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Abstract Inorderto study thestill poorly understood dy-
namics of mitochondrial gene segregation, we attempted
to alter the percentage of deleted mtDNA (del-mtDNA)
over wild-type mtDNA in cell-culture by manipulating
respiratory chain capacity. For this purpose, we used a
cell-line harbouring a 6-kb mtDNA-deletion which nor-
mally was present in 70% of the molecules. The results
show that in the presence of low concentrations of doxy-
cycline (DC), an inhibitor of mitochondrial protein syn-
thesis, the average percentage of del-mtDNA in culture
steadily declined. After short-term DC treatment most
cellsstill contained del-mtDNA and removal of DC led to
arapid increase in the proportion of del-mtDNA. In con-
trast, long-term DC treatment rendered del-mtDNA unde-
tectable by Southern analysis, reflecting the compl ete ab-
sence of del-mtDNA in most cells. In this case, del-
mtDNA in culture remained at a constant low level after
removal of the drug. The results clearly show the impor-
tance of phenotypic selection in the segregation of a del-
eterious mtDNA mutation.
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Introduction

Mammalian mitochondrial DNA (mtDNA) contains a
small, but essential, set of genes (Anderson et al. 1981,
Bibb et al. 1981). Thirteen genes code for subunits of en-
zyme complexes involved in oxidative phosphorylation
(OXPHOS). The other genes encode two rRNAs and 22
tRNASsthat are essential for mitochondrial protein synthe-
sis (Nelson 1987). The importance of the mitochondrial
genome is indicated by the occurrence of a multitude of
disorders resulting from specific mtDNA mutations (Wal-
lace 1992). In most cases, mutant mtDNA molecules are
found together with wild-type (wt) mtDNA within atissue
or cell type, asituation known as heteroplasmy. Itiswidely
accepted that the distribution of different ratios of mutant
towt-mtDNA in different tissuesisimportant in determin-
ing the clinical phenotype. Generally, heteroplasmy is
known to beintracellular, and several reports suggest that
heteroplasmy is intra-mitochondrial, in both humans and
Drosophila (Lécher et al. 1994; Attardi et al. 1995; Mat-
thews et al. 1995).

Single, heteroplasmic mtDNA deletions in humans are
commonly linked with Chronic Progressive External Oph-
thalmoplegia (CPEO), Kearns-Sayre syndrome (KSS),
Pearson syndrome, and other disorders (Holt et al. 1988;
Rotig et al. 1989). These partial deletions, which generally
remove several protein-coding and tRNA genes, are be-
lieved to arise spontaneously during oogenesis (Holt et al.
1988). Low levelsof del-mtDNA (del-mtDNA) are detect-
able in the oocytes of healthy women (Chen et al. 1995),
although the chance that these molecules will contribute
to the devel oping foetusis very small (Hauswirth and Lai-
pis 1985; Chen et al. 1995). Thisis consistent with the fact
that the above disordersarerare. When amutant mitochon-
drial genome is propagated in the foetus its eventual rep-
resentation and tissue distribution are presumed to be
strongly influenced by its replication and segregation be-
haviour. For example, dueto their smaller sizedel-mtDNA
molecules may possess an inherent replicative advantage
over wt-mtDNA molecules (Wallace 1989; Shoubridge
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et al. 1990), at least in some cell types, resulting in their
accumulation over time, as has been observed in a patient
with KSS (Larsson et al. 1990). The segregation behavi-
our of del-mtDNA can also depend on cell type (Bourge-
ronet al. 1993), and differentiation status (Collombet et al.
1996). It has been suggested that not only del-mtDNA but
also mtDNA containing a point mutation may accumulate
with time, in patients as well asin cell-culture (Yoneda et
al. 1992; Attardi et al. 1995). Nuclear background was
shown to influence this behaviour (Dunbar et al. 1995),
which raises questions regarding the mechanism(s) of the
replicative advantage of any mutant mtDNA, including
mtDNA molecules of smaller than wild-type size, and its
relationship with the phenotypic effects of the mutation.

For example, alymphoblast cell-line containing a 6-kb
MtDNA deletion maintained high levels of del-mtDNA
(60—70%) and did not show severe mitochondrial dysfunc-
tion despite a 50% reduced synthesis of the proteins en-
coded by the deleted genes (Spelbrink et al. 1994). This
could be explained on the basis of an over-capacity of mito-
chondrial protein synthesisinthiscell type. Differencesin
mitochondrial protein synthesis between patient-derived
and control cell-lines was demonstrated by showing that
the patient cell-line was more sensitive to low concentra-
tions of doxycycline (DC), an inhibitor of mitochondrial
protein synthesis. This led to the idea that treatment with
low DC concentrations could be used to select against cells
with high percentages of del-mtDNA.

In the present paper, the results of DC treatments of a
cell-line having an initially stable population of wt- and
del-mtDNA molecules are reported. The del-mtDNA pop-
ulation was systematically manipulated by changing the
DC regime and the culture conditions. The resultsindicate
that del-mtDNA moleculesare preferentially amplified re-
sulting in their increase to, or maintenance at, a threshold
level, above which their presence appears to confer a phe-
notypic disadvantage.

Materials and methods

Patient and cell-line. The lymphablast cell-line (P) used in this study
wascreated from cells of apatient with Pearson’ssyndrome. Theclin-
ical, biochemical and molecular genetic features of the patient and
cell-line have been described previously (De Vries et al. 1992; Spel-
brink et al. 1994). A 6-kb deletion from within the COX Il gene to
within the ND5 gene (bp 7778-13 794) wasidentified in this patient.

Cell-cultures. Patient-derived and control lymphoblastoid cellswere
cultured in RPMI 1640 (2 g/l glucose) or Dulbecco’s Modified Ea-
gle (DME) medium (4.5 g/l glucose) containing 1 mM pyruvate sup-
plemented with 10% heat-inactivated foetal calf serum (FCS). Cells
were collected by centrifugation and washed three times with ster-
ilePBSat 4°C. Cell-pelletswereused immediately or stored at —70°C
prior to DNA isolation. Cell concentrations were determined using
acounting chamber. Doxycycline (DC, Sigma) was added to the cul-
ture medium to different final concentrations, asindicated in thefig-
ure legends, from a stock solution in 70% ethanol. Doxycycline is
believed to inhibit mitochondrial protein synthesis by binding to the
small ribosomal subunit and preventing tRNA-binding.

Mitochondrial DNA and mRNA analysis. Total cellular DNA was
isolated according to standard procedures (Sambrook et al. 1989),

and DNA concentrations were measured spectrophotometrically.
Approximately 3 pug of DNA was digested with EcoRI or with Pstl
(asindicated), subjected to electrophoresis using 0.7% agarose TBE
gels, and blotted overnight onto Hybond N™ membranes (A mersham)
using 20xSSC. To detect both normal mtDNA and mtDNA contain-
ing the 6-kb (np 7778-13 794) deletion, an M13 recombinant
(mp18.XH5.2, King and Attardi 1993) containing most of the COX
| gene was used to probe EcoRI-digested DNA. To probe DNA di-
gested with Pstl, a second clone containing most of the cyt b gene
(mp18.XK76) was used. The above site-specific probes, in contrast
to the use of atotal mtDNA probe, avoid having to correct for dif-
ferences in the length of the tested mtDNA species. In some cases,
aPCR-derived probe for 18SrRNA (Gonzalez and Schmickel 1986)
was used to detect nuclear DNA. Total cytoplasmic RNA was iso-
lated from NP-40-lysed cells by phenol extraction and analysed by
Northern hybridisation after electrophoresis in formaldehyde-aga-
rose gels (Sambrook et al. 1989; Spelbrink et al. 1994). A cDNA
probefor 18Sribosomal RNA was used asareference for the amount
of total cytoplasmic RNA. Probes for the detection of COX | and
COX Il mRNAswere asdescribed previously (Spelbrink et al. 1994).
Generally, 10-20ng of probe was labelled to an activity of
10-20 uCi, using random priming (Feinberg and Vogelstein 1983).
Blots were hybridised as described (Church and Gilbert 1984) and
washed several timesat 65°C with 45 mM NaCl, 4.5 mM sodium cit-
rate, 0.1% sodium dodecy! sulphate.

PCR and single-cell PCR. For the detection of small amounts of del-
mtDNA, total cellular DNA was isolated and used in a 50-ul PCR
reaction, containing 50 ng of each forward and reverse primer (as
below), 2.0 mM MgCl,, 50 mM KClI, 10 mM Tris/HCI (pH 8.3), 5%
DMSO, 200 uM of each dNTP and 0.8 U Taq polymerase (Gibco
BRL). Thefollowing PCR program was used: 40 cycles; 30 s dena-
turation at 94°C, 1.5 min annealing at 53°C and 2 min extension at
72°C. For the detection of del-mtDNA the following primers were
used: forward primer, 5'-CAC ACA TTC GAA-GAA CCC GT-3
(mtDNA bp 7410-7429, numbering according to Anderson et al.
1981); reverse primer, 5-TCT AGG GCT GTT AGA AGT CC-3'
(MtDNA bp 13 844-13 825), resulting in a product of 399 bp. These
primers did not give a product with wt-mtDNA because the length
of the region which hasto be amplified istoo great under the condi-
tions employed. For the detection of normal (wt) mtDNA thefollow-
ing primerswereused: forward primer, 5-CCT CCCTGT ACGAAA
GGA CA-3 (mtDNA bp 3116-3135); reverseprimer, 5'-GTG AAG-
AGT TTT ATG GCG TC-3' (mtDNA bp 3476-3457), resulting in a
product of 361 bp. Single cells, which were used for PCR detection
of del- or wt-mtDNA, were isolated as follows. Cultured cells were
diluted to 1 cell/ul in sterile PBS at 4°C and 1-pl drops were pipet-
ted on asterile Petri dish. Each drop was subsequently examined mi-
croscopically (100-200 x magnification) for the presence of a sin-
gle cell, and transferred to a reaction vessel containing 9 pl of ster-
ile water. Samples were heated for 10 min at 95°C, centrifuged for
5 min at 12 000 gp,a, and supernatants used for PCR amplification
(Erickson and Castora 1993).

Miscellaneous. The activity of cytochrome c oxidase was measured
spectrophotometrically (Van Kuilenburg et al. 1991) at 20°C in
30 mM phosphate buffer (pH 7.4) in cell lysates obtained by lauryl-
maltoside treatment as described previously (Spelbrink et al. 1994),
using 20 uM of reduced bovine heart cytochrome c as the substrate.
The activity was expressed as afirst-order rate constant, k, per min.
Citrate synthase activity was also measured in cell lysates obtained
by lauryl maltoside treatment, essentially as described by Srere
(1969). Hybridisation signals with [32P]-labelled probes were meas-
ured using a Phosphorlmager™ (Molecular Dynamics, Sunnyvale,
Cdlif., USA).

Results

The effects of phenotypic selection on mitochondrial gene
segregation remain poorly understood. In order to address
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Fig. 1A-C Treatment of Pearson lymphoblasts with low concen-
trations of doxycycline. Pearson lymphoblasts (P) were grown in
the presence of 3 or 6 ug of DC/ml of DME medium, for a period
of up to 1.5 years. Total cell DNA was isolated and digested with
Pstl. Southern blots were hybridised with a single-stranded DNA
probe against the cyt b gene, which detectsboth wt- and del-mtDNA.
DNA digested with Pstl, resultsin aband fromwt-mtDNA of 14 459
bp and a band of del-mtDNA of 10 552. A a sample autoradiogram
showing the steady declinein the average percentage of del-mtDNA
in culture, caused by proliferation of thecellsinthe presenceof 3 pg
of DC/ml (P + DC). Duration = the time cellswere treated with DC
starting from the first day of addition, or the time cells were grown
in the absence of DC counting from the first day of omission. Part
of the P + DC cell-culture was propagated without DC after 102
days of DC treatment (P + DC - —DC), which resulted in an in-
crease in the percentage del-mtDNA. P Pearson cells cultured with-
out DC. C1, C2 control cell-lines. B graphical representation of the
decline in the percentage of del-mtDNA in Pearson cells, cultured
in the presence of 3 (V) or 6 (¥) ug DC/ml. Cells treated for 10
weeks with 3 ug of DC/ml were propagated in medium containing
6 ug of DC/ml () and further cultured in the presence of 6 pg/ml.
The percentage of del-mtDNA was determined after the quantifica-
tion of hybridisation signals. The combined results of several South-
ern blots are shown. The dashed horizontal line represents the de-
tection limit by Southern analysis [a del-mtDNA level, barely de-
tectable by eye, was quantified as 7% (see Fig. 4); below thislevel
the signal for wt-mtDNA results in too-high background levels to
distinguish del-mtDNA]. The results demonstrate that after long-
term treatment with 3 pg of DC/ml, del-mtDNA can no longer be
detected. Treatment with 6 pg of DC/ml resulted in undetectable
del-mtDNA levels after 50 days of treatment. Wt-mtDNA = wild-
type mtDNA; del-mtDNA = mtDNA harbouring a 6-kb mtDNA de-
letion. C Pearson lymphoblasts, which were cultured in DME me-
dium, weretransferred at 0 daysto RPMI medium (+), RPMI + 3 ug
DC/ml (V) or RPMI + 6 pg DC/ml (¥). DNA wasisolated and an-
alysed at several time points following this change of culture me-
dium. The results show that transition of Pearson cells to a poorer
medium (RPMI) (Van den Bogert et al. 1992) resultsin amore rap-
id effect of treatment with 3 pg of DC/ml. Cells treated with 6 ug
of DC/ml showed a slower decline in del-mtDNA, possibly caused
by a severely reduced growth rate
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this problem we attempted to systematically manipul atethe
segregation of a6-kb mtDNA deletion in cultured lympho-
blasts, by imposing stress on oxidative phosphorylation.

Selection against an apparently stable mtDNA deletion
in Pearson lymphoblasts

Thedeletioninthe Pearson cell-lineused herehasitsbreak-
points in the COXII and ND5 genes. No Bglll restriction
site is present in human mtDNA (Anderson et al. 1981).
Total cellular DNA of the Pearson cell-line digested with
Bglll and hybridised withaCOX | probe only showed full-
length and del-mtDNA in relative concentrations of 30%
and 70% respectively. No partially duplicated mtDNA was
observed (data not shown).

Based on previous results (Spelbrink et al. 1994), we
reasoned that the presence of del-mtDNA could be ren-
dered phenotypically disadvantageous, and hence poten-
tially selected against, in the presence of low concentra-
tions of doxycycline (DC). Figure 1 a/b shows that the av-
erage percentage of del-mtDNA in Pearson (P) cells cul-
tured in DMEM inthe presence of 3 ug DC per ml rapidly
decreased from 65% del-mtDNA to about 45% del-
mtDNA. From this point on, it declined steadily to reach
undetectablelevels, based on Southern analysis, after ape-
riod of about 1 year. In the absence of DC the percentage
of del-mtDNA in culture remained stable at 60—70% over
aperiod of 3-4 years. Thisstability has al so been observed
by others (Bourgeron et al. 1993).

Analiquot of thecellsthat had beentreated for 10 weeks
with 3 pg/ml DC was subsequently cultured in 6 pg/ml of
the drug. This initially accelerated the decline in del-
MtDNA levels, after which atrend with amore gradual de-
cline was resumed (Fig. 1b). Treatment with 6 pg of
DC/ml, without pre-treatment at the lower dose, resulted
inanimmediate and rapid loss of del-mtDNA until it could
no longer be detected (Fig. 1b).

Cell proliferation for 3—4 weeks in the presence of
15 pg/ml of DC, which fully inhibits mitochondrial pro-
tein synthesis (Van den Bogert et al. 1988; Spelbrink et al.
1994), did not result in sel ection against del-mtDNA. Thus,
partial but not complete inhibition of mitochondrial pro-
tein synthesisresultsin areduction in the average percent-
age of del-mtDNA in cell culture. This suggests that ap-
plying a stress that reduces the OXPHOS capacity affects
cellswith high del-mtDNA levels more than cellswith low
del-mtDNA levels, and that the observed effects are not
the result of a property of DC other than the inhibition of
mitochondrial protein synthesis.

Asacontrol, to show that the original Pearson cell-cul-
ture was not contaminated with cells from other cultures
that were subsequently selected during DC treatment, sev-
eral of the subcultures and other cell-cultures that we nor-
mally use were subjected to a small-scale haplotype anal -
ysisusing microsatellitemarkers. Theoriginal Pearson cul-
ture plus all subcultures had the same haplotype, which
was different from the hapl otypes of other cell-linesin use
in the laboratory (data not shown).
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Influence of culture conditions on the rate
of loss of del-mtDNA

It haslong been recognised that human cells cultured under
different conditions are to a different extent dependent on
mitochondrial function (Desjardins et al. 1985; King and
Attardi 1989; Van den Bogert et al. 1992). Various cell
typesculturedin RPMI are highly dependent on mitochon-
drial function when compared with cells cultured in
DMEM; a50% decline in OXPHQOS capacity in RPMI re-
sultsin cellular dysfunction and ablock to cellular prolife-
ration (Van den Bogert et al. 1992). Thus, we expected that
cells cultured in RPMI should be more sensitive to DC
treatment, which was indeed observed at 3 ug of DC/ml
(Fig. 1c). However, cellscultured in RPMI in the presence
of 6 pg of DC/ml showed a slower decline in the level of
del-mtDNA, most likely due to a significantly reduced
growth rate under these conditions (aspreviously observed
by Spelbrink et al. 1994). Cells transferred from DMEM
to RPMI without DC treatment also showed an initial de-
cline in the amount of del-mtDNA, although it gradually
returned to the 60—70% level.

Effects of removal of DC on the del-mtDNA population

Figure 2 shows the effects when DC was removed from
the medium after the cells had been cultured in DMEM in
the presence of 6 pug of DC/ml for 5-6 weeks. Starting
from alevel of del-mtDNA that was just detectable, the
percentage of del-mtDNA rapidly increased to levels of
50-60%. Theseresults clearly demonstrated the preferen-
tial accumulation of del-mtDNA over wt-mtDNA. A pref-
erence for the amplification of del-mtDNA could be the
result of several mechanisms, such asareplicative advan-
tage dueto its smaller size (Wallace 1989) or preferential
proliferation of defective mitochondria containing high
levels of del-mtDNA (Attardi et al. 1995 and see Discus-
sion).

Removal of DC from cells that had been subjected to
long-term treatment with 3 pg/ml of the drug in DMEM,
after which del-mtDNA was undetectable by Southern
analysis, gave a different result. Del-mtDNA was not re-
established at high levels, even after prolonged culture of
the cells without DC. This could have several interpreta-
tions: (1) that cells had lost del-mtDNA entirely; (2) that
only aminority of cellsstill had del-mtDNA, inwhich case
the maximal percentage del-mtDNA that could be present
would belessthan the percentage of cellsthat still had del-
MtDNA; (3) that del-mtDNA was still present at low con-
centrationsin most cellsbut that del-mtDNA no longer had
an advantage because it was present in fully functional mi-
tochondria. This last option seemed unlikely, given that
cells harbouring as much as 60-70% del-mtDNA do not
show aclear biochemical phenotype (see above). Thefirst
of these three options was excluded by demonstrating, us-
ing PCR, that del-mtDNA was still present in the culture
(datanot shown). To confirm that most cellsno longer con-
tained del-mtDNA, aPCR analysison single cellswas per-
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Fig. 2 The effect of transient DC treatment on the percentage del-
mtDNA. Pearson lymphoblasts, cultured in DME medium, were
treated with 6 pg of DC/ml (v—W) for 6 weeks after which DC
was omitted (A---- A). The percentage of del-mtDNA was deter-
mined at several time points. The graph shows the combined results
of two 2 independent experiments. The results show that the percent-
age of del-mtDNA rapidly increased after stopping DC treatment,
suggesting that del-mtDNA has a replicative advantage over wt-
mtDNA

formed (Fig. 3). The results show that del-mtDNA could
be detected in all single cells of the untreated Pearson cell-
line. Inmost single cellsisolated from subculturesin which
we could no longer detect del-mtDNA by Southern analy-
sisdel-mtDNA was not detected by single-cell PCR. Com-
bined with the observation that del-mtDNA could still be
detected with PCR on DNA isolated from a large number
of cells, thisstrongly suggeststhat only asmall proportion
of cellsin culture still harboured del-mtDNA. Thereliabil-
ity of the method (see Materials and methods) is shown by
PCR-analysis of single cells containing intermediate to
high levels of del-mtDNA. In these cases, all single cells
were shown to contain del-mtDNA and although we can-
not fully exclude that more than one cell was present on
some occasions it does show that in each single-cell iso-
late at least one cell was present. To further demonstrate
that each sample contained a cell we only used half the
sample volume for amplification of the del-mtDNA. The
other half was used for amplification of wt-mtDNA. The
sensitivity of PCR detection after 40 amplification cycles
was demonstrated by the detection of asingle-copy nuclear
gene in single-cell isolates (data not shown). For this
method we used a CCD camera that was about ten times
more sensitive than the human eye. Although we could
identify a single-copy genein only two out of eight single
cells, it provesthat thismethod is capabl e of detecting only
one or afew copies of a DNA molecule. Finally, several
samples in which we could not detect any signal after the
first 40 cycleswerere-amplified for another 40 cycles. No
del-mtDNA-specific band was observed after this second
amplification round (data not shown).



— del-mtDNA

P25 Hy0

11

— del-mtDNA

— wt mtDNA

Fig. 3 PCR detection of del-mtDNA, using DNA isolated from sin-
gle cells of various P subcultures. Five microliters of a 10-pl single-
cell isolate was used for the detection of del-mtDNA by PCR (see
Materials and methods). The other 5 pl was used for the detection of
wt-mtDNA, asindicated. Shown arethe amplification reactionsfrom
five single cells of various Pearson subcultures. The percentage of
del-mtDNA, as determined by Southern analysis, is given for each
P subculture. Thelast lane of the upper figure shows a positive con-
trol for del-mtDNA and wt-mtDNA. C=control lymphoblast line.
The results demonstrate that, in cultures in which del-mtDNA was
no longer detected by Southern analysis, the number of cellsthat still
contain del-mtDNA must be low

In an attempt to obtain Pearson cells without any del-
mtDNA we tried to derive clonal cells by the limiting-di-
lution technique. Both untreated Pearson cells (P) as well
asPearson cells (PDC) inwhich del-mtDNA wasno longer
detectable by Southern analysiswere used. Compared with
control lymphoblasts, the cloning efficiency for both of the
above cell-lines was extremely low compared to that us-
ing control lymphoblasts (< 0.3% with Pearson lympho-
blasts, 50% or more with control lymphoblasts). Two of a
potential four-hundred derivatives were isolated from P
cellsandthreefrom PDC cells. Both Pderivativesstill con-
tained detectable amounts of del-mtDNA by Southern
analysis, one contained 70-75% del-mtDNA while the
other contained only about 10% del-mtDNA. The three
PDC-derived subcultures did not contain amounts of del-
mtDNA detectable by Southern analysis (Fig. 4), even af -
ter prolonged periods in culture. However, PCR analysis
showed that all three PDC derivatives still contained cells
with del-mtDNA (data not shown). The low cloning effi-
ciency suggests that no true single-cell clones had been
isolated, but instead that proliferating cultureswhich were
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Fig. 4 A, B Percentage of del-mtDNA in several derivatives ob-
tained from Pearson lymphoblasts. Derivatives (CL) from normal
Pearson lymphoblasts (P) and P lymphaoblasts that were treated for
a40-day period with 6 pg of DC/ml (P+ DC) were obtained with the
limiting-dilution technique. DNA was isolated and digested with
EcoRlI, and subjected to Southern analysis. Blots were hybridised
with aprobe against the mitochondrial COX | geneand the 18srRNA
multicopy nuclear gene. DNA digested with EcoRI resultsin aCOX
|-detectable band from wt-mtDNA of 7366 bp and a band from del-
mtDNA of 9399 bp. A autoradiogram showing the percentages of
del-mtDNA in a few Pearson lymphoblast derivatives. The results
show that in both P-cell derivatives del-mtDNA was still detectable
(P-CL2, very faint). The derivatives from the ‘P+DC’ cell culture
did not have detectable del-mtDNA levels, athough del-mtDNA
could be detected with PCR. It isalso evident that total mtDNA con-
tent in P-CL1 is elevated compared with the total mtDNA content in
the other lines (see Fig. 5). B graphical presentation of the percent-
ages of del-mtDNA of the parental cultures at the start of the clon-
ing experiment (P, P+DC) and the derivative lines shown under A
(P and derivatives are indicated by stippled bars and ‘P+DC’ and
derivatives areindicated by hatched bars). The results are combined
with Southern analysis using DNA isolated from some of the same
proliferating cultures, 90 days after the first DNA isolation

derived from several cellshad been obtained. Although we
were unable to obtain a (clonal) culture without any de-
tectabledel-mtDNA, theaboveresultssuggest that, in prin-
ciple, it should be possibleto obtain such cultures by main-
taining selective pressure on proliferating cells, and pos-
sibly by serial cloning.

Characterisation of the various Pearson subcultures

Since several subcultures with very low, stable levels of
del-mtDNA wereobtained it was possibleto comparethem
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Fig. 5 Total mtDNA content in Pearson subcultures. Total mtDNA
content was determined by Southern analysis, as described in Fig. 4
and elsewhere (Spelbrink et a. 1994). The graph shows the com-
bined results of several analyses performed during 4 years of cultur-
ing this cell-line and several of its subcultures. P70 Y1/2 shows the
total mtDNA content determined for P cells with high percentages
of del-mtDNA (60—70%) during the first 2 years of P-cell culturing.
P70 Y3/4 shows the same for years 3 and 4 and includes the values
that were obtained with the clonal P-cell culture with a high del-
mtDNA level (P-CL1, Fig. 4). P < 10 shows the average value ob-
tained with all P subcultures, including the derivatives obtained with
limiting dilution (Fig. 4) and cultures receiving long-term treatment
with DC, which contained no, or ailmost no, detectable levels of del-
mtDNA, and which were stable in this respect. Error bars show the
standard error of the mean (SE). All values are expressed relative to
the value (set to 1), obtained in the same experiment, using control
lymphoblasts. The results show that, irrespective of the cell-culture
history, total mtDNA content is higher than normal in cultures hav-
ing an average high percentage of del-mtDNA, but normal in cul-
tures having an average low percentage of del-mtDNA

with untreated cells having high del-mtDNA levels. Pear-
son cells with high del-mtDNA levels (P70) show an in-
creased total (wt+del) mtDNA content (Spelbrink et al.
1994). During the past 4 yearswe havefrequently analysed
total mtDNA content in these Pearson cells. Surprisingly,
during the last 2 yearstotal mtDNA content had further in-
creased (from 1.4 to 1.8-2.0 times the mtDNA content in
control cells, Fig. 5), resulting in levels of wt-mtDNA of
about 70% compared tothemtDNA content in control cell-
lines. Thisfurther increase was clearly not the result of in-
creased del-mtDNA levels alone, because the ratio of del-
mtDNA to wt-mtDNA remained constant over the 4-year
period. Subculturesthat no longer contained high levels of
del-mtDNA were found to have returned to control levels
of total mtDNA (Figs. 4, 5). Thisobservation included one
subculture with low del-mtDNA levels that had not been
obtained by DC treatment but by the cloning experiment.
These results suggested that an increasein thelevel of del-
mtDNA might be accompanied by an increase in the total
MtDNA content.

The mtDNA deletion in the Pearson cell-line that was
used in this study starts within the COX |1 gene (bp 7778),
encompasses the COX 111 gene, and ends within the ND5
gene (bp 13794, see De Vries et a. 1992). In order to bet-
ter evaluate the effects of different levels of del-mtDNA
on mitochondrial gene expression we directly compared
COX I mRNA levels (gene contained within the del etion)
with those of COX | mRNA (gene outside the deletion) by
means of Northern analysis (Fig. 6a). Use of the COX
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Fig. 6 A,B Mitochondrial mMRNA levels in Pearson lymphoblast
cell-cultures with varying percentages of del-mtDNA. Total cyto-
plasmic RNA was isolated from Pearson cell-cultures with varying
average del-mtDNA levels, and used for Northern analysis of mito-
chondrial transcript levels. Blots were hybridised simultaneously
with aprobefor the COX | mMRNA and aprobefor the COX || mRNA.
A probe against 18S rRNA was used as a measure of the amount of
RNA loadedin each lane. A sample autoradiogram showing the COX
| and COX |1 mitochondrial MRNA levelsin Pearson cultures with
high and low percentages of del-mtDNA, and in control lymphoblast
cultures. The results show that cells with low levels of del-mtDNA
have increased COX |l mRNA levels when compared with P cells
with high del-mtDNA levels. P cellswith < 5% del-mtDNA that are
still under DC treatment are indicated with an asterisk. B COX
11/COX | mRNA ratios of several experiments as under A were cal-
culated after quantification of hybridisation signals. All values are
expressed relative to the value (set to 1) obtained in the same experi-
ment with acontrol lymphoblast line (C1). Error bars show the stan-
dard error of the mean. C2 = a second independent control lympho-
blast line. The percentage of del-mtDNA at the time of the RNA iso-
lation is indicated behind each P subculture (see also previous fig-
ures for an explanation of P subcultures). The results show that the
COX [1/COX | mRNA ratio steadily increases with decreasing per-
centages of del-mtDNA, which is the result of increasing COX |1
mMRNA levels

[1/COX | mRNA ratio removed from the analysis the ef-
fects of variation in total MtDNA content in the Pearson
subcultures since, in all subcultures tested, the COX |
MRNA content reflected the total mtDNA content (datanot
shown). The results show that in cells with high levels of
del-mtDNA the COX 11/COX | mRNA ratio was|ow com-
pared to that in controls (Fig. 6b). The COXII/COX |
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Fig. 7 Cytochrome c oxidase activity in Pearson lymphoblast cell-
cultures with varying percentages of del-mtDNA. Cytochrome ¢ ox-
idase (COX) and citrate synthase (CS) activity were measured using
the same sample. Theratio of COX activity over CS activity is used
asameasure of COX activity. CS activity corrects for mitochondri-
a volume/mass (Spel brink et al. 1994). With few exceptions, the sev-
eral Pearson subcultures are essentially the same as the cultures de-
scribed in the previous figures. P75 Y4 = P-CL1 with 75% del-
mtDNA (see Fig. 4); P + DC - -DC = a Pearson subculture sub-
jected to long-term treatment with DC, followed by prolonged pro-
liferation in the absence of DC; C1 + DC - —DC = control cell-line
1 treated the same as P + DC — —-DC. The results show that Pear-
son cellswith low del-mtDNA levelshave ahigh COX activity com-
pared to controls, which can not be attributed to DC treatment

MRNA ratio was observed to increase steadily with de-
creasing del-mtDNA levels (Fig. 6b). COX [I/COX |
mRNA ratios, which were measured in cells during long-
term DC treatment or shortly after, did not give clear-cut
results. In part this may be attributed to compensation
mechani sms caused by treatment with amitochondrial pro-
tein-synthesisinhibitor, acting onthestability of mitochon-
drial mMRNAS (as observed by Chrzanowska-Lightowlers
et a. 1994).

Despite high del-mtDNA levels, cytochrome ¢ oxidase
activity remained almost unchanged over 2 years (Spel-
brink et al. 1994). Having derived cellswith very low lev-
els of del-mtDNA, we compared COX activity in the var-
ious cell-lines (Fig. 7). All values were corrected for cit-
rate synthase (CS) activity, as described previously (Spel-
brink et al. 1994). Correction for protein content gave es-
sentially the same results. A derivative with the highest
del-mtDNA levels (75%, see Fig. 4) had the lowest COX
activity, which was still 65% of control activity. Subcul-
tureswith very low del-mtDNA levelshad higher than nor-
mal COX/CSactivity ratios. Apparently thiswasnot acon-
sequence of long-term DC treatment alone, since control
lymphoblastoid cells, which were also treated for a simi-
lar period of time prior to measurement, showed normal
COX activity.
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Discussion

It iscommonly believed that the tissue distribution of mu-
tated and wt-mtDNA isanimportant determinant of amito-
chondrial disease phenotype. Understanding the mecha-
nisms that lead to this distribution may provide important
insight into the possibilities of manipulating these events
and thereby altering the course of thedisease. Inthe present
study welooked at the dynamicsof deleted and wt-mtDNA
in alymphaoblastoid cell-line obtained from a patient with
the Pearson syndrome. Most importantly, the results show
that in thiscell-line mitochondrial genome segregation can
be manipulated, favouring full-length mtDNA, by the use
of a mitochondrial protein-synthesis inhibitor, doxycy-
cline. The behaviour of del-mtDNA before, during, and af -
ter DC treatment suggests that the percentage of mutant
MtDNA isabalance between its preferential amplification
and its phenotypic disadvantage.

Selection against del-mtDNA by chronic DC treatment

During 4 years of continuous cell proliferation, a stable
heteroplasmy of 60-70% del-mtDNA and 30-40% wt-
mMtDNA was observed in the cell-line used in this study.
Although no severe biochemical deficiency could be dem-
onstrated, the cell-line appeared to be more sensitive to
doxycyclinethan control cell-lines (Spelbrink et al. 1994).
Since different cells in a single culture generally contain
different percentages of mutant mtDNA (Mitaet al. 1989;
Matthews et al. 1995), this meant that treatment with low
concentrations of DC could, in principle, be used to select
against those cells in culture harbouring the highest per-
centages of del-mtDNA, and thereby reduce the average
percentage of del-mtDNA in culture. Previousfindingshad
aready indicated that the addition of low concentrations
of DC resulted in a stronger inhibition of growth in cells
with ahigh level of del-mtDNA compared to control lym-
phoblasts (Spelbrink et a. 1994). The findings presented
here show that selection against high levels of del-mtDNA
was indeed achieved by the use of low concentrations of
DC (36 pg/ml). In contrast, complete inhibition of mito-
chondrial protein synthesisin cellswith a high proportion
of del-mtDNA, using 15 pg of DC/ml (Van den Bogert et
al. 1988; Spelbrink et al. 1994), did not result in any re-
duction of del-mtDNA levels over a period of weeks. The
results strongly suggest that the effects on mutant mtDNA
levels are brought about by artificially reducing respira-
tory capacity, thus lowering the threshold level at which
mutant mtDNA molecules become del eterious.

Intra-cellular and intra-mitochondrial heteroplasmy

The length of the treatment necessary to obtain acell pop-
ulation in which del-mtDNA could no longer be detected
by Southern analysis and single-cell PCR suggeststhat, in
this Pearson cell-line, mtDNA heteroplasmy is basically
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intracellular, i.e. deleted and wt-mtDNA co-exist in the
same cell. The present findings do not support the idea of
two major cell populations, one containing mainly wt-
mtDNA and the other containing only high levels of del-
mtDNA, since this would most likely result in very rapid
selection against del-mtDNA. The single-cell PCR experi-
mentsal so argue against thispossibility. Likewise, the seg-
regating unit during the division of cellswith intermediate
to high levels of del-mtDNA must also be heteroplasmic,
because mtDNA genotype fixation should otherwise occur
rapidly, eventually resulting in a shift towards mainly wt-
MtDNA (Solignac et al. 1984; Matthews et al. 1995). This
implies that, if mitochondria are the segregating units,
mtDNA heteroplasmy must be mainly intra-mitochondrial,
meaning that both deleted and wt-mtDNA are present in
the same organelle.

Preferential accumulation of del-mtDNA

The results presented here clearly show that del-mtDNA
can be preferentially amplified. Based on the PCR experi-
ments, an increase of del-mtDNA following DC treatment
was always observed when most cellsin culture still con-
tained del-mtDNA, but not when most cells had only wt-
mtDNA . Because it can be expected that cells with low
del-mtDNA levelscan still giveriseto cellswith high del-
mMtDNA levels by random partitioning of mitochondriato
the daughter cells (as demonstrated for a point mutation,
Shoubridge 1995), the results seem to exclude a growth
advantage of cells containing high del-mtDNA levels. If
this was the case, the overall percentage of del-mtDNA
would always increase no matter how few cells still con-
tained del-mtDNA. However, no del-mtDNA was detect-
able by Southern analysis, even after about 100 cell divi-
sions, in cultures initially containing few cells with del-
MtDNA. Also, except for a single derivative, the cultures
with low del-mtDNA levels had similar growth rates as
cultures with high del-mtDNA levels.

In cybrids, anincreasein the level of del-mtDNA rela-
tive to wt-mtDNA has also been observed (Hayashi et al.
1991). Inhybrids, however, del-mtDNA accumul ated com-
pared to its own parental wt-mtDNA but not compared to
wt-mtDNA of the recipient cell-line (Sancho et al. 1992).
Thus, in hybrids and cybrids preferential accumulation
might beaproperty not only of del-mtDNA. A cybrid’snu-
clear genome may be involved in mtDNA segregation as
well, as was clearly demonstrated in relation to the ME-
LAS 3243 point mutation (Dunbar et al. 1995). Although
itisimpossiblefrom the present study to determineto what
extent the accumulation of del-mtDNA was influenced by
its original parental nucleus, the ease with which del-
mtDNA was sel ected against suggests apassiverole of the
nuclear genome.

Accumulation of del-mtDNA can also show cell-type
and tissue-specific differences. I n patient myoblasts, a de-
letion or point mutation may be barely detectable, while
muscle from the same patient shows high levels of these
mutations (Collombet et al. 1996; Fu et a. 1996). Follow-

ing the fusion of myoblasts to myotubes, del-mtDNA was
observed to accumulate rapidly with time (Collombet et al.
1996). Del-mtDNA accumulated to high levels in fibro-
blasts from a Pearson syndrome patient in the presence of
uridine and pyruvate, but was lost rapidly in the absence
of thesechemicals(Bourgeronet al. 1993). A lymphoblast-
line from the same patient showed stable heteroplasmy at
a phenotypic threshold level, irrespective of the presence
or absence of uridine/pyruvate. Thus, cell-type-specific
differences clearly play arolein the preferential accumu-
lation of del-mtDNA. We have now shown that mtDNA
segregation can be straightforward, as the result of a dy-
namic equilibrium that is mainly determined by preferen-
tial accumulation of del-mtDNA on the one hand and phe-
notypic selection in favour of wt-mtDNA on the other. One
might even hypothesisethat differencesin theeventual out-
come of mMtDNA segregation in different cell types or tis-
sues are mainly the result of differencesin the phenotypic
expression of the mutant mtDNA versus atendency to ac-
cumulate this mtDNA species preferentially.

The mechanisms by which deleterious mtDNA muta-
tions may accumulate are the subject of much debate. A
del-mtDNA could have a replicative advantage as a con-
sequence of its smaller size (Wallace 1989; Shoubridge et
al. 1990). If thisisthe case, elongation would be arate-de-
termining stepin mtDNA replication. Although el ongation
isslow in vitro aswell asin vivo (e.g. see Clayton 1982),
it remains unproven that it is actually rate-determining in
vivo. Unlessthereisamechanism that tightly regulatesthe
number of mMtDNA molecules per cell, adirect replicative
advantage of del-mtDNA also implies that the number of
mMtDNA molecules should alwaysincrease with increasing
percentages of del-mtDNA. Therefore, if no restraints are
present on the total mtDNA content per cell, in Pearson
cells with 60-70% del-mtDNA one might expect a total
mtDNA content of about 2.5-3.5 times the content of con-
trol cells, hence a normal wt-mtDNA content. The wt-
mtDNA content was, however, consistently reduced in
cellswith highlevelsof del-mtDNA, whereastotal mtDNA
content was only 1.4-1.8 times the control mtDNA con-
tent. Although we favour a mechanism with an inherent
replicative advantage of del-mtDNA, itisunlikely that this
issolely the consequence of the smaller size of del-mtDNA
combined with a rate-determining elongation rate. Addi-
tional mutations might contribute to the replicative advan-
tage of del-mtDNA (by analogy with the observations of
Marchington et al. 1996). Likewise, additional mutations
could have a negative effect on the replication of ‘wt’-
MtDNA when present in this molecule, but not in del-
MtDNA.

A second possible mechanism that could explain thein-
creasein del-mtDNA after short-term DC treatment could
be preferential or stimulated proliferation of defective mi-
tochondria (Shoubridge et al. 1990; Attardi et al. 1995).
This is believed to apply mainly to those situations were
mutant mtDNA levelsare aready high, or heteroplasmy is
not intra-mitochondrial but inter-mitochondrial, meaning
that del- and wt-mtDNA are present in separate organelles
(Attardi et al. 1995). In the patient-derived cell-line used



in this study a rapid increase in the proportion of del-
mMtDNA wasobserved, evenwhen startingfromalow level.
Furthermore, because we did not observe a generalized
protein-synthesis defect or severe OXPHOS deficiency at
high del-mtDNA levels, heteroplasmy is very likely to be
intra-mitochondrial (Spelbrink et al. 1994). Taken together
these results make the second mechanism unlikely. Al-
though an increased total mtDNA content could be an in-
dication of stimulated mitochondrial proliferation, citrate
synthaselevelsin all Pearson-cell derivativeswerenormal
after correction for total cellular protein content, also ar-
guing against this possibility.

Possible applications

The approach used here to study mitochondrial genome
segregation may be valuable for several lines of research.
For example, it may help to distinguish deleterious heter-
oplasmic mtDNA mutations from heteroplasmic polymor-
phismsin cell culture, without the use of cell-fusion tech-
niques such as described, for example, by Chomyn et al.
(1991). Also, partial inhibition of mitochondrial protein
synthesis in cell-lines may be useful in establishing pos-
sible OXPHOS defects that were not evident from acom-
parison of patient and control cellswithout the treatment.
Theapplicability of using partial inhibition of protein syn-
thesis in order to manipulate the segregation of hetero-
plasmic mtDNA mutationsin mitochondrial disorders, as
suggested before (Clarke 1990), must await further stud-
ies. Nevertheless, the results of the present paper suggest
that administration of doxycycline could be used asather-
apy to reduce levels of mutant mtDNA (del-mtDNA or
otherwise) in patients. However, one has to use such an
approach with care as it might have the adverse effect of
further impairing respiratory chain function. Furthermore,
although DC treatment may result in selection against rap-
idly dividing cells with high mutant mtDNA levels, it is
difficult to envisage the outcome of such atherapy in post-
mitotic tissues. Animal models could be used to addressthe
issue of, for example, the possible toxicity of chronic DC
treatment. It isworth noting that doxycyclineisacommonly
used antibiotic that may even, in the past, have been given
to some patients with heteroplasmic mtDNA mutations.
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