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Abstract Purpose: To perform preimplantation genetic di-
agnosis (PGD) of Leigh encephalopathy, we developed a
rapid and reliable quantification assay for the percentage of
T8993G mtDNA mutation and analyzed various specimens.

Methods: We prepared the standard curve by measur-
ing serial proportion of 8993T/G cloned plasmid DNA us-
ing real-time PCR, and measured (1) mutant DNA (known
proportions by PCR-RFLP), (2) single lymphocytes from
46% mutant carrier, (3) 123 blastomeres from 20 abnormal
embryos.

Results: (1) These were within —5~+6% error range, (2)
mean 44.3% (11-70%), (3) Five embryos harbored T8993G
mutation (4—22%). Embryos from same person indicated dif-
ferent degrees of heteroplasmy, and blastomeres from same
embryo demonstrated limited dispersion of heteroplasmy
(2-11%).

Conclusions: (1) This method provides rapid and reli-
able PGD for Leigh encephalopathy. (2) The variable het-
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eroplasmy with somatic mitosis was suggested. (3) T8993G
mutation was existed in undeveloped embryo, and the bot-
tleneck theory was supported. The limited heteroplasmy dis-
persion of blastomeres from same embryo also supported
reliability of PGD for T8993G mutation.

Keywords Mitochondrial DNA - Heteroplasmy -
Real-time PCR - Preimplantation genetic diagnosis - Leigh
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Introduction

The mitochondrial (mt) DNA is a circular double-stranded
DNA molecule with 16.6 kilobases [1]. It presents in several
copies in each mitochondrion. Human individual cells con-
tain 100,000 to 200,000 copies of mtDNA [2]. The mtDNA
has been recognized that it is maternally inherited and nearly
all of the mtDNA is identical in normal individuals. Mutation
of mtDNA is seriously concerned with mitochondrial dis-
ease. Heteroplasmy (the presence of both normal and mutant
mtDNA at different levels within the same cell) accounts for
the phenotypic variability of mitochondrial disease [3, 4].
From human maternal carrier of mitochondrial disease to
pedigrees, rapid shifts in mtDNA mutant frequency have
been observed. To explain this phenomenon, it has been
hypothesized that the number of mtDNA within any one
oocyte is reduced to as few as five or less during oogene-
sis, especially in primordial germ cell [5—-9]. This is termed
“bottleneck theory.” Thus oocytes develop extremely differ-
ent heteroplasmy ratios of mtDNA mutation (a state termed
“mutant load”).

To date, there have not been attempts generally for preim-
plantation genetic diagnosis (PGD) of mitochondrial disease
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caused by mtDNA mutation. This is due to three possible
main reasons: (I) the mutant load measured in the blastomere
will not be the same as the mutant load in the other fetal tis-
sues, (I) the mutant load measured in the blastomere will
change during embryogenesis or after birth, (III) the correla-
tion between the mutant load and the disease severity is not
obviously understood.

In the majority of mtDNA disorders, these features of
mtDNA are fulfilled [10, 11] and prenatal diagnosis or PGD
is difficult to perform. However in families with mutations
at the mtDNA T8993G point mutation, the mutant load is
usually similar in different tissues, indicating that there is no
tissue-specific selection of age-related variation, and there
is also a strong correlation between the mutant load and the
disease severity [12, 13]. Thus PGD may be feasible for this
mutation.

The T8993G point mutation in the ATPase6 gene was
first described in an adult with neurogenic muscle weakness,
ataxia and retinitis pigmentosa (NARP) [14], and is also a
common cause of Leigh syndrome [15, 16]. The clinical
severity is strongly associated with mutant load. The patient
with Leigh syndrome has very high mutation load, typically
>90% mutation of mtDNA, and has severe clinical symp-
toms. NARP is related with intermediate mutant load of 60
to 80%, while mutant load less than 60% are commonly not
associated with clinical symptoms [17, 18].

The only way to perform PGD for mitochondrial disease is
analysis of the heteroplasmy ratio in a single blastomere of an
early stage embryo (48 cells stage). Although the mutation
ratio used to be quantified by PCR-RFLP and this method
has high sensitivity with low standard deviation [19], it re-
quires many procedures; PCR amplification, digestion with
restriction enzyme, and electrophoresis in a genetic anal-
yser. Consequently more simple procedure is desirable for
safety and reliable PGD. In the present study, we developed
a simple and precision quantification assay of the T8993G
mtDNA point mutation using real-time single PCR for PGD
of Leigh encephalopathy and analyzed various types of cells
and DNAs about this mutation to verify this assay. We also
analyzed the segregation patterns of mtDNA in preimplanta-
tion development by measuring heteroplasmy ratio of human
blastomeres.

Materials and methods
Plasmid DNA and specimens preparation

DNA for the wild-type (8993T) and mutant (8993G) target
sequences was generated from cloned plasmid DNA contain-
ing pCR® 2.1-TOPO® vector (Invitrogen, USA) and PCR
products of primers mtF8838 and mtR9139, and to be sized
about 4200bp. The copy numbers of the wild-type and mu-
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tant DNA sequences were calculated based on the size and
molecular weight of the plasmid DNA. These were mixed to
each mutant load, and diluted into 0.04 pg/ul (equivalent to
mtDNA from a single blastomere) by TE buffer with 5 ng/ul
salmon DNA (Sigma-Aldrich, USA) to avoid adsorption of
small DNA to real-time PCR wells.

Four different heteroplasmy types of specimens (lympho-
cyte cell line or whole blood) from female carriers and pa-
tients affected by Leigh encephalopathy with T8993G mu-
tation and whole blood samples from normal woman and
MOLT4 cell line as controls were obtained. Four specimens
have been analyzed to have 28%, 46%, 62%, 98% of T8993G
mutant load by PCR-RFLP respectively. The PCR restric-
tion analysis was undertaken as previously described [20].
MOLT4 cell line was established from lymphocyte of hu-
man acute lymphoblastic leukemia and considered to have no
T8993G mutation. DNA was extracted from these six types
of specimens by using SepaGene (Sanko Junyaku, Japan)
and diluted into 10 pg/ul, amounts that equal mtDNA from
a single blastomere (10* copies). When a fresh or cultured
single lymphocyte with 46% mutation was analyzed, cells
were handled in a clean bench with a mouth-controlled fine
heat-polished glass micropipette in drops of PBS using an
inverted microscope.

Twenty human embryos confirmed to contain three po-
lar bodies (3PN) were donated to this research by thirteen
unrelated normal couples. Embryos were considered to be
abnormal inadequate embryo to transfer at 24 h follow-
ing insemination and cultured up to 2—12 cleavage stage,
and placed in an equilibrated medium (Sydney IVF Embryo
Biopsy Medium: Cook, USA). Then Embryos were irradi-
ated by a non-contact 1.48 um diode laser system (OCTAX
Laser Shot: MTG, Germany) for the piercing of the zona pel-
lucida. Two or three short pulses (2.9 ms) were applied, and
the biopsy pipette was inserted in the hole and a blastomere
was removed by aspiration. Under an inverted microscope
the blastomeres were rinsed in a drop of PBS, and trans-
ferred into individual PCR tubes containing 3 ul of cell lysis
solution (0.2% sarcosyl + TE buffer with 10 mM EDTA).
Whole blastomeres per embryo were examined.

All specimens were collected after receiving informed
consent. The research procedure was approved by the Re-
search Ethics Committee of Keio University School of
Medicine and the Japan Society of Obstetrics and Gyne-
cology.

Real-time PCR quantification of mtDNA
heteroplasmy ratio

Real-time PCR primers and two fluorescent probes
(TagMan®MGB probe; Applied Biosystems, USA) cor-
responding to normal (8993T) and mutation (8993G)
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were prepared. The forward primer (5-CGAAACCAT
CAGCCTACTCATTCAA-3') spanned nt 8958 to nt
8982. The reverse primer (5-CCTGCAGTAATGTTAG
CGGTTAGG-3') spanned nt 9026 to nt 9003, and to-
tal length of the amplified product was 69bp. The
probe for normal (8993T; CCAATAGCCC[T]GGCCGT)
had “VIC” fluorescent and the probe for mutation
(8993G; AATAGCCC[G]GGCCGT) had “FAM” fluores-
cent. The source of the probes was obtained from Ap-
plied Biosystems. To confirm PCR product, PCR ampli-
fied DNA was sequenced using ABI PRISM 310 genetic
analyzer.

Twentyfive ul PCR mixture was set up with final concen-
trations: 12.5 ul TagMan Universal PCR Master Mix, No
AmpErase UNG (2X), 0.625 ul 40X Assay Mix, 8.875 ul
(6.875 wl) distilled water, 0.5 ul x 2 TagMan MGB Probe,
1.0 ul x 2 PCR primer, 1.0 ul (3.0 ul) specimen. The re-
actions were performed as follows: initial denaturation at
50°C for 2 min and 95°C for 10 min, and 45 cycles at 92°C
for 15 sec (denaturation), 60°C for 1 min (annealing and
extension). The allelic discrimination assay using real-time
PCR (ABI PRISM 7000) was used to measure each fluores-
cent, and proportion of these values (mutation [FAM]/normal
[VIC] 4+ mutation [FAM]) was calculated and analyzed for
the following studies.

Preparing the standard curve

(1) Two types of plasmid DNA (8993T and 8993G) were
mixed and prepared to each mutation ratios (0, 1, 5, 10,
20, 30, 40, 50, 60, 70, 80, 90, 100%). The concentration of
plasmid DNA was adjusted into 0.04 pg/ul as stated above.
Measurements were performed in ten times, and the average
value was applied for standard curves. (2) DNA extracted
from 98% mutation carrier cell line and normal woman were
mixed to each mutation ratios (0, 1, 5, 10, 20, 30, 40, 50,
60, 70, 80, 90, 98%). The concentration of extracted DNA
was adjusted into 10 pg as aforesaid. Measurements were
performed in ten times.

Analysis of various specimens

(1) 28% mutation DNA (n = 20), (2) 46% mutation DNA
(n = 20), (3) 62% mutation DNA (n = 20), (4) 98% muta-
tion DNA (n = 20), (5) Single lymphocytes of fresh blood
and established cell line derived from the same 46% mutation
carrier (n = 40/40 respectively), (6) Single lymphocytes de-
rived from MOLT4 cell line (n = 20), (7) Distilled water as
negative control (n = 20), (8) 123 individual blastomeres
from 20 cleavaged embryos as a simulation of the actual
PGD.
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Fig. 1 The standard curve of mutation ratio analysis; two types of
plasmid DNA (8993T/G)

Measured values were calculated and applied to standard
curve of plasmid DNA, then converted to mutation percent-
age.

Results

Linear standard curves were obtained from the proportion
of VIC and FAM fluorescence (Figs. 1 and 2). Values of
correlation coefficient of VIC for normal sequence and of
FAM for mutating sequence were 0.9697 and 0.9745 respec-
tively. Standard curves from carrier DNA and plasmid DNA
demonstrated an approximate curve, but carrier DNA showed
slightly low values (0.0165~0.0475; 0%~ —8% [mean —
3.6%]). A standard deviation of each curve was demonstrated
in very low level (<0.05).

The sequencing result of PCR product showed identical
arrangement with mtDNA nt 8958 to nt 9026 (Fig. 3).

The standard curve obtained from plasmid DNA was
applied to measure mutant load of various specimens.
Four different types of heteroplasmic DNA were consistent
with standard curve within —5~+46% error range (Fig. 4).
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Fig. 2 The standard curve of mutation ratio analysis; carrier DNA
(98% mutation)
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Fig. 3 The sequencing result TCCAAGC CQRGC COTACGC CTAA CG T h(nll CTGCAGGA
of PCR product 10 an
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Actual measurement data was as follows; (1) 28%DNA: embryoll; 11~22%, embryol6; 10~12%, embyol7,

upper extreme 34%/upper quartile 31%/lower quartile
29%/lower extreme 26%, (2) 46%DNA: 49/48/47/45%,
(3) 62%DNA: 68/68/63/60%, (4) 98%DNA: 97/97/94/93%.
In the analysis of fresh blood single lymphocytes from
46% mutation carrier, a scattering was observed. An av-
erage mutant load of 40 lymphocytes was 44.3% with 11—
70% wide range among individual cells (upper extreme 70%,
upper quartile 52%, lower quartile 38 %, lower extreme 11%),
and this mean value was close to the result of PCR-RFLP
(46%) (Fig. 4). While 80% lymphocytes (32/40) from fresh
blood indicated 46% =+ 10% range of mutant load, only 45%
lymphocytes (18/40) from established cell line showed same
range of mutant load (Fig. 5). Mutant load of MOLT4 lym-
phocytes and negative controls were both 0% (Figs. 4 and 6).
While MOLT4 lymphocytes showed only normal fluorescent
(VIC), negative controls indicated neither fluorescent.
T8993G mutation was detected in five embryos (25%;
5/20) with different degrees of heteroplasmy (4~22%; em-
bryo6,7,11,16,17) (Fig. 6). Blastomeres derived from same
embryo indicated limited dispersion of heteroplasmy within
2 to 11% range (embryo6; 4~15%, embryo7; 9~20%,

18~21%). Embryos derived from same person indicated
different degrees of heteroplasmy (embryo 5,6,7 [0~8%,
4~15%,9~20%]/embryo 16,17 [10~12%,18~21%]).

Discussion

A linearity of standard curve was secured with very low stan-
dard deviation and actual measurement data of heteroplas-
mic DNA was calculated within low error range. However in
different DNA concentration, measurements showed a little
change (data not shown). This standard curve was prepared
under a condition of 10* mtDNA copies per blastomere, but
several percentage differences were observed under 10 or
10° mtDNA concentration.

Studying single lymphocytes of the 46% carrier indi-
cated wide range variation of mutant load (11~70%][fresh]/
0~79%|cultured]). This data suggested the possibilities of
the variable heteroplasmy at the cellular level by a mtDNA
random distribution with somatic mitosis. Previously it has
been pointed out that the mutant load of established cell
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Fig. 4 The mutation ration of each specimens applied to standard curve of Fig. 1
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Fig. 5 The distribution of 16
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lines might be changed as a result of cell selection during
cell culture [21], therefore we expected the result to be dif-
ferent distribution between fresh and cultured lymphocytes.
However, significant changes were not seen between them.
The analysis of blastomeres proved an existence of
T8993G mtDNA mutation in 3PN embryo from women
thought to have no mtDNA mutation. To the best of
our knowledge, few existences have been reported so
far, although in abnormal cleavage embryo. Mutant loads
among embryos from same person were different (embryo
5,6,7 [0~8%,4~15%,9~20%]/embryo 16,17 [10~12%,
18~21%]). These differences were measured more than
measurement error of present real-time PCR method. There-
fore it suggested an existence of bottleneck theory during
oogenesis. The ratio of the heteroplasmy was demonstrated
to be a limited dispersion in the individual blastomeres of the

IThe mutation ratio (%) |

same embryo. This result means that the mutant load of single
blastomere is practically equal to that of the same embryo.
These data are consistent with results from previous studies
in mouse embryos [22] and human embryos [19], detecting
the distribution of mtDNA polymorphisms in blastomeres.
It also supports reliability of PGD for T§993G mutation.

In actual PGD of Leigh encephalopathy, considering var-
ious factors (measurement error, difference of first mtDNA
amount, random distribution with somatic mitosis etc.), the
cut-off value should be established to subtract 10~15% from
mutation ratio of carrier mother. However it is considered
that the avoiding offspring of more severe mutant load will
be not difficult, because previous data shows a much skewed
segregation of the T8993G mutation in gametes of T8993G
carriers. Most oocytes inherited either a very low or a very
high proportion of mutant mtDNA [23].
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Fig. 6 The variation of mutation ratio in blastomeres derived from normal women (3PN embryo — cleavage embryo)
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There is a possibility of nuclear transplantation for
mtDNA mutation carriers. However many problems exist in
nuclear transplantation, principally on safety and the DNA
originality of the individual human. At the moment, PGD
by measuring mutant load is the only way which can pro-
vide an opinion to carrier mother and family for avoiding the
transmission of high mutant mtDNA.

Conclusions

These results demonstrate that it is technically and logically
possible to perform PGD for T8993G Leigh encephalopathy
by measuring the mtDNA heteroplasmy ratio (even small
percentages) by allelic discrimination assay using real-time
single PCR from small amounts of DNA. This method re-
quires only few hours to obtain results of mutant load, and
needs only few procedures, therefore it is expected to avoid
misdiagnosis by manipulations and to perform the rapid and
accurate PGD.

The research of single lymphocytes and blastomeres sug-
gested the variable heteroplasmy with somatic mitosis, the
existence of T8993G mutation in abnormal embryo and the
bottleneck theory during oogenesis
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