Received: 27 July 2021

Revised: 11 February 2022

Accepted: 25 March 2022

DOLI: 10.1002/mgg3.1943

ORIGINAL ARTICLE

Molecular Genetics & Genomic Medicine

WILEY

Whole exome sequencing is an alternative method in the
diagnosis of mitochondrial DNA diseases

Chong Sun' | Shengyang Wu®? | Ruiguo Chen’ | Junwu Liu’ | Jiasen Wang® |

Yanyun Ma®? | Zhulin Yuan® | Yuezhen Li’

'Department of Neurology, Huashan
Hospital, Fudan University, Shanghai,
China

2Berry Genomics Co., Ltd, Beijing,
China

Correspondence

Yuezhen Li, Berry Genomics

Co., Ltd, Building 5, Courtyard 4,
Shengmingyuan Road, ZGC Life
Science Park, Changping District,
Beijing 102200, China.

Email: liyuezhen@berrygenomics.com

Abstract

Background: Mitochondrial disease (MD) is genetically a heterogeneous group
of disorders with impairment in respiratory chain complexes or pathways asso-
ciated with the mitochondrial function. Nowadays, it is still a challenge for the
genetic screening of MD due to heteroplasmy of mitochondrial genome and the
complex model of inheritance. This study was designed to investigate the feasibil-
ity of whole exome sequencing (WES)-based testing as an alternative option for
the diagnosis of MD.

Methods: A Chinese Han cohort of 48 patients with suspect MD features was
tested using nanoWES, which was a self-designed WES technique that covered
the complete mtDNA genome and 21,019 nuclear genes. Fourteen patients were
identified with a single genetic variant and three with single deletion in mtDNA.
Results: The heteroplasmy levels of variants in mitochondrial genome range
from 11% to 100%. NanoWES failed to identify multiple deletions in mtDNA com-
pared with long range PCR and massively parallel sequencing (LR-PCR/MPS).
However, our testing showed obvious advantages in identifying variations in nu-
clear DNA. Based on nanoWES, we identified two patients with nuclear DNA
variation. One of them showed Xp22.33-q28 duplication, which indicated a pos-
sibility of Klinefelter syndrome.

Conclusion: NanoWES yielded a diagnostic rate of 35.4% for MD. With the rapid
advances of next generation sequencing technique and decrease in cost, we rec-
ommend the usage of nanoWES as a first-line method in clinical diagnosis.
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1 | INTRODUCTION

Mitochondria are one of the major ancient endomembrane
systems in eukaryotic cells containing their own genetic
system (Couser & Gucsavas-Calikoglu, 2017). Human
mitochondrial DNA (mtDNA) is a circular molecule of
16.5 kb, encoding 13 polypeptides, 22 mitochondrial
transfer RNAs (mt-tRNAs), and 2 ribosomal RNAs (12S
and 16S ribosomal RNAs) (Couser & Gucsavas-Calikoglu,
2017; McCormick et al., 2018; Riley et al., 2020). The
structure and function of mitochondrion are under dual
genetic control. The majority of mitochondrial proteins
are encoded by nuclear DNA (nDNA), with merely 13 pro-
teins in oxidative phosphorylation (OXPHOS) pathways
encoded by mtDNA (Cooper & Davies, 2000; McCormick
et al., 2018). Most human nucleated cells have 500 ~2000
mitochondria, and there are multiple copies of mtDNA
in each mitochondrion (Couser & Gucsavas-Calikoglu,
2017). In contrast to nDNA, mtDNA is maternally inher-
ited. In addition, the heteroplasmy of mitochondrial ge-
nomes with a specific variant may differ greatly between
tissues. Heteroplasmy is defined as presence of two or
more types of mtDNA in an individual, which is caused by
somatic mutation and maternal cytoplasmic inheritance.
This characteristic led to presence of heteroplasmy in the
majority of causative mtDNA variants. Mitochondrial dis-
eases (MDs) have revealed dramatic variability in the phe-
notype even when patients harbor the same variant. The
dosage of mutated variants affected the type and severity
of symptoms in MD patients. A theory called threshold
effect (Gorman et al., 2016) was previously affirmed that
even a causative variant would not trigger the MD dis-
ease unless the proportion of mutated mtDNA co-existing
with wild type mtDNA reaching a certain threshold. In
addition, an increased proportion would alternate the
phenotype (Rossignol et al., 2003). These features lead to
the complexity of clinical presentations in MD patients
(Koopman et al., 2012).

MD can occur at any age with an estimated prevalence
of 1:5000 (Falk & Sondheimer, 2010; Kerr et al., 2020;
Skladal et al., 2003), typically those with hypotonia, car-
diomyopathy, lactic acidosis, hearing loss, isolated vision
loss, and seizure (Chinnery & Hudson, 2013). Primary MD
results from impairment in respiratory chain complexes.
Besides, mitochondrial dysfunction could be secondary
to other genetic syndromes (Niyazov et al., 2016; Valenti
et al., 2014). Therefore, it is still a challenge to confirm the
MD due to genotypic heteroplasmy of pathogenic mtDNA
variations, and its broad clinical phenotypes.

Nowadays, extensive methods have been utilized in
the diagnosis of MD, including magnetic resonance im-
aging (MRI), biopsy, and biochemical tissue analysis.
Genetic screening is only performed for the selection of

gene mutations (Wortmann et al., 2015). To date, sev-
eral high-throughput methods have been used for the
genetic screening of MD. For instance, long-range PCR
and massively parallel sequencing (LR-PCR/MPS) has
been validated as a valuable method for accurate quan-
tification of nucleotide heteroplasmy. Besides, it is also
sensitive to detect heteroplasmy as low as 1.5% at every
single-nucleotide position of the entire mitochondrial ge-
nome (Cui et al., 2013). However, it is still a difficult task
to detect the variation in ~1300 nuclear genes involved in
the pathogenesis of MD (Alston et al., 2017). Next gener-
ation sequencing (NGS), especially the extensive utility of
whole exome sequencing (WES), is widespread in screen-
ing nDNA variations. Several studies have focused on the
usage of panel-based ES in screening mtDNA and nDNA
variants in specific diseases (Abicht et al., 2018; Levy
et al., 2021; Puusepp et al., 2018; Schoonen et al., 2019).
Nevertheless, rare attention has been paid to the WES in
genetic diagnosis of complex diseases such as MD. In a
previous study, Griffin et al. (2014) focused on the effi-
ciency of three “off-the-shelf” exome capture kits in the
identification of pathogenic point mutations in MD pa-
tients, compared with the Sanger sequencing. This study
expanded our vision that exome sequence held its utility in
a diagnostic setting to screen both protein-coding nuclear
genes and mtDNA. Quality control, ethnic origin, and ma-
ternal ancestry were also able to acquire when performing
ES rather than conventional Sanger sequencing (Griffin
et al., 2014). These results indicated that with a basic min-
imum base coverage, whole-exome capture would reliably
detect the mtDNA variations effectively. However, nuclear
mitochondrial DNA sequences (NUMTs) are reported to
trigger mis-mapping causing false positive and negative in
NGS test covering both genomic and mitochondrial genes.
In a recent study, Singh et al. (2021) focused on the clas-
sifier algorithm of alignments of NUMTs and authentic
mtDNA. MitoScape algorithm, based on random forest sys-
tematically, contributed to solve the misalignment caused
by NUMTs and decreased false positives to zero (Singh
et al., 2021). The two-step NGS approach was a consider-
able strategy to detect MD pathogenesis. The strategy was
based on sequential combined single long-range PCR on
mtDNA and homozygosity mapping and WES on nuclear
genes. MtDNA analysis yield a 20% diagnostic rate, while
a subsequent WES yield an additional 49% diagnostic rate
in nuclear genes. This strategy was a comprehensive and
unbiased approach for the genetic diagnosis among MD
patients (Theunissen et al., 2018). However, clinical evalu-
ation of a parallel sequencing which simultaneous detects
mtDNA and nDNA in the clinical setting to diagnosis of
MD is still not elucidated.

This retrospective study was conducted to investi-
gate the efficiency of a self-designed exome capture kit
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(designated as nanoWES) covering the complete mtDNA
genome and 21,019 nuclear genes based on a Chinese co-
hort of 48 patients with suspect MD features.

2 | MATERIALS AND METHODS
2.1 | Editorial policies and ethical
considerations

The protocols of this study were approved by the Ethics
Committee of Huashan Hospital, Fudan University.
Written informed consent was obtained from each subject.

2.2 | Patients

The retrospective study enrolled 48 patients with sus-
pected MD from 2018 to 2019 who underwent genetic
tests in the Department of Neurology, Huashan Hospital.
Patients who were positive for nuclear gene variants in the
previous tests were excluded from this study. All patients
were Han Chinese, and the demographic features of these
cases were provided in Table S1.

2.3 | Sample preparation

Sample DNA was extracted from whole peripheral blood
or skeletal muscle tissues as previously described (van der
Walt et al., 2012). Target-enriched capture was performed
with nanoWES kit v1.0 (Berry Genomics, Beijing, China).
The nanoWES probe could cover 56.7 Mb DNA, including
whole exons and exon-intron boundaries of 21,019 nuclear
genes. The probe also covers 16.5 Kb mtDNA which is the
complete mitochondrial genome. The nanoWES probes
covered 93.0% genes in OMIM database and 98.6% genes
in HGMD database. In brief, DNA was first fragmented
to ~200bp. Then, repair end, 3’-dA overhang and adaptor
ligation were performed on the fragmented DNA. Purified
ligation product was then hybrid with nanoWES probe to
enrich target genes without PCR amplification. Exome li-
brary was then obtained by removal of un-ligated adaptor,
PCR amplification and purification. Exome library was
quantified by Real-Time RCR, followed by sequencing on
Illumina Novaseq6000 (Illumina, CA, USA).

2.4 | Data analysis

Workflow of bioinformatical analysis was shown in
Figure S1. Briefly, the sequencing reads were mapped to
human reference genome (GRCh38) using BWA software
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(Burrows-Wheeler Aligner) (Li & Durbin, 2010). PCR
duplicates were removed by using Picard v2.10.7 (http://
picard.sourceforge.net/). Samtools, sambamba, bedtools,
GATK, and in-house software VeritaTrekker® (Berry
Genomics, Beijing, China) were used in further data
processing and variants calling (Li et al., 2009; Quinlan
& Hall, 2010; Tarasov et al., 2015). Mutserver was em-
ployed for mitochondrial variants calling (Weissensteiner
et al., 2016). Lumpy tools were used for CNV identifica-
tion in mtDNA (Layer et al., 2014). Variant annotation
and interpretation in nuclear genome were conducted
by ANNOVAR (Wang et al., 2010) and Enliven® in-house
software (Berry Genomics, Beijing, China). MITOMAP
and ClinVar databases were used in variant annota-
tion and interpretation in mtDNA (Brandon et al., 2005;
Landrum et al., 2014). Single nucleotide variant (SNV) was
confirmed by Sanger sequencing, and was classified ac-
cording to the American College of Medical Genetics and
Genomics guidelines (Abou Tayoun et al., 2018; Biesecker
et al., 2018; Ghosh et al., 2018; McCormick et al., 2020;
Richards et al., 2015).

3 | RESULTS

In total, 48 patients (male: 27; female: 21; age: 5-76yrs) with
suspected clinical MD symptoms were enrolled in this ret-
rospective study. Patients positive for nuclear gene variants
previously or confirmed with pathogenic nuclear gene vari-
ants were excluded. Eight patients showed muscle weak-
ness (Pt. 1/9/13/19/25/27/28/37). Eleven patients showed
obvious ptosis (Pt. 1/3/6/10/11/29/34/43/47/48/52). Three
patients presented external ophthalmoplegia (Pt. 21/47/52).
Four patients (Pt. 9/12/31/47) showed hearing impairment.
Ten patients showed visual impairment or blurred vision
(Pt. 5/9/14/15/18/24/26/30/44/46). Five patients showed
memory impairment (Pt. 2/12/17/44/49). Epilepsy was di-
agnosed in seven patients (Pt. 23/31/33/37/39/41/51). Two
patients exhibited respiratory failure (Pt. 27/32).

Twelve patients (Pt. 1/6/13/16/19/20/21/25/26/32/37/
50) underwent electromyogram and showed myogenic
damages. Three cases (Pt. 6/13/50) received determination
of cytochrome oxidase (COX) analysis and the results were
normal. Two patients (Pt. 12/39) showed brain atrophy after
MRI. Seven cases (Pt. 6/13/26/27/28/37/50) underwent
Gomori trichrome staining. All of them showed character-
istic ragged-red fibers under the microscope, which implied
the accumulation of abnormal mitochondria in muscle fi-
bers (Table S1).

All the 48 patients received WES analysis. The work-
flow of analysis was shown in Figure S1. On average, the
nuclear genome was covered to 90X depth, and mtDNA
was covered to ~5000x depth. The boxplot of depth of
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nuclear genes and the nuclear encoded MitoCarta genes
was shown in Figure S2. A considerable data quality of
both nuclear and mitochondrial genes was revealed.
Disease-causing gene variants in mtDNA and nDNA were
confirmed by a multidisciplinary team, and the outcome
of analysis was listed in Tables 1-3. Ten patients were iden-
tified to present with causative mitochondrial variants
in mtDNA (Table 1). The heteroplasmy of these variants
was in a range of 11% to 100%. SNV m.3243A > G was the
most common mutation in MT-TL1 with a mean hetero-
plasmy of 14.3% (11.1%-89%), which encoded a mitochon-
drial tRNA leucine. CNVs in mtDNA were inspected by
Lumpy, and then were manually reviewed by Integrative
Genomics Viewer (IGV) (Robinson et al., 2017). Single
deletion was identified in four patients (Pt. 1/6/16/52),
and multi-deletion was detected in one case (Pt. 3), with
the heteroplasmy in a range of 13% to 81% (Table 2 and
Figure S3). We also adopted mity tool, a sensitive analysis
pipeline in identifying low-level heteroplasmic mitochon-
drial SNV and INDEL (Puttick et al., 2019), which showed
that no further variants were identified. We then further
compared the heteroplasmy detected using our test with
that of LR-PCR/MPS, the mean and standard deviation of
the difference was 0.183 + 1.654%, which revealed a quali-
fied performance from our test on heteroplasmy.

Among those patients harboring no causative vari-
ants or CNVs on mtDNA, variants and CNVs on nDNA
were identified and reviewed. Two patients (Pt. 23/46)
were identified with causative variation in nDNA. For
the clinical symptoms, one (Pt. 23) showed recurrent ep-
ileptic seizure, migraine headache, and nausea. Genetic
screening indicated that the patient was identified with
duplication in Xp22.33-q28 and a nonsynonymous SNV
NM_000742.4: ¢.1397T> A:p.M466K on CHRNA2 (MIM
No.: 118502). The other case (Pt. 46) showed papilledema
in right eye, visual loss for 5months, and optic atrophy.
Genetic screening indicated 240bp deletion of OPN1LW
gene (MIM No.: 300822) on chromosome 8 and nonsyn-
onymous SNV NM_001077182.3: c.548G > C:p.R183P in
FSCN2 (MIM No.: 607643) on chromosome 17. According
to the previous description (Liu et al., 2020), these two
CNVs were confirmed as disease-causing, and the two
SNVs were classified as variants of unknown significance
(VUS) using REDBot according to ACMG guideline.

LR-PCR/MPS-based approach was also used to con-
firm the variants detected by nanoWES in mtDNA (Cui
et al., 2013). Similar results were obtained in SNV iden-
tification (Tables 1-3). Besides the four cases with sin-
gle deletion in mtDNA mentioned above, two cases (Pt.
21/47) were identified with single deletion and three
cases (Pt. 28/36/50) with multi-deletions by LR-PCR/
MPS (Table S2). However, we carefully inspected the

corresponding nanoWES bam files in IGV, and no notice-
able change was found in our data (data not shown).

In total, ten mitochondrial SNV, five mitochondrial
deletions, and two nuclear variants were identified by
nanoWES in the cohort. The diagnosis rate was 35.4%
(Tables 1-3).

4 | DISCUSSION

In this study, a Chinese cohort with suspect MD was ge-
netically detected by nanoWES, which resulted in a diag-
nosis rate of 35.4%. Based on the broad coverage spectrum
of nanoWES probes covering complete mtDNA genome
and more than 20,000 nDNA genes, we identified 15 pa-
tients with mtDNA variations and two patients with
nDNA variations. LR-PCR/MPS was also adopted to verify
the variations in mtDNA. Compared with LR-PCR/MPS,
nanoWES yielded almost equivalent efficiency in detect-
ing SNV in mtDNA, but its efficiency in detecting CNV
was lower compared with LR-PCR/MPS (Tables 1 and 2).

The clinical phenotypes of MD are rather complicated.
In a previous study, the diagnostic rate of cohorts yielded
by WES ranged from 35% to 59% (Puusepp et al., 2018;
Riley et al., 2020). Our nanoWES yielded a diagnostic rate
of 35.4% for the screening of MD. The diagnostic yield was
considered to be associated with the following aspects:
MD scoring systems were adopted to make a solid clinical
diagnosis. Up to now, several scoring systems have been
proposed to evaluate the probability of MD, which take the
clinical features, brain imaging, and pathomorphological
results into consideration (Morava et al., 2006; Nissenkorn
et al., 1999; Walker et al., 1996). For instance, based on
an MD severity score method designated as Morava
et al. (2006), Riley et al. (2020) reported a diagnostic rate
of 67% for MD. It has been reported that trio analysis on
other family members based on WES would increase the
diagnostic rate. For example, Strande and Berg (2016)
showed that trio sequencing could increase the diagnostic
rate by 8%-17% in WES analysis. Furthermore, we used
the samples derived from peripheral blood and skeletal
muscle tissues, as sample type was also crucial in genetic
diagnosis. Indeed, genetic diagnosis merely based on pe-
ripheral blood is not sufficient to identify the tissue spe-
cific variants.

Other genetic syndromes (e.g., neuromuscular met-
abolic disorders) show phenotypes of secondary mito-
chondrial dysfunction, which may present overlapped
phenotypes with MD (Niyazov et al., 2016). This may
lead to misdiagnosis of genetic syndrome into MD. Panel-
based ES for MD has apparent shortcomings in such appli-
cation scenarios and may ignore variants causing primary



50f9

—WILEY

'SSO[ SULIBaY] [BINSULIOSUDS “THNS Ioquunu juanjed “oN 14 ‘SIs01a]0s adnnui ‘SN AyjedoAuwr [eLIPUOYO0IIUL ‘INIA] SSOUJEIP PUE S)OGRIP PIILISYUI A[[RUId)e ‘TN ‘OWOIPUAS SI9qI)
pa1 pad3er pue Asdoqide snuopoAW ‘TYYHIA QUIOIPUAS Saposida ay1[-9301)s pue ‘SIsoproe onoe| AyjowoirpedoAworeydaous [erpuoydoil ‘SY TN ‘Ayredoinauondo A1ejrpaiay s,1999] ‘NOH'T SAN[IqesIp [enjod[[a)ur
‘1 ‘S1S0I2[0sO[NISUWIO[S [eJuaWISAS [8D0] ‘SOHS,T $SSAUFEIP JNOYIIM IO [IIM SIJ2qRIP PIILIdYUI A[[eurajet ‘N ‘erSordoureyiydo reuraixs aarssardord oruoIyd ‘QH gD ‘I9pIosIp wnnoads wsnne ‘qSy SUORIAIqQY

Molecular Genetics & Genomic Medicine

SUN ET AL.

Open Access,

uonouNysAp ueSIo-nnuw + SBIpILd
“dSV SOSA ‘WA -0ddD “THNS

{AAIN ‘AANA QWoIpUuAS Y3 ‘SYTHIN [oaads s[qrsuayarduoout :adoouss I'TL-LA %UTL ‘D<Veprew %IT ‘D <VEPTE W or
uonouNJsAp Ue3IO-NNW + JBIPILD
‘dSV SOSA ‘WA -0ddD “THNS
{AAIN (AdING “QWoIpUAS Y3 ‘SYTHIN BISTIBU :90BPEAY :2INZISS I'TL-IN %Y'TE ‘D <VeEPTEW %EE ‘D <VEYTEW €€
QWOIpUAS uoneroxaa1d
Ayyedoreydsousoynay ‘uorsualradAy ‘oinjrey A1ojerrdsar ‘eruournaud
{I9pI0SIP poout dAISSaIdap (TN ‘1opIosip winaydads eondo sniPAwoINaN MIL-LIN %696 ‘D < Ve W ‘%96 ‘D < Vireg W 43
uonounysAp uedIo-ninu + JBIpILd
‘dSV $OSA ‘WA ‘:0ddD “THNS yusurreduur
‘AdIN ‘ddNd QWoIpuAs yse ‘SYTIIN SuLreay ‘2INZIes ‘SMII[AU SAJOGRIP 3301S I'TL- LN %9¥T ‘D <Veprew %ET ‘D <VePTe W 1€
eruosAp aarssardord :NOH'T UOISIA parnq spunau ondo PAN-LN %L66 V<O8LLIT'W %001 ‘V<O8LLIT W 0€
uonounysAp uedIo-ninu + JeIpIed SISB}O9[®
{ASV ‘SOS SININ ‘0FdD ‘THNS ‘eruowrnaud ‘uorsnyje reanard ‘ainjrey
‘AAIN ‘AN SWOIpuAS YSIOT SYIIIN  AT01eIidsal ‘ewiapa pazi[eIduasd ‘ssaus{eam S[sny I'LL-IAN %898 ‘D <Veprew %ES ‘D <VEPTEW LT
uonounysAp uedIo-ninu + JeIpIed
-dSV ‘SOSA ‘NI -0HdD “THNS
‘AAIN ‘I dWoIpuAS YSIT SV ITIN UOISIA palin[g I'LL- LN %698 ‘D <Veprew %68 ‘D <Veprew 9C
B1u0)sAp aa1ssa1301d NOH'T UOISIA paLIn[g FAN-LN %BL'66 V <OYLLIT W %001 ‘V<OSLLITW ST
9NSSI} QAN}OIUUOD
eIu0IsAp aarssaidord NOHT [EISAWIOPUS PISLaIOUI ‘SSaUNBAM J[OSNA PAN-LIN uonafep aidnmn %pE V<OYLLIT W €T
uonoUNJsAp ue3Io-[}[nwW + SeIPILd
‘dSV SDSA ‘WA -0ddD “THNS ssouyeom
‘AAIN ‘AdNd dWoIpuAS YST SV ITIN oposnwi ‘yuswniredwr Surreay JuouLiredu [ensip I'TL-IN %S YT ‘D<Veprew %ST ‘D<VEPZEW 6
(dewolrjA)) aseasip/adAyjouayd pajerdoossy swoydwifs/suSig audn (SAIN/9Dd-971) SAMOUBN ‘ou 3d

sIsATeue aanereduwo)

SAN/IDd-dT PUe SHM Aq VNQIU UT PAYIUSPI sjURLIBA N JOANS T HT19V.L



SUN ET AL.

Open Access,

Molecular Genetics & Genomic Medicine

MWI LEY—

(£49209 :ININO) 0€ esoruswdid sprunay

(27800¢ :INIINO) SILIdS
uejoiq J.mﬁhmnm nmmoﬁﬁﬁﬂbgoﬁo\b Ucm %UNEO.HQOOEOE Qu0) QS—m

(Z0OSSTT :NIINO) + 2d£ ‘oqo] Te3uoy reurnioou ‘Asdafidg

(¥6L669T
:dINd) seanyesj Teroe] orydiowsA( (KIIqesIp [en3od[[Iu]

aseasIp/adAjouayd pajeroossy

eidordowreyyydo
- reuwraixg Kyiqedney £seq ‘s1soid

- ayoepeaHq

- S1501q

JySrom
Apoq pasea1dd( (SIS0} JUSUIOAOUL
- 349 Jo fewiIouqy ‘08NISA

QWOIPUAS

21KeS-SUTRSY] SSOUBAM J[ISNA ‘SIS0IJ

aseasip/adfyouayd
pajeroossy

suroyjdwids/susig

juawireduw [ensiA pue ewapa[[ided

SIsoproe

ZNOSH

MTINdO
CVNIHD

J1)0®] (9Y0J)S ‘SNII[[W SAJRIP (9INZIDS -

suwroyduwifs/susig

SAN-LW “T¢AN-LN ‘+AN-LN
‘EAN-LN -€XOD-LN “8d.LV-LN ‘9d.LV-LN
9AN-L ‘SAN-LN ‘$AN-LN
9AN-LN
‘SAN-LN “THAN-L “*AN-LN ‘€AN-LN
SAN-LW-TTL-LN-CSL-LN-HL-LWN-*AN
LN TP AN-LA-Y L-LA-EAN-LND.L
~LN‘€00-LN-9d.LV-LN-S8d.LV-LIN-JL
~LN‘2OO-LN'AL- LA ISL-LATIOD
“LNAL-IN-DL-LANL- LNV
LM IL-IAN-ZAN-LNWL-LNOL-LN
SAN-LN “T¢AN-IN -vAN-LN
‘EAN-LN “€X0D-LN “8d.LV-LN ‘9dLV-LN

Quan

Quan

1oquinu juanyed “ON 14 :UONBIARIGQY

dE8TI'd:D <D/ :€'T]ILLOTO0 NN

[9P €€S9STHST-€629S THS T:XIUD
M99PIN'A:V < LL6ETD :+°THL000 NN

uoneoridnp ggb-c¢ zzdx

SjuerreA

14

€C
‘ON 3

SHMOUEN £Qq PoYIIUADT SIUBLIEA YN 1BIONN € ATAV L

[P COvET-CS08 W~
[9P LTEVT -LL8OT W~

[9P 0SS¥T1-00TOT W~

UOBR[RP-HINIA

[P C0VET-C0S8 W~

(Sdn
/d2d-97) stshjeue
aanjereduwo)

‘roquunu juanjed “oN 14 :UONBIASIqQY

%ET ‘TOP TSHET-SLYY W
%S ‘T9P 6SEYT-LF80T W

%18 ‘19P 865+ T-0S00T W

%8T ‘[P 9OPPET-18H8 W [Op TTHET-ISEY W

%TL ‘TP 6SYET-E8F8 W
SAMOoUEN

[45
91

‘ON 3

SAN/¥Dd-dT Pue SHMOUEU £q VN IUI UT POYTIUSPI SJUBLIEA (T JO UOTR[AP S[SUIS 7 ATV .L



SUN ET AL.

Molecular Genetics & Genomic Medicine_wl LEYJ7_°f9

genetic disorders of the complex phenotype. Thus, WES
product with a wide coverage spectrum on both mtDNA
and nDNA would greatly benefit genetic diagnosis. In
this study, we identified two patients with nDNA variants
(Table 3). Moreover, one patient (Pt. 23) showed duplica-
tion in Xp22.33-q28 (156.04Mb) (pathogenetic variants
according to ACMG guideline), which implied that the
patient may suffer from Klinefelter syndrome (El-Hattab
et al., 1993). Thus, genetic diagnosis of either MD or other
complex diseases would greatly benefit from wide usage
of WES. A previous study attempted to integrate tradi-
tional WES probe from Agilent and unique mtDNA probe
(Falk & Sondheimer, 2010). The coverage and stability
generated in our study were similar with them. However,
we aimed at more MitoCarta genes (>12 genes) in previ-
ous published work and designed probe to detect bound-
aries of exons and introns and flank regions, which would
provide more information to interpretation and diagnosis
(Falk et al., 2012).

Despite a genetic diagnosis rate of 35.4% in this study,
31 cases remain unresolved by WES. Five patients were
detected with single or multi-deletions in mtDNA by LR-
PCR/MPS. However, no obvious changes were found by
manually inspecting corresponding bam files in IGV (data
not shown). The possible reason is that LR-PCR/MPS can
enrich the entire mitochondrial genome by single-amplicon
long range PCR, which greatly improves the detection sen-
sitivity and accuracy of multiple mtDNA deletions with
unequivocally mapped break points. No causal variants
were detected in the other 26 patients by both nanoWES
and LR-PCR/MPS. One possible explanation is protein-
coding variants, covered by whole exome region, could only
account for around 85% of Mendelian disorders (Kaname
et al., 2014; Majewski et al., 2011). Due to the limitation of
whole exome sequencing method, other type of variants,
like splicing form of genes, structural variants, and variants
in intergenic regions, cannot be identified. Other high-
throughput methods could be adopted as complementation
of WES in further, such as whole genome sequencing, RNA-
seq, and third-generation sequencing techniques. Kremer
et al. (2017) reported the successful usage of RNA-seq in
identifying causal variants in TIMMDCI gene. Whole ge-
nome sequencing (WGS) would be another strategy for MD
diseases. However, there are additional turnaround time,
cost and the burden of genetic counseling resulting from
extra unknown significant variants when WGS performing
on MD diseases. On this basis, a technical improvement of
WGS is urgent in MD disease.

Thus, with the decrease in cost and rapid advance of
NGS technique, WES is suitable as the first-tier method
in clinical diagnostic applications. In addition, WES with
broader coverage in mtDNA genome and nuclear genes
would greatly facilitate genetic diagnosis.
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