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The physiological significance and metabolism of oligoadenylated and polyadenylated human mi-
tochondrial mRNAs are not known to date. After study of eight mitochondrial transcripts (ND1,
ND2, ND3, ND5, CO1, CO2, ATP6/8 and Cyt. b) we found a direct correlation between the half-
lives of mitochondrial mRNAs and their steady-state levels. Investigation of the mt-mRNA decay
after thiamphenicol treatment indicated that three transcripts (ND2, ND3 and Cyt. b) are signifi-
cantly stabilized after inhibition of mitochondrial translation. Careful analysis one of them, ND3,
showed that inaccurate processing of the H-strand RNA precursor may occasionally occur between
the ND3 and tRNAA™ locus leading to synthesis of ND3 mRNAs lacking the STOP codon. How-
ever, analysis of the oligo(A) fraction observed in case of the ND3 indicates that partially polya-
denylated mRNAs are linked rather to the transcription process than to the translation-dependent
deadenylation. Analysis of ND3 mRNA turnover in cells with siRNA-mediated knock-down of the
mitochondrial poly(A) polymerase shows that strongly decreased polyadenylation does not mark-
edly affect the decay of this transcript. We present a model where oligoadenylated mitochondrial
transcripts are precursors of molecules containing full length poly(A) tails.
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In human mitochondria both the H and L
DNA strands are transcribed and processed into
smaller units corresponding to particular mRNAs,
tRNAs and rRNAs (for review see: Ojala ef al., 1981,
and Taanman, 1999).

After their release from the RNA precur-
sors, mitochondrial mRNAs are polyadenylated; the
length of poly(A) tails was estimated with the use of
biochemical methods to be around 50-80 nucleotides
(Perlman et al., 1973). However, the role of polyad-
enylation of the mitochondrial transcripts in cells
from humans and other mammals has not been fully
characterized yet.

The influence of polyadenylation on mRNA
metabolism depends on the group of organisms
and the cellular compartment in which this process
takes place. In eukaryotes addition of a poly(A) tail
to mRNA protects transcripts against rapid degra-

dation (Mitchell & Tollervey, 2000). In bacteria (Xu
& Cohen, 1995), plant mitochondria (Gagliardi &
Leaver, 1999) and chloroplasts (Hayes et al., 1999)
addition of the poly(A) tails redirects transcripts to
degradation. Moreover, polyadenylation is required
for degradation of rRNA and snoRNA precursors in
the nucleus in yeast (LaCava et al., 2005).

Recently, the gene coding for the human
mitochondrial poly(A) polymerase (hmtPAP) was
identified by our group (Tomecki et al., 2004).
Silencing of its expression by RNA interference
resulted in accumulation of oligoadenylated
mitochondrial mRNA transcripts with about 5
adenosine residues at the 3’ terminus, and the
steady-state levels of such mt-mRNAs were
even higher following the inhibition of hmtPAP
expression in comparison with untreated cells. This
suggested to us that non-polyadenylated transcripts

Abbreviations: ATP 6/8, ATP synthase subunit 6 and 8; DMEM, Dulbecco’s modified Eagle’s medium; hmtPAP, human
mitochondrial poly(A) polymerase; mt, mitochondrial; PAP, poly(A) polymerase; RNAi, RNA interference; rRNA, ribos-
omal RNA; siRNA, small interfering RNA; snoRNA, small nuclear RNA.
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are relatively stable in human mitochondria. In
contrast to this, Nagaike ef al. (2005), who described
hmtPAP independently, observed decreased levels
of several, but not all mt-mRNAs after hmtPAP
silencing, thus they hypothesized that shortening of
poly(A) tails of mitochondrial transcripts enhances
their degradation. In view of these discrepancies the
role of mitochondrial polyadenylation in controlling
mt-mRNA stability still remains controversial.

The mechanism of RNA degradation in hu-
man mitochondria is largely unknown. Temperley
et al. (2003) described a patient harboring a micro-
deletion pA9025, resulting in removal of the trans-
lation termination codon of the ATP6/8 transcript.
After analysis of the cell line isolated from the pa-
tient they suggested a mechanism removing defec-
tive transcripts in human mitochondria that would
involve translation-dependent deadenylation and
subsequent degradation of ATP6/8 transcripts lack-
ing the STOP codon. Jesina et al. (2004) analyzing
the same mutation in a different patient suggested
that polyadenylation was not impaired and did not
affect transcript processing.

The origin and fate of the oligoadenylated
mt-mRNA fraction is unclear and requires further
investigations. These should include accurate mea-
surements of half-lives and levels of individual
mRNAs, as well as their oligo- and polyadenylated
fractions. In this paper we have examined the turn-
over of mitochondrial transcripts in normal HeLa
cells and cells with affected mitochondrial transla-
tion. Furthermore, we analysed metabolism of the
polyadenylated and oligoadenylated ND3 transcripts
as well as the interplay between those two fractions.

MATERIALS AND METHODS

Materials and cell cultures. Tissue culture me-
dia, supplements, fetal calf serum and thiampheni-
col were from Sigma. Plasticware was from Sarstedt.
Actinomycin D was purchased from Calbiochem.
[a-32P]JATP (3000 Ci-mmol™) and [y-3?P]ATP (4500
Ci-mmol™) were from MB Biochemicals. Enzymes
were obtained from Fermentas.

The HeLa cell line was used in all experi-
ments. Cells were grown in DMEM medium supple-
mented with 10% fetal bovine serum, 2 mM gluta-
mine, 1 mM pyruvate and 50 pg/ml uridine, in con-
ditions of 37°C, 5% CO, and 100% humidity. OPTI-
MEM (Gibco) medium was employed in RNAi ex-
periments, according to manufacturer’s instructions.

Northern analysis. RNA was isolated using
TRI Reagent (Sigma) according to the manufacturer’s
instructions. Aliquots of 4-10 pg RNA were electro-
phoresed in 1% denaturing formaldehyde/agarose or
5% polyacrylamide/urea sequencing gels (Sambrook

& Russel, 2001) and transferred to Hybond-N filter
(Amersham International), following the manufac-
turer’s instructions. Filters were prehybridized in
PerfectHyb™ Plus hybridization buffer (Sigma). PCR
products enclosing the following mtDNA fragments
were used as probes: 1756-2444 (165 rRNA), 3536—
4239 (ND1), 4832-5570 (ND2), 8648-9199 (ATP6/8),
9911-10469 (ND3), 9181-9867 (CO3), 10985-11708
(ND4/4L), 14227-15419 (Cyt. b). PCR product used
as 7SL RNA probe was amplified with primers
7SL-F: TCGGGTGTCCGCACTAAGTT and 7SL-R:
TGGCTATTCACAGGCGCGAT. The PCR product
was labeled using Hexa- or Deca-Label DNA Label-
ing Kit (Fermentas), according to the manufacturer’s
instructions.

Poly(A) tail sequence and length analysis
of the ND3 transcript. The analysis of poly(A) tail
nucleotide composition was performed essentially as
described in (Tomecki et al., 2004). The poly(A) tail
length was assayed as follows: the PCR products
obtained after reamplification were electrophoresed
in denaturing acrylamide gels with formamide (Litt
et al, 1993) and visualized using Silver Stain Kit
(Kucharczyk, Poland). The predicted length of the
PCR reamplification product without poly(A) is 155
bp.

RNAIi experiments. RNA interference against
hmtPAP was performed exactly in the same manner
as described elsewhere (Tomecki ef al., 2004). Silenc-
ing procedure was carried out simultaneously using
four independent plates. Seventy two hours after
siRNA-mediated silencing cells were subjected to the
time-course of actinomycin D treatment. Four other
plates treated in the same way except for siRNA ad-
dition served as a control.

Decay rate of the mitochondrial transcripts.
Decay rates of the mitochondrial transcripts were
measured for control (untreated) HeLa cells, HeLa
cells treated with thiamphenicol (50 pg/ml) for three
days and HeLa cells with silenced hmtPAP. Control
and thiamphenicol-treated HeLa cells were seeded
into plates at initial density of 3 x 10*/cm? and cul-
tured three days in DMEM medium alone or with
addition of the drug.

Actinomycin D was added at the concentra-
tion of 5 ug/ml to three plates in each experiment.
Cells were collected in one-hour intervals and sus-
pended in TRI reagent (Sigma). RNA was isolated
according to the manufacturer’s protocol. RNA iso-
lated from the fourth plate (prior to the actinomycin
D treatment) served as a control (0 h time point). In
the case of thiamphenicol-treated cells two inhibi-
tors (actinomycin D and thiamphenicol) were pres-
ent during decay experiments. Steady-state levels of
transcripts were measured using the Northern-blot
analysis and the real-time PCR technique. The half-
lives of the transcripts were calculated as described
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in (Chrzanowska-Lightowlers et al., 1994). In short:
semi-log plots of steady-state level versus time were
plotted. Then the parameters of the linear equation
were calculated using the best fit algorithm. Then,
the steady-state levels of the transcripts at 0 time
point were calculated from the parameters of the
linear equation. Data are presented as estimation
of the steady-state level + standard deviation of the
estimation. The half-life times were calculated from
the slope of the equation. The standard deviations
of the half-lives correspond to standard deviation of
the slope estimation.

Real-time PCR analysis. DNA-free RNA
samples were prepared using deoxyribonuclease I
(Fermentas) according to the manufacturer’s instruc-
tions. Then reverse transcription was performed
using Omniscript RT Kit (Qiagen) and oligo(dT);g
primer. Real-time PCR reaction was performed on
LightCycler (Roche) using QuantiTect SYBR Green
PCR Kit (Qiagen). Primers specified in Table 1 were
employed for the relative quantification of the levels
of mitochondrial transcripts, while those described
by Vandesompele et al. (2002) were used for stan-
dardization.

RESULTS

Turnover of the polyadenylated mitochondrial
mRNA transcripts in HeLa cells

To investigate human mtRNA half-lives and
stability we used a non-radioactive technique based
on the inhibition of transcription and subsequent
measurement of the steady-state levels of the mi-
tochondrial mRNA transcripts in serial time points
by reverse transcription with oligo(dT) primer, fol-
lowed by real-time PCR analysis. The analysis was
performed for eight transcripts: ND1, ND2, COl,
CO2, ATP6/8, ND3, ND5 and Cyt. b. This approach
allowed us to study not only the half-lives of the
individual transcripts, but also their abundance in

relation to each other. The results are presented in
Table 2. The ATP6/8 transcript was analyzed along
with its precursor, comprising the ATP6/8 and CO3
mRNAs (RNA14/15 in ref. 17), which had been pre-
viously shown to be polyadenylated (Jesina et al.,
2004). From the Northern-blot analysis we estimated
that the ratio of ATP6/8 transcript to its precursor is
about 4:1 in untreated HeLa cells and 10:1 in HelLa
cells treated with thiamphenicol (not shown), thus
the majority of the signal observed in the real-time
PCR reaction was derived from the mature tran-
script.

The eight analyzed transcripts can be divided
into three different groups according to their steady-
state levels and half-lives. The most numerous
group consists of ND1, ND2, CO1, ND5 and Cyt. b
mRNAs with half-lives between 2 and 3 h. The sec-
ond class includes only one transcript, ND3, which
displays a relatively short half-life of about one
hour, correlated with a lower relative steady-state
level. Finally, the half-lives of the CO2 and ATP6/8
transcripts that constitute the third group, are longer
than those observed for the first group, which corre-
lates with a 2-fold increase of their steady-state lev-
els. These results show that decay rate after excision
from the precursor is an important step determining
the abundance of the mRNA species encoded by the
H strand of the mtDNA.

Influence of the mitochondrial translation on the
decay of the mt-mRNAs

Van Hoof et al. (2002) and Frischmeyer et al.
(2002) reported a surveillance mechanism present
in eucaryotic cytoplasm, which removes transcripts
without STOP codon in a degradation process, which
is strongly dependent on the translation of such ab-
errant transcripts. Recently such translation-depen-
dent degradation process of aberrant transcripts was
reported to be present in human mitochondria isolat-
ed from a patient with microdeletion removing the
STOP codon from the ATP6/8 transcript (Temperley

Table 1. Primers used in real-time PCR reaction for quantification of the levels of the mitochondrial transcripts.

Transcript Forward primer Reverse primer

ND1 ACACTAGCAGAGACCAACCGAA GGGAGAGTGCGTCATATGTTGT
ND2 CTATCTCGCACCTGAAACAAGC GGTGGAGTAGATTAGGCGTAGG
COo1 TACGTTGTAGCCCACTTCCACT GGATAGGCCGAGAAAGTGTTGT
CcO2 GTAGTACTCCCGATTGAAGCCC ATTCTAGGACGATGGGCATGAA
ATP6/8 CCATCAGCCTACTCATTCAACC GCGACAGCGATTTCTAGGATAG
ND3 CCACAACTCAACGGCTACATAG CACTCATAGGCCAGACTTAGGG
ND5 TCTACCCTAGCATCACACACCG GTTGAGGTGATGATGGAGGTGG

Cyt. b TATTCGCCTACACAATTCTCCG

GCTTACTGGTTGTCCTCCGATT
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et al., 2003). We were interested whether translation
plays an important role in degradation of mitocho-
drial polyadenylated transcripts in normal cells. To
answer this question we analyzed the half-lives of
selected transcripts in mitochondria with blocked
translation by pre-treatment of the cells with thiam-
phenicol for three days. The results compared with
those obtained for untreated cells are summarized in
Table 2.

Two distinct groups of transcripts were
found. The decay ratios for treated/untreated cells
are around 1 for ND1, CO1, CO2 and ATP6/8
transcripts, indicating that their degradation is not
strongly affected by lack of translation. A somewhat
different group of transcripts was analyzed by
Chrzanowska-Lightowlers et al. (1994), nonetheless
their results for CO1, CO2 and ATP6/8 are similar
to ours. However, three other transcripts (ND2,
ND3 and Cyt. b) are significantly more stable after
inhibition of mitochondrial translation. Therefore,
we can conclude that the rate of degradation, for
some of the mitochondrial transcripts, is affected
by translation inhibition in normal HeLa cells.
Interestingly in all three transcripts only the first
nucleotide of the STOP codon is encoded in the
mtDNA. The other two nucleotides are added by
the polyadenylation process, leading to formation of
the UAA STOP codon.

Analysis of the 3’ ends of the ND3 transcript
Translation-dependent mRNA degradation

appears to be linked to the aberrant transcripts,
lacking STOP codons (van Hoof ef al., 2002, Frisch-

meyer ef al.,, 2002; Temperley et al., 2003). Thus sta-
bilization of ND2, ND3 and Cyt. b transcripts after
thiamphenicol treatment may suggest that at least
some of the synthesized molecules are defective at
their 3’ ends and are subsequently degraded in a
translation-dependent degradation pathway. Aber-
rant mRNAs could be formed by inaccurate excision
of the transcript from the RNA precursor. Therefore,
we decided to check the 3" end of the transcripts for
the presence of molecules without the STOP codon.
We chose the ND3 transcript for further analysis.
This transcript is stabilized by thiamphenicol treat-
ment, possesses the shortest half-life and displays
the lowest steady-state level. Moreover, we were
able to observe a distinct oligoadenylated fraction
only for this mRNA (Tomecki et al., 2004). Such oli-
goadenylated RNAs were suggested to be the result
of the deadenylation of transcripts lacking the STOP
codon (Temperley et al., 2003). If the increased stabil-
ity of the ND3 transcript after thiamphenicol treat-
ment was indeed due to the lack of translation-asso-
ciated degradation of aberrant transcripts, STOP co-
don lacking ND3 transcripts should be still present
among the polyadenylated molecules in cells treated
with thiamphenicol. Moreover, in control cells the
oligoadenylated fraction should be composed of
transcripts without the STOP codon (which under-
went translation-dependent deadenylation according
to model proposed by Temperley et al. (2003)) but
the polyadenylated fraction should not contain any
such species.

In order to analyze the 3’ ends of the ND3
molecules we performed circularization of the
mRNA and sequencing essentially as described in

Table 2. The steady-state levels and decay rates of the mitochondrial polyadenylated transcripts.

The steady-state levels and half-life times of the transcripts in untreated and thiamphenicol treated HeLa cells were esti-
mated by reverse transcription of the total RNA with oligo(dT;g) followed by real-time PCR analysis (for details see Ma-
terials and Methods). For better visualisation of the results, the steady-state levels were recalculated taking the ND1 level
as 100. The half-lives were estimated in an experiment with actinomycin D, an inhibitor of transcription. RNA samples
from successive time points were collected and measured as detailed in the Materials and Methods section. Thiampheni-
col treated cells used in the decay experiments were pre-treated with the inhibitor for three days. Steady-state levels are
presented as the value + confidence level, whereas half-life times are represented as the value + standard deviation.

Transcript Untreated cells Thiamphenicol treated cells STOP codon
Steady-state level Half-life time (min) Half-life time (min) Relative change

ND1 100 + 4 219 22 273 + 21 1.25 TA

ND2 91 +11 142 +3 296 + 22 2.09 T

Co1 97 £19 204 +91 236 + 65 1.15 AGA

cO2 234 £ 19 297 + 97 277 + 78 0.94 TAG

ATP6/8 177 + 69 424 + 104 506 + 51 1.19 TAA

ND3 28 +1 59+1 132 + 16 2.23 T

ND5 102 + 17 120 + 27 TAA

Cyt. B 139 + 16 132 + 24 406 + 27 3.06 T
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our previous work (Tomecki et al., 2004). We se-
quenced the cloned cDNAs obtained from the poly-
adenylated fraction of thiamphenicol-treated HeLa
cells, as well as poly(A) and oligo(A) fractions iso-
lated from untreated HeLa cells. As shown in Table
3 we found ND3 transcripts without a STOP codon
among the polyadenylated fraction from cells treat-
ed with thiamphenicol. Such aberrant molecules
were not found in the polyadenylated fraction from
normal cells. mRNAs lacking the STOP codon were
also observed among oligoadenylated transcripts
from normal cells, but surprisingly we found only
four aberrant cDNAs among 19 sequenced clones.
The majority of the sequenced clones possessed
proper 3" ends. This result should not be expected
if the oligoadenylated fraction originated exclusive-
ly from the translation-dependent degradation of
polyadenylated mt-mRNAs, according to the model
proposed by Temperley et al. (2003) for the ATP6/8
transcript.

The calculated average length of the poly(A)
tails in normal cells is 46 nucleotides. The poly(A)
tails of the transcripts isolated from thiamphenicol-
treated cells are slightly longer (51 nucleotides on
average) Although the difference is only 5 nucleo-
tides, it appears to be statistically significant (¢-test,
P = 0.0038). The average length of the sequenced

oligo(A) tails was 10 nucleotides. The lengths of the
extensions found among sequenced cDNA clones
varied between 1 and 28 nucleotide (Table 3). All
sequenced poly(A) and oligo(A) tails are composed
almost exclusively of adenine nucleotides. Among
1608 sequenced nucleotides we found three gua-
nines. This result confirms and extends the sequenc-
ing data described previously (Tomecki et al., 2004).

Oligoadenylated ND3 transcripts in normal HeLa
cells do not originate from a translation-dependent
decay pathway

In order to analyze the origin and fate of the
oligoadenylated ND3 mRNAs in the cells with ar-
rested protein synthesis we examined the effects of
translation inhibition during treatment of HeLa cells
with thiamphenicol for 6 days. We analyzed the
presence of the polyadenylated and oligoadenylated
fractions of the ND3 transcript in 2-day intervals.

Northern-blot analysis indicated that the
steady-state level of the poly(A) fraction of the ND3
mRNA is increased (about 1.5 fold) after thiamphen-
icol treatment (Fig. 1A). Trying to explain the pos-
sible cause of this increase, we performed high reso-
lution Northern-blot analysis for the same samples.
The results presented in Fig. 1B clearly show that

Table 3. Analysis of polyadenylated ND3 transcripts from cells treated with thiamphenicol.

RNA was isolated from normal cells or cells pre-treated with thiamphenicol, circularized and, after reverse transcription,
used in the PCR reaction. PCR products were electrophoresed in 2% agarose gels. Bands with lengths corresponding to
the polyadenylated or oligoadenylated fractions were excised from the gel and cloned. Plasmids isolated from single
colonies were used as templates in nested PCR. The obtained PCR products were sequenced.

Poly(A) — control cells

Poly(A) — thiamphenicol

Oligo(A) — control cells

Sequence Quantity Sequence Quantity Sequence Quantity
GAAT (A)y, 4x GAAT (A)y, 1x GAAT (A), 1x
GAAT (A), 3x GAAT (A)y 1x GAAT (A), 1x
GAAT (A)y, 1x GAAT (A), 1x GAAT (A), 2x
GAAT (A)yG(A), 1x GAAT (A),, 2x GAAT (A), 1x
GAAT (A),, 1x GAAT (A)g, 4x GAAT (A), 3x
GAAT (A)y, 1x GAAT (A),, 2x GAAT (A),, 1x
GAAT (A)g, 2x GAAT (A), 1x GAAT (A),, 2x
GAAT (A),, 1x GAAT (A),, 1x GAAT (A), 1x
GAA  (A)y 1x GAAT (A)y, 1x
GAA (A, 1x GAAT (A), 1x
GAAT (A),(G),(A),, 1x
GAA  (A), 1x
GAA (A 2x
GAA (A) 1x

12
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the steady-state level of the oligoadenylated fraction
is unchanged after thiamphenicol treatment. Thus,
the increased steady-state level of the ND3 transcript
presented in Fig. 1A is exclusively due to specific
increase of the polyadenylated fraction observed in
Fig. 1B. This indicates that the translational inhibi-
tion does not affect the level of the oligoadenylated
fraction, but specifically stabilizes the polyadenylat-
ed trancripts. We thus suggest that oligoadenylated
ND3 transcripts, at least in the HeLa cell line, do not
seem to be the result of translation-dependent deg-
radation.

Oligoadenylated ND3 transcript levels are affected
by the lack of mitochondrial transcription

If oligoadenylated ND3 transcripts are not
due to translation-dependent degradation, they
could be formed by adenylation of newly formed
transcripts. We therefore analyzed the presence of
the poly(A) and oligo(A) fractions after inhibition
of mitochondrial transcription by actinomycin D. A
rapid decrease of the oligo(A) fraction level was ob-
served (Fig. 2A), so that virtually no oligoadenylated
transcripts could be detected after one hour of acti-
nomycin D treatment by high resolution Northern-
blot or PCR-based poly(A) tail length analysis. As
mentioned above and shown in Fig. 2B, the oligo(A)
fraction is still observed in cells pre-treated with thi-
amphenicol. However, when actinomycin D is added
to these cells, the oligoadenylated ND3 mRNA also
rapidly disappears.

These data suggest that the appearance of
the oligoadenylated fraction observed in the case of
ND3 transcript is linked to ongoing transcription.
However, the fate of the oligoadenylated transcripts
is still unclear. They could be either an intermedi-
ate between the “naked” molecule excised from the
precursor and the fully polyadenylated mature tran-
script or an intermediate product of polyadenylated
transcript degradation. Thus, the rapid disappear-
ance of the oligo(A) fraction could be explained by
their elongation to polyadenylated transcripts or
conversely, by their rapid decay. Another possibility
is that these two fractions are entirely independent.

Degradation of the ND3 transcript in cells after
depletion of mitochondrial poly(A) polymerase

Results obtained above indicate that oligoade-
nylated ND3 mRNAs more likely originate from the
transcription than from translation-dependent dead-
enylation and their turnover is relatively fast. How-
ever, it remains unknown whether oligoadenylated
transcripts are rapidly degraded or rather serve as
intermediates of the polyadenylation. As has been
stated above, in control cells oligoadenylated species
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Figure 1. Changes in the steady-state levels of the ND3
poly(A) and oligo(A) fractions after thiamphenicol treat-
ment of HeLa cells.

HeLa cells were treated with thiamphenicol for 6 days.
Cells were collected in 2-day intervals and analysed using
Northern blot (A) and high resolution Northern blot (B).
Northern blot was standardized for the glyceraldehyde-3-
phosphate dehydrogenase gene (GAPD).

constitute only a tiny fraction of the given messen-
ger, so it is difficult to analyze their stability under
normal conditions. However, we took advantage of
the fact that the oligoadenylated fraction accumu-
lates to a considerable level in cells treated with
siRNAs against hmtPAP, especially in the case of
ND3 mRNA. This enabled us to analyze the decay
of oligoadenylated ND3 transcripts more precisely.
We examined the fate of both polyadenylated and
oligoadenylated fractions of ND3 mRNA in mock-
treated and siRNA-treated cells by performing high
resolution Northern-blot analysis.

Basing on the high resolution Northern-blot
data (Fig. 3) we first calculated the half-life of the
ND3 transcript in mock-treated cells and siRNA-
treated cells (Table 4). Calculated half-lives of the to-
tal ND3 transcripts (combined oligo(A) and poly(A)
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Figure 2. Relation between the oligo(A) fraction and the
mitochondrial transcription.

Normal (A) and thiamphenicol pre-treated (B) HeLa cells
were treated with actinomycin D and analysed using high
resolution Northern blot and, in case of untreated cells,
PCR-based techniques.
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Figure 3. Decay of the ND3 in normal cells and cells
with disrupted expression of the mitochondrial poly(A)
polymerase.

Cells with disrupted expression of the hmtPAP were pre-
pared by RNAi technique as previously described (To-
mecki et al., 2004). Control cells were prepared in the
same manner except addition of the appropriate oligoribo-
nucleotides. Prepared cells were assayed for decay experi-
ment as described in Materials and Methods section. RNA
samples were analysed with high resolution Northern blot
technique; (A) exemplary result of the hybridization to
ND3 transcript. 7SL RNA was used for standardization;
(B) chart presenting the decay of the oligo(A) and poly(A)
fractions in normal and RNAi-treated cells. Presented re-
sults were obtained from 3 independent experiments. For
better visualisation of the results, the steady-state levels
were recalculated taking the level of the poly(A) fraction
in mock-treated cells as 100.

fractions) are almost the same for normal cells and
cells with disrupted hmtPAP (66 + 2 and 59 + 3 min,
respectively). The difference of 7 min is not statisti-
cally significant (P > 0.05). The poly(A):oligo(A) ratio
in normal cells is close to 10:1. In contrast, in cells
with disrupted mitochondrial poly(A) polymerase
the ratio is partially inverted (around 1:4) (Tomecki
et al., 2004). Almost identical half-lives of the total
ND3 transcripts in both cases indicate that the lack
of polyadenylation of the ND3 transcripts has no
significant effect on their stability.

The calculated half-life of the most abundant
ND3 transcript fraction in siRNA-treated cells, i.e.
oligoadenylated mRNAs was 39.4 + 0.2 min, sig-
nificantly less than the half-life of the overall ND3
transcript (59 £ 3). This result alone could suggest
that the oligoadenylated mRNAs are indeed less

Table 4. Calculated half-lives of various ND3 fractions in
normal cells and cells with disrupted expression of the
mitochondrial poly(A) polymerase.

Data obtained from analysis of the Northern blot depicted
on Fig. 3 were used to calculate the half-lives the oligo(A)
and poly(A) fractions. The steady-state level of the polya-
denylated ND3 transcripts appears to be stable during the
analysed period of 3 h. The oligo(A) fraction in the normal
cells disappears during first 30 min. Additionally, signals
from the oligo(A) and poly(A) fractions were added in or-
der to obtain total amounts of the ND3 transcript in suc-
cessive time points. The summarized signals were used to
calculate the half-life of the total amount of the ND3 mR-
NAs (oligo(A) + poly(A)) in the control cells and cells with
disrupted expression of the mitochondrial poly(A) polyme-
rase. The values are given a number + standard deviation.

Analysed fraction Half-life (min)

RNAI: oligo(A) 39.4+0.2
Control: poly(A) + oligo(A) 66 + 2
RNAi: poly(A) + oligo(A) 59 +3

stable than the polyadenylated transcripts. Surpris-
ingly, we noticed that the steady-state level of the
poly(A) fraction is relatively stable after inhibition of
transcription in cells with silenced hmtPAP. There
is no obvious reason why the polyadenylated ND3
transcripts are not degraded. Thus, the explanation
of the stable steady-state level is that the degraded
transcripts from the poly(A) fraction are replaced by
newly synthesized ones. The only source of the nov-
el polyadenylated transcripts is the oligo(A) fraction.
Thus, faster disappearance of the oligo(A) fraction in
RNAI treated cells possibly is not due to its faster
degradation, but polyadenylation to fully polyade-
nylated mRNAs.

hmtPAP knock down influences the mt-mRNA
steady-state levels in a differentiated manner

As has been mentioned previously, some in-
consistency can be seen between the data reported
by us (Tomecki et al., 2004) and the results obtained
by Nagaike et al. (2005), concerning the outcome of
siRNA-mediated silencing of hmtPAP expression
on the steady-state levels of mitochondrial RNAs.
In the meantime, we managed to address this issue
more accurately, as well as to extend our parallel
investigation to a greater number of mitochondrial
transcripts. Results of one representative experiment
are shown in Fig. 4, and the quantitative analysis is
presented in Table 5. We observed a significant in-
crease of the transcripts coding for several NADH
dehydrogenase subunits, namely ND1, ND2, ND3
and to a lesser extent also ND4/4L. In the case of
16S rRNA the RNA interference against hmtPAP
does not seem to have any effect on the steady-state
level, while the respective levels of ATP6/8 and CO3
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ND2

CytB
ATP6/8

16S rRNA
7SL RNA

Figure 4. Analysis of the steady-state levels of several
mitochondrial RNAs in control and hmtPAP-inhibited
HelLa cells.

Seventy two hours after RNAi-mediated silencing RNA
samples were isolated from mock-transfected cells (lane C)
or cells treated with siRNAs against hmtPAP (lane RNAi)
and subjected to the Northern-blot analysis. The same
membrane was first hybridized with ND3 probe, and then
successively stripped and re-probed with the probes spe-
cific for other mtRNAs. 7SL RNA was applied as a load-
ing control.

transcripts (processed out of the same stable pre-
cursor — RNA 14/15) tend to be decreased. These
experiments strongly suggest that effect of the hmt-
PAP knock down is transcript-dependent.

DISCUSSION

Differentiated decay regulates the steady-state levels
of the mitochondrial transcripts

The mechanism of transcription of the mtDNA
H-strand ensures the same rate of synthesis of each

Table 5. Results of quantitative analysis of steady-state
levels for various mitochondrial transcripts in HeLa cells
with siRNA-inhibited hmtPAP expression.

The relative steady-state levels of the mtRNAs for the
cells treated with siRNAs against hmtPAP were quantified
using ImageQuant software. Results are presented as a
mean value (fold change comparing to the untreated cells)
+ standard deviation. Only transcripts for which at least
three independent experiments had been performed, were
taken into account.

Transcript ~ Relative steady-state level (vs untreated cells)
ND3 132 +£3
ND1 157 + 25
ND2 149 + 43
COos3 94 = 36
ATP6/8 96 + 38
16S rRNA 103 + 22

mRNA transcript. Thus, the differentiated steady-
state levels of the individual transcripts are achieved
by the efficiency of their excision from the long pre-
cursor and degradation rate. The rates of synthesis
of mitochondrial mRNA species in HeLa cells were
analyzed by Gelfand and Attardi (1981) and found
to be between 1.5 and 2.1 molecules/min per cell.
Lower values obtained for COI and ND4/4L (1.1
and 0.7 molecules/min per cell, respectively) were
suggested to be the result of greater degradation
of larger molecules during preparation of the RNA
samples. Despite the same rate of synthesis, we ob-
served 8-fold difference in the steady-state levels of
the mitochondrial transcripts. However, after analy-
sis of 8 of the 10 mRNA transcripts encoded by the
H strand we found that the steady-state levels of the
analyzed mRNAs are directly correlated with their
decay rates. Five analyzed transcripts (ND1, ND2,
CO1, ND5 and Cyt. b) possessed similar steady-state
levels and half-lives. We hypothesize that lowered
steady-state level of the ND3 transcript and its short-
er half-life can be explained by enhanced degrada-
tion of defective transcripts occurring during the ex-
cision from the precursor. Two transcripts (CO2 and
ATP 6/8) were found to be significantly more stable.
A possible explanation is that these mRNAs are sta-
bilized by some secondary structures or interactions
with proteins. Remarkedly reduced half-lives in the
presence of the ethidium bromide (half-life of 108 +
2 min for ATP6/8 and 124 + 25 min for CO2, data
not shown) confirm this hypothesis, since ethidium
bromide intercalating into RNA may destroy the
secondary structures or RNA-protein interactions.
The obtained results indicate that the decay rates of
the mitochondrial polyadenylated mRNAs are dif-
ferentiated and are an important factor regulating
their steady-state levels.

We also demonstrate that thiamphenicol sta-
bilizes three mitochondrial transcripts (ND2, ND3
and Cyt. b). Translation-dependent turnover of the
ND3 transcript can be partially explained by the
presence of the ND3 transcripts without a STOP co-
don. Such aberrant molecules were shown to be rap-
idly degraded in a translation-dependent pathway
(Temperley et al., 2003). However, the STOP codons
were absent only in 13% of the polyadenylated tran-
scripts from cells treated with thiamphenicol and in
21% of the oligoadenylated transcripts from normal
cells. The rather low level of defective mRNA mol-
ecules cannot entirely explain the significant stabili-
zation of the ND3 transcript after inhibition of mi-
tochondrial translation. The reason for stabilization
two other transcripts is also unknown. Their steady-
state levels and half-lives in normal cells do not sug-
gest enhanced degradation. However, cells, in which
the half-lives were analyzed, were pre-treated with
thiamphenicol for three days. Three-day inhibition
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of the mitochondrial protein synthesis causes a de-
crease in the activity of respiratory chain complexes.
For example, from our other experiments we know
that activity of the cytochrome c¢ oxidase in HeLa
cells is reduced to 35% and 16% after respectively
2 and 4-day treatment with thiamphenicol (unpub-
lished). Thus, it is possible that decreased activity
of the respiratory chain or lack of the novel synthe-
sized proteins activate some RNA-binding proteins
which increase the stability of the transcripts. A
similar phenomenon was observed for the CO2 tran-
script after inhibition of the cytochrome ¢ oxidase by
sodium azide (Leary et al., 1998).

Inaccurate processing of the mitochondrial H-strand
precursor

The first proof of inaccurate processing of the
RNA precursor was reported by Dubin ef al. (1982)
for the 3’ end of the 125 rRNA transcript. Here we
report that inaccurate processing occurs also at the
3" end of the ND3 transcripts. Only the first nucle-
otide of the ND3 STOP codon in encoded by the
mtDNA. The full UAA STOP codon is created by the
polyadenylation process. The presence of the ND3
transcripts lacking the U nucleotide may indicate
that inaccurate processing occurs on the border of
the ND3 3’ end and tRNAA™ 5" end (Fig. 5). Cleav-
age in the position -1 from the 3’ end of the ND3
transcript causes the formation of the ND3 mRNAs
without STOP codons. Thus, the translation-depend-
ent degradation in untreated cells serves to remove
aberrant transcripts formed during the excision of
mRNA transcripts from the RNA precursors. Thus,
the translation-degradation pathway discovered by
Temperley et al. (2003) is a part of the system con-
trolling the quality of the mitochondrial mRNAs.

Origin and destination of the ND3 oligoadenylated
transcripts

The existence of inaccurate processing could
suggest that the oligoadenylated transcripts originate

ND3 v l tRNA~S
AACCGAAUUGGUAUAG

l

AACCGAAUAAAAAAA
AACCGAAAAAAAAAA @

Figure 5. Hypothesis of inaccurate processing of the mi-
tochondrial H-strand precursor.

Inaccurate cleavage of the precursor between 3’ end of the
ND3 and the 5 end of the tRNAAS leads to occurrence
of the ND3 transcripts lacking the last U nucleotide. Po-
lyadenylation of these aberrant transcripts does not create
the UAA STOP codon.

from translation-dependent deadenylation. However,
our results do not confirm this hypothesis. First of
all, the steady-state level of the oligo(A) fraction is
not affected by the thiamphenicol treatment. Second-
ly, despite the presence of the transcripts without
STOP codon, the oligo(A) fraction is mainly com-
posed of transcripts with normal 3’ ends. Our ex-
periments with actinomycin D indicate that the oli-
goadenylated ND3 mRNAs are directly linked to the
transcription. Data obtained from the sequencing of
the ND3 3’ ends also indicate that these transcripts
originate rather from adenylation of the precursors
than deadenylation of defective transcripts.

The destination of the oligoadenylated mR-
NAs observed in normal cells is unknown. Its me-
tabolism is relatively fast, since the oligo(A) fraction
completely disappears one hour after inhibition of
mitochondrial transcription, this could be due to
degradation or polyadenylation. However, our anal-
ysis of ND3 transcript decay in cells with disrupted
poly(A)-polymerase indicates that oligoadenylated
mRNAs may undergo polyadenylation to normal
transcripts. The last observation suggests that oli-
goadenylated ND3 transcripts are rather interme-
diates between the excised naked transcripts and
mature fully polyadenylated ones than products of
degradation.

The step in which an oligo(A) tail is added
immediately follows the excision of the transcript
from the precursor. It is worth noting that the reac-
tion must be fast as no “naked” precursors are ob-
served. At least one added adenine was present in
each of all 52 sequenced cDNAs belonging to the ol-
igoadenylated fraction (19 from normal cells and 33
after poly(A) polymerase disruption) (Tomecki et al.,
2004, and this work). This result suggests a high af-
finity of the polyadenylating system for nonpolyade-
nylated precursors and a subsequent decrease of this
affinity after addition of a short stretch of adenines.
Otherwise two fractions would be observed in cells
partially depleted for hmtPAP: one consisting of
fully polyadenylated transcripts and a second one of
transcripts “waiting” for polyadenylation. Another
possible explanation is that another unknown en-
zyme is responsible for adding the oligo(A) tails and
the already identified hmtPAP is responsible only
for elongation of the oligo(A) tails to poly(A) tails.

Presence of the poly(A) tail and the stability of the
mitochondrial transcripts

It is striking that in all RNA interference ex-
periments that have been performed to date the
steady state-level of ND3 mRNA is significantly el-
evated following hmtPAP silencing. Careful analysis
of the data reported by Nagaike et al. (2005) confirms
this statement, when loading control is taken into ac-
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count. We also show that the levels of the other tran-
scripts coding for subunit of complex I (ND1, ND2,
ND4/4L) are also elevated. Results presented in this
work indicate that the stability of the ND3 transcript
is not changed following the hmtPAP knock down.
Therefore, the elevated level of the ND3, as well as
of other NADH dehydrogenase, is most likely due
to activation of the mitochondrial transcription.

Decreased levels of the other mitochondrial
transcripts in relation to the transcripts coding for
NADH dehydrogenase subunits suggest their de-
creased stability, which is observed both by us and
Nagaike et al. (2005). Decreased steady-state levels of
other mitochondrial transcripts, especially CO2 and
ATP6/8, would be the result of their destabilisation
caused by lack of interactions with some RNA-bind-
ing proteins, which may bind to the poly(A) tails.
We speculate the presence of such proteins for CO2
and ATP6/8 on the basis of their significant stabil-
ity in normal cells, which is severely affected in the
presence of ethidium bromide.

Taking the results of the quantification sum-
marized in Table 5 into consideration, variation in
the relative steady-state levels for some analyzed
transcripts is quite high and reflects the variability
of the effect of hmtPAP silencing on the steady-state
levels that we observe for some mtRNAs between
independent experiments. Probably the best ex-
ample illustrating this problem is the ATP6/8 tran-
script, for which the steady-state level was found to
be evidently increased in our previous study, but is
decreased in the particular experiment described in
this report and shown in Fig. 4.

CONCLUSIONS

The varied steady-state levels of the mito-
chondrial mRNA transcripts are the result of the dif-
ferentiated stability of the mRNA molecules. Three
transcripts (ND2, ND3 and Cyt. b) appeared to be
stabilized by treatment with thiamphenicol, which
is a known inhibitor of the mitochondrial protein
synthesis. Among eight analysed mitochondrial
transcripts ND3 was the one with the shortest half-
life. Despite that, the stability of the ND3 transcript
was not affected by deficient polyadenylation of the
mRNA molecules. Analysis of the 3’ ends of the
ND3 mRNAs revealed inaccurate processing of the
H strand RNA precursor between ND3 and tRNAA'S
locus leading to occasional occurrence of mRNAs
without the STOP codon. However, our results sug-
gest that the oligo(A) fraction observed in case of
the ND3 transcript is linked rather to ongoing tran-
scription than translation-dependent deadenylation
proposed by Temperley et al. (2003) for the ATP6/8
transcripts lacking the STOP codon.
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