker ROX500 ladder (Thermo Fisher
Scientific). Capillary electrophoresis was performed on
ABI 3730 (Applied Biosystems) and CTG18.1 alleles
were sized using GeneMarker (SoftGenetics).

OGM: sample preparation, cryopreservation and
workflow

Fresh blood was collected from all participants before
being stored at —80 °C. CEC cultures were collected and
cryopreserved in 10% DMSO in liquid nitrogen until
gDNA extraction. UHMW gDNA was extracted using
the “SP or SP-G2 Blood and Cell Culture DNA Isola-
tion” kits (Bionano Genomics) along with the recom-
mended extraction protocols for either frozen blood or
cryopreserved cell samples. After homogenisation, the
gDNA was labelled with fluorophores at genome-wide
DLE-1 recognition motifs, while the DNA backbone
was also stained using the “Direct Label and Stain (DLS
or DLS-G2)” kits (Bionano Genomics). Stained UHMW
DNA molecules were loaded into Saphyr G2.3 or G3.3
chips and single linearised molecules running through
the nanochannels were imaged using the Saphyr in-
strument (Bionano Genomics). High-resolution images
were acquired for a throughput of 1.5 TB per sample
and a minimum expected effective coverage of 400X per
sample. As per Bionano’s recommendations, all sam-
ples had 14-17 labels/100 kb, >85 map rates,
N50 > 150 kb > 230 kb, N50 > 20 kb > 150 kb.

Customised OGM analysis pipeline to estimate
CTG18.1 repeat length

Molecules were aligned to the hg38 reference using the
align_mol_to_ref.py script available in Bionano Solve
3.7.1 software package (https://bionano.com/software-
downloads/). CTG18.1 is located between markers
10,414 and 10,415 of chromosome 18 (hg38;
chr18:55,584,360-55,594,648). From the alignment
files, all molecules overlapping both markers were
selected for the downstream analysis pipeline. For each
molecule, the expansion size is estimated by calculating
the distance difference between the two markers of in-
terest in relation to the reference. The distance between
markers 10,414 and 10,415 is 10,288bp. However, a
correction was to be applied in this case: when two
theoretical binding sites for the labelling enzyme are too
close (around 1 kb or less), only one of the two is
detected (randomly chosen), meaning that when
comparing the molecule with the reference, the average
position of these two reference markers must be used.
The labelling pattern of our region of interest was also

checked in the telomere-to-telomere hg38, but since it
was identical, we proceeded with the correction as
shown in Figure S1. We applied the same correction
scheme used by the standard Bionano DeNovo pipeline:
keeping 10,414 (chr18:55,584,360) as the upstream
marker and averaging markers 10,415
(chr18:55,594,648) and 10,416 (chr18:55,595,438) for
the downstream marker, which gives a corrected refer-
ence distance of 10,683bp. Finally, to correct for the
presence of 24 CTG repeats in hg38, we subtracted 72
bp more resulting in a final reference distance of
10,611bp. For the leukocytes and CEC data series,
molecules were plotted based on their size in histo-
grams using 200 bp bin widths. The code to reproduce
the analyses described here is available from GitHub
(https://github.com/stfacc/extract_gaussian_alleles/blob/
main/aln.py).

Statistical analysis

Significant deviation from normality was observed for
mean OGM molecule values (Anderson-Darling test
p < 0.001) and for that reason only non-parametric tests
were used in the study. Spearman correlation analysis
was used to investigate the relationship between the
largest progenitor allele size and the measured molecule
size by OGM. Simple and multiple linear regression
models using the log-transformed outcome were
employed to model the effect of mean progenitor allele
size per patient on the mean measured molecule size
per patient. The model optimization steps are provided
in the results. The final model included an interaction
term, and the independent variables were adjusted us-
ing mean centring, which eliminated the multi-
collinearity. We used the Mann-Whitney test to
compare the mean measured molecule size per patient
between the expansion-positive and expansion-negative
subgroups. Ancestry was not considered in the models
due to the overall sample size limitation and the risk of
overfitting.

Role of funders
None of the funders had a role in the study design, data
collection or data analyses.

Results

Application of OGM to interrogate CTG18.1 repeat
expansions

CTG18.1 is typically sized from peripheral blood
leukocyte gDNA samples using a dual PCR-based
approach that detects and sizes PCR amplicons by
capillary electrophoresis.'>* This protocol consists of an
STR PCR-based assay to size CTG18.1 alleles of <125
CTG repeats (Fig. 1A iii,v) and a triplet-primed PCR
assay (TP-PCR) to detect the presence or absence of
expanded alleles, including those beyond the detection
limit of the STR-PCR assay (>125 repeats) (Fig. 1A
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Fig. 1: Optical genome mapping (OGM) effectively detects large expanded CTG18.1 alleles. (A) Detected traces after capillary electro-
phoresis of STR-PCR (i, iii, v) and TP-PCR (ii, iv, vi) products amplified from non-expanded whole-blood derived gDNA samples (i-ii), mono-allelic
expanded whole-blood derived (jii-iv) and F35T cell-derived (v-vi) gDNA samples. Red boxes highlight the presence of expanded alleles as
indicated by TP-PCR traces. (B) Schematic summary of OGM methodology; (1) extraction of ultra-high molecular weight (UHMW) gDNA that is
(2) subsequently labelled via covalent modification at genome-wide CTTAAG hexamer motifs before (3) linearising and imaging the decorated
molecules on nanochannels (image adapted from: https://bionanogenomics.com). (C) Histogram of OGM CTG18.1 molecule sizes (bp) observed
in immortalised CEC line F35T. The red dotted line indicates alleles around the lowest detection threshold of the method, likely representing the

non-expanded allele.

ii,iv,vi). Despite proving an efficient and precise way to
genotype leukocyte-derived CTG18.1 alleles, the upper
detection limit of the STR assay precluded sizing of
3.3% (14/427) expanded CTG18.1 alleles reported in our
DNA bio-resource of patients with FECD (n = 450).7
Given that OGM can detect very large structural
variants, we aimed to investigate the utility of this
method to interrogate CTG18.1 and explore the capa-
bilities of this assay to reveal ultra-long CTG18.1
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expanded alleles. As a positive control, we selected the
F35T immortalised corneal endothelial cell line as it has
previously been reported by Southern blot to have a
monoallelic expansion of ~4500 CTG repeats.” When
analysed with the STR assay, only one CTG18.1 allele
harbouring 21 CTG repeats was detected (i.e., allelic
dropout is observed). In contrast, TP-PCR confirmed the
presence of a longer expanded allele beyond the detec-
tion threshold of the STR assay (Fig. 1A v-vi).
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Ultra-high molecular weight (UHMW) gDNA was
extracted from F35T cells and analysed by OGM
(Fig. 1B). After correcting for the flanking region be-
tween the labels of interest and the 24 CTG repeats in
hg38, the size of the CTG18.1 interval was determined
for each individual DNA molecule (Fig. 1C). An accu-
mulation of molecules was detected around 0 bp, likely
representing the shorter non-expanded allele, as this is
below the reported lower detection limit of this assay
(500 bp). Importantly, a cluster of 13,500 bp molecules
was also detected, corresponding to approximately 4500
CTG repeats, replicating previously reported Southern
blot data.”” A small number of additional DNA mole-
cules was detected above (up to 25.2 kb long) and below
(single molecule at —1.8 kb) the expected size range,
based on the dual PCR assay and Southern blot data.
These single non-clustering molecules were deemed
likely to be artefacts arising from the misalignment of
long repetitive regions with relatively sparse fluorescent
labels.”’ Nonetheless, the detection of molecules clus-
tering at approximately 13,600 bp (representing 4500
repeats) indicated the presence of a large CTG18.1 allele
that evaded sizing by the dual PCR-based genotyping
assay and was concordant with Southern blot data, thus
supporting the utility of OGM to detect the presence of
large expanded CTG18.1 alleles (Table 1).

CTG18.1 displays tissue-specific somatic instability
In the knowledge that OGM can effectively detect and
size a large expanded CTG18.1 allele in the immortal-
ised F35T cell line, we next wanted to explore CTG18.1
length and instability levels in the primarily affected cell
population. Given that patients with FECD typically only
undergo corneal transplantation when there is advanced
disease, when the CEC density has substantially
declined, total cell number and gDNA yields from these
specimens are extremely low. To overcome this limita-
tion and acquire enough cells for the OGM protocol
(approximately 1 million cells per sample), we used
primary CEC cultures generated from endothelial ker-
atoplasty specimens removed following planned corneal
surgery to analyse CEC-specific gDNA. We have previ-
ously demonstrated that these primary CEC cultures
robustly maintain the biomarkers of CTG18.1-mediated
disease and generate a pure corneal endothelial cell
model that enables the investigation of FECD in a
disease-relevant cell context.”*

We acquired both corneal endothelial specimens and
peripheral blood leukocytes from 9 patients with FECD
to directly compare instability levels between the
affected and unaffected cell types within patients.
Samples were selected to reflect the overall range of
CTG18.1 expanded alleles observed in our FECD patient
cohort.” UHMW genomic DNA from leukocytes and
CEC samples was isolated using the recommended
Bionano protocols. Initially, all samples were analysed
using the dual PCR-based genotyping method (Table 1).

For all leukocyte-derived samples, two alleles were
detected, one non-expanded and one expanded (<125
CTG repeats) allele. However, similar to the F35Ts, only
one non-expanded allele was detected by STR-PCR in all
CEC samples for subjects 1-9. Thus, allelic dropout of
larger alleles beyond the sizing threshold of the STR
assay consistently occurred, while TP-PCR indicated the
presence of an expanded allele in all expansion-positive
samples (Table 1), as previously observed with the F35T
cell line (Fig. 1A).

Next, gDNA samples were analysed by OGM
(Fig. 1B; Fig. 2). The mean detectable repeat size in the
leukocyte-derived gDNA sample series was approxi-
mately 97 CTG repeats (range 54-160) (Fig. 2). These
figures reflect the number of molecules detected from
the expanded and non-expanded alleles (unphased
molecules) within each of the nine samples. As most of
the molecules from the respective samples are below the
lower detection threshold of the assay (500 bp) they
could not be sized with confidence. However, when
comparing the mean molecule size of each of the nine
leukocyte samples to their respective affected CEC
sample from the same individual, significantly higher
levels of CTG18.1 repeat instability were observed in all
CEC samples (Wilcoxon matched-pairs signed rank test,
p = 0.004). Furthermore, molecules ranging from
5439-35,561 bp were only detected in the CEC-derived
samples, equating to approximately 1800-11,900 re-
peats, with peaks of molecules ranging from 3900-6400
repeats (Fig. 2). In addition, we also investigated three
FECD dermal fibroblast lines, generated from CTG18.1
expansion-positive cases, to further explore repeat
instability within another unaffected cell type (Table S1).
When analysed by OGM, CTG18.1 molecule sizes were
comparable to leukocytes (mean repeat length ~97 CTG
repeats) (Figure S2).

The vast majority of FECD cases harbour only one
expanded allele (e.g., all nine cases presented in Fig. 2).
However, we acquired corneal endothelial tissue and
subsequently established a primary CEC culture from
one additional case with bi-allelic CTG18.1 expansions
(baseline CTG18.1 expansion status of 57/93 by STR-
analysis of leukocyte-derived DNA). OGM molecule
distribution from this sample, alongside representative
bi-allelic non-expanded and mono-allelic expanded CEC-
derived gDNA FECD samples, are shown in Fig. 3.
Although we could not phase the OGM data, these data
illustrate how the zygosity status of the expansion in-
fluences molecule distributions. The mean molecule
length for the bi-allelic expanded CEC sample (CEC-10)
was 16,803bp, equating to approximately 5600 repeats
(Table 1). This increased mean molecule length is
driven by the shift in the ratio of total molecules <2000
bp versus >2000 bp compared to the mono-allelic
expanded and expansion-negative FECD CECs. Mole-
cules >2000 bp were exclusively detected in expansion-
positive CECs, while these data suggest that the
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Subject Sex/ FECD Age of 1st STR TP- Subject Sample OGM Mean OGM Max Number of
ancestry” diagnosis keratoplasty genotype PCR sampling type allele length allele (TG18.1
age (bp) length molecules
(bp)
Immortalised corneal endothelial cell (CEC) line
F35T F/EUR 4 21/ + 62 3832 25,159 250
FECD subjects biopsied for both peripheral blood leukocytes (BL) and primary CEC-derived gDNA samples
1 a M/EUR I d 61 16/63 + 62 BL-1 196 1849 438
b 16/ + 62 CEC-1 2771 1,7798 254
2 El F/EUR I d 59 17/63 + 59 BL-2 162 1162 328
b 17/ + 59 CEC-2 2752 19,758 251
3 a F/EUR I 75 31/75 + 76 BL-3 200 1345 372
b 3y + 77 CEC3 2946 27,124 245
4 a M/EUR I 64 11/77 + 64 BL-4 216 1033 365
b 11/ + 64 CEC-4 2192 13,247 358
5 a M/EUR I 83 27/81 + 83 BL-5 371 2129 472
b 27/ + 83 CEC-5 2827 32,265 246
6 a F/EUR I 69 26/85 + 69 BL-6 282 1484 396
b 26/ + 69 CEC-6 3625 35,561 266
7 a F/EUR I 59 11/90 + 53 BL-7 303 1920 400
b 11/ + 59 CEC7 1977 15,824 279
8 a F/EUR I 65 11/90 + 65 BL-8 481 5437 373
b 11/ + 66 CEC-8 2101 19,513 247
9 El M/EUR I d 58 25/96 + 58 BL-9 408 4670 308
b 25 + 58 CEC-9 2698 19,924 286
(TG18.1 expansion-positive peripheral blood leukocytes (BL)-derived gDNA samples
10 M/EUR v 70 64/82 + 72 BL-10 383 1890 432
11 M/EUR P 77 11/85 & 69 BL-11 291 3113 358
12 M/EUR 4 54 11/94 + 54 BL-12 334 1302 376
13 F/EUR v 65 68/95 W 73 BL-13 590 7055 360
14 M/EUR v 74 11/101 + 74 BL-14 1039 8412 297
15 M/EUR 4 67 17/107 + 67 BL-15 996 9179 336
(TG18.1 expansion-negative peripheral blood leukocyte (BL-Ctr)-derived gDNA samples
16 F/EUR X N/A 11/11 - 57 BL-Ctr1 172 1385 509
17 F/EUR X N/A 11/16 - 29 BL-Ctr2 117 1140 396
18 F/EUR X N/A 11/16 - 50 BL-Ctr3 110 1265 391
19 M/AFR I 92 14/21 - 92 BL-Ctr4 109 1258 415
20 M/SAS X N/A 11/22 - 22 BL-Ctr5 134 1326 309
21 M/SAS X N/A 17/22 - 40 BL-Ctr6 135 994 363
22 M/EUR X N/A 17/23 - 67 BL-Ctr7 167 1174 396
23 M/EAS X N/A 23/24 - 48 BL-Ctr8 184 1386 414
24 F/EUR X N/A 17/32 - 69 BL-Ctr9 142 1450 407
CTG18.1 expansion-negative corneal endothelial cell (CEC)-derived gDNA samples
25 F/EUR I 60 11/14 = 60 CEC-Ctr1 111 1340 470
26 F/EUR X N/A 11/17 = 54 CEC-Ctr2 51 1281 369
27 M/EUR X N/A 15/17 = 70 CEC-Ctr3 164 1751 399
28 F/EUR X N/A 25/27 = 50 CEC-Ctr4 110 904 198
29 M/EUR X N/A 11/32 = 74 CEC-Ctr5 97 979 351
30 M/EUR X N/A 11/39 = 58 CEC-Ctr6 182 1087 415
CTG18.1 bi-allelic corneal endothelial cell (CEC)-derived gDNA sample
31 F/EUR v 77 57/93° + 77 CEC-10 16,803 30,232 87

Karyotypic sex, diagnosis, age of first corneal transplant surgery (as an indicator for disease severity), self-reported ancestry (#) and sampling age summarised for all subjects and samples of the study. STR:
short-tandem repeat genotyping, M: male, F: female, EUR: European, AFR: African, SAS: South Asian, EAS: East Asian, BL: peripheral blood leukocyte sample, CEC: corneal endothelial cell sample, N/A: not
applicable information. TP-PCR + and-indicates the presence or absence of an expanded allele. Subject sampling age shown for both blood collection and excised corneal endothelial tissue. *Genotyping
data derived from subject’s leukocyte-derived gDNA sample.

Table 1: Summary of subjects and gDNA samples analysed by optical genome mapping.
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Fig. 2: Diseased corneal endothelial cells (CECs) display increased levels of CTG18.1 somatic instability compared to unaffected leu-
kocytes. A series of peripheral blood leukocyte-derived (BL1-9 in blue) and corneal endothelial-derived (CEC1-9 in green) gDNA samples from
nine unrelated FECD patients were analysed by OGM. Each grey box denotes samples from the same individual (subjects 1-9). In each instance,
higher levels of somatic instability were detected in affected CECs compared to unaffected blood leukocyte-derived gDNA samples. The size (bp)
of the CTG18.1 repeat-containing molecules is plotted (x-axis) against the total number of CTG18.1 molecules detected (y-axis). Red arrows
depict the bin with most molecules detected above the 5439 bp threshold observed exclusively within the CEC-derived gDNA samples. Baseline
(TG18.1 genotypes determined by STR-PCR analysis of leukocyte gDNA are shown in brackets, for each respective allele.

population of molecules <2000 bp are predominantly
attributed to molecules derived from non-expanded
CTG18.1 alleles (Fig. 3; Figure S3).

Progenitor repeat size and cellular context both
influence CTG18.1 repeat instability

We have previously demonstrated that expanded
CTG18.1 alleles are unstable in leukocytes, an effect that

positively correlates with the progenitor CTG18.1 allele
length." Interestingly, clusters of longer molecules were
detected by OGM in samples BL-8 and BL-9, which also
had some of the longest progenitor repeat sizes detected
by STR-PCR within this series (Fig. 2). Hence, this led
us to expand the series of leukocyte gDNA samples to
give a more diverse range of progenitor expanded repeat
sizes (63-107) to further test the capabilities of OGM to
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Fig. 3: Analysis of bi-allelic CTG18.1 corneal endothelial cells (CECs) indicates that molecules near the detection threshold of optical
genome mapping (OGM) represent non-expanded alleles. CEC-derived gDNA samples from three unrelated FECD cases were analysed by
OGM. Based on STR-analysis of leukocyte-derived DNA, we classified cases as CTG18.1 (A) expansion-negative (CEC-Ctr1), (B) mono-allelic
expanded (CEC-9) or (C) bi-allelic expanded. Baseline STR genotyping results are shown in brackets for each respective allele. Red arrows
depict the bin with most molecules detected >2000 bp threshold, exclusively observed in mono- (CEC-9; B) and bi-allelic (CEC-10; C) expanded

CTG18.1 samples.

detect CTG18.1 somatic instability (Figure S4). Molecule
counts were plotted by increasing size of CTG18.1 al-
leles based on the STR genotyping results (Fig. 4A).
Spearman correlation analysis revealed a positive cor-
relation between the largest progenitor CTG18.1 allele
size (determined by STR-PCR of leukocyte gDNA) and
the molecule size measured by OGM (correlation coef-
ficient 0.255, 95% CI: 0.236-0.274) (Table S2). In
agreement, a simple linear regression on the expansion-
positive leukocyte OGM data suggests that the

www.thelancet.com Vol 108 October, 2024

progenitor allele size has a strong effect on the detected
CTG18.1 molecule size. Given the log transformation of
the outcome, the effect of the progenitor allele size
variable on the OGM measured CTG18.1 molecule size
increases exponentially, with increasing progenitor
allele size (adjusted R* 76.15%, p < 0.0001) (Fig. 4B;
Table S3). Adding subject sampling age as an inde-
pendent variable in the model improved the fit, sug-
gesting that age contributes to the increased levels of
somatic instability driven by the progenitor allele size
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Fig. 4: Expanded CTG18.1 alleles behave dynamically in both peripheral blood leukocytes and corneal endothelial cells. Dot plots of
molecules detected per individual capturing the distribution of all CTG18.1 alleles analysed in (A) peripheral blood leukocytes (BL; n = 24) and
(C) corneal endothelial cell (CEC; n = 15) samples are presented. (A,C) Individuals with non-expanded CTG18.1 alleles (<50) are colour-coded in
grey (Ctrl). Light blue and light green shades indicate FECD individuals with non-expanded CTG18.1 alleles in their peripheral blood leukocytes
or CEC-derived gDNA, respectively. Lines represent the mean CTG18.1 expansion size in base pairs (bp) per sample. (B,D) Scatter plots of
CTG18.1 mean molecule size (bp) against the largest progenitor allele is shown with polynomial regression for the expansion-positive dataset
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brackets for each sample.

(adjusted R* 91.02%, p < 0.0001, Table S3). Adding sex
as an independent variable was found to have no effect
on the OGM measured CTG18.1 molecule size.

Next, we wanted to explore if the dynamic and
extreme range of CTG18.1 length instability observed in
the corneal endothelium is driven by the presence of
expanded progenitor alleles (>50 CTG repeats, as
detected in peripheral blood leukocyte samples) or if it is
a phenomenon observed in all endothelial cells irre-
spective of their baseline CTG18.1 expansion status
(Fig. 4C; Figure S3). The corneal endothelium from
control tissues was isolated and cultured similarly to the
FECD tissues. The control samples included individuals
harbouring <39 CTG expansions (Fig. 4C). In addition,
we also analysed CECs from an individual with FECD
but without CTG18.1 expanded alleles (blood STR ge-
notype 11/14). Within these control samples, we
observed an accumulation of molecules around 0 bp,
near the detection threshold of the assay, and a complete
absence of longer expanded molecules for both control
and FECD non-expanded CEC samples (Fig. 4C;
Figure S3). In contrast, remarkable levels of repeat
instability were observed for all FECD CEC samples
with baseline leukocyte repeat sizes >63 determined by
STR genotyping. Spearman correlation analysis across

the CEC dataset suggested a correlation between the
largest progenitor CTG18.1 allele size (determined by
STR-PCR of leukocyte gDNA) and the molecule size
measured by OGM (0.229, 95% CI: 0.201-0.256)
(Table S2). We found no effect of the progenitor allele
size, sampling age or sex when we compared CTG18.1
molecule sizes within the expansion-negative and the
expansion-positive groups in isolation (Fig. 4D;
Table S2). However, when the measured molecule size
was compared between the expansion-negative and
expansion-positive sample groups, there was a signifi-
cant difference (Mann Whitney test, p = 0.001), sug-
gesting that this is driven by the presence of a CTG18.1
repeat expansion, irrespective of progenitor allele size
(Fig. 4D). These data indicate that CTG18.1 repeat
instability can be influenced by both the progenitor
repeat size and cellular context.

Discussion

FECD is an agerelated degenerative eye disease
hypothesised to share multiple pathogenic mechanistic
parallels with many rare and devastating neurological
and neuromuscular diseases also attributed to STR
expansions.®** Here, through the application of OGM,
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we have shown that CTG18.1 expansions have an
exceptionally high level of somatic instability within
affected CECs. This finding provides mechanistic in-
sights into the pathophysiology of FECD. It also high-
lights the potential utility of this approach to
investigate STR instability more broadly across other
repeat loci susceptible to high levels of somatic
instability.

A strong correlation between CTG18.1 expansion
length in peripheral blood leukocytes and molecular
hallmarks of pathology in the corneal endothelium,
including the presence of nuclear CUG-specific RNA
foci and isoform-specific patterns of TCF4 down-
regulation, is well documented.”*>** Our study has
shown that the mean repeat length in mono-allelic
expanded CEC lines is 4.4-17.0-fold longer than in
leukocyte gDNA samples. Specifically, CECs derived
from individuals (n = 9) with >63 baseline CTG18.1
repeats in leukocytes had molecules comprising
1800-11,900 repeats. Thus, probing CTG18.1 repeat
length in these CECs has provided new insights during
end-stage corneal endothelial disease and highlights the
biological relevance of studying repeat instability directly
within primarily affected cells. These data, alongside the
low levels repeat of instability and lack of molecular
hallmarks in expansion-positive fibroblasts, support the
hypothesis that high levels of repeat instability could
drive downstream molecular events and further re-
inforces the utility of primary CECs as an appropriate
model to investigate FECD pathophysiology ex vivo.
However, it should be noted that primary CECs are a
finite resource, given the scarcity of healthy and
diseased corneal endothelial tissues available for
research. Regardless of this limitation, significant bio-
logical insights have been gained from the restricted
sample sizes utilised by this study.

It is now of therapeutic relevance to determine the
temporal dynamics of CTG18.1 instability within the
corneal endothelium before end-stage disease (i.e., <58
years of age at sampling, reported in this study), given
that downstream pathogenic features of CTG18.1
expansion-mediated FECD are hypothesised to be repeat
length dependent. Subject sampling age contributed to
the increased levels of somatic instability driven by the
allele size in the expansion-positive leukocyte-derived
samples, in contrast to the expansion-positive CEC
subgroup. The lack of correlation in the CECs between
subject sampling age and progenitor repeat size may be
explained by the small sample size in the series or by
somatic instability levels already being saturated in the
late-stage disease cells. Future studies are required to
determine how instability levels vary within the post-
mitotic CECs at earlier pre-symptomatic disease
stages. However, this is not a trivial goal given corneal
tissues from CTG18.1 expansion-positive individuals
without clinical need for corneal transplantation are not
easily accessible.
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CTG18.1 molecules with approximately 4500 repeats
were also detected in the immortalised F35T CEC line,
previously reported to have approximately 4500 CTG
repeats by Southern blot, suggesting that successive
passaging does not grossly alter repeat size. More
generally, in vitro studies on CAG repeat instability have
reported either a minor (1 CAG repeat increase every
12.4 days) or no correlation between cell proliferation
and repeat instability.**° Taken together, these findings
suggest that establishing and culturing primary CECs
for a single passage, required due to the low cell
numbers available from each corneal endothelial
explant, is likely to only minimally affect repeat insta-
bility and does not explain the magnitude of the repeat
instability detected in these cells. Nonetheless, cell cul-
ture can introduce artifacts, and in future, as input re-
quirements are reduced for long-read technologies, the
need for cell culture may be circumvented.

Interestingly, a link between exposure to ultraviolet
light and FECD has been suggested in a CTG18.1
expansion-agnostic setting.””** We hypothesise that cu-
mulative UV radiation-inducing DNA damage could
contribute to the extreme CTG18.1 instability via the
DNA repair-dependent mechanisms in the terminally
differentiated CECs. Further studies to explore potential
associations between CTG18.1 instability and DNA
repair pathways are warranted. Importantly, the extreme
levels of instability observed in CTG18.1 expansion-
positive CECs were absent from both control and
expansion-negative FECD CECs, suggesting that dy-
namic expansion of the repeat element within the
corneal endothelium only occurs when the progenitor
CTG18.1 repeat size is above a critical threshold (>39
and < 63 CTG repeats). The presence of RNA foci
within CECs has been previously reported in patients
with >31 CTG18.1 repeats.” However, control CECs
from a 58-year-old individual harbouring 39 CTG18.1
repeats did not display the high levels of somatic
instability observed in the expansion-positive group.
This could be explained by differences in the sensitiv-
ities of the assays, the contribution of genetic modifiers
that may alter the levels of somatic instability, and dif-
ferences in subject sampling ages. Future efforts will
likely further refine the threshold for disease and iden-
tify individual modifiers of instability that have been
effectively ~ delineated for other STR-associated
diseases.”

Analysis of a CEC sample with bi-allelic CTG18.1
expansions suggests that CTG18.1 molecules expand
dynamically in the vast majority of CECs with progeni-
tor allele size >50 CTG repeats at end-stage disease. We
anticipate advances in long-read sequencing technolo-
gies to enable phasing and sequence-level resolution,
currently lacking in OGM, and yield further biological
insight into the pathophysiology of CTG18.1-mediated
FECD. Notably, total molecule counts from the bi-
allelic expanded sample were significantly lower than
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other samples in the study, suggesting that despite
analysing native molecules, OGM is biased against
capturing longer molecules.

OGM has an average genome-wide lower detection
limit of 500 bp.* On this basis, we queried its utility for
the detection of CTG18.1 expansions in the majority of
FECD blood leukocyte-derived gDNA samples, given
that 500 bp corresponds to approximately 166 CTG re-
peats, and in 96.7% of our patient cohort, the expanded
repeat sizes ranged from 50 to 125 CTG repeats.’
However, analysis of leukocyte samples from in-
dividuals with a diverse range of expanded CTG18.1
allele sizes (63-107 progenitor repeats) illustrates that
OGM can detect an increase in the average CTG18.1
molecule size for progenitor alleles >63 repeats but
cannot discriminate between samples with alleles <32
repeats. We hypothesise this signal is driven by the
dynamic instability of CTG18.1, occurring within a
fraction of total peripheral blood leukocytes, which in-
creases with an increase in the progenitor repeat size.
We have previously shown that this dynamic shift in
instability occurs at >80 and < 91 CTG repeats using an
amplification-free long-read sequencing approach." The
peripheral blood leukocyte gDNA OGM data series
presented here is in keeping with this observation, given
that the measured molecule size increases exponentially
and samples with progenitor model repeats >81 dis-
played the most pronounced signature of instability.
More generally, these data serve as a benchmark for the
wider utility of OGM to explore STR sizing detection
and instability thresholds at other loci. To the best of our
knowledge, OGM has, to date, only been used to detect
and size STR expansions across a limited number of loci
and without interrogating the primarily affected
tissue.”>?*>*! We believe OGM will offer the greatest
utility when modal repeat sizes for any given locus
exceed the lower detection limit of 500 bp and large
somatically unstable repeats are present, as the method
has no upper size detection threshold. Nonetheless, our
data illustrate that it is also useful when only a small
fraction of total DNA molecules exceed the lower
detection limit. This study also illustrates the compli-
mentary application of combining OGM with conven-
tional PCR-based fragment size analysis to enable
detection of all potential ranges of repeat sizes across
somatically unstable STR loci.

In summary, this study extends on the application of
OGM for the detection and sizing of large repeat ex-
pansions from native DNA molecules. Taking advantage
of the single-molecule resolution of the assay, we have
demonstrated the importance of investigating STR
instability in disease-relevant cell types to probe dy-
namic and tissue-specific mechanisms of somatic
instability. Given the exceptionally high levels of
CTG18.1 repeat length instability consistently and
exclusively observed in affected CECs, these data also
lead us to hypothesise that CTG18.1 instability is a key

driver of FECD pathophysiology. Furthermore, analysis
of leukocyte gDNA demonstrates that both progenitor
allele size and sampling age can influence CTG18.1
somatic instability levels. These new insights are antic-
ipated to inform and guide the development of trans-
lational interventions for this common age-related
triplet repeat mediated disease, as well as others.
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