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Background: Although mutations and dysfunction of mitochondrial DNA (mtDNA) are related to a variety of diseases, few
studies have focused on the relationship between mtDNA and coronary artery disease (CAD), especially the re-
lationship between rare variants and CAD.

Material/Methods: Two-stage high-throughput sequencing was performed to detect mtDNA variants or heteroplasmy and the re-
lationship between them and CAD phenotypes. In the discovery stage, mtDNA was analyzed by high-through-
put sequencing of long-range PCR products generated from the peripheral blood of 85 CAD patients and 80
demographically matched controls. In the validation stage, high-throughput sequencing for mtDNA target re-
gions captured by GenCap Kit was performed on 100 CAD samples and 100 controls. Finally, tRNA fine map-
ping was performed between our study and the reported Chinese CAD study.

Results: Among the tRNA genes, we confirmed a highly conserved rare variant, A5592G, previously reported in the
Chinese CAD study, and 2 novel rare mutations that reached Bonferroni’s correction significance in the com-
bined analysis were found (P=7.39x10~ for T5628C in tRNA*2 and P=1.01x10~ for T681C in 12S rRNA) in the
CAD study. Both of them were predicted to be pathological, with T5628C disrupting an extremely conservative
base-pairing at the AC stem of tRNA*2, Furthermore, we confirmed the controversial issue that the number of
non-synonymous heteroplasmic sites per sample was significantly higher in CAD patients.

Conclusions: In conclusion, our study confirmed the contribution of rare variants in CAD and showed that CAD patients had
more non-synonymous heterogeneity mutations, which may be helpful in identifying the genetic and molecu-
lar basis of CAD.
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Material and Methods

Coronary artery disease (CAD) has become one of the most
common and serious forms of cardiovascular disease affect-
ing national health in recent decades. Although CAD-related
death rates have decreased dramatically in the US since the
1960s [1,2], research by Zhu and colleagues showed that mor-
bidity due to CAD had increased in developing countries and
decreased in developed countries [3]. Despite the differences
between developed countries and developing countries, CAD
remains one of the most significant global public health issues.

Currently, CAD is considered a multifactorial disease caused
by assorted environmental and hereditary factors. Many risk
factors, such as obesity, smoking, hyperlipidemia, hyperten-
sion, and diabetes, stimulate the progression of CAD. In addi-
tion, genetic factors, primarily the effects of nuclear and mi-
tochondrial genes, also stimulate the progression of CAD. In
recent years, genome-wide association study GWAS and me-
ta-analyses of large-scale studies have identified numer-
ous CAD-related polymorphisms in the nuclear genome [4,5].
Furthermore, as a new driving force of cardiovascular disease,
somatic mutations in blood cells have become a popular top-
ic in the last 2 years, and the contribution of somatic muta-
tions in the hematopoietic system to CAD has also been con-
firmed [6,7]. To date, these somatic mutations and germlines
in the nuclear genome only account for a small percentage of
CAD cases. At the same time, mutations in the mtDNA, which
are similar to the somatic mutations of the nuclear genome,
have been neglected for many years, especially in heteroge-
neity studies. Thus, the question that we aimed to address in
this study is whether mitochondrial DNA (mtDNA) sequencing
can identify new mutation sites associated with cardiovascu-
lar diseases such as CAD.

Mutations in and dysfunction of the mtDNA are related to a
variety of diseases, including cardiomyopathies [8], essential
hypertension [9], diabetes [10], and Leber’s hereditary optic
neuropathy [11]. ATP is produced in the mitochondria through
oxidative phosphorylation within the respiratory chain. Electron
transport is coupled with the production of ATP from ADP.
However, reactive oxygen species (ROS) are byproducts of the
respiratory chain, causing the mitochondria to become the pri-
mary source of reactive oxygen species in cells. Cell death and
oxidative stress, inflammation, and plaque formation and de-
velopment are closely related to ROS. Many studies have ex-
amined the association between CAD and mtDNA [12-14];
however, to our knowledge, few studies have focused on the
heteroplasmy levels of mtDNA. The purpose of this study was
to investigate the relationship between mtDNA and CAD, es-
pecially rare variants and heteroplasmy levels, using extreme-
ly high-depth sequencing.

Patient population

This study was conducted at the Chinese PLA General Hospital.
A total of 85 patients who underwent coronary angiography
(CAG) between April 2017 and September 2018 and met the
criteria for CAD were consecutively enrolled in this study [15].
Additionally, demographically matched healthy controls with
normal computed tomography coronary angiography (CTCA)
and without other associated cardiovascular diseases were re-
cruited. The exclusion criteria were malignant tumors, immu-
nological diseases, pregnancy, lactation, and other conditions
deemed unsuitable for this study. To verify the previous re-
sults, another 100 patients with CAD and 100 controls meet-
ing the same criteria were enrolled. The study complied with
the Declaration of Helsinki and was approved by the Ethics
Committee of the Chinese PLA General Hospital, and the doc-
ument number is S.2017-035-01. Informed consent was pro-
vided by all of the patients before participation in the study.

Additionally, a published Chinese CAD study on mitochondrial
tRNA genes with 80 patients and 512 controls was integrat-
ed into our analysis [16]. A total of 2704 sequences contain-
ing 1865 complete sequences and 839 coding region sequenc-
es were downloaded from the Human Mitochondrial Genome
Database (mtDB) [17] (http://www.mtdb.igp.uu.se/) for anal-
ysis in this study.

High-coverage sequencing of mtDNA
Discovery stage

A pair of primers that targeted the sequence of the MT-
CYTB gene on the mitochondrial DNA but did not
show sequence similarity with the gene on nuclear DNA
was designed in our discovery study (forward primer:
5'TGAGGCCAAATATCATTCTGAGGGGC3’; and reverse primer:
5'TTTCATCATGCGGAGATGTTGGATGG3’) [18,19]. Of the mito-
chondrial genome, 97.99% can be covered by this PCR prod-
uct. The long-range PCR products were then sheared to ap-
proximately 300- to 500-bp fragments and used to construct
libraries for sequencing using Illumina Hiseq4000 (San Diego,
CA, USA). The libraries’ quality was identified using an Agilent
2100 Bioanalyzer. Sequencing reads obtained from this pro-
cess only contained mtDNA data.

Validation stage

The library was prepared using the Library Preparation Kit
(Mygenostics Co., Ltd.), according to the Illumina platform re-
quirements. Briefly, genomic DNA of 1 to 5 pg was fragment-
ed with specific enzymes. The ends of the DNA segments were
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repaired and linked with adapters. The length of the mature
library was approximately 350-400 bp. The library was am-
plified, and its quality was identified using an Agilent 2100
Bioanalyzer. The target regions were captured using the GenCap
Kit® (Mygenostics Co., Ltd.). Biotin-labeled probes of 60 bp
were designed and hybridized to the target region. The tar-
get genes were captured by a covalent combination between
magnetic beads and modified with streptavidin and these bi-
otin-labeled probes. Subsequently, magnetic beads with tar-
get genes were fixed on the magnetic rack. The target genes
were enriched after washing and purification. The library with
the target genes was loaded into the sequencing Flowcell of
the lllumina NextSeq 500 sequencer. A unique “bridge” ampli-
fied reaction occurred, and the fluorescent images were col-
lected automatically.

Determination of background sequencing errors

In the analysis of mtDNA heterogeneity, how to distinguish
heterogeneity levels from background errors has always been
a controversial topic. However, high-coverage sequencing has
permitted the identification of heteroplasmic variants even
when they are relatively rare (>0.2%) [19,20]. To better distin-
guish false-positive and false-negative heteroplasmic sites, we
estimate the background error among the sequencing samples.

The reads for each sample were aligned to the revised
Cambridge reference sequence (GenBank: NC_012920.1) with
no more than 4 mismatches using BWA (bwa_mem_v1.0) and
were stored in a BAM file. Low-quality reads, unmapped reads
and duplication reads were removed. We used GATK’s unified
genotype to identify SNPs and counted the number of reads
supporting the non-reference allele to determine heteroplas-
mic sites. The read depths for each allele were calculated from
mpileup files, which were generated using Samtools software
(version 0.1.18), with the reads of a base quality score less
than 20 (Phred-scaled) for bases and mapping quality scores
less than 50 (Phred-scaled) not counted [18].

Based on the above processing, the background error rate was
determined. The maximum background error rate was 0.45%.
We doubled it (~1%) and used 1% as the heteroplasmic thresh-
old. In addition, only sites with 5% of the samples with mtD-
NA heterogeneity mutations were considered to perform sin-
gle-association analysis. Additionally, we focused our efforts
on rare functional mutations. Functional mutations were de-
fined as follows: 1) the conservative score of mutation sites
was greater than 0.75, or the mutation generated the classic
Watson-Crick base pair for tRNA and 125/16S rRNA; 2) mis-
sense mutations were annotated as “deleterious” by at least 1
of the 2 protein prediction algorithms (SIFT or Polyphen), and
their conservative score was also greater than 0.75.
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Structural analysis

Published website tools (tRNAscan-SE 2.0) were used to iden-
tify the secondary structures of the tRNAs [21] and the clas-
sic Watson-Crick (WC) base pair was detected according to
these structures.

Conservative analysis

We used Muscle software (a popular multiple alignment soft-
ware) to calculate the conservation scores of mutation sites in
17 species by multiple sequence alignment [16]. The score is
the percentage of the human nucleotide variations in 16 oth-
er species with wild-type nucleotides at this site [16].

Statistical analysis

We used the means+standard deviations and percentages
to summarize the results of continuous and categorical vari-
ables, respectively. The t test or one-way analysis of variance
was used to test the continuous variables under the assump-
tion of normal distribution. Otherwise, the Mann-Whitney U
test was used. For categorical variables, chi-square analysis
was performed. All of the statistical analyses were performed
using SPSS software (version 20.0 for Windows), and P<0.05
was considered statistically significant. We also performed
power analysis. Based on the previous studies on CAD [3,22],
we assumed that the prevalence was 0.05 and selected the
Bonferroni’s correction significance (0.05/40=0.00125) as the
significance level [23]. We set the case-control ratio to be
185 cases vs. 2884 controls (our study and the public data-
base [17]). For rare SNVs, we calculated the power based on
different rare allele frequencies and genotype relative risk lev-
els using Power Calculator (http://csg.sph.umich.edu/abecasis/
gas_power_calculator/).

Results

Baseline clinical characteristics

Eighty healthy controls and 85 patients with CAD were en-
rolled in the discovery stage, while 100 healthy controls and
100 patients with CAD were included in the validation stage.
The baseline characteristics of all the participants in the discov-
ery stage are presented in Table 1. The distributions of healthy
controls and patients with CAD were similar in age, sex distri-
bution, blood pressure, and body mass index. Regarding the
biochemical tests, glucose (Glu) was much higher in patients
with CAD in the validation stage (P<0.001), while superoxide
dismutase (SOD) levels were much higher in the CAD group
in both stages.
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Table 1. Baseline clinical characteristics of all participants.

Discovery stage Validation stage

Control (n=80)

CHD (n=85) Control (n=100) CHD (n=100)

Age 63.10+10.69 63.07£11.42 0.763 62.27+11.22 65.11+£12.26 0.524

Malen®) 55 (6875) 63 (1412 0445 61 (6100) 72 (72000 ¢ 0134
CsBP(mmHg) 1233041436 1295621354 0079  12661+1533 1311241412 0145
DBP(MmHg) 71311954 74624921 0316 72451021  7601£994 ¢ 0202
CBMIkg/m) 24728373 25074327 0522 23174217 2488:315 ¢ 0674
CBiochemical
"""" AT(UA) 18854733  2474¢1166 0085 17531942 235741457 0087
"""" ASTUA) 19162984 210581262 0161  1864:827 223241139 0090
"""" TBILmmol) 11714562 11426491 0657  1079:542 12684453 0532
"""" DBIL @mmol/l) 3774186  335¢1.96 0474  355¢163 3824138 0573
"""" Crumol)  7014x1805  89.9643537 0181  73.26+1831  8656x2353 0287
"""" BUN mmo/l)  551:240 6448260 0069 569215 6242293 0182
"""" UA(mmo/l)  37427:2853  397.4843286 0672 3563562661 4039323070 0378
"""" TG (mmoll) 1524063  161£096 0091 159:041  166:0.85 0176
"""" TCH(mmoll) 3932092 422:111 0884 3476078 4526136 0640
"""" HDL(mmoll) 1132033 1054034 0406 116:037  105:0.43 0346
"""" IDL(mmoll) 2408081 2634085 0862 2424087 2724090 0603
"""" GLU(mmoll) 5224136  573+184 0257 5074093 6174215  <0001*
"""" SOD(U/mL) 1552941748  136.54£2062  0010°  156.38+2158 1373121924 0026"

Data are expressed as meanszstandard deviation or percentages as appropriate. ALT — alanine aminotransferase; AST — aspartate
aminotransferase; TBIL — total bilirubin; DBIL — direct bilirubin; Cr — creatinine; BUN — blood urea nitrogen; UA — uric acid;

TG - triglyceride; T-CH — total cholesterol; HDL - high-density lipoprotein; LDL — low-density lipoprotein; GLU — glucose;

SOD - superoxide dismutase. * P<0.05.

Analysis of mtDNA heterogeneity

In the discovery stage, the average depth of coverage for 165
individuals sequenced by lllumina Hiseq4000 was approxi-
mately 7705x, which was sufficient power to detect low-fre-
quency heteroplasmies. This study identified 191 heteroplas-
mic sites, 46 of which were non-synonymous mutations. The
same analysis process was performed for the validation data,
and an average depth of coverage of 2670x was obtained
(Figure 1A, 1B). The average depth of each site and the hetero-
plasmic levels for A, C, G, and T among the 165 mtDNA samples
in the discovery stage and 200 mtDNA samples in the valida-
tion stage are shown in Figure 1C and 1D. Finally, 477 hetero-
plasmic sites were identified, 120 of which were non-synony-
mous mutations, as shown in Table 2.

We further studied the site frequency spectrum of heterogeneity
and found that the derived allele frequency (DAF) distributions

of these sites were significantly shifted toward lower frequen-
cies, consistent with recent reports [20,24]. In the validation
stage, we confirmed that there were many low-level hetero-
plasmic sites in the mitochondria genome, and the frequen-
cy spectral characteristics of heteroplasmy in these 2 studies
were very similar (Figure 2). Perhaps due to the insufficient
sample size, we did not find significant heterogeneity loci as-
sociated with CAD.

Subsequently, we investigated whether the total number of
heteroplasmic sites differed between the CAD patients and
the healthy controls, and we computed heteroplasmy counts
for each sample, using Wilcoxon’s statistic to test the signif-
icance [18]. In the discovery stage, we found that the non-
synonymous heteroplasmy counts were significantly dif-
ferent between the CAD patients and controls (mean fold
increase=1.50; and P=1.51x10"* Figure 3A1-A3). The same
results were produced during the validation stage since the
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Figure 1. Summary of the distribution of read depth (A, B) and heteroplasmic levels of A, C, G, and T for each site (C, D).

Table 2. Summary of heteroplasmy detection in our study.

No. of samples

No. of samples carrying at

No. of non-synonymous
heteroplasmies*
(case/control)

No. of heteroplasmies*
(case/control)

(case/control) least one heteroplasmy
Discovery 165 (85/80) 165
Validation 6200 (100/100) 200

191 (72/36) 46 (18/9)

477 (187/69) 120 (39/13)

* The heteroplasmic sites were split into 3 groups according to the percentage of samples carrying 1 heteroplasmic site (e.g., the
percentage >0%, >2%, and 5%). For each group, we counted the number of heteroplasmic sites.

non-synonymous heteroplasmy counts also showed a signif-
icant difference between cases and controls (mean fold in-
crease=1.19 and P=2.65x107, Figure 3B1-B3). Furthermore,
we obtained a stronger signal under common heteroplasmic
sites (Pcombined=2.73x10~> and mean fold increase=1.31
for all heteroplasmic sites vs. Pcombined=8.77x107 and
mean fold increase=1.44 for common heteroplasmic sites
with frequency >2% or Pcombined=4.10x10"¢ and mean fold
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increase=1.45 for common heteroplasmic sites with frequency
>5%, Figure 3C1-C3). The effect size of this difference in the
validation stage was very similar to that in the discovery stage.

Evaluation of SNP variants

We identified 758 variants in the discovery stage, including 42
variants in tRNA genes, 60 variants in rRNA genes, 134 variants
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Figure 2. The DAF distribution of heteroplasmies in different mtDNA genomic regions for discovery samples (A) and validation samples

(B), respectively.

in the D-Loop functional regions, and 522 variants in protein-
coding genes, and 851 variants in the validation stage, includ-
ing 60 variants in tRNA genes, 51 variants in rRNA genes, 169
variants in the D-Loop functional regions, and 571 variants in
protein-coding genes. Of these variants, 54.61% were present
in the whole-genome sequencing data from 1000 Genomes
Phase 3, and 55.93% were of low frequency (MAF<0.01), con-
sistent with the results from high-throughput sequencing of
autosomes. In total, 40 rare functional mutations (including 17
tRNA variants, 12 rRNA variants, and 11 damaging missense
variants) in the discovery stage were selected for associa-
tion analysis (Bonferroni’s correction significance P=0.00125,
0.05/40, Tables 3 and 4).

Based on an integrative analysis of 8 mutations detected
in previous tRNAs studies of CAD in the Chinese population
(Table 3), we confirmed the association signal A5592G; how-
ever, another signal, G15927A, was not validated in our study.

We also detected other mutation sites on tRNAs. As shown in
Figure 4, structural variations in tRNAs changed the classical
Watson-Crick base pair. Of these variants, only T5628C had a
significant signal (P=7.39x107%), and it disrupted an extremely
conservative base-pairing at the AC stem of tRNA*? (Table 4).
In addition, we found that T681C also reached Bonferroni’s
correction significance (P=1.01x107), occurring in the stems
of 12S rRNA, and it changed the classical Watson-Crick base
pair (Table 5).

Discussion

Mitochondria are often regarded as cellular power stations
because of their ability to generate ATP. Recently, studies
have found that mitochondrial dysfunction promotes oxida-
tive stress, inflammation, cell apoptosis, and cholesterol accu-
mulation, which are key processes in atherosclerosis. Several
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Figure 3. The non-synonymous heteroplasmy counts differed between cases and controls in both stages. We split heterogeneity sites
into 3 groups according to the percentage of samples carrying one heterogeneity sites: the percentage >0% (A1, B1, C1),
>2% (A2, B2, C2), and >5% (A3, B3, C3). For each group, the Wilcox statistic was used to test the heteroplasmy counts
difference. The ratio was calculated as the mean count of heteroplasmic sites in cases divided by the mean -count of

heteroplasmic sites in controls.

pieces of evidence have suggested that numerous clonally ex-
panded mutations of mtDNA exist in human tissues [16,21,24],
but the main reason to choose the whole blood of partici-
pants to study CAD is that somatic mutations in blood cells
have become a new driving force in cardiovascular research
in recent years. Jaiswal et al. detected the presence of clon-
al hematopoiesis of indeterminate potential (CHIP) in periph-
eral blood cells using whole-exome sequencing and associat-
ed this presence with early-onset acute coronary syndrome
and CAD [6]. Since intra-cellular mutations of mtDNA are an

important source of mitochondrial genotype heterogeneity [25],
the widespread heterogeneity of the mitochondria in CAD pa-
tients has raised concerns that they may expand to high fre-
quencies in a small proportion of cells in the later stages of
life, exceeding the critical phenotype threshold and causing
CAD. More research is necessary to reveal the mechanism of
the cloning and amplification of pathogenic heterogeneity to
further clarify the role of mitochondrial heteroplasmy in com-
plex diseases. Controlling the expansion of mtDNA mutations
could be a promising method to prevent disease progression.
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Table 3. Integrated analysis of variants in tRNA genes with the previously reported samples. These variants came from a published
Chinese CAD study in mitochondrial tRNA gene with 80 patients and 512 controls [16].

wc Our study Reported study Public database

Variants Refer/Alt
185 cases 180 controls 80 cases 512 controls 2704 controls

Our study +

WC Base reported study + public database

Variants  Refer/Alt Cons N
Pairs 265

cases control

Cons — conservative; WC Base Pairs — Watson-Crick base pairs.

Table 4. Frequency comparison of tRNA variants with an additional 2704 controls from the mtDB database [17]. These tRNA variants
were absent from the published paper [16] but were detected in our study.

Combined Our study + public database [17]

varun Refer/ (185 cases vs. 2704+180 controls)
Alt
cases controls cases controls cases controls controls
14696 A/C,G 081 G-CT 1 0 0 0 1 0 1 6 0.3532 2.61 tRNA-Glu
8334  GA 100 1 o 0o 0o 1 0 1 1 01169 1563 tRNAlys
5788 T 100 1 o 0o 0o 1 0 1 6 03532 261 tRNACys
5783 GA 094 GClL 1 0o 0o 0o 1 0 1 1 01169 1563 tRNACys
5628 T/ 094 uAl 3 0 1 0 4 0 01231 4 00007* 1586 tRNA-Ala
Csse7 T 094 1 0o 0 2 1 2 06189 1 02203 521 tRNAAlL
5539 AG 100 GCL 1 o o 1 1 1 1 3 0273 391 {tRNATrp
5514 aG o088 UAl 1 2 0 0 1 2 0618 0 01702 782 tRNATp
66 AG 05 UAl 1 0o 0 0 1 0 1 1 01169 1563 tRNA-Phe

Cons — conservative; WC Base Pairs — Watson-Crick base pairs.
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Figure 4. Summary of tRNA variations in 2 studies of coronary heart disease in the Chinese population. Fifteen published tRNA
structures are displayed. The blue arrows represent the mutation sites found in a previous Chinese CAD study, and the red
arrows represent the novel variants after strict filtering in our study.

In our study, we identified a set of mtDNA mutations in CAD
patients and healthy controls using high-throughput sequenc-
ing. These results provided a better understanding of the mtD-
NA in CAD patients and showed a large number of rare vari-
ants in CAD. High-throughput sequencing of long-range PCR
products now allows for the simultaneous screening of single-
nucleotide polymorphisms (SNPs) and low-level heteroplasmy.
Among tRNA genes, a novel rare mutation in CAD research,
T5628C (combined P=7.39Ex107%), disrupted highly conserva-
tive base-pairing at the AC stem of tRNAA2, This mutation al-
tered the structure of tRNA*2, which could lead to abnormal
metabolism of tRNA and then cause mitochondrial dysfunc-
tion [26], while mutations with pathological potential in the
occurrence and development of CAD are biologically possible
due to the necessity of the amino acylation defect of tRNAs
for protein synthesis caused by Watson-Crick mispairing [27].
Previous studies have shown that T5628C is associated with
hypertension [28], gout [29], dysphagia [30] and hearing loss
or deafness [26]. Among these related diseases, hypertension
and hyperuricemia are closely related to CAD. It is universally
known that hypertension is one of the risk factors for CAD [31].

This work is licensed under Creative Common Attribution-
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In the present study, the SBP and DBP of the CAD group were
higher than those of the controls, especially in the validation
stage. We believe that if the sample size is further expand-
ed, the results could be more significant. Uric acid has drawn
attention in the study of risk factors for CAD in recent years.
Whether uric acid is an independent predictor of CAD has been
controversial, with some studies suggesting that uric acid is
an independent risk factor for CAD [32,33], while others have
drawn negative conclusions [34]. In our study, although the
difference in uric acid levels between the CAD group and the
healthy control group did not reach statistical significance,
the concentration of uric acid in the CAD group was higher
than that in the control group both in the discovery and vali-
dation stages. Recent studies suggest that uric acid is biolog-
ically active and can stimulate atherosclerosis through oxida-
tive stress [35], endothelial dysfunction [36], and inflammation
[37]. Therefore, we speculated that the pathogenic site could
play a crucial role in the development of CAD by influencing
blood uric acid concentrations. However, its actual mechanism
still requires further study.
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Furthermore, our research provides strong confirmation of the
results of previous CAD studies in the Chinese population. We
confirmed a highly conserved, rare variant, A5592G, previous-
ly reported in a Chinese CAD study [16]. This study found a
5592 mutation in a family. Based on this and previous stud-
ies, the mutation was considered to be a risk factor for CAD.
The mitochondrial A5592G altered the structure and function
of tRNA*?, leading to oxidative stress and mitochondrial dys-
function [16]. The sample size of Qin’s study was small and
had not been confirmed in sporadic CAD. Our study targeted
the population of sporadic CAD, which is an important com-
plement to the pathogenicity of this mutation.

JiaQetal:
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© Med Sci Monit, 2020; 26: €925401

In addition to the discovery in the tRNA region, our study also
yielded some interesting results in the rRNA and protein-cod-
ing regions. As shown in Table 5, 5 mutations were found in
the stems of rRNAs that changed the classical Watson-Crick
base pair. Three of them had the consistent effect direction and
were statistically significant (P=1.01x10~ for T681C, P=3.2x107?
for A735G, P=3.63x107 for A2412G). Among them, A735G has
been reported in hearing loss [38], while T681C in RNR1 and
A2412G in RNR2 are novel variants that had not been previ-
ously reported. For the protein-coding region, we found that
C15402T had a consistent effect direction and was statistical-
ly significant (P=1.97x1073).

Table 5. The association signal for mitochondrial rRNA and protein-coding variants. Joint analysis of variants in our study with an

additional 2704 controls [17].

Discovery
WC Base

Refer/Alt A
Pairs

Variants

cases controls

Validation Combined

cases controls cases controls
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Table 5 continued. The association signal for mitochondrial rRNA and
with an additional 2704 controls [17].

Our study + public database [17]

LAB/IN VITRO RESEARCH

protein-coding variants. Joint analysis of variants in our study

(185 cases vs. PolyPhen2 SIFT Gene Amino acid Ass:ociated
Variants Refer/Alt ES B-ase 2704+180 controls) —
Pairs
controls
681 T/C U-Al 0.81 11 1.01E-05 10.8 = = RNR1  12S rRNA -
""" 735  AG  GCcl 088 3 320802 105 - -  RNRI 12SWRNA -
""" 72 o 08 20 125602 35 - -  RNRl 12SRNA -
""" 78 T/ 081 1 10402 314 - -  RNRI 12SWRNA -
""" 1  GA 081 8 4901 16 - -  RNRl 12SRNA -
""" 1005 T/ UAL 094 5 47902 43 - -  RNRl 12SRNA -
""" 1762 AG 088 0 60302 Inf - - RNR2 -
""" 194 AG 094 0 60302 Wf - - RNR2 -
281 ACG 081 2 200802 157 - - RNR2 16SRNA -
2363 AG UAl o088 0 60302 Inf - - RN -
2412 A6 ual o081 0 362603 Inf S - RNR2 -
o757 A6 081 3 220001 52 - - RNR2 16SRNA -
6340 ot 0.81 3 220601 52 N D COXI pTi4él Pcrgztcaetf
849 AG 081 0 200E02 157 P | N ATPS  pN32D -
872 GA 088 11 607601 11 P | N ATP6  pGleS -
o84 oA 088 3 220801 52 N D  ATP6 pAllOT -
821 GA 100 1 117601 156 P | D  ATP6 pGI32D -
10086 A/G 0.94 26 1.00E+00 0.6 P D ND3 p.N10D end-stage
renal disease
1253 081 10 555601 13 N D ND4 pli65T  LHON;PD
22 T 075 0 60302 Inf P | N ND6 pRISOH -
1437 o 100 3 35301 26 P | N ND6 pVIIM -
1s402 T 094 2 197803 237 P 1 N T8 pT29 -
15617 GIA 100 o 0 60302 Inf P | N oTB pv2oll -
Cons - conservative; WC Base Pairs — Watson-Crick base pairs.
For the most critical findings in our study, the mutation fre- Conclusions

quencies of A5592G, T5628C and T681C are comparable with
those of previous studies [15]. Nevertheless, for rare variants,
we had ~80% power to detect a SNV of 0.5% frequency and
effect size of 10 at 0.00125 (Table 6). A larger sample size is
needed to detect additional variants with smaller effect size,
lower frequency, or lower penetrance.

In our study, independent samples were used in the discov-
ery and validation stages, indicating that the results are reli-
able. At the same time, 2 independent high-depth sequencing
technologies were applied in these 2 stages, providing results
that are more convincing. Although we found several statis-
tically significant loci, multi-center, large population-based
studies and functional studies must be performed to verify
the pathogenicity of the loci.
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Table 6. The power analysis result calculated by the Power Calculator based on the study design. The population disease prevalence
was 0.05 and the significance level was 0.00125.

Genotype relative  Power (185 cases vs. Genotype relative  Power (185 cases vs.
risk 2704+180 controls) risk 2704+180 controls)
MAF=0.002 2.00 0.005 MAF=0.01 2.00 0.04
3.00 0.015 3.00 0.18
3.50 0.022 3.50 0.29
4.00 0.032 4.00 0.41
4.50 0.043 4.50 0.52
5.00 0.056 = a6
,,,,,,,,,,,, ey 609 079
,,,,,,,,,,,, o e 7.00 089
,,,,,,,,,,,, 800 oM 8.00 0.95
,,,,,,,,,,,, g0 o2z 9.00 0.98
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, . 1000 059
MAF=0.005 2.00 0.01
3.00 0.06 In conclusion, we confirmed the increased rates of mtDNA het-
350 0.10 eroplasmy in the CAD group, and most of them were present
"""""""""""""""""""""""""""""""""""" at low frequencies. As previously reported, heteroplasmic vari-
,,,,,,,,,,,, 400014 ation in the mitochondrial genome varies with the degree of
4.50 0.19 oxidative stress [39,40], and since the level of oxidative stress
500 """"""""""""" 025 """"""""" is a changeable risk factor, we speculate that it can be used
,,,,,,,,,,,,,, for the prevention of CAD in the future. Our study increases
6.00 0.38 the understanding of the pathogenesis of CAD and provides
7.00 0.50 a basis for further study of mtDNA. Further studies are need-
"""""""""""""""""""""""""""""""""""" ed to verify the findings of this research.
8.00 0.61
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