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Purpose: Accurate detection of mitochondrial DNA (mtDNA)
alterations is essential for the diagnosis of mitochondrial diseases.
The development of high-throughput sequencing technologies has
enhanced the detection sensitivity of mtDNA pathogenic variants, but
the detection of mtDNA rearrangements, especially multiple deletions,
is still poorly processed. Here, we present eKLIPse, a sensitive and
specific tool allowing the detection and quantification of large mtDNA
rearrangements from single and paired-end sequencing data.

Methods: The methodology was first validated using a set of
simulated data to assess the detection sensitivity and specificity, and
second with a series of sequencing data from mitochondrial disease
patients carrying either single or multiple deletions, related to
pathogenic variants in nuclear genes involved in mtDNA maintenance.

Results: eKLIPse provides the precise breakpoint positions and the
cumulated percentage of mtDNA rearrangements at a given gene

INTRODUCTION

Mitochondria are responsible for the production of adenosine
triphosphate (ATP) through oxidative phosphorylation
(OXPHOS), and each cell contains approximately hundreds
of mitochondria, the number depending on cellular energy
requirements." The 16,569-nucleotide-long mitochondrial
DNA (mtDNA), present in hundreds to thousands of copies
per cell, is circular, intron-less, and exclusively maternally
inherited. It encodes 13 essential polypeptides required for
OXPHOS plus 22 transfer RNAs (tRNAs) and 2 ribosomal
RNSa (rRNAs) involved in mitochondrial translation.

Due to its proximity to the OXPHOS complexes, which are
a major source of reactive oxygen species, the mtDNA
accumulates variants at a much higher rate than the nuclear

location with a detection sensitivity lower than 0.5% mutant.
eKLIPse software is available either as a script to be integrated in a
bioinformatics pipeline, or as user-friendly graphical interface to
visualize the results through a Circos representation (https://github.
com/dooguypapua/eKLIPse).

Conclusion: Thus, eKLIPse represents a useful resource to study
the causes and consequences of mtDNA rearrangements, for
further genotype/phenotype correlations in mitochondrial disor-
ders.
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genome. Consequently, due to the stochastic segregation of
the mtDNA in daughter cells, the percentage of mutated
mtDNAs can drift over time, differently according to the cell
lineages, toward either a pure mutated or wild-type condition
(homoplasmy), or to a combination of both (heteroplasmy).l
This often defines the severity of the disease related to the
level of heteroplasmy, which is the ratio of mutant to normal
mtDNA copies.

Previous studies have shown that about 20% of respiratory
chain complex deficiencies are related to heteroplasmic
mtDNA alterations.”™* Among them, two main categories of
mtDNA rearrangements have been identified: single deletions,
occurring spontaneously in affected tissues almost exclusively
sporadic,” and multiple deletions due to inherited pathogenic
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variants in mitochondrial nuclear-encoded genes involved in
mtDNA maintenance.® Those rearrangements are associated
with a variety of clinical symptoms.”™*

mtDNA deletions occur between regions flanked with short
nucleotide repeat sequences, which are either perfect (class I
deletions) in 60% of cases or imperfect repeats (class II
deletions) in 30% of cases with mismatches between the
recombined nucleotide sequences.”® About one-third of all
deletion events occur between two direct repeats of 13 base
pairs (bp) at positions 8470-8482 and 13447-13459, remov-
ing 4977 nucleotides between the MT-ND5 and MT-ATP8
genes, the so-called common deletion.>®’

Of note, mtDNA rearrangements and variants accumulate
during life mainly in postmitotic tissues, which are more
prone to aging effects.’ The age-related accumulation of
somatic mtDNA variants in postmitotic human tissues
correlates with the decline in mitochondrial OXPHOS
enzymes during the aging process and is a critical parameter
in age-related disorders and neurodegenerative diseases."’

The use of massive parallel sequencing technologies now
allows the precise analysis of sequence variations in the
mtDNA;"" ™" nevertheless, the detection of sporadic and
multiple mtDNA deletions still remains elusive. Thus, the
accurate identification and quantification of mtDNA rearran-
gements is challenging, especially for multiple mtDNA
deletions, which have a large variety of different lengths and
are usually present at very low frequency.

To date, in silico tools have been developed to analyze the
copy-number variations (CNVs) from next-generation
sequencing (NGS) data, either from paired-end or single-
end DNA-sequencing. Their concepts are divided into four
categories: read pair, split read, read depth, and de novo
assembly methods.'* Read pair methods predict the rearran-
gement breakpoints by comparing observed and expected
insert sizes, whereas split read methods detect the mapping
discrepancy between read pairs. Read depth approaches link
the CNV with the depth of variation coverage, and de novo
assembly methods search rearrangements by comparing the
reference sequence with assembled contigs. The first two
methods are the most effective but their usage is restricted to
paired-end sequencing platforms. Read depth methods are
adapted to all sequencing platforms, but do not predict low
mutant loads and overlapping rearrangements, which are
characteristics of multiple mtDNA deletions. Finally, de novo
assembly approaches are limited by the presence of homo-
polymers in mtDNA, and therefore are not relevant for the
detection of mtDNA deletions.

A fifth approach is based on the concept of soft clipping.
The clipping process consists of trimming the extremities of
reads that do not align with the reference sequence, to avoid
aligning sequencing errors occurring mainly at the ends of the
fragments (3’-clipping)."” The process is called soft clipping if
the trimmed sequence is kept, or hard clipping if the sequence
is removed, and can occur to either the 5 or 3’-end, or both.
Few in silico tools use this approach to predict genome
breakpoints by realigning soft-clipped sequences to another
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genome location. The soft-clipping approach was first used by
ClipCrop'” to detect structural DNA variations, with a good
discovery rate and call accuracy. Recently, a new tool
dedicated to mtDNA, MitoDel, used a BLAT-based algorithm
to realign imperfectly aligned reads and predict deletion
breakpoints.'® Unfortunately, both tools are restricted to
paired-end sequences, and MitoDel counts the soft-clipped
read realignments without providing the precise deletion load.
MATCHCLIP" should also be cited because this program
detects deletion breakpoints, using reads CIGAR strings, but
was originally implemented for paired-end sequences only,
and was not dedicated to mtDNA.

Thus, we have designed a novel, automated, and user-
friendly software called eKLIPse, which is a sensitive and
specific tool based on soft clipping, allowing the univocal
detection of mtDNA rearrangements and breakpoints, and
their quantification from both single and paired-end NGS
data. Scripts, Wndows portable version, and documentation
are available at https://github.com/dooguypapua/eKLIPse.

MATERIALS AND METHODS

eKLIPse bioinformatics pipeline for the detection of mtDNA
deletions

eKLIPse script was developed using Python2 (v2.7) requiring
two types of input, the BAM or SAM alignment files (with
header) and the corresponding mitochondrial genome (Gen-
Bank format). In case of multiple sequences in the header
(WES, WGS), eKLIPse searches the reference with the
same length than the GenBank file. Input alignments are read
using the package pybam (https://github.com/JohnLonginotto/
pybam/blob/master/pybam.py). Soft-clipped sequences are
aligned using BLASTN'® by limiting to only one BLAST
result per query and filtering by the percentage of identity and
coverage, gap open, and gap extend cost, which are editable
parameters. To facilitate the analysis, the downsampling step
was performed using SAMtools'® and the graphical plots were
generated using Circos.”” All eKLIPse steps can be done in
parallel by specifying the required thread number (one thread
per alignment). A Windows portable version is also available
with a graphical user interface developed in Qt5.10.1 including
all scripts, packages, and executables.

Read simulation

The simulation of reads was done using the ART simulator”" for
Nlumina data (coming from HiSeq 2500 with at least 150-bp
fragment lengths) and Curesim® for Ion Torrent data. The
original and deleted FASTA files of the revised Cambridge
Reference Sequence (rCRS; NC_012920.1) were combined to
simulate sporadic mtDNA deletions with different sizes (from 51
to 9769 bp), and with the presence of sequencing repeats or not
(from no repeat to 13 pb repeats) and heteroplasmy levels. All
simulated breakpoints were selected from the MitoBreak database
(http://mitobreak.portugene.com/cgi-bin/Mitobreak_home.cgi).>
For each sequencing technology, a minimal threshold of 200,000
reads (2400x of mean coverage depth) was selected for further
analysis.
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Analysis of patients carrying mtDNA deletions

To test the sensitivity and specificity of eKLIPse, a series of
data was selected from patients carrying sporadic (P1 and
P2) or multiple mtDNA deletions related to nuclear-
encoded gene pathogenic variants (P3, P4, and P5). Patient
samples were collected after obtaining their written
informed consent (Institutional Review Board Committee
of the University Hospital of Angers; authorization number:
AC-2012-1507). Their complete clinical phenotype and
familial history are available as supplementary material and
methods.

Next-generation sequencing

Ion torrent single-end sequencing was performed on patients
P1, P3, and P4 as described elsewhere.”* The mtDNA was
amplified in two overlapping fragments, using polymerase
chain reaction (PCR) primer pairs tested first on Rho zero
cells devoided of mtDNA to remove the amplification of
nuclear mitochondrial DNA sequences (NUMTs) (supple-
mentary material and methods). Libraries were generated
using an enzymatic fragmentation approach. Emulsion PCR
and enrichment were performed using pooled libraries using
an Ion Chef and sequenced on the Ion S5-XL (Thermo Fisher
Scientific, Waltham, MA, USA), according to manufacturer
protocol.

IMumina paired-end sequencing was performed on patients
P2 and P5 as follows. The mtDNA was amplified in two
overlapping fragments of 12,932 and 15,913 bp (supplemen-
tary material and methods). Libraries were generated using an
enzymatic fragmentation approach using the Nextera® XT
DNA kit (Illumina, Eindhoven, The Netherlands), following
the manufacturer protocol. Sequencing was performed on
the MiSeq sequencer (Illumina) with the MiSeq Reagent Nano
Kit v2.

Statistical analysis

The performances of eKLIPse on simulated data were assessed
using nonparametric tests. The correlations between theore-
tical deletion length or heteroplasmy and eKLIPse results were
compared using a Passing-Bablok regression and calculating
the Spearman rank correlation coefficient. Statistical analysis
was done using MedCalc version 18.5 statistical software
(Medical Software, Ostend, Belgium). Values p <0.05 were
considered as statistically significant.

RESULTS

Principle of eKLIPse workflow based on the soft clipping of
sequencing reads

eKLIPse starts by retrieving all alignment files (BAM or SAM)
and a chosen mtDNA reference (*.gbk) (Fig. 1a, b). Before
processing the data, an additional downsampling step is
launched to speed up computing by reducing the read
number (200,000 by default). A second step consists in the
alignment analysis, which is divided into the read depth and
the soft-clipping modules (Fig. 1a, c). The read depth module
counts the number of total and soft-clipped reads for each
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nucleotide position, which will be used to calculate the
percentage of deletions, and visualize the coverage on a final
Circos graphical plot. The soft-clipping module extracts each
soft-clipped sequence, with the upstream mapped read
sequence. As mtDNA deletions generally occur at regions
flanked with perfect or imperfect sequence repeats, they can
generate misalignments of the sequence for the same deletion
because one repeat sequence is lost and the other retained.>”*
For example, the 5-kb common deletion surrounded by two
perfect sequence repeats of 13 nucleotides could be assigned
to the nucleotide positions 8482-13460 or 8469-13447
depending on the alignment either on the left or the right
repeat. Consequently, misalignments may generate break-
point errors and mutant load bias. By adding the upstream
mapped perfect match sequence to the soft-clipped sequence,
eKLIPse can detect the sequence repeats, and then left-align
all deletion breakpoints (Fig. 1d).

All forward and reverse soft-clipped and upstream matched
nucleotide sequences are written in a FASTA file before being
aligned with the BLASTN tool. eKLIPse keeps only one
BLAST result per query, and filters the results according to
the alignment scores (identity, coverage, gap costs). For
instance, the Ion Torrent platform, which uses semiconductor
sequencing technology, has a higher insertion/deletion error
rate within homopolymeric regions, therefore it is preferable
to adjust these filters to the quality of the sequencing data and
technology used.

The main step corresponds to the deletion filtering module,
called “bidirectional BLAST,” which analyzes BLASTN results
to search associated forward and reverse soft-clipping
positions. This association is validated if the soft-clipping
position of a given read corresponds to the soft-clipped
sequence alignment of another read and reciprocally (Fig. 1e).
During the filtering process, other situations are removed,
such as unidirectional BLAST, or if the number of BLASTS is
insufficient or unbalanced between left and right soft-clipped
sequences.

Once all reciprocal breakpoints are determined, eKLIPse
estimates the deletion load with the formula: (S x B) / (N x
SC), where S is the total number of soft-clipped reads, B is
the number of valid BLASTSs, N is the total number of reads,
and SC is the number of filtered soft-clipped sequences
(>25bp).

The filtering process is divided into two main steps with
editable thresholds. The first step is the minimum BLAST
number used to validate a breakpoint, which is related to the
sequencing read depth. Secondly, eKLIPse filters out deletions
leading to smaller mitochondrial genomes (by default less
than 1000 bp).

The final step is the generation of the different output files.
eKLIPse generates two tables (.csv files), one with all the
deletion prediction results associated to the breakpoint
positions, the deletion loads, the BLAST results, and the
surrounding repeats (Fig. 1f). The second file contains the
cumulative frequency of deletions per gene (Fig. 1f, supple-
mentary Table 1).
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Fig. 1 eKLIPse workflow. A four-step process for the detection and quantification of mitochondrial DNA (mtDNA) deletions. (a) eKLIPse workflow
diagram. (b) Detailed alignment of the reference sequence (top) to deleted mtDNA region (in red) analyzed by high-throughput sequencing reads. The two
repeat flanking regions are indicated in black and only one repeat is retained in the sequence of the deleted molecule. (c) Forward and reverse reads
containing the deleted region are aligned to the mtDNA reference leading to two soft-clipping events occurring at positions called forward and reverse soft-
clipping positions. (d) Soft-clipped and upstream perfect match sequences are retrieved and realigned using BLASTN. (e) Breakpoint positions are predicted
by searching bidirectional BLAST between forward and reverse soft-clipping positions. Unidirectional BLAST and insufficient BLAST number are removed
from the analysis. (f) Final outputs of eKLIPse analysis. eKLIPse provides a Circos graphical representation and two descriptive tables summarizing the main
findings of each mtDNA deletion (breakpoint nucleotide locations, deletion sizes, mutant loads) and the cumulative deletion percentage related to each

mtDNA gene locus.

Finally, eKLIPse creates a Circos plot summarizing most
features, visualizing in silico deletion predictions in a very
intuitive way (Fig. 2). Indeed, this circular plot uses the
genome organization from the reference GenBank file with
the different annotated mtDNA genes, to report bidirectional
BLASTs represented by red arcs with an intensity propor-
tional to the mutant load, soft-clipping distribution along the
genome, cumulated percentage of deletion load, coverage
depth, and alignment coverage features.
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Analysis of simulated reads
A minimum number of 200,000 sequencing reads were
simulated, based on deletion size or heteroplasmy levels,
coming from a set of identified mtDNA deletions from
MitoBreak either on single reads using CureSim** (Fig. 3) or
paired reads, with Art.”'

To evaluate the accuracy of eKLIPse in the detection of
breakpoints and deletion lengths, a range of mtDNA deletion
sizes combined with flanked repeat sequences of different
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(http://circos.ca).

sizes was tested, including m.306-357del (51-bp deletion, 9-bp
repeat sequence), m.13761-14252del (491-bp deletion, 8-bp
repeat sequence), m.7874-9156del (1282-bp deletion, 3-bp
repeat sequence), and m.6124-15893del (9769-bp deletion, no
repeat), with a fixed 10% mutant load, on single reads
(Fig. 3a). With the default parameters, eKLIPse allowed the
detection of all simulated deletion sizes with a significant
correlation between their theoretical length and eKLIPse
results, as supported by the Passing-Bablok regression (p <
0.0001) (Fig. 3b).

The sensitivity of eKLIPse, i.e., the detection of the mutant
load, was also investigated for both technologies, using a set of
different mutant loads (from 0.1% to 100%) for the common
m.8470_13447del mtDNA deletion. This deletion was detect-
able using single reads with the accurate breakpoint
identification at the lowest mutant load of 0.5%, among a
total of 200.10° reads (Fig. 3¢c). eKLIPse was also efficient for
heteroplasmy quantification, as shown by the Passing-Bablok
regression for single-end reads (p < 0.0001) (Fig. 3d). Similar
performances were obtained for a set of simulated sequences
from paired-end sequencing (data not shown).
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Analysis of patient sequencing data

eKLIPse was then implemented in our bioinformatics pipeline
to assess the detection of mtDNA rearrangements in an
automated analytical process of NGS data. A set of BAM
sequences generated through single-end or paired-end
sequencing was analyzed with eKLIPse for patients carrying
either sporadic or multiple mtDNA deletions due to
pathogenic variants in nuclear-encoded genes involved in
the replisome. The results disclosed abnormal Circos profiles
(Fig. 4), confirming the mtDNA profile obtained by gel
electrophoresis.

Indeed, for patient 1 (P1) a single deletion of about 5 kb
was identified in muscle and uroepithelial samples, although
with a stronger band corresponding to a deleted mtDNA
molecule in the gel electrophoresis for the muscle sample
compared with the uroepithelial sample (Fig. 4a). In parallel,
eKLIPse provided the deletion breakpoints and the hetero-
plasmy level quantification, revealing the m.8470_13447del.
According to the software, the mutant load was estimated to
reach 56% in skeletal muscle, but only 3.5% in uroepithelial
cells (Fig. 4a).

Patient 2 (P2) harbored a heteroplasmic single mtDNA
deletion revealed by long-range PCR in skeletal muscle with
an estimated size of about 4 kb (Fig. 4b). The retrospective
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sentations of eKLIPse for four deletions of 51, 491, 1282 and 9769 bp deletions with 10% mutant load. (b). Correlations between the theoretical deletion
length and eKLIPse results were analyzed for a set of seven deletion sizes (51, 491, 879, 1282, 4977, 7522, 9769 bp) with 10% and 20% deletion load by a
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single-end sequences. Graphical representations of eKLIPse for the common deletion (m.8470-13447del) at 0.5%, 5%, 50% and 100% of deletion load.
(d) Correlations between the theoretical heteroplasmy level and eKLIPse results were analyzed for a wide range of heteroplasmy (0.1-1% per 0.1% step,
1-10% per 1% step, 10-100% per 10% step) by a Passing—Bablok regression (y = -0.0658805 + 0.956424x; Spearman correlation coefficient: 0.996; p <

0001).

computing of the FASTQ files of paired-end mtDNA
sequencing by eKLIPse disclosed the m.8559_12385del
(3826 bp) with a 77% mutant load.

Patient 3 (P3) carried two compound heterozygous variants
in DGUOK (NM_080916.1), c.462 T>A (p.Asnl54Lys) and
c.677 A>G (p.His226Arg), classified as likely pathogenic
according to American College of Medical Genetics and
Genomics (ACMG) guidelines.”> eKLIPse confirmed the
presence of several mtDNA fragments revealed by gel analysis
(Fig. 4¢) and identified 241 deletions ranging from 798 bp to
9527 bp (mean = 4959 bp; SD = 1974 bp), each deletion with
a heteroplasmy load between 0.01% and 4.03% (mean=
0.38%; SD = 0.66%), as illustrated in the Circos graph (Fig. 4c)
and listed in the Supplementary Table 1, as an example of
outputs provided by the software. Importantly, the cuamulated
percentage of deletions reached 75% between MT-COIII and
MT-ND5 genes.

Patient 4 (P4) carried two compound heterozygous variants
of POLG (NM_001126131.1), ¢.925 C>T (p.Arg309Cys) and
c1789C>T (p.Arg597Trp), classified as pathogenic and likely
pathogenic respectively. Gel electrophoresis analysis of long-
range PCR products revealed several bands included in a
smear beneath the wild-type mtDNA, revealing a multiple
deletion process (Fig. 4c). eKLIPse analysis of NGS data
identified a total of 338 deletions from 1652 bp to 7578 bp
(mean = 5015 bp; SD =1264bp) with a mutant load from
0.03% to 3.4% (mean = 0.27%; SD = 0.43%) (Supplementary
Table 1). The cumulated percentage of deletions reached 64%
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of mitochondrial genome lacking the MT-ND4 gene (Supple-
mentary table 1).

Patient 5 (P5) carried two compound heterozygous
pathogenic variants in SLC25A4 (NM_001151.3), the patho-
genic variant ¢368 C>A (p.Alal23Asp) and a likely
pathogenic variant ¢.390del (p.Phel30Lefs*41). Retrospective
computing of the FASTQ files of the paired-end mtDNA
sequencing identified 102 deletions (Circos graph in Fig. 4d)
from 1425 bp to 12808 bp (mean = 7622 bp; SD = 1830 bp)
with the mutant loads ranging from 0.04% to 12.9% (mean =
0.39%; SD = 1.30%), confirming the analysis of long-range
PCR (Fig. 4d). A maximal cumulative percentage of 38.9% of
deletions was reached between MT-ATP6 and MT-ND4
(Supplementary table 1).

DISCUSSION
Multiple mtDNA rearrangements contribute to a significant
part of the pathophysiology of mitochondrial diseases, in
particular those related to aging and neurodegenerative
disorders." Thus efficient sensitive and specific bioinformatics
software characterizing this process from routine NGS
mtDNA sequencing is mandatory for the diagnosis of
mitochondrial diseases and to better explain the contribution
of genome instability in pathological mechanisms. The
eKLIPse software, based on soft clipping, was first developed
for the detection and the quantification of mtDNA deletions
from single-end reads generated through Ion Torrent
technology, and then adapted to paired-end sequencing data
generated by the Illumina technology. The soft-clipping
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Fig. 4 Analysis of patients carrying mitochondrial DNA (mtDNA) deletions. (a) Detection of single deletion from single-end sequencing. Gel
electrophoresis with Patient P1 harboring a heteroplasmic single deletion of approximately 5 kb detected by long-range polymerase chain reaction (PCR)
analysis in muscle and uroepithelial cells. Circos graphical representations with the common deletion (m.8470_13447del) in muscle (left) and urine (right)
samples with respectively 56% and 3.5% of mutant loads. (b) Detection of single deletion from paired-end sequencing. Gel electrophoresis with patient P2
carrying a heteroplasmic single deletion of about 4kb in muscle. Circos graphical representation showing the presence of a 3826-bp deletion
(m.8559_12385del) at 77% mutant load. (c) Detection of multiple deletions from single-end sequencing. Gel electrophoresis with patient P3 harboring two
pathogenic variants in DGUOK and patient P4 carrying two likely pathogenic variants in POLG. Circos graphical representations of patients P3 (left) and P4
(right) with the number of deletions (red arcs) identified by eKLIPse. (d) Detection of multiple deletions from paired-end sequencing. mtDNA long-range PCR
gel electrophoresis with patient P5 carrying two pathogenic variants in SLC25A4 associated with multiple deletions. Circos graphical representation of

patient PS showing multiple deletions (red arcs).

process consists of trimming the ends of reads that do not
align with the reference sequence, to avoid sequencing errors
that occur more frequently at the ends of the fragments
sequenced, and was initially used to investigate nuclear
genome rearrangements.> After an initial validation step
using simulated data to evaluate the sensitivity and specificity
of the detection of rearrangements, the tool was tested on
NGS data from patients carrying either sporadic or multiple
mtDNA deletions, previously identified only by long-range
PCR gel electrophoresis.

Performances of eKLIPse
Until recently, mtDNA deletions were identified either from
NGS data due to the reduction of mitochondrial sequence
coverage,” real-time PCR,” or by Southern blotting,”® with
limitations in the detection of the mutant load. To gain
sensitivity and insights in the pathological process, we
designed eKLIPse and assessed its performances on data
generated through the two most frequent NGS technologies
used to date, i.e., Ion Torrent and Illumina platforms.
eKLIPSe sensitivity was highly correlated to the total
number of sequencing reads. For the in silico validation, a
read aligned on the mtDNA reference sequence was required,
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allowing the detection of low mutant loads with a limit of
detection reaching a ground level of 0.5%. This sensitivity was
approximately five times higher than those reached by digital
PCR technology, with the assessment of minimal mtDNA
deletion load of 2.8% (ref. *). But, because the performances
of eKLIPse are conditioned by the sequencing quality and the
coverage depth, the limit of detection may vary according to
the sequencing platform and the number of aligned reads. For
patients analyzed in our clinical diagnostic department, the
median coverage was 1.74.10° aligned reads, enabling a
detection level of mtDNA deletions at mutant load below
0.5%. This increased sensitivity improved the detection of
multiple mtDNA deletions related to aging and mitochondrial
diseases, consistently reducing false negative rates. Whatever
the variant load, eKLIPse accurately determined the deletion
breakpoints and length, even in the case of overlapping
multiple deletions. As previously described, for the three
patients carrying multiple mtDNA deletions, 85% of deletions
were located within the major arc®® and most deletion
breakpoints occurred near direct or indirect sequence
repeats.” The gain of sensitivity did not affect the tool
specificity, false-positive deletion detection being minimized
by the minimal requirements of the reciprocal bidirectional
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Fig. 5 Graphical user interface of eKLIPse. Screenshots of eKLIPse from left to right: eKLIPse homepage, window for launching eKLIPse analysis with all
tunable parameters, and window to display and monitor the analysis in real time.

BLAST of both perfect upstream match extension and soft-
clipping sequences. Similar to other bioinformatics tools, the
quality of eKLIPse results will be highly dependent on the
sequencing quality of NGS data, especially removing NUMTs
during the amplification process. Therefore, eKLIPse avoided
the identification of false deletions due to degraded DNA
samples, unlike Southern blot,> or leading to bad sequencing
quality associated with numerous soft-clipped sequences or a
reduction of the coverage depth due to PCR amplification
problems. In addition to the detection of rearrangements,
eKLIPse provided an accurate estimation of the deletion load,
similar to other digital PCR methods® or real-time PCR,>”*
but with greater detection sensitivity.

eKLIPse is a user-friendly bioinformatics tool for the
detection of mtDNA deletions
eKLIPse was initially developed for the diagnostic clinical
setting with a Windows interface, for an easy launch of
analyses with a graphical user interface (Fig. 5). A user guide
is also available to facilitate its implementation (https://
github.com/dooguypapua/eKLIPse). In addition, the script is
also available, allowing the tool to be easily integrated into a
local pipeline by bioinformaticians. eKLIPse provides a wide
set of results: a user-friendly and fast identification of mtDNA
deletions with a graphical representation, and two tables for a
complete description of these deletions (e.g., breakpoints,
mutant loads) (Fig. 1f). The consequences of mtDNA
rearrangements with the cumulative percentage of deletions
according to the mtDNA gene localization are also provided.
Digital PCR was also recently described as a method to
quantify mtDNA deletions,” but it requires the development of
a specific assay for each gene, whereas eKLIPse provides the
information for all the different mtDNA loci at the same time.
Another advantage of eKLIPse is its modularity. Initially
developed for human mtDNA, eKLIPse can be used to analyze
mtDNA from other species, with the possibility of loading a
new specific reference sequence, conversely to other soft-
wares.'®* In addition, all the default settings can be changed to
match specific mtDNA NGS strategies or research hypotheses.
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eKLIPse allows a better understanding of the consequences
of mtDNA deletions

Clinical features of mitochondrial diseases associated with
mtDNA sporadic or multiple deletions are highly heteroge-
neous.>”’ The pathophysiology of mtDNA deletion syndrome
results in protein synthesis defects, concordant with the fact that
all deletions so far identified remove at least one structural
tRNA or rRNA gene, which are essential for mitochondrial
translation.”” However, no genotype-phenotype correlation has
been made related to the clinical severity, regarding the
molecular characteristics of deletions in patients carrying
single””*° or multiple deletions associated with mtDNA
maintenance defects.” It was suggested that high mutant loads,
imperfect sequence repeats surrounding the deletion break-
points, and a reduction of the percentage of the “common”
deletion are associated with higher severity and earlier onset of
the clinical presentation.” eKLIPse has the great advantage to
provide a complete list of deleted mtDNA genes, especially
those encoding tRNAs, with a cumulated heteroplasmy load for
a given mtDNA gene, which can be then correlated to the
patient phenotype. Examples provided in this study showed that
the accumulation of mtDNA deletions in patients carrying
multiple deletions could reach more than 75% of one or many
mitochondrial genes. Hence, it appears important to identify
and quantify the genes that have been deleted, to evaluate the
consequences of mtDNA rearrangements and establish
genotype-phenotype correlations.

Another interesting field with the potential to improve
patient management is the distinction between multiple
mtDNA deletions associated with aging and those due to
mtDNA maintenance defects. Interestingly enough, during
the aging process, some mtDNA deletions occur preferentially
in healthy tissues in the D-loop or at the origin of the L-strand
replication (OL), with a preferential breakpoint between
nucleotides 16001 and 16100, whereas deletions related to
mtDNA maintenance defects are not associated with a loss of
the origin of replication.” Hypothetically, the analysis with
eKLIPse of larger cohorts of elderly patients compared with
patients harboring pathogenic nuclear variants in genes
involved in mtDNA maintenance will highlight other
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molecular features that can distinguish both situations. The
latter analysis may potentially lead to the identification of
mtDNA multiple deletion profiles specific for the different
alterations of mtDNA maintenance defects, establishing
correlations between the identity of the mutated gene and
the mtDNA deletion profile. Future studies of large patient
cohorts harboring mtDNA rearrangements will be required to
explore the molecular consequences of multiple mtDNA
deletions with respect to clinical presentations. In addition,
eKLIPse will be useful for other applications such as
evaluating the acquisition of somatic deletions during
tumorigenesis by comparing healthy tissues and the corre-
sponding tumor.

In conclusion, eKLIPse is a sensitive, specific, and accurate
new tool for the detection and the quantification of mtDNA
deletions from NGS, regardless of the mtDNA library
construction or the NGS technology used. eKLIPse can be
easily implemented in an in-house bioinformatics pipeline,
allowing a complete one-step molecular analysis of mtDNA
through NGS, to provide an user-friendly way to launch the
analysis and visualize the results in a standard presentation
that can be associated with a clinical diagnostic. In this
respect, better detection and quantification of the conse-
quences of mtDNA multiple deletion syndrome in mitochon-
drial disease patients will provide key information, allowing
important genotype—phenotype correlations and unraveling
precisely the pathophysiological mechanisms related to
mitochondrial genome instability.
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