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TECHNICAL ADVANCE

Long-Reads Sequencing Strategy to Localize
Variants in TTN Repeated Domains
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Titin protein is responsible for muscle elasticity. The TTN gene, composed of 364 exons, is subjected to
extensive alternative splicing and leads to different isoforms expressed in skeletal and cardiac muscle.
Variants in TTN are responsible for myopathies with a wide phenotypic spectrum and autosomal
dominant or recessive transmission. The I-band coding domain, highly subject to alternative splicing,
contains a three-zone block of repeated sequences with 99% homology. Sequencing and localization of
variants in these areas are complex when using short-reads sequencing, a second-generation
sequencing technique. We have implemented a protocol based on the third-generation sequencing
technology (long-reads sequencing). This new method allows us to localize variants in these repeated
areas to improve the diagnosis of TTN-related myopathies and offer the analysis of relatives in postnatal
or in prenatal screening.
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Titinopathies are hereditary skeletal and cardiac myopathies The amino terminus of titin is embedded in the sarcomere Z-

due to alteration of titin, a giant elastic protein of the sarco-
mere encoded by the 7TN gene. Titin, the largest known
protein (3 to 3.8 MDa), is the third most abundant protein after
myosin and actin in striated muscle.” Two titin filaments with
opposite polarity span each half of muscle sarcomere from the
Z-line to the M-line; as a result, it plays a crucial role in
maintaining the integrity of the sarcomeric structural
arrangement and in generating passive muscle stiffness.”
Many structural domains compose titin structure, and some
of them can interact with specific protein interaction partners.

disk and participates in myofibril assembly, stabilization, and
maintenance. The elastic I-band, containing repetitive Ig-type
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domains, behaves as a bidirectional spring, restoring sarco-
meres to their resting length after muscle contraction. This
domain is also subject to strong alternative splicing during
development. The inextensible A-band binds myosin and
myosin-binding protein and is thought to be critical for
biomechanical sensing and signaling.”

The initial description of skeletal muscle disease due to
TTN variants was tibial muscular dystrophy, an autosomal
dominant late-onset tibial muscular dystrophy. Because of the
widespread use of next-generation sequencing (NGS), TTN is
emerging as a major causative gene in neuromuscular disor-
ders, with >10 different disorders of dominant or recessive
inheritance.”® Phenotypic variability spreads from congen-
ital myopathies to adult forms of skeletal defects associated or
not with cardiomyopathies. Multiple domains constitute titin,
which are encoded by the 364 exons that form the TTN gene
(NM_001267550.1, https://www.ncbi.nlm.nih.gov/nuccore/
388998876, last accessed April 20, 2022). Transcripts are
subject to strong alternative splicing and more particularly
the exons coding for I-band. This I-band also has a
particular domain composed of three tandem repeats (exons
173 to 181, 182 to 190, and 191 to 199), sharing 99% DNA
sequence homology among them.

NGS analyses are commonly performed using short-reads
sequencers classically performed as a 2 * 150 bp reading in a
molecular diagnostic laboratory. This approach allows the
detection of variants located in the repeated exons, but

without precise localization in one of the three repeats and
with artifactual decrease of allelic balance.” The challenge of
perfectly locating the variants identified in this area is multi-
ple, ensuring the patient a precise diagnosis and allowing the
analysis of relatives and prenatal diagnosis in a targeted way.
We propose a reliable method targeting TTN repeated regions
to confirm the localization of variants identified in high-
throughput DNA sequencing. This method is based on a
first step of amplification of an amplicon of the three repeated
zones and a second step of long-reads sequencing using the
MinION technology of Oxford Nanopore Technologies
(Oxford, UK) to generate up to 9000-bp reads.

Materials and Methods
DNA Extraction

Genomic DNA was extracted from blood samples following
the manufacturer’s standard procedure of the FlexiGene
DNA kit (Qiagen, France). DNA concentrations were ¢
measured using the NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE).

Long-Range PCR Enrichment and Purification

We used Qiagen Long Range PCR kit to enrich DNA
amplicon from intron 169 to intron 199 with PCR primers
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Figure 1  Integrative Genomics Viewer visualization of repeated regions. Each colored arrow represents an exon, and arrows of the same color are ho-

mologous exons. White reads indicate reads that have mapping quality of 0. Reads correctly mapped are represented in gray. Purple reads indicate insert size
smaller than expected; dark red reads, insert size longer than expected; and pink reads, insert size longer than expected with mapping quality at 0. The ruler

indicates the chromosomal position in kilobases (kb).



print & web 4C/FFPO

A Long-range Agarose gel
PCR verification

Flongle Oxford e :
Nanopore Technologies B'°'"f°rnfat'° Dlata
sequencing processing analyses

B 3’ 199

‘' sscecccee —aas

esca —aaw

*—----------------------------------------------*

Long-range PCR: 11,088 bp

173 g

d4aTaa —

C fbéisz 422 728 D

PCR

amplicon

P N—
kb =
Agarose gel 1%
199
Figure 2

173

TN

Long-range PCR followed by long-reads sequencing. A: Workflow of sequencing strategy. B: Representation of the three repeated blocks and the

primers represented by light and dark blue arrows used for long-range PCR. Each colored arrow represents an exon, and arrows of the same color are
homologous exons. C: Verification of the presence of a specific long-rang PCR product of approximately 11 kilobases (kb) in the three control DNAs (i62, i422,
and i728) using electrophoretic agarose gel analysis. D: Integrative Genomics Viewer screenshot of sequencing raw data, showing three populations of reads.

(forward, 5-GAAGTTCCTCCTCTAAAACCTGA-3’; and
reverse, 5'-GAACAAAATGTCTTCAACTGCAAAA-3).
The conditions of PCR were 93°C, 3 minutes (1 cycle);
93°C, 15 seconds, 61°C, 30 seconds, and 68°C, 11 minutes
(10 cycles); 93°C, 15 seconds, 62°C, 30 seconds, 68°C, 11
minutes plus 20 seconds/cycle (28 cycles); and 10°C, .
Long-range PCR amplification was assessed by agarose/
ethidium bromure 1% electrophoresis. Long-range PCR
products were purified with AMPure XP Beads (Agencourt,
France).

Long-Reads Sequencing with MinION Nanopore
Technology and Bioinformatics

DNA—long-range PCR library preparation was performed
using the SQK-LSK109 kit, according to the supplier’s
protocol, and sequenced on a Flongle flow cell in a MinlON
device and with MinKNOW software version 20.10.3 for 2
hours (Oxford Nanopore Technologies). Basecalling was
performed with Guppy 4.2.2 using high-accuracy model
(template_r9.4.1_450bps_hac.jsn). Reads were aligned on
hgl9 genome assembly with minimap2 version 2.17.

Results

As reported previously, short-reads sequencing is not
reliable enough for determination of the localization of

variants in repeated exons of TTN gene.’ Variants called in
exon 191 are also called on exons 182 and 173, and
conversely (Figure 1). [

Long-Range PCR and Long-Reads Sequencing Method
Implementation

We first developed a strategy based on long-range PCR
amplification using specific primers external to the repeats,
followed by nested PCRs within the amplified amplicon.
Unfortunately, this approach failed to localize precisely
variants in the repeated regions of 77N because of the lack
of specificity of the internal primers.

Therefore, we decided to evaluate another technique, the
third-generation sequencing of long fragments, performed
on the MinION sequencer (Oxford Nanopore Technologies)
using the workflow shown in Figure 2A. [

We implemented a long-range PCR by using oligonu-
cleotides external to the three repeated blocks with Qiagen
Long Range PCR kit (see Materials and Methods and
Figure 2B). PCR amplification generated an amplicon of
11,088 bp at the expected size, as visualized by electro-
phoretic gel analysis (Figure 2C). Long-read sequencing,
performed using the Nanopore MinIlON, leads to
sequencing with a maximal depth at 1160x.

The sequencing data showed three populations of reads:
one population corresponding to the 5’ first block-only
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Bioinformatic sorting of the three populations of reads. Integrative Genomics Viewer screenshot, representing the three populations of reads

identified after sequencing and bioinformatic sorting of the three reads populations. The population of reads of interest (with a size of >9000 bp) is sur-
rounded by a red frame, showing an average coverage of 110 reads. The other two populations of reads covering the first repeat and the first two repeat areas
were discarded for analysis. They included 470 and 188 reads of sequencing, respectively.

sequences (exons 173 to 181), a second population with the
two 5 first blocks only (exons 173 to 190), and a third
population containing the expected three blocks amplicon
sequences (exons 173 to 199) (Figure 2D). The two addi-
tional populations are probably related to a lack of the 3’
PCR primer specificity on intron 199 because sequence
homologies extend beyond the three blocks of repeated
exons.” We filtered all reads at <9000 bp, corresponding to
the size of the entire repeat region, to eliminate artifactual
reads that correspond to unspecific amplification. Although
this filter decreases the number of reads in the region, the

resulting average depth after filtering (ie, 110 reads) was
sufficient for reliable analysis of the results (Figure 3).

Analysis of Control DNAs with Variants in the Repeated
Region

We analyzed six genomic DNAs containing eight hetero-
zygous genomic variants in the repeated region of TTN
previously identified by short-read NGS, from patients
diagnosed as having or suspected of having titinopathy.
Among these variants, three were one-nucleotide deletions,

Table 1  Control DNAs with Variants in the Repeated Region Identified by Short-Reads NGS
Patient ID Exon/intron localization’ Variant(s) in 7TN (NM_001267550.1)
1794 el74/e183/e192 €.36620delC: p.(Pro12207Glnfs*740)
1969 el174/e183/e192 €.36682delG: p.(Glu12228Lysfs*719)
1422 €199/e190/e181 €.38767A>T: p.(Lys12923*)
€195/e186/e177 €.38386G>T: p.(Glu12796*)
1728 €197/e188/e178 €.38660delA: p.(Lys12887ArgfsTer60)
1796 €195/e186/e177 €.38421_38437delinsC: p.(Pro12808Lysfs*134)
1984 i199/e190/e181 €.38791+1G6>T: p.(?)
e195/e186/e177 €.38437A>T: p.(Lys12813*)

NM accession numbers from https://www.ncbi.nlm.nih.gov/nuccore/388998876 (last accessed April 20, 2022).
The nomenclature of the variant was randomly attributed to one of the three repeats.

1D, identifier; NGS, next-generation sequencing.



four were substitutions, and one was a 17-bp deletion
associated with the insertion of one nucleotide (Table 1).

Long-reads sequencing data showed that each of the
substitutions was identified in one of the three repeats with
an allelic balance of approximately 50% (Figure 4). The
single-nucleotide deletions identified for patients 1794, 1969,
and 1728 were present at >50% allelic balance in only one
exon. The largest deletion of 17 nucleotides in patient 1796
was detected in exon 195, by a decrease in sequencing
coverage of about 50%, not observed for homologous exons
186 and 177. Patients 1422 and 1984 carry two one-
nucleotide substitutions. These substitutions were detected
only in one exon of these repeats. Moreover, these results
confirm the presence of these variants in the heterozygous
state in these patients. Analysis of the coverage of each of
these substitutions allows us to be confident about the
location of the variants in the identified exon. For example,
the ¢.38386G>T variant of patient 1422 was detected at
43% in exon 195 and 1% and 2% in homologous exons 186
and 177, respectively. Some reads detected variants in low
proportion in homologous exons despite sorting of reads at
>9000 bp. Nevertheless, the detection threshold was not
sufficient to raise doubt on the localization of variants
identified by long-reads sequencing.

Long-reads sequencing also allowed us to determine the
phase of variants localized in the repeated region, which could
be important to confirm or not the diagnosis of a recessive
titinopathy. As an example, we present an 11-year—old pa-
tient presenting a phenotype of congenital myopathy, for
which the short-reads sequencing of TTN repeated regions
identified three genetic variants in 77N gene: intron 199
¢.38791+1G>T (or intron 190 or 181), exon 195
c.38437A>T, p.(Lys12813*) (or exon 186 or 177), and
exon 60 c.17521_17522delAC p.(Thr5841Phefs*4). The
patient was adopted, without information about his family,
and no possibility to perform variant familial segregation.

After long-reads sequencing of the long-range PCR
product, we analyzed sequencing data on Integrative Ge-
nomics Viewer. We confirmed that the variant
¢.387914+1G>T was in intron 199 and the variant
¢.38437A>T was in exon 195. To determine the haplotype
of this patient, we selected the reads containing the variant
¢.387914+1G>T and thus we could determine that these
same reads also contain the variant ¢.38437A>T. These two
variants were thus located on the same allele (Figure 5A).
We verified this strategy in another patient (I422) for whom
we had no information on inheritance. For this second pa-
tient, we established that he carried two variants located in
exons 195 (c.38386G>T) and 199 (c.38767A>T), each
located on one allele, therefore in trans.

Discussion

For the first time, we implemented a long-reads sequencing
protocol to localize precisely variants in repeated domains

of the TTN gene and to quantify precisely the allelic fre-
quency of each variant.

The prior amplification of the amplicon containing the
three repeats by long-range PCR, which allows us to have
high coverage rates, and the use of MinlON technology
ensure a confidence in the detection and localization of
these variants. This strategy compensates the inability of
targeted Sanger sequencing and short-reads NGS to pre-
cisely characterize variants on these repeated areas. It was
described that long-reads sequencing, regardless of the
technique, produces sequencing errors; however, this lim-
itation can be mitigated using specific correction algo-
rithms.”'” In our study, this limitation was not an issue
because the objective of this approach was to verify the
localization of variants already identified by NGS short
reads to remove any ambiguity about location of TTN
variants in the repeat areas, and determine haplotype
segregation.

In addition to providing to patients an accurate diagnosis,
this technology allows a reliable analysis of relatives and
offers future prenatal diagnosis for carriers. Another inter-
esting contribution of this technology is to define the phase
of variants in the repeated region, essential to exclude or
confirm a recessive titinopathy. This method could be useful
for other genes that also contain a repeated sequence, such
as the nebulin gene (NEB).”

The particularity of repeated region of TTN, beyond the
sequence homology, is that is also a domain subject to
strong alternative splicing during development.® According
to the TTN database (htps://www.cardiodb.org/titin/titin_
transcripts.php, last accessed April 20, 2022) and the
study by Savarese et al.® only a small subset of exons,
173 to 199, appears to be incorporated in post-natal skeletal
muscle transcripts. However, the exons that are thought to
be expressed only during fetal development (metatranscript-
only exons) most likely have a role in skeletal muscle
development, as truncating variants located in these exons
are associated with recessive congenital myopathies. The
few publications of congenital titinopathies due to TTN
variants in the repeated regions have postulated that protein
defects in the fetal period are responsible for the severe
clinical picture at birth, but the observed stability of the
disease after birth is thought to be due to the nonexpression
of the mutated exon after birth.'*'* An improvement of the
patients’ symptoms has been observed during their lifetime.
Thus, accurately locating these variants is essential to
evaluate their consequences on post-natal muscle tran-
scripts, depending on whether they are in included or
skipped exons, and in the management of these patients and
their relatives.

Other neuromuscular genetic diseases could benefit from
the technological advances of long-read sequencing for the
characterization of complex rearrangements, such as
neurologic short tandem repeat expansion disorders'* or
facioscapulohumeral dystrophy, mostly related to the
deletion of repeated elements at the 4q35 locus.'” In
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Long-reads sequencing allows us to localize correctly genomic variants in 77N repeated domains. At the top of the panel, schematic repre-

sentation of the exons of the repeated zones; each colored arrow represents an exon, and arrows of the same color are homologous exons. The analysis of the
sequencing results shows for each patient the location of the variant(s) in the TTN repeat area. The variant is colored in red for deletion, and the sequencing
coverage is represented by the gray histograms. The presence of two colors for the nucleotide substitutions represents the proportion of each nucleotide that

is specified numerically in the associated numerical boxes. chr, chromosome.

infantile spinal muscular atrophy, mainly due to homozy-
gous SMNI gene deletion, identification of heterozygous
SMNI deletion in patients’ relatives can be altered by the
presence of two consecutive SMN1 copies on the same
allele.'™'” Long-read sequencing could be interesting to
detect these duplications located in the same haplotype.

Duchenne and Becker are muscular dystrophy resulting
from variants in the DMD gene, mainly due to large
genomic rearrangements (deletions or duplications) iden-
tified by quantitative methods, such as multiplex ligation-
dependent probe amplification, comparative genomic hy-
bridization array, or short-reads NGS. However, in rare
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Figure 5  Haplotyping variants in repeated area. A: Screen capture montage of Integrative Genomics Viewer (IGV) of Patient 1984. Sequencing reads were

base sorted with the ¢.38791-+1G>T variant selection in exon 199. The green bars show the position of the variants on each read. The reads containing the
€.38791+1G>T variant also contain a second green bar in exon 195, corresponding to the c.38437A>T variant, establishing that the variants are in cis.
Bottom panel: The absence of variants on the reads from the other allele. B: Screen capture montage of IGV of I422; the reads were sorted by base at the ¢
position of the variants c¢.38767A>T (exon 199; bottom panel) and at the position c.38386G>T (exon 195; top panel). The reads containing each of these
variants (green bars in red boxed area) do not contain the other, establishing that the variants are in trans.

cases, structural variants are suspected; and long-reads
sequencing of the DMD gene, including exonic and
intronic regions, would be helpful to detect inversions or
translocations with intronic breakpoints that escape con-
ventional approaches.'®

The contribution of long-read sequencing also has a
promising future in the analysis of gene transcripts that are
highly subject to alternative splicing under physiological
and pathologic conditions to search for splicing defects in
patients."”

Another interesting aspect is to search for new isoforms for
large genes, to accurately determine the composition and

phasing of exons within transcripts, like in recent studies that
identified and quantified previously unannotated transcripts.””

In conclusion, this long-read sequencing strategy is
promising for the analysis of large genes, such as 7TN or
NEB, with a complex structure, important alternative
splicing, or repeated sequences.
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