
127

S
Introduction

udden cardiac death is one of the most common
causes of death.  A large number of the causes of

sudden death, especially in the young, are due to genetic
heart disorders, both with structural and arrhythmogenic
abnormalities.1  In these sudden death cases molecular
pathological techniques may help to determine the cause
and even manner of death.2,3  Cardiomyopathy (CM) is
defined as a disease of the myocardium characterized by
the presence of systolic or diastolic dysfunction or
abnormal myocardial structure and is classified into
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Objective: Comprehensive screening of mitochondrial DNA (mtDNA) was performed in consented
autopsy cases diagnosed as cardiomyopathies (CMs), in order to evaluate the prevalence of gene
mutations in sudden death caused by CM.
Materials and Methods: Blood samples and left ventricular samples were obtained from 37 sudden
cardiac death cases caused by CMs and 151 controls.  DNA samples were amplified with the mitoSEQr
Resequencing System and directly sequencing analyzed by the ABI 3130 genetic analyzer.
Results: Missense mutations were detected in 42% of dilated cardiomyopathy (DCM) cases and in
20% of hypertrophic cardiomyopathy (HCM) cases.  In coding regions, missense mutations detected
only in CMs were 15 alterations in 8 cases with DCM and 3 alterations in 3 cases with HCM.  Six new
missense mutations were detected in this study.  Haplogroups G1 and N9b were significantly more
frequent in HCM and DCM compared to controls, respectively.
Conclusions: It was considered that six new missense mutations in turn affected the ability of the
essential components of the oxidative phosphorylation complexes.  Genetic analysis of mtDNA was
useful to decide diagnosis of CM for forensic autopsy cases.  It was considered that and understanding
the pathogenesis of CM could provide for genetic based diagnosis, risk stratification, treatment and
prevention of cardiac phenotypes.
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hypertrophic cardiomyopathy (HCM), dilated
cardiomyopathy (DCM), restrictive cardiomyopathy,
arrhythmogenic right ventricular cardiomyopathy
(ARVC) and unclassified cardiomyopathy.4

DNA based gene analysis has demonstrated that more
than half of HCM cases are the results of sarcomeric
disease.5  However, the pathogenesis of the remaining
cases of HCM and of inherited forms of DCM is not well
defined.  Meanwhile, a number of mitochondrial DNA
(mtDNA) mutations that cause human disease have been
identified.  The mtDNA is a 16,569-nucleotide pair closed
circular molecule that encodes for the essential
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components of the oxidative phosphorylation complexes:
complex I (NADH: ND1, 2, 3, 4L, 4, 5, and 6), complex
III (CytB), complex IV (COX: COI, II, and III) and
complex V (ATPase: ATPase6 and 8).  In addition, the
mtDNA encodes for the small (12S) and large (16S)
ribosomal RNA (rRNA) and 22 transfer RNA (tRNAs).6,7

mtDNA disease mutations can involve either base
substitution or rearrangement mutations.  Base
substitution mutations can either alter protein coding
genes (missense mutations) or tRNA and rRNA genes

(protein synthesis mutations).  Protein synthesis mutations
frequently result in mitochondrial multisystem disorder
such as mitochondrial myopathy, encephalopathy, lactic
acidosis and stroke-like episodes.6  Rearrangement
mutations can involve deletions, duplications, or both
and frequently alter one or more protein synthesis genes.
CM has been observed to be a common feature of
mitochondrial diseases.  Various point mutations in the
mtDNA have been causally linked with HCM and DCM.8

Elucidating gene abnormalities is an important step

Table 1.  Profiles of thirty-seven sudden cardiac death cases diagnosed as CMs

Age at sudden Confirmed Age at first Situation of Clinical
No. Sex

death family history presentation sudden death history

D   1 F 43 No 23 na DCM, CD, renal failure
D   2 M 61 No 56 Bathing DCM
D   3 F 43 No 40 na DCM
D   4 M 73 No 49 Sleeping DCM
D   5 F 31 No 25 Exercising DCM
D   6 M 76 No 52 na DCM
D   7 M 58 No 48 Shopping DCM
D   8 M 59 No 54 Sleeping DCM
D   9 M 32 No na Exercising Arrhythmia
D 10 M 54 No 50 Working DCM
D 11 M 57 No 47 Sleeping DCM
D 12 M 55 No 52 na DCM, DM, renal failure
D 13 F 88 No na na DM
D 14 M 53 No 51 na DCM
D 15 M 69 No 59 Sleeping DCM
D 16 F 68 No 59 Sleeping DCM
D 17 F 77 No 69 Sleeping DCM
D 18 M 68 No 60 na DCM
D 19 M 58 No na Sleeping DCM

H   1 M 53 No na Working na
H   2 F 36 No na na na
H   3 F 58 No na Exercising HT, hyperlipemia
H   4 M 49 No na Sleeping HT
H   5 M 44 No na Sleeping HT
H   6 M 64 No 49 na na
H   7 M 55 No na Drinking na
H   8 F 49 No na Working Af
H   9 F 45 No na na HCM, brain infarction, DM
H 10 M 26 Yes 25 na HCM
H 11 M 51 No 31 Sleeping HCM
H 12 M 63 No 56 na HCM
H 13 M 60 No na Exercising HT
H 14 M 73 No 63 Sleeping HCM
H 15 M 53 No 51 Sleeping HCM

A 1 M 33 No 30 Working Arrhythmia
A 2 M 44 No na na DM, schizophrenia
A 3 F 62 No 52 na na

D, DCM; H, HCM; A, ARVC; CD, collagen disease; DM, diabetes mellitus; Af, atrial fibrillation; na, not available
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towards curing the disorder, and it will be possible to
predict a patient's prognosis and provide feedback to the
family members.  However, the prevalence of disease-
causing genes in sudden death diagnosed as CM is not
well defined. In this study, comprehensive screening of
mtDNA was performed in consented autopsy cases
diagnosed as CM, in order to evaluate the prevalence of
mtDNA mutations in sudden death caused by CM.

Materials and Methods

DNA sample
Blood samples and left ventricular samples were obtained
from 37 sudden cardiac death cases caused by CMs, 19
cases of DCM, 15 cases of HCM, and 3 cases of ARVC,
in Kanagawa prefecture with informed consent of their
family members.  Profiles of these subjects are shown in
Table 1.  For the diagnosis of CMs we referred to the
American Heart Association Scientific Statement and
the European Society of Cardiology Report.9,10  HCM
was defined by the presence of ventricular hypertrophy
with increased wall thickness accompanied by
myofibrillar disarrays and interstitial fibrosis.  DCM was
defined by the presence of left ventricular dilatation, left
ventricular systolic dysfunction and/or the clinical
histories attributable to DCM shown in Table 1.  ARVC
is characterized by progressive fibrofatty replacement of
right ventricular myocardium, initially with typical
regional and later global right and some left ventricular
involvement, with relative sparing of the septum.  A total
of 151 preserved samples, 93 male (mean age, 31) and
58 female (mean age, 30), that presented with no particular
diseases were used as controls.  These samples were
obtained from healthy subjects living in Kanagawa
prefecture with informed consent.  DNA was extracted
using Quick Gene-800 (FUJIFILM, Tokyo) and stored

at 4℃ until use.

PCR and electrophoresis conditions
Polymerase chain reaction (PCR) amplification was
performed with the mitoSEQr Resequencing System
(Applied Biosystems) as follows.  Amplification was
carried out using 1.0μl of 5 to 10 ng DNA as a template
and adding 5.0μl of AmpliTaq Gold PCR Master Mix
(Applied Biosystems), 50% glycerol, RSA primer mix
2.0μl, and adjusting the total volume to 10.0μl with
sterile deionized water.  The GeneAmp PCR system 9700
(Applied Biosystems) was used with an initial step of 96℃
for 5 minutes, then 40 cycles of denaturation at 94℃ for
30 seconds, annealing at 60℃ for 45 seconds, and
extension at 72℃ for 45 seconds, with a final step of 72℃
for 10 minutes.  PCR products were sequenced by direct
sequencing using the ABI PRISM BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems) with
M13 forward and reverse primer.  After purification using
the BigDye XTerminatorTM Purification Kit (Applied
Biosystems), PCR products were electrophoresed using
the ABI PRISM 3130 Genetic Analyzer (Applied
Biosystems).  Sequencing data were analyzed using
SeqScape Software Ver. 2.5.0 (Applied Biosystems).
The resulting sequence data were compared with the
reference sequence described by Anderson et al.11

mtDNA haplogroups classification
Twelve major haplogroups (A, B, D4, D5, F, G1, G2,
M7a, M7b, M7c, N9a, and N9b) in Japanese are defined
by nucleotides at specific known polymorphic sites in
the mtDNA described by Nishigaki et al.12  The
relationship between these haplogroups and CM were
examined through a chi-square test, odds ratios (ORs)
and their 95% confidence intervals.  For multiple
comparisons of haplogroups, the Bonferroni's correction

Mutational analysis of mtDNA in sudden cardiac death

Table 2.  Total number of sequence substitutions in mtDNA detected in this study

 Protein coding region
Control region rRNA tRNA NC Total

ND COX ATPs Cytb

All CM   78 (23.3) 113 (33.7) 44 (13.1) 27 (8.1) 27 (8.1) 28 (  8.3) 16 (4.8) 2 (0.6) 335
DCM   61 (23.7)   86 (33.5) 32 (12.5) 22 (8.6) 21 (8.2) 22 (  8.6) 11 (4.3) 2 (0.8) 257
HCM   41 (23.7)   65 (37.6) 24 (13.9) 11 (6.4) 14 (8.1) 12 (  6.9)   4 (2.3) 2 (1.2) 173
ARVC   21 (28.0)   24 (32.0)   7 (  9.3)   5 (6.7)   6 (8.0) 10 (13.3)   1 (1.3) 1 (1.3)   75
Control 182 (28.9) 207 (32.7) 91 (14.4) 39 (6.2) 62 (9.8) 22 (  3.5) 24 (3.8) 6 (0.9) 633

ND, NADH ubiquinone oxidoreductase subunits (ND1, 2, 3, 4L, 4, 5, 6); COX, cytochrome c oxidase subunits (COI, II, III); ATPs,
ATP synthase subunits (ATPase6. 8); Cytb, cytochrome bc1 subunit (Cytb); NC, no coding region
Numbers in parentheses indicate percent.
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was applied.  Thus, a P value of <0.004 was considered
statistically significant for association.  All statistical
analyses were performed using the JMP ver.5.1 software
(SAS, Japan).

This study has obtained the examination and
recognition of Kitasato University School of Medicine
and Hospital Ethics Committee (B 01-24).

Results and Discussion

In the present study, mutation analysis of mtDNA was
performed in 37 consented autopsy cases diagnosed as
CM and 151 controls.  Total number of mutations detected

in this study was indicated in Table 2.  A total of 257,
173, 75, and 633 mutations were detected in 19 DCM, 15
HCM, 3 ARVC, and 151 controls, respectively.  No
significant differences in the total number of detected
mtDNA mutations between CMs and controls were
observed.

Mutations in coding regions
In coding regions, 42, 30, 12, and 121 mutations were
detected in DCM, HCM, ARVC, and controls,
respectively.  Most of these mutations were identified as
silent mutations or mutations common to both CMs and/
or controls.  Missense mutations detected only in CMs

Table 3.  Missense mutations located in the coding regions detected only in CMs

Nucleotide Base Amino acid Character Missense mutation of
No. Gene Conserved

position substitution substitution change sarcomere protein gene

D 2 8888 T-C ATPase6 Ile-Thr Low Polar MYH7, TNNT2, MYBPC3
D 4 9040 C-T ATPase6 His-Tyr High Charged TNNI3
D 8 9214 A-G COIII His-Arg High No No

11150 G-A ND4 Ala-Thr Low Polar No
D 9 5442 T-C ND2 Phe-Leu Low No No

7146 A-G COI Thr-Ala Low Polar No
8566 A-G ATPase8 Ile-Val Low No No

13276 A-G ND5 Met-Val Low No No
15431 G-A Cytb Ala-Thr Low Polar No

D 11 3316 G-A ND1 Ala-Thr Low Polar No
D 12 7859 G-A COII Asp-Asn Low Charged No

14178 T-C ND6 Ile-Val Low Polar No
D 14 9853 C-T COIII Thr-Ile Low Polar No

15806 G-A Cytb Ala-Thr High Polar No
D 15 8945 T-C AYPase6 Met-Thr High Polar No
H 4 9468 A-G COIII Thr-Ala Low Polar No
H 9 3338 T-C ND1 Val-Ala Low No No
H 15 6999 G-A COI Val-Met High No No

Figure 1.  Sequence analyses of missense mutations M140T
located in highly conserved domains of the gene coding for
ATPase6 subunit detected in DCM cases.

Figure 2.  Sequence analyses of missense mutations H172Y
located in highly conserved domains of the gene coding for
ATPase6 subunit detected in DCM cases.

Kobayashi,  et al.
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were 15 alterations in 8 cases with DCM and 3 alterations
in 3 cases with HCM, respectively.  No missense mutation
detected only in ARVC was found.  mtDNA diseases
commonly have a delayed onset and a progressive course.6

In this study, the subjects with these mutations did not
show severe phenotypes until middle age and the CM
penetrance in subjects age >50 years was 75%.  It was
indicated that missense mutations in mtDNA coding
regions detected only in DCM were significantly
increased (P < 0.01) compared with HCM.  These
mutations are presented in Table 3.

Six missense mutations: m.6999G>A (V366M),
m.8888T>C (I121T), m.8945T>C (M140T), m.9040C>T
(H172Y), m.9853C>T (T216I), and m.15806G>A
(A354T) were new mutations detected in the present
study.  The m.6999G>A (V366M), m.8945T>C
(M140T), m.9040C>T (H172Y), m.9214A>G (H3R), and
m.15806G>A (A354T) mutations were located in highly

conserved domains of the gene coding for the COI subunit,
ATPase6 subunit, COIII subunit, and Cytb subunit,
respectively (Figures 1-5).  The other detected mutations
were low-conserved amino acid residues.  In addition,
the m.9040C>T (H172Y) mutation resulted in a change
of the charge of the altered amino acid, and the
m.8945T>C (M140T) and m.15806G>A (A354T)
mutations led to the substitutions of the non-polar residues
with positively changed residues.  The mitochondria
generate most of the cellular energy by oxidative
phosphorylation (OXPHOS).  OXPHOS is composed of
5 multipolypeptide enzyme complexes.  Complexes I, II,
III, and IV make up the electron transport chain, whereas
complex V is the adenosine triphosphate (ATP) synthase.
The energy that is released is used to pump protons from
inside the mitochondrial matrix across the mitochondrial
inner membrane into the intermembrane space through
complexes I, III, and IV.  The resulting electrochemical

Figure 3.  Sequence analysis of missense mutation H3R located
in highly conserved domain of the gene coding for COIII subunit
detected in a DCM case.

Figure 4.  Sequence analysis of missense mutation V366M
located in highly conserved domain of the gene coding for COI
subunit detected in a HCM case.

Figure 5.  Sequence analysis of missense mutation A354T located
in highly conserved domain of the gene coding for Cytb subunit
detected in a DCM case.

Mutational analysis of mtDNA in sudden cardiac death
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gradient serves as a source of potential energy for complex
V to synthesize ATP from adenosine diphosphate and
inorganic phosphate.  The matrix ATP is then exchanged
for spent cytosolic adenosine diphosphate by the adenine
nucleotide translocator.6  Two mutations m.8945T>C
(M140T) and the m.9040C>T (H172Y) detected in DCM
were located in highly conserved domains of the gene
coding for ATPase6 subunit of complex V.  The ATPase6
plays a key role in the coupling of the proton flow with
the rotation of the c subunits.13  Two mutations
m.6999G>A (V366M) and m.9214A>G (H3R) occurred
in highly conserved domains in COI and COIII subunits
of complex IV, respectively.  The valine at codon 366
was located in the loop region adjacent to putative water
exit pathway and the histidine at codon 3 was located in
the N-terminal.  COI and COII subunits are directly
involved in the electron transfer and proton translocation
processes, while COIII subunit is thought to have
regulatory roles.14  The mutation m.15806G>A (A354T)
detected only in DCM was located in the highly conserved
domain in the Cytb subunit of complex III.  The complex
III (CytB) catalyses reversible electron transfer from
ubiquinol to cytochrome c coupled to proton translocation.
The alanine at codon 354 was located in the H
transmembrane helix of Cytb.  The helix H is one of the
components of the hydrophobic cavity function as a Q0

or Qi pocket.15  These results suggested that missense
mutations detected only in DCM and HCM, in turn,
affected the ability of the essential components of the
oxidative phosphorylation complexes.  Two DCM cases

that missense mutations in sarcomere protein genes
coexisted with missense mutations in mtDNA coding
regions were indicated (Table 3).  It was reported that
variable phenotypic expressions in CM were more severe
when the two genetic  variants  were present
simultaneously.16  In addition, one case of DCM had
multiple mutations in three sarcomere protein genes.
Recent developments in molecular biology suggested that
there may be a relation between the genotype
abnormalities of contractile proteins, such as β-myosin
heavy chain, myosin binding protein C and troponin T,
and the dilated phase of hypertrophic cardiomyopathy
(D-HCM) phenotype,17,18 so it seemed that this DCM
case might be D-HCM.

Mutations in tRNA genes
The first mtDNA protein synthesis mutation (including
mutations in the 22 tRNA and 2 rRNA genes) to be
described was the tRNAlys gene mutation at nucleotide
position 8344 associated with MERRF (myoclonic
epilepsy and ragged red fiber) disease.6,19,20  A large
number of protein synthesis mutations causing CMs were
also identified and listed in MITOMAP, a human
mitochondrial genome database.8  In tRNA genes 11, 4,
1, and 24 mutations were detected in DCM, HCM, ARVC,
and controls, respectively.  Mutations were only detected
in CMs consisting of 7 alterations in 4 cases with DCM
and 2 alterations in 2 cases with HCM, respectively.  No
mutations in only ARVC were found.  These mutations
are indicated in Table 4.  Particularly, 4 tRNA mutations

Figure 6.  Electropherogram of 15924A>G mutation located in the gene
coding for tRNA detected in a DCM case and secondary structure of the
mitochondrial tRNAThr.

Table 4.  Mutations located in the gene coding for
tRNA detected only in cardiomyopathies

Nucleic Base
No. Gene

position substitution

D   9   4312 tRNAIle C-T
D   9   5603 tRNAAla C-T
D   9   5608 tRNAAla C-T
D   9   7568 tRNAAsp T-C
D   6 15900 tRNAThr T-C
D 11 15924 tRNAThr A-G
D   1 15941 tRNAThr T-C
H   4   4454 tRNAMet T-C
H   8 15968 tRNAPro T-C

Kobayashi,  et al.
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detected in only DCM were identified from a DCM case
(No. D9) with 5 missense mutations in mtDNA coding
regions.

The mutation tRNAAla5608C>T detected in only DCM
was a new mutation identified in the present study.  This
mutation is located in the T stem, the mechanism by
which this mutation leads to DCM is unclear.  The
mutation tRNAThr15924A>G detected only in DCM was
identified by Yoon et al,21 and was associated with
respiratory chain enzyme deficiency, mitochondrial
myopathy, and CM.7  This mutation changes the last
base pair of the anticodon stem adjacent to the anticodon
loop of tRNAThr (Figure 6).  This might enlarge the loop
size from 7 to 9 nt (neucleotides) by disrupting the bottom
base pair of the anticodon stem, allowing for the
possibility of a 4-base codon as well as the normal 3-
base codon to be read.21,22  Other 7 mutations in tRNA
genes detected only in CMs were identified as single
nucleotide polymorphisms in Caucasians and Negroids,
among others.  Whereas the mutation tRNAMet4454T>C
only detected in a HCM case was not found in the controls,
it may possibly be that this mutation is related to HCM
pathogenesis.  Further studies are warranted to determine
the functional role of this mutation.

mtDNA haplogroups classification
The association between mtDNA haplogroups in CMs
and controls were analysed.  Thirty-seven cases diagnosed
as CM and 151 controls were classified into 11 common
haplogroups and 21 rare subgroups.  Haplogroup M7c
was not detected in this study, and rare subgroups were
grouped together.  Distributions of haplogroups and their
frequencies are shown in Table 5.  Our data indicated
that no significant differences between haplogroups with
CMs and controls were observed excepted for the
haplogroups G1 and N9b.  Haplogroups G1 and N9b

were significantly more frequent in HCM and DCM
compared to those in the controls, respectively (G1, P =
0.0038; N9b, P = 0.0021).

Haplogroup G1 is characterized by 5 polymorphisms
(m.709, 7867, 8200, 15323, and 15497).  Among these
characteristic polymorphisms, two nonsynonymous
polymorphisms (m.15323G>A, causing an A193T
replacement; and m.15497G>A, causing a G251S
replacement) in Cytb can be considered as functional
polymorphisms.   Furthermore,  the missense
polymorphism m.15497G>A (G251S) occurred in highly
conserved domains in the Cytb gene.  Therefore, this
polymorphism would be an important polymorphism, one
possibly associated with reduced energy metabolism.  The
G251D replacement, due to the 15498G>A mutation, is
pathogenic, because the presence of aspartic acid instead
of glycine should cause charge repulsion with E271,
which is a residue at the Qp site, one of the ubiquinone-
binding sites of complex III.12,23,24  This repulsion, in
turn, would change the structure of the Qp site and impair
hydroquinone binding.  Although the replacement of
G251 by serine would not cause charge repulsion with
E271, this replacement would affect the affinity of
ubiquinone for the Qp site.12  Haplogroup N9b is
characterized by 4 polymorphisms (m.10607, 11016,
13183, and 14893).  This haplogroup is very scarce, being
detected in southern China and Korea, whereas it is most
abundant in Japanese (2.13%) including the indigenous
Ryukyans (2%) and Ainu (2%).25  Among these
characteristic polymorphisms, two nonsynonymous
polymorphisms (m.11016G>A, causing a S86N
replacement in ND4 and m.13183A>G, causing an I283V
replacement in ND5) would be potentially functional
polymorphisms.  NADH dehydrogenase is the first and
the largest enzyme complex in the respiratory chain
containing seven mtDNA encoded subunits ND1, 2, 3,

Table 5.  Distributions of haplogroups and their frequencies in cardiomyopathies and controls

Haplogroups

A B D4 D5 F G1* G2 M7a M7b N9a N9b* Other

All CM   2 (  5.4)   4 (10.8) 12 (32.4) 2 (  5.4)   3 (  8.1) 2 ( 5.4) 0 (0) 1 (2.7) 3 (  8.1) 1 (2.7) 3 (  8.1)   4 (10.8)
DCM   2 (10.5)   1 (  5.3)   5 (26.3) 0 (  0)   2 (10.5) 0 (  0) 0 (0) 1 (5.3) 1 (  5.3) 1 (5.3) 2 (10.5)   4 (21.1)
HCM   0 (  0)   2 (13.3)   6 (40.0) 1 (  6.8)   1 (  6.8) 2 (13.3) 0 (0) 0 (0) 2 (13.3) 0 (0) 1 (  6.7)   0 (  0)
ARVC   0 (  0)   1 (33.3)   1 (33.3) 1 (33.3)   0 (  0) 0 (  0) 0 (0) 0 (0) 0 (  0) 0 (0) 0 (  0)   0 (  0)
Control 23 (15.2) 16 (10.6) 54 (35.8) 5 (  3.3) 10 (  6.6) 2 (1.3) 4 (2.7) 8 (5.3) 4 ( 2.7) 3 (2.0) 1 (  0.7) 21 (13.9)

*P = 0.0021; OR = 17.65; 95% CI = 1.52-204.98; N9b (DCM) vs. others haplogroup
*P = 0.0038; OR = 11.46; 95% CI = 1.49-88.17; G1 (HCM) vs. others haplogroup
Numbers in parentheses indicate percent

Mutational analysis of mtDNA in sudden cardiac death
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4L, 4, 5, and 6.  Mutations in these subunits may interfere
with the efficiency of the proton-pumping process.14  The
results in the present study indicated that haplogroups
G1 and N9b tended to have increased risk of CM
compared to the controls.  Further study is warranted to
collect more evidence to substantiate our results.

In this study, the molecular screening of mtDNA has
been performed in consented autopsy cases diagnosed as
CM.  Our result suggested that missense mutations were
detected in 42% of DCM cases and in 20% of HCM
cases.  It was indicated that genetic analysis of mtDNA
was useful to decide the diagnosis of CM for forensic
autopsy cases.  Understanding the pathogenesis of CM
could provide for genetic based diagnosis, risk
stratification, treatment, and prevention of cardiac
phenotypes.  It would be desirable to survey the other
disease-causing genes in order to determine the exact
prevalence of gene mutations in sudden death caused by
CM in Japan.
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