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AMMALIAN  mitochondrial ~ DNA

(mtDNA) is thought to be strictly mater-

nally inherited.? Sperm mitochondria dis-
appear in early embryogenesis by selective destruction,
inactivation, or simple dilution by the vast surplus of
oocyte mitochondria.?

Very small amounts of paternally inherited mtDNA
have been detected by the polymerase chain reaction
(PCR) in mice after several generations of interspecif-
ic backcrosses.* Studies of such hybrids and of mouse
oocytes microinjected with sperm support the hypoth-
esis that sperm mitochondria are targeted for destruc-
tion by nuclear-encoded proteins.5>” We report the case
of a 28-year-old man with mitochondrial myopathy
due to a novel 2-bp mtDNA deletion in the ND2
gene (also known as MTNDZ2), which encodes a sub-
unit of the enzyme complex I of the mitochondrial
respiratory chain. We determined that the mtDNA
harboring the mutation was paternal in origin and
accounted for 90 percent of the patient’s muscle
mtDNA.

CASE REPORT

The patient was a 28-year-old man with severe, lifelong exercise
intolerance. He had never been able to run more than a few steps.
His cardiac and pulmonary functions were normal, and he was oth-
erwise well. Both parents and a 23-year-old sister were healthy and
had normal exercise tolerance.

The myopathic symptoms were associated with severe lactic ac-
idosis induced by minor physical exertion. His plasma lactate level
after walking 100 m at a slow pace was 6 to 8 mmol per liter (the
normal level is below 2.5 mmol per liter). His creatine kinase levels
were marginally elevated in periods of no physical exertion. Biopsies
of the right and left quadriceps muscle revealed that 15 percent of
the fibers were of the ragged-red type, a result consistent with the
accumulation of abnormal mitochondria with impaired respiratory
function. Biochemical analysis demonstrated an isolated deficiency
of the mitochondrial enzyme complex I of the respiratory chain
in muscle. There were no signs of muscular atrophy or weakness.
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The abnormal findings in muscle-biopsy specimens from both
thighs and the finding of severely impaired oxygen extraction when
the forearm muscles were repeatedly contracted® suggested gener-
alized muscular involvement.

METHODS

DNA was isolated from the patient’s blood, muscle, hair roots,
and fibroblasts (derived from a skin biopsy) by standard methods.
DNA was also isolated from the blood of the patient’s parents and
paternal uncle, and from the blood and the quadriceps muscle of
the patient’s sister. The mtDNA was amplified into two products
with the primers OLA (5756-5781) + D1B (282-255) and D1A
(336-363) + OLB (5745-5721),° and the products were puri-
fied. We sequenced most of the mtDNA, including all transfer RNA
(tRNA) genes, CYTB, and all seven genes encoding subunits of en-
zyme complex I, using a genetic analyzer (ABI PRISM 310, Ap-
plied Biosystems) and a terminator cycle-sequencing ready-reaction
kit (ABI PRISM BigDye, Applied Biosystems). The sequences
obtained were compared with the revised Cambridge reference
sequence!®!! (AC J01415) with use of the DNAsis program (Hita-
chi Software Engineering Europe).

Two different mtDNA haplotypes were found in the patient;
presumably, one came from the father and the other from the moth-
er. Solid-phase minisequencing!? was performed to establish the
ratios of the mtDNA haplotypes in blood and muscle. The target
was nucleotide position 3197, which, among others, distinguished
the maternal haplotype (3197T) from the paternal one (3197C).
PCR products spanning the position in question were generated by
the 5'-biotinylated forward primer (3014-3034) and the reverse
primer (3376-3356). PCR products were immobilized on a strep-
tavidin-coated solid support (96-well plate) and denatured by so-
dium hydroxide. A sequencing primer (3220-3198) was designed
to anneal adjacent to (upstream from) nucleotide 3197.

The nucleotide at position 3197 was analyzed by the primer
extension reaction, in which a tritium-labeled deoxynucleoside tri-
phosphate corresponding to either the maternal nucleotide (deoxy-
adenosine triphosphate) or the paternal nucleotide (deoxyguanosine
triphosphate) was added to two parallel reactions. After washing,
the elongated primers were eluted by sodium hydroxide, and the
amount of incorporated [3H ]deoxynucleoside monophosphate was
determined with a liquid scintillation counter. The ratios of adenine
to guanine incorporated into each sequencing primer were deter-
mined and compared with the values on a standard curve construct-
ed on the basis of known proportions of cloned segments of
mtDNA harboring 3197T and 3197C, respectively.

The ratio of the 2-bp deletion to wild-type mtDNA in tissues
(the level of heteroplasmy) was determined by PCR fragment analy-
sis. The mtDNA was amplified by the 5'-fluorochrome—labeled for-
ward primer (5041-5060) and the reverse primer (5196-5177).
The PCR products were analyzed on a genetic analyzer with a
GeneScan standard (PE Applied Biosystems) as a size marker. The
areas of the mutant (2-bp deletion) and wild-type peaks were used
to calculate the percentage of mutant (paternal) mtDNA in the pa-
tient’s muscle.

The nuclear genotypes of the patient, his parents, and his sister
were determined for the highly polymorphic markers (microsatel-
lites) D752212, D78817, D19S219, D19S559, and TNFB. PCR
products were analyzed on a genetic analyzer with GeneScan soft-
ware (Applied Biosystems) and a GeneScan standard as a size marker.

The patient and his family provided oral consent for testing af-
ter receiving counseling. Written consent was not required by the
institutional review board because the investigation was considered
part of clinical care.

RESULTS

Sequencing the mitochondrial genome from a
specimen from a biopsy of the quadriceps muscle re-
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vealed a deletion of 2 bp, 5132delAA, in the ND2
gene. The 2-bp deletion causes a frame shift, intro-
ducing a stop codon downstream from the deletion.
Furthermore, a novel variant, 1303G - A, was detect-
ed in the gene encoding 128 ribosomal RNA (rRNA).
The 1303G - A variant was not found in 50 normal
controls, but a conservation analysis showed that this
position is not conserved through evolution (Table 1).
The patient was apparently homoplasmic (only one
type of mtDNA was present) for both the 2-bp dele-
tion and 1303G - A. The patient also harbored several
known mtDNA polymorphisms.

To evaluate the ratio of normal to mutant mtDNA
(heteroplasmy) in other tissues, we analyzed mtDNA
from the patient’s blood, hair roots, and cultured fi-
broblasts. Neither the 1303G — A variant nor the 2-bp
deletion was present in mtDNA from these tissues. In
fact, the blood and muscle mtDNA sequences differed
at 18 positions, some of which allowed assignment of
the two sequences to separate European mtDNA hap-
logroups, H and U5, respectively (Table 2 and Fig. 1).
Mixing up of samples was ruled out by analyses of re-
peated blood and muscle samples. The repeated mus-
cle biopsies were in the right and left vastus lateralis
muscles. Furthermore, genotyping of all samples for
five highly polymorphic nuclear markers (microsatel-
lites) indicated that all samples came from the same
person (Fig. 2).

Sequencing of blood mtDNA from the patient’s
healthy parents and from his paternal uncle demon-
strated that the haplotype of the patient’s muscle
mtDNA was identical to that of his father’s and uncle’s
blood (with the exception of the 2-bp deletion, which
was found only in the patient). The haplotype of the
patient’s blood was identical to that of his mother.
Analysis of mtDNA from both blood and muscle of
the patient’s sister found only the maternal mtDNA
haplotype (data not shown). The nuclear microsat-
ellite genotypes of the patient, his parents, and his
sister showed a distribution of alleles consistent with
their biologic relationships (Fig. 2).

According to direct sequencing of PCR-amplified
mtDNA, muscle tissue from the patient was homo-
plasmic for the paternal haplotype and for the 2-bp
deletion. However, solid-phase minisequencing!? and
fragment analysis showed about 10 percent maternal
(normal) mtDNA in both muscle-biopsy specimens
(Fig. 1). The mtDNA from the patient’s blood, hair
roots, and cultured fibroblasts showed only the ma-
ternal haplotype.

DISCUSSION

We report the case of a patient with severe exercise
intolerance caused by a 2-bp deletion in the ND2 gene
of mtDNA. A striking finding was that the mutation
occurred on a paternal mtDNA background. Because
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TABLE 1. CONSERVATION ANALYSIS OF 1303G
IN 128 RiBOSOMAL RNA ACROSS SPECIES.*

GENBANK
SPECIES Seauence HomoLogy Accession No.
Human GTAAGCGCAAGT X62996
Gorilla GTAAGCACAAGT D38114
Chimpanzee GTAAGCACAAGT X93335
Cow GTAAGCGTAATT J01394
Pig GTGAGCGTAATT AJ222767
Mouse GTAAGCAAAAGA AJ279438
Rat GTAAGCACAAGA AJ428514
Elephant GTGAGCTTAATC X93602
Rabbit GTAAGCTCAATT AJ001588

*Nucleotides 1297 to 1308 are shown, and nucleotide 1303 is shown in
boldface.

TABLE 2. SEQUENCE DIFFERENCES BETWEEN THE TwWO
MITOCHONDRIAL DNA (mtDNA) HAPLOTYPES FOUND
IN THE PATIENT’S BLOOD AND MUSCLE AND
IN His PARENTS’ BLOOD.

FATHER'S
BLoop

MOTHER'S
BLoop

PATIENT'S
MuscLe

PATIENT'S
BLoop*

NuCLEOTIDE
PosiTion

477
1303
3192
3197t
3591
4592

5132-5134

11296
114671
11719%
11938
12308t
123721
12618
136171
147663
14793
15218

T

>>naoc>oc>o§aoﬂnoo
ooan>>o—1>o—1%n>o~1>a
>>oaoc>oc>o§»&meo“o
ODHO>>O~—I>O~—]§O>OH>

*This is the Cambridge reference sequence 1011

1The haplotype of the mtDNA from the patient’s muscle and his father’s
blood, as defined by the nucleotides at these sites, is diagnostic of mtDNA
haplogroup U5.13.14

1The haplotype of the mtDNA from the patient’s blood and that of his
mother, as defined by the nucleotides at these two sites, and the presence
of 4580G in all samples (data not shown) are diagnostic of mtDNA haplo-
group H.1315
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Figure 1. Partial Sequence Analysis of Mitochondrial DNA from
the Patient’s Blood and Muscle and from His Parents’ Blood.

Panel A demonstrates part of the difference in haplotypes be-
tween the patient’s muscle (paternal) and his blood (maternal).
The arrows indicate the polymorphic nucleotides 3192 and 3197.
Panel B shows fragment analysis for the 2-bp deletion. Frag-
ments of 152 bp (normal) and 150 bp (2-bp deletion) are shown
in purple. The GeneScan size standard is shown in orange. The
muscle is heteroplasmic for the deletion, with 10 percent wild-
type and 90 percent mutant mitochondrial DNA.

the patient had an isolated myopathy due to a muta-
tion found only in skeletal muscle, and because family
members were unaffected and did not carry the mu-
tation in blood or muscle, we conclude that the 2-bp
deletion arose spontaneously in early embryogenesis
or in the paternal germ line. However, we cannot rule
out the possibility that the father harbored this mu-
tation at a low level in other tissues. The origin of the
mutation could be similar to that of sporadic, single,
large-scale deletions, which so far have been thought
to arise spontaneously in maternal mtDNA, either in
the germ line or in early embryogenesis.'® Mutations
of mtDNA cause symptoms only when high levels of
mutant mtDNA are present: typically, 50 to 60 per-
cent for single, large-scale deletions and 80 to 90
percent for point mutations.!%!8 For a high percentage
of mutant mtDNA to be present, a replicative advan-
tage for the mutated mitochondria is probably re-
quired. However, not only single, large-scale deletions,
but also mtDNA point mutations, can proliferate with
time and outnumber wild-type mtDNA 1 It has been
suggested that the replicative advantage of the large-
scale deletions is due to a faster completion of replica-
tion of the smaller mtDNA molecules, but the exper-
imental evidence for this hypothesis is controversial.2

Complex I of the respiratory chain consists of 41
subunits, 7 of which are encoded by mtDNA. The
stop codon introduced by the 2-bp deletion affects
translation of the C-terminal portion of the gene prod-
uct. It therefore inactivates the ND2 subunit and the
catalytic function of complex I. In support of this con-
cept, complex I activity was severely impaired in mus-
cle from the patient we describe.

The patient also harbored a novel variant
(1303G-A) in the 12§ rRNA gene. This variant
could theoretically influence the patient’s phenotype.
However, the variant is situated in a part of the 12§
rRNA gene that is not conserved in evolution. Mouse
and rat 128 rRNA genes have an adenine, and rabbit
and elephant genes have a thymine in this position
(Table 1), which suggests that 1303G - A is a harmless
variant. Furthermore, the homoplasmic occurrence of
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1 [ 0O 12

D19S219 161-173 171-173
D19S559 173-181 169-181
D7S817 155-163 151-159
D7S2212 192-200 196-196
TNFB 107-117 99-99
-1 1I-2
171-173 171-173
169-173 173-181
159-163 151-163
192-196 196-200
99-117 99-107

Figure 2. Pedigree of the Family with Genotypes of Five Micro-
satellite Nuclear DNA Markers.

Allele sizes are given in base pairs. These results confirm that
Subject I-1 is the biologic father of the patient (Subject lI-1). The
alleles found in nuclear DNA from the muscle of Subject II-1
were identical to those found in nuclear DNA from his blood.

1303G - A in the healthy father and uncle also indi-
cates the nonpathogenic nature of this variant.

Until now, pathogenic mtDNA has been assumed
to be maternally inherited or to have arisen spontane-
ously on a maternal mtDNA background. However,
paternal mtDNA inheritance may go unrecognized in
cases with sporadic, single, large-scale deletions, be-
cause mitochondrial haplotypes are rarely investigated
in diagnostic analyses. The same may be true of the
rare cases of sporadic point mutations in mtDNA that
give rise to a clinical picture similar to that in the
present patient. Mutations in mtDNA that cannot be
detected in the mother, are found in skeletal muscle
only, and have no effects other than exercise intoler-
ance have been reported for the respiratory-chain sub-
units ND4,20 cytochrome 4,2! cytochrome ¢ oxidase
subunit 1,22 and cytochrome ¢ oxidase subunit I11.23
Among these, mutations of the cytochrome & gene
have been reported in more than one patient.2! How-
ever, sporadic cytochrome & mutations may also affect
tissues other than muscle.2

The present case could be the result of the survival
of one or a few sperm mitochondria that probably
would have been diluted out and never have been rec-
ognized had the pathogenic mutation not conferred
a selective proliferative advantage on the mitochon-
dria. There is now strong evidence that highly effective
processes exist for eliminating healthy sperm mito-
chondria in early mammalian embryogenesis.>” When
a sperm, including the midpiece, which is rich in mi-
tochondria, is injected directly into an oocyte, as in
assisted reproductive techniques to treat human infer-
tility, paternal mtDNA can be detected in the four-to-
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eight-cell stage of some abnormal embryos.25 How-
ever, paternal mtDNA has not been detected in in-
fants born after intracytoplasmic sperm injection.26

The underlying mechanism responsible for the
elimination of sperm mtDNA in normal embryos is
not well understood. We speculate that the process in
some cases may be defective, allowing sperm mito-
chondria to survive and giving those with a selective
advantage the possibility of prevailing in certain tis-
sues. The present findings suggest that investigation
of paternal mtDNA inheritance may be warranted in
cases with sporadic mitochondrial mutations.
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