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ABSTRACT

In 60 human tissue samples (encompassing skeletal
muscle, heart and kidney) obtained from subjects aged
from under 1 to 90 years, we used quantitative PCR
procedures to quantify mitochondrial DNA (mtDNA)
molecules carrying the 4977 bp deletion (MtDNA ~ 4977)
and 3243 A -G base substitution. In addition, the
prevalence of multiple mtDNA deletions was assessed

in a semi-quantitative manner. For all three tissues, the
correlations between the accumulation of the particular
mMtDNA mutations and age of the subject are highly
significant. However, differential extents of accumulation

of the two specific mutations in the various tissues
were observed. Thus, the mean abundance (percentage
of mutant mtDNA out of total mtDNA) of mtDNA 4977 in
a subset of age-matched adults is substantially higher

in skeletal muscle than in heart and kidney. However,
the mean abundance of the 3243 A -G mutation in
skeletal muscle was found to be lower than that in
heart and kidney. Visualisation of arrays of PCR
products arising from multiple mtDNA deletions in
DNA extracted from adult skeletal muscle, was readily
made after 30 cycles of PCR. By contrast, in DNA
extracted from adult heart or kidney, amplification for

35 cycles of PCR was required to detect multiple
mMtDNA deletions. Although such multiple deletions
are less abundant in heart and kidney than in skeletal
muscle, in all tissue extracts there are unique patterns

of bands, even from different tissues of the same
subject. The differential accumulation of mtDNA 4977,
other mtDNA deletions and the 3243 A - G mutation in
the three tissues analysed presumably reflects different
metabolic and senescence characteristics of these
various tissues.

INTRODUCTION

MtDNA mutations in human ageing have been reported, namely
deletions, short duplications and base substitutions. Deletions are
typified by a particular deletion of 4977 bp, denoted mtBXNA

(the so-called ‘common’ deletion) that arise from sequence
excision between two directly repeated 13 bp sequences in
MtDNA (7-9). Many other deletions are also encountered in
ageing human tissue$11). A mutation representing a 260 bp
tandem duplication in the D-loop region has been reported
(12,13). Base substitution mutations that have been recognised to
occur in tissues of senescent individuals include the A to G
transition at nucleotide (nt) 3243 (denoted 3243@) (14-19).

In general, it has been found that the deletion mutations of
mtDNA, especially mtDNA®77 occur and accumulate in various
human tissues with increasing age, including skeletal muscle
(7,8,16,19,20), heart 21,22), brain £3,24), lung 5) and skin
(26,27). 1t is not well established whether different tissues do
accumulate similar, or different levels of mtDRPA”. A systematic
study of different tissues using identical procedures is warranted.
Furthermore, the relationship between the base substitutions of
mMtDNA and age remains unclear. Thus, concerning the occurrence
of the 3243 A- G mutation in skeletal muscle, that has been
studied by several laboratories, contradictory conclusions were
drawn. This mtDNA mutation was reported to accumulate during
ageing in human skeletal musclel(19,28). In contrast, Pallotti
et al (16) obtained data suggesting that the base substitutions at
nt 3243 occur sporadically and show no age-association. In
another study, the 3243 -AG mutation has been demonstrated to
occur sporadically in mtDNA of ageing human skKi6)( Further
investigations in a wider range of tissues, as well as a greater
number of samples, are therefore needed to establish if there is
any general pattern in the age-relatedness of occurrence of the
3243 A- G mutation.

In the present study, we have applied quantitative PCR
procedures to analyse the occurrence of mtfNiA(19) and the
3243 A- G base substitutionly) in three different human
tissues, namely, skeletal muscle, heart and kidney, as a function
of age. In addition, we have used a semi-quantitative PCR
procedure to examine the occurrence of multiple deletions of

A decline in mitochondrial bioenergetic function in variousmtDNA in these three tissues. In the quantitative PCR-based
tissues occurs during human ageih@); This decline has been assays used, we defimeidenceas the frequency of occurrence

ascribed to the occurrence and accumulation of mutations @f detectable PCR products resulting from the relevant mutation,
mitochondrial DNA (mtDNA) 8-6). Three different types of andabundances the quantified level of that mutation (expressed
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as percentage of mutant mtDNA out of total mtDNA). The resultstDNA genome. For semi-quantitative analysis, each sample
clearly indicated that both mtDNA77and molecules bearing the was adjusted to have the same input of total mtDNA molecules
3243 A- G mutation accumulate with age in each of skeletdlor PCR, on the basis of data obtained by the procedure outlined
muscle, heart and kidney. A differential accumulation of mtDNAN the previous section (first PCR) to determine the amount of
mutations in the three tissues was observed, in terms of th@DNA in a given input of total cellular DNA. The conditions of
quantified levels of mtDNAS77 (and the estimated relative amplification to detect multiple deletions are described in detail
abundance of multiple deletions), as well as the quantified levey Zhanget al (10), and involved either 30 or 35 cycles of PCR.
of mtDNA bearing the 3243 A G mutation.

Detection and quantification of the 3243 A- G mutation in

MATERIALS AND METHODS MIDNA

The procedure based on allele-specific polymerase chain reaction
(AS-PCR) is detailed by Liet al (17). Briefly, two recombinant
Portions of skeletal muscle, heart and kidney were obtaingdasmids containing a 1407 bp DNA segment (nt 2322—-3728)
postmortem from human subjects. These were kindly provided byere employed as standard DNA templates in PCIR pCZ1
the Victorian Institute of Forensic Pathology. The study wasarries the normal DNA (A at nt 3243) and pCZ2 carries the
approved by the Standing Committee on Ethics in Research orutant DNA (G at nt 3243). The oligonucleotide primers
Humans of Monash University. In this study, a total of 60 tissughormal-specific and mutant-specific) used are described by Liu
samples were obtained from subjects of ages ranging from 1 habal (17). The AS-PCR conditions are optimised such that the
90 year old, and comprised 22 samples of skeletal muscle, 20m@itant mtDNA, which differs from the normal mtDNA by a
heart and 18 of kidney. Total cellular DNA was extracted fronsingle base pair, is selectively amplified in a high background of
(1100 mg of each tissue sample as descriBed ( normal mtDNA.
In order to carry out the quantitative AS-PCR analysis, two

Recombinant plasmids, oligonucleotide primers and PCR ~ different types of PCR reaction were carried Gu)(The first
conditions involved conventional PCR, using normal-specific primer

(H3284[42]T) in order to standardise the mtDNA content in each
The recombinant plasmids used as experimental standards, tisgue sample. The reference plasmid was pCZ1 carrying a
oligonucleotide primers and PCR conditions were described mormal mtDNA segment (A at nt 3243). The concentration of
Zhanget al (19) for quantifying mtDNA977 and by Liuet al  DNA in each tissue sample was adjusted such that each has the
(17) for quantifying the 3243 A G mutation. The nomenclature same input of mtDNA templates for the subsequent AS-PCR. The

Human tissues and DNA

of primers is according to Vaillant and Nagl@py second PCR reaction (AS-PCR) involved the use of mutant-specific
primer (H3284[42]C) and the reference plasmid pCZ2 carrying
Detection and quantification of mtDNA#977 a mutant mtDNA segment (G at nt 3243), to detect and quantify

the 3243 A- G mutation in mtDNA. To determine the abundance
The procedure to detect and quantify mtDiR¥(is detailed by  of the mutant mtDNA, the yields of the PCR product from the
Zhanget al (19). Briefly, the level of mutant and total mtDNA tissue DNA were compared densitometrically (as above) with
molecules were measured using an external standard, namglgse from the standards. The sensitivity of the procedure enables
pCZ21 (as reference plasmid) which contains a 773 bp segmefé detection of levels of mtDNA carrying the 3243-6
of the mtDNA (nt 7901-13650) bearing the breakpoint of thenutation as low as 0.01% of total mtDNAZ.
4977 bp deletion between nt 8470 and 13447. The 773 bp insert
in pCZ21 also carries a DNA sequence common to both mutagtatistical analyses of correlation coefficients
and normal mtDNA. Two PCR tests were involved. In the first ) . .
PCR, the level of total mtDNA molecules in a given input of totaPtatistical analyses were carried out using the Microsoft Excel
cellular DNA was determined, while the second PCR enabld@-0) statistical package. The correlation between the abundance
measurement of the level of mtDKX7in the same amount of Of €ach mutation and the age of the subject was established by
total cellular DNA. The levels of mtDN77 and total mtDNA  'egression analysis, plotting the natural logarithm of the abundance
were determined by comparing the band intensities of the PC#® & function of age. For those samples where the mutation was
products from tissue DNA with those of an appropriate series §0t present at detectable levels, the random number generation
inputs of standard pCZ21 DNA. The intensities of the ethidiun§yStem of Excel was used to generate arbitrary abundance values
bromide-stained DNA bands were analysed, after laser densitome@§fveen zero and the observed limit of detection. To accommodate
of photographs of the gels, using a MicroComputer Imagin§ossible slight variations between different sets of randomly
Device, Imaging Research Inc. The abundance of m#SRiq ~ 9enerated numbers for a particular mutation, the mean correlation
the sample (expressed as the percentage of total mtDNA) Ggefficientr was obtained by taking the average @élues from
determined from the ratio of the levels of mtDNA’ and total 10 independent sets of randomly generated sub-threshold values.
MtDNA. The sensitivity of the procedure enables the detection of
levels of mtDNA®77as low as 0.0001% of total mtDNAS). RESULTS

Incidence and abundance of mtDNA®77in human tissues

Detection of multiple mtDNA deletions in various tissues o .
P The incidence and abundance of Mt in the three human

The detection of multiple mtDNA deletions was carried out byissues were analysed, using two PCR procedures to determine
PCR using the primer pair L7901[20] and H16540[27], whosseparately the total mtDNA and mutant mtDNA molecules, in a
binding sequences are 8.64 kb apart from each other on thiwen input of total cellular DNA1Q9).
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Table 1.Detection and quantification of mtDMA7in different human tissugs

M 1234567 8910112131415161718192021222324 Sample number Age (years)  Tissue _
Muscle Heart Kidney
1 1h ND ND -
2 5 weeks ND - ND
3 3 months - ND ND
468 bp—> 4 5 ND - ND
5 6 - ND -
6 23 ND — —
Sn QW EEER2%
By C i 7 24 0.03 - -
Standards Tissue samples 8 27 ND _ ND
9 37 0.015 - 0.0005
10 40 0.0355 0.0005 0.00012
11 44 0.044 - 0.00012
12 45 0.293 - -
13 46 - 0.0008 0.00019
14 50 0.0355 - 0.0001
15 53 0.189 0.0009 -
16 55 0.046 - 0.00022
17 60 - 0.00036 -
Standards Tissue samples 18 60 0.116 B 0.00041
19 62 0.03 - 0.00041
20 63 0.151 - 0.0001
Figure 1. Quantification of mtDNA977by PCR in DNA extracted from heart 21 68 - 0.0019 -
tissues. &) Measurement of total mtDNA content in heart samples using 22 69 - 0.002 -
primers L7901[20] and H8368[25]. Plasmid pCZ21 was used as external 23 69 0.042 0.004 0.0002
standard, such that lanes 1-4 contain PCR products amplified from 2.0, 1.5, 1., , 72 _ 0.0017 _
and 0.5 ng, respectively, of pCZ21. Lanes 5-24 contain PCR products amplified ’
from DNA in extracts of heart tissues from the relevant 20 subjects aged under25 72 0.03 0.0008 0.00023
1-87 years (indicated underneath the gel), respectiBlyWeéasurement of 26 75 - 0.00092 -
deleted mtDNA in the same set of heart DNA samples using primers L8282[24] ,- 75 ND _ 0.00012
and H13650[20]. Plasmid pCZ21 was used as external standard such that lanes '
1-6 contain PCR products amplified from 0.1, 0.05, 0.01, 0.005, 0.001 and 0 pg,28 76 - - 0.001
respectively, of pCZ21. Lanes 7-26 contain PCR products amplified from 29 76 0.086 0.0012 -
20 samples of DNA extracts from heart tissues as in (A). Lanes marked M 3 78 _ 0.00026 _
contain DNA markers (pUC19 digested wiipall). 31 78 _ 0.00047 _
32 80 - 0.00034 -
33 81 - 0.00044 -
34 83 - 0.00044 -
Figure 1 illustrates the detection and quantification of 35 84 0.08 - -
mtDNA4977in 20 heart samples at different ages. The quantity oB6 87 - 0.00088 -
total mtDNA molecules at a given input of total cellular DNA was 37 90 0.257 - 0.00021

first measured (FiglA). The band intensities of the PCR

products generated from those heart samples (lanes 5-24) and;‘lﬂ@éults.are' expresseq as percent'age of mutant mtDNA out of total mtDNA.
reference (pCZ21) inputs (lanes 1—-4) were compared. This wa&ess indicated explicitly otherwise. _
followed by a second PCR to measure the mtEAAmolecules ND indicates not detectable; — indicates tissue not available.

within the same input of total cellular DNA (FigB). The

abundance of mtDN#77in a given sample was expressed as the In order to test the relationship of the abundance of mttSK/A
percentage of mtDN#77 out of total mtDNA. The same with age, the natural logarithm of abundance of the 4977 bp
procedures were also carried out to detect and quantify tldeletion was plotted graphically against the ages of the samples
abundances of mtDNIR7in 22 skeletal muscle and 18 kidney in each tissue type (Fi@A—C). The correlation coefficients)(
samples at different ages (PCR products in gels not shown). and probability IP) values of the regression analysis indicated that

By this means, it was possible to detect mtBRIAin most

mtDNA%977 was accumulated in skeletal muscle, heart and kidney

samples from adults, but not from samples of infants and yourtigsues in an age-related manner. The regression analyses of

children (Tablel). The calculated abundances of mtDNRA in

In(abundance) against age of all three tissues show a clear positive

all samples are listed in Table The overall abundance of this correlation P < 0.005) indicating an exponential accumulation of
particular deletion is generally much higher in skeletal musclentDNA%977 with age in skeletal muscle, heart and kidney tissues.
(ranging from 0.015 to almost 0.3% of mtDNA) than in heart It is recognised that in our sample set of subjects, there are
(range, 0.0003-0.004%) and kidney (range, 0.0001-0.001%@latively few intermediate ages between those of the first

(Tablel).

decades of life corresponding to non-detection of mtéfNA



Nucleic Acids Research, 1998, Vol. 26, No. 51271

(A) muscle (B) heart (9] kidney
r=0.64 p<0.005 r= 078 p<0.001 r=064 p<0.005
0 0 0
.

m -2 b 4 2 2
e o®e®
SR 4 4
2
5 -6
Q0
& g
o Y <SR

10 —fO © ©

12 : : : ,

Age (yr)

Figure 2. Age-associated accumulation of mtD#&”in skeletal muscle, heart and kidney tissues. The natural logarithm of abundance of the mutation in skeletal
muscle, heart and kidney tissues (as indicated for each panel) was plotted as a function of the age of the subjectér¢daftataleeh)). Closed circles represent
quantified abundance for the mutation above the limit of detection; open circles indicate samples showing no detectdtifatevelsition. To permit calculation

of regression lines (solid lines), data represented by open circles have been denoted a value (between zero and tirétpgeertiated randomly (see Materials

and Methods). One such set of the 10 used for computation is represented here. Computations yielded the correlationasuktfieigmobability value (which

are indicated above each panel). The dashed lines represent the threshold of detection of the mutation.

and those of individuals in their fifth decade and abovabundance of multiple deletions in the three tissue types was
corresponding to the higher levels of that deletion. It would havgossible because a standardised input of total mtDNA molecules
been desirable for a greater number of samples to be representdiiven each tissue sample was used for PCR.
of this intermediate interval but human tissue samples in these agé&Jsing the widely spaced primer pair encompassing 8.64 kb in
groups are relatively difficult to obtain. Nevertheless it is usefuihe long arc between the two origins of replication, multiple PCR
to compare the slopes of the regression lines that we were abldtnds, each inferred to represent a specific mtDNA deletion, were
obtain for each tissue. readily seen in most of the adult skeletal muscle aged over 40 after
The slopes of the regression lines are different from one anott#® cycles of PCR (FidA, lanes 8-22). No PCR products could
in different tissues. This suggests differences in the rate bk seen in skeletal muscle samples aged below 4B&ianes
accumulation of mtDNAY77 in different tissues leading to 1-7). Each individual sample gave rise to a unique band pattern,
relative differences in abundance of mtDNA’in such tissues. indicating the randomness of generation of mtDNA deletions
On this basis it appears that in skeletal muscle mtfSX/A during ageing. However, no PCR products could be seen in any
accumulated at a markedly faster rate than for heart and kidnégart (Fig3B, lanes 1-20) or kidney (FigC, lanes 1-18) tissues,
A more substantive statistical analysis of the abundance data visspective of age, after PCR under the same conditions (30 cycles)
undertaken by comparing the mean abundance of &Nk  as used for skeletal muscle tissues. This suggests that the
each of these three tissues, using a subset of adult samples \atkindance of multiple mtDNA deletions is considerably lower in
optimal age matching (to minimise any effects of age, as such, beart and kidney than in skeletal muscle. Nevertheless, at an
the mean abundance). The chosen age range for this comparaitneeeased PCR cycle number of 35, using the widely spaced
analysis encompassed subjects from ages 40 to 76 inclusit&(  primer pair, multiple PCR bands could be seen in most adult
11 and 12 for skeletal muscle, heart and kidney, respectivelfjssues of heart (Fi®D) and kidney (Fig3E), but again not in
Using the Student's-test to compare this selected age rangéhose of infants and young children. Unique patterns of products
between any particular pair of tissues, it was found that there as& multiple deletions were observed in adult heart and kidney,
no significant age differences from one anotffer 0.3) in the  much like that of skeletal muscle but at lower abundance.
three subsets of samples used in this analysis. However, by tereover, different tissue samples obtained from the same
Student'd-test, the mean abundance of mtDIRA was foundto  subject also gave rise to distinct band patterns (described in more
be significantly higher in skeletal muscle than in héat.005)  detail below).
and in kidney P < 0.002). Moreover, the overall abundance of
mtDNA4977in heart is also significantly higher than in kidney|ncidence and abundance of the 3243 AG mutation in
(P< 0.002). This indicates that the relative extent of accumulatiofjtDNA of human tissues
of mtDNA4977is highest in skeletal muscle, intermediate in heart o
and lowest in kidney. These results clearly indicate the differentidh€ incidence and abundance of the 3243@\mutation in the
accumulation of MtDNA®77in human skeletal muscle, heart andS@me sets of human tissues were determined by quantitative
kidney tissues. AS-PCR (7). Figuredillustrates the detection and quantification
of mtDNA carrying the 3243 A G mutation in the 20 heart
samples at different ages. Each sample was first standardised, by
PCR amplification using normal-specific primer, to contain
mMtDNA in copy number equivalent to 0.1 ng of pCZ1 (BR).
In addition to mtDNA977 the occurrence of multiple mtDNA This was followed by AS-PCR to amplify selectively, using
deletions in the three different tissue types was also studigautant-specific primer, the 3243-AG mutant mtDNA within the
(10,19). Semi-quantitative analysis of the relative incidence andame DNA input. By comparison of the intensities of the 459 bp

Semi-quantitative analysis of multiple deletions in mtDNA
in the three tissues
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Figure 4. Detection and quantification of the 3243.4& mutation in mtDNA
of heart samples by allele-specific PCR) Standardisation of mtDNA input
by conventional PCR. PCR was carried out using L2826[24] and H3284[42]T
(normal-specific primer) at an annealing temperature 6€56r 20 cycles.
A Lanes 1-5 contain PCR products amplified from 0.4, 0.2, 0.1, 0.05 and 0.025 ng
E of pCZ1, respectively. Lanes 6-25 contain PCR products amplified from 20
samples of DNA in extracts of heart tissues from subjects aged under 1-87 years
(indicated underneath the gel), respectively. The mtDNA input of each sample
had been standardised to be equivalent in copy number to 0.1 ng of pCZ1.
(B) Quantification of the 3243 A G mutation in mtDNA of heart samples by
allele-specific PCR. PCR was carried out using L2826[24] and H3284[42]C
(mutant-specific primer) at a discrimination temperature of°Z2fbr 35 cycles.
Lanes 1-6 contain reference mixtures of normal (pCZ1) and mutant (pCZ2)
plasmids (at a total 0.1 ng DNA) at the following percentages of mutant
plasmid: 0.4, 0.2, 0.1, 0.05, 0.01 and 0, respectively. Lanes 7—26 contain PCR
n products amplified from the 20 samples of DNA extracts from heart tissues as
in (A). Lanes marked M contain DNA markers (pUC19 digested kfil).

Figure 3.Detection of age-related multiple mtDNA deletions in various huma
tissues. Detection of multiple mtDNA deletions was carried out using primers
L7901[20] and H16540[27] on samples standardised to same input of total
mtDNA (cf. Fig. 1A). @) Lanes 1-22 contain PCR products amplified for 30 PCR
cycles from skeletal muscle DNA samples. Similar PCR was also carried outissues from infants and young children (TableThe quantified
on the heartR) and kidney C€) tissues under th_e same conditions (30 cycles arpundances of 3243-AG mutation (Tabl€) found in infants or
of PCR) as for skeletal muscle. PCR was carried out on the same sets of heal . .
(D) and kidney [) tissue extracts but for 35 cycles of PCR. Lanes marked M young children (ranglng from 0'0_1 to 0.025% O_f total mtDNA)
contain DNA markers (SPP1 digested vEitcRI). The sizes of some marker ~ are in general lower than those in adults (ranging from 0.05 to
bands are indicated (bp). The ages of subjects (year) from whom samples we@:75%). In order to test the relationship between abundance and age,
taken are indicated underneath each gel. the natural logarithm of abundance of the 3243@mutation was
plotted graphically against the ages of the samples in each tissue type
PCR products raised from tissue samples fHglanes 7-26) with  (Fig. 5A—C). The regression analysis of In(abundance) against age
those of the products from a series of mixtures of the mutant (pCZ@all three tissues show a clear positive correlaBend.01) in each
and normal (pCZ1) plasmids containing different amounts of mutanase, indicating an exponential accumulation with age of mtDNA
plasmid (Fig.4B, lanes 1-6), the proportions of the 3243.&  molecules carrying the 3243 -AG mutation in human skeletal
mutation in heart samples were determined. The same procedumasscle, heart and kidney tissues.
were also carried out to detect and quantify the abundances of th8earing in mind the same caveat as considered above for the
3243 A~ G mutation in 22 skeletal muscle and 18 kidney samplaggression lines for mtDNA&R?7 accumulation, in terms of the
at different ages (PCR products in gels not shown). relative paucity of samples in the second to fourth decades of life,
In all the samples tested, it was possible to detect and quantifie regression plots for the 3243.4 mutation gave different
the 3243 A- G mutation, above the detection limit of 0.01% ofslopes for samples of different tissues. This indicates that, as in the
total mMtDNA (Table2). Such global incidence at any ages withincase of mtDNAY77 there is a possibility of differential
these tissue samples should be contrasted with the lowarcumulation of this base substitution mutation in different
incidence of mtDNA®77 which is mostly not detectable in tissues. Applying statistical analysis of the mean abundance of the
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3243 A- G mutation on an age-matched subset of samples (ag€dmparison of the relative levels of mtDNA mutations in
40-76 years, inclusive) as for mtDRK7, the following results  various tissues of same subjects

were obtainedBy Student'st-test, the mean abundance of theT il further the diff il d lati
3243 A~ G mutation in adult skeletal muscle is just marginally!© Mustrate further the diferential occurrence and accumulation

lower than in heartR < 0.1), but significantly lower than in Yof mDNA mutations in human tissues, direct comparisons were

kidney @ < 0.02). Kidney and heart are indistinguishable by thi ade of the band intensities of the PCR products obtained from

test @ > 0.5). Note that in skeletal muscle, however, mtBR/A k'dNA samples of thlebtlhrie Seti of s'kgl'etgl ”I‘“SCtI)‘?' hearft1 and
is far more abundant than in heart or kidney (see above). idney tissues available from three individual subjects (those
aged 40, 69 and 72 years).

These results first serve to indicate the reproducibility of the
results already presented above. Second, this comparison makes
the point that the generalised relative abundance of particular
MtDNA mutations in specific tissues are often reflected in tissue
characteristics of individual subjects.

Figure 6 shows the relative intensities of the PCR products
generated from each sample when detecting the mf&NA
multiple deletions and 3243 -AG mutation. In Figur&A, for

Table 2.Detection and quantificatioof the 3243 A~ G mutation in mtDNA
of different human tissu@s

Sample number Age (yeard) Tissue

Muscle Heart Kidney mtDNA4977 the abundance of amplified products from skeletal

1 1h 0.01 001 B muscle (lanes 1, 4 and 7) is clearly greater than that from heart
2 Sweeks  0.025 - 0.01 (lanes 2, 5 and 8) and kidney (lanes 3, 6 and 9). Multiple band
3 3months - 0.01 0.01 patterns (Fig6B) could only be seen after 30 cycles of PCR in
4 5 0.025 - 0.01 skeletal muscle (lanes 1, 6 and 11) but not in heart (lanes 2, 7 and
5 6 - 0.025 - 12) or kidney (lanes 4, 9 and 14). Multiple bands were, however,
6 23 0.01 - - observable after 35 cycles of PCR in samples from heart (lanes 8 and
7 24 0.07 - - 13) and kidney (lanes 10 and 15). Moreover, unique band patterns
8 27 0.06 - 0.025 were observed in the three different tissues of each individual
9 37 0.4 - 0.05 subject. These results are indicative of a gross mosaic patirn (
10 40 0.1 0.05 0.1 of mtDNA deletions in each individual. Concerning the 3243@&
1 44 0.03 _ 0.025 mutation (Fig.6C), the abundance of amplified products from
12 45 0.06 _ _ skeletal muscle (lanes 4 and 7 at ages 69 and 72, respectively) is
13 6 _ 0.065 01 clearly much less than that from heart (lanes 5 and 8) and kidney
14 50 0.06 B 0.6 (lanes 6 and 9). However, the levels of this mutation in the tissue
15 £3 0.06 0.025 ~ samples of t'he'subject' aged 4Q are close to each other (cf..also

‘ ' Table 2). This is consistent with the marginal differences in
16 55 0.05 R 0.07 abundance of the 3243-AG mutation measured at the population
1 60 - 0.037 - level between skeletal muscle and heart. Note that there can be
18 60 0.07 - 0.06 wide variation in abundance of mtDNA mutations (both
19 62 0.065 - 0.06 mtDNA4977and 3243 A. G base substitution) which maycerd
20 63 0.08 - 01 10-fold for a specific mutation in a particular tissue (even within the
21 68 - 0.037 - subset of samples aged 40-76 years) as shown in Tadntek?.
22 69 - 0.1 - Therefore, it would not be surprising that within some individuals
23 69 0.05 0.59 0.75 the relative abundance of mutations is not in accord with the
24 72 - 0.365 - relative means determined at the population level.
25 72 0.05 0.75 0.65
26 75 - 0.062 - DISCUSSION
;; ;Z 2'05 _ 8.'52 > In this study, we _have systematica!ly studied the occurrence of
20 . 01 0.196 3 mtDNA%977 multiple mtDNA deletionsand the 3243 A G

' ' mutation in tissues obtained from human skeletal muscle, heart
30 8 - 0.103 - and kidney. All of the above mtDNA mutations have been found
31 8 - 0.35 - to occur and accumulate in each of these tissues during human
32 80 - 0.135 - ageing. Significantly, different tissues have accumulated different
33 81 - 0.053 - levels of mtDNA77 multiple mtDNA deletions and the 3243
34 83 - 0.038 - A - G mutation during ageing.
35 84 0.09 - -
36 87 - 0.085 - Occurrence and accumulation of mtDNA mutations during
37 90 0.25 - 0.1 ageing

It has been generally accepted that mtB®XAand many other
aResults are expressed as percentage of mutant mtDNA out of total mtDNAl.arg_e'Sca-Ie mMtDNA deletions occur and accumb!late 'W|th age in
bUnless indicated explicitly otherwise. various human tissueg,8,16,19-27). Our results in this study
— indicates tissue not available. are consistent with these observations and extend further to
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Figure 5. Age-associated accumulation of 3243, & mutation in skeletal muscle, heart and kidney tissues. The natural logarithm of abundance of the mutation in
skeletal muscle, heart and kidney tissues (as indicated for each panel) was plotted as a function of age of the sulijelitatiOtisesire as for Figure 2.

different tissues obtained from the same subject were found to

A. 4977 bp deletion
M 12 3456789

< a2

carry a unique set of multiple mtDNA deletions. This emphasises
the independent occurrence of age-related multiple mtDNA
deletions in skeletal muscle, heart and kidney, and suggests a

similar mechanism of induction of such mutations, although the
absolute extent of accumulation differs between tissues.
Our results presented here also clearly indicate that the 3243
A -G mutation occurs and accumulates with age in skeletal
muscle, heart and kidney tissues. Previously, contradictory
conclusions were drawn about the age-relatedness of the base
substitution mutation at the nt 3243 position in skeletal muscle
(see Introduction). This discrepancy may be attributed to the fact
i that only a limited number of samples (13 DNA samples of
= skeletal muscle) have been analysed in study carried out by
3 Pallotti et al (16). Zhanget al (19) demonstrated a correlation
(P < 0.05) between the 3243-AG mutation and age in 18
skeletal muscle samples. The abundance values of the 22 skeletal
muscle samples correlate significany<(0.01) with age in this
study, which further supports the association of this mutation with
age in skeletal muscle. In heart and kidney tissues, the abundance
of the 3243 A~ G mutation strongly correlates with age (heart,
P < 0.005) (kidneyP < 0.0005).
However, in a further human tissue namely skin, the occurrence
of the 3243 A- G mutation was found to be sporadic with only
50% (22/44) incidence and without age-association. In contrast,
in the same set of skin samples, the occurrence of mMNA
Figure 6. PCR products of deletions and base substitution in mtDNA of \ya5 found to be age-relateB € 0.05) although the overall

different tissues of the same human subjects. PCR products are shown having _. . 0 L
been generated from DNA samples isolated from the three types of tissue cidence is barely above 50% (21/44p) The incidence of

(skeletal muscle, heart and kidney) obtained from three individual subjects agemtDNA4977i5 much higherin samp_les from elderly subjel (
40, 69 and 72 years (as indicated below relevant lanes in each panelMoreover, recently, we have studied the occurrence of the 3243
(A) Detection of the 4977 bp deletion. Lanes 1, 4 and 7, from skeletal musclep _, G mutation in >100 samples of human lung tissues. Like the

lanes 2, 5 and 8, heart; lanes 3, 6 and 9, kidyDétection of multiple : : ; : : ; :
deletions. Lanes 1, 6 and 11, skeletal muscle, 30 cycles of PCR; lanes 2, 7 ag se in skin, this mutation occurs sporadlcally and agan without

12, heart, 30 cycles of PCR; lanes 4, 9 and 14, kidney, 30 cycles of PCR; lanes@J€ association (Lim,M., Liu,V.W.S., Zhang,C. and Nagley,P.,
8 and 13, heart, 35 cycles of PCR; lanes 5, 10 and 15, kidney, 35 cycles of PCRNpublished data), but age related accumulation of mftSNA
(C) Detection of the 3243 A G mutation. The indications of lanes are as for jn a similar set of human lung samples has been rep@fed (
(A), above. Lanes marked M in (A) and)(contain DNA markers (pUC19 In summary, therefore, there is a general phenomenon of age
digested wittHpall); the positions of major amplification products are shown. .
Lane marked M ing) contains DNA markers (SPP1 digested WitiaR|); the relatec_j Occurrence and accumu_la“on, of mBNAand F?mbably
sizes of some marker bands are indicated (bp). including multiple mtDNA deletions in most human tissues. But
this is not the case for the 32434 mutation. The occurrence
of this particular mutation may be common in most human
multiple mtDNA deletions that were also shown to occur in atissues, but this mutation does not necessarily accumulate with
age-related manner in skeletal muscle, heart and kidney. Strikinghge in some human tissues during ageing.
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Differential accumulation of mtDNA mutations in human necessary to determine the mechanism of generation of deletions
tissues during ageing and base substitutions in terms of the role of oxidative stress, and
to evaluate relevant factors involved in the replication and

: o ) ) segregation of mtDNA molecules carrying these mutations in
An important phenomenon observed in this study is the d'ﬁere”t'ﬁkoliferating and post-mitotic tissues.

accumulation of mtDNA deletion and base substitution mutations in
skeletal muscle, heart and kidney. Different tissues do accumulate
different levels of deletions and 3243-A5 mutation. ACKNOWLEDGEMENTS
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