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We have analyzed the influence of in vivo treatment and in vitro addition of thyroid hormone on in organello
mitochondrial DNA (mtDNA) transcription and, in parallel, on the in organello footprinting patterns at the
mtDNA regions involved in the regulation of transcription. We found that thyroid hormone modulates
mitochondrial RNA levels and the mRNA/rRNA ratio by influencing the transcriptional rate. In addition, we
found conspicuous differences between the mtDNA dimethyl sulfate footprinting patterns of mitochondria
derived from euthyroid and hypothyroid rats at the transcription initiation sites but not at the mitochondrial
transcription termination factor (mnTERF) binding region. Furthermore, direct addition of thyroid hormone to
the incubation medium of mitochondria isolated from hypothyroid rats restored the mRNA/rRNA ratio found
in euthyroid rats as well as the mtDNA footprinting patterns at the transcription initiation area. Therefore, we
conclude that the regulatory effect of thyroid hormone on mitochondrial transcription is partially exerted by
a direct influence of the hormone on the mitochondrial transcription machinery. Particularly, the influence on
the mRNA/rRNA ratio is achieved by selective modulation of the alternative H-strand transcription initiation
sites and does not require the previous activation of nuclear genes. These results provide the first functional
demonstration that regulatory signals, such as thyroid hormone, that modify the expression of nuclear genes

can also act as primary signals for the transcriptional apparatus of mitochondria.

Thyroid hormone regulates the expression of key nucleus
encoded mitochondrial genes (23, 37, 38, 47) and the steady-
state concentration of all mitochondrial DNA (mtDNA)-en-
coded mRNAs (mt-mRNAs) (15-17, 32, 44). In rat liver,
changes in mt-mRNA levels in response to in vivo treatment
with thyroid hormones were well correlated with amounts of
the corresponding polypeptides, while mtDNA copy number
remained unmodified (33, 47). Based on these observations,
transcriptional control has been tentatively proposed as the
main mechanism to explain the thyroid hormone effect on
mt-mRNA steady-state levels and protein synthesis (33-36).

Two alternative potential mechanisms for the regulation of
mtDNA transcription by thyroid hormone have been suggest-
ed: through activation of mitochondrial transcription factor A
(mtTFA) expression (18, 45), or by a direct action of the
hormone through mitochondrial receptors (48). The second
alternative is supported by earlier (42, 43) and recent (1, 48)
reports that have proposed the existence of T; (3,3,5-triiodo-
L-thyronine) binding proteins in mitochondria, which could
interact with cis elements of mtDNA (7, 48). However, the lack
of experimental evidence showing thyroid hormone-mediated
transcription regulation in the absence of nuclear gene expres-
sion prevents any definitive conclusion about whether direct
regulation of mtDNA transcription by this hormone occurs
(38). Presently it is more generally believed that this transcrip-
tional regulation, if it exists, could be exclusively exerted
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through the activation of nucleus encoded transcription factors
(22, 33, 36, 41, 47).

The influence of thyroid hormone on the steady-state level
of mtRNAs, however, represents a more complex situation.
Reports from several groups showed a decrease in the in vivo
steady-state mRNA/rRNA ratio in hypothyroid versus euthy-
roid mitochondria (referred to hereafter in this work as hypo-
thyroid and euthyroid mitochondria, respectively). This effect
was mainly due to a decrease in the mRNA levels, since rRNA
levels were not (17, 32) or were only slightly (44) affected.
Therefore, the proposed transcriptional control should be able
to discriminate between mRNA and rRNA genes, although
different effects of T on the stability of mRNAs and rRNAs
could also account for this phenomenon.

Several mechanisms could potentially be responsible for
the discrimination between mRNA and rRNA synthesis. The
mammalian mtDNA H strand encodes the two rRNAs and all
but one of the mt-mRNAs, and it is transcribed as two poly-
cistronic molecules (31). The smaller polycistron, responsible
for synthesis of the rRNAs, completely overlaps the larger
one, responsible for synthesis of the mRNAs. Two models
have been proposed to explain the independent regulation of
mRNA and rRNA syntheses in mammalian mitochondria. One
model is based on the identification of the 5’ end of the tran-
scripts synthesized on a partially reconstructed in vitro tran-
scription system (6, 13), and it proposes that the synthesis of
both polycistrons starts at a single initiation site, upstream of
the tRNAP™ gene. The polymerase transcribes the TRNA
genes more frequently stopping at the 3’ end of 16S rRNA due
to the binding to mtDNA of a mitochondrial transcription
termination factor (mnTERF) (6, 12, 21, 25). Occasionally, the
polymerase is able to pass through this termination point and
then also synthesize the mRNAs. A second model, based on
the identification of the 5’ end of the in vivo synthesized pri-
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mary transcripts, proposes the existence of two sites for H-
strand transcription initiation. Thus, synthesis of the small poly-
cistron starts at the Iy, initiation site, upstream of the
tRNAP"® gene (31), which corresponds to the unique initiation
site in the previous model. Synthesis of the larger polycistron
starts at the I}, initiation site, at the border between the 12S
rRNA and tRNA"" genes (3, 30, 31). According to this model,
when transcription initiates at the Iy, site, it normally stops at
the 3’ end of 16S rRNA due to the action of mTERF. In this
model, when the polymerase initiates at the I, site, it is able
to read through the mMTERF-dependent termination, transcrib-
ing almost the whole mtDNA H strand, including both rRNAs
and most of the mRNAs. Thus, in the first model, regulation of
the mRNA/rRNA ratio could be achieved only by modulation
of the transcription termination at the mTERF binding site.
The second model suggests that this ratio could be preferen-
tially modulated by changing transcription initiation between
iy, and I;y,. Interestingly, the regulation of the mRNA/rRNA
ratio by thyroid hormone represents an occasion to address
both models.

To discriminate between the alternative mechanisms pro-
posed for the in vivo-induced changes in the steady-state level
of mtRNAs by thyroid hormone, as well as for its selective
influence on mRNA versus rRNA synthesis, we took advan-
tage of a highly efficient in organello transcription system (9,
10), using liver mitochondria isolated from rats differing in
thyroid status. Thus, we have analyzed the influence of the in
vivo treatment and the in vitro addition of thyroid hormone on
in organello mtRNA synthesis and stability. In parallel, using
transcriptionally active organelles, we have investigated the
influence of the hormone on the in organello footprinting
patterns at the mtDNA regions involved in the regulation of
transcription. The results presented in this report confirm that
transcriptional control is the main mechanism underlying the
thyroid hormone effect on mtRNA steady-state concentration.
In addition, they strongly support a model in which this regu-
lation is achieved by acting at multiple levels and involving
both genomes. Here, we show that the action of T on control
of the mRNA/rTRNA ratio is exclusively due to changes in
transcriptional rate and is exerted directly on mitochondria,
without prior activation of nuclear genes. Our results also
suggest that this effect is achieved by selective modulation of
the activity of the alternative H-strand transcription initiation
sites.

MATERIALS AND METHODS

Animals. Hypothyroidism was induced in male Wistar rats weighing 200 to
250 g by administration of 0.05% (wt/vol) propylthiouracyl (PTU) in drinking
water for 4 to 8 weeks. A subgroup of hypothyroid rats (treated group) were
injected intraperitoneally once daily with 20 pg and 3 pg of T, (3,3',5,5'-tet-
raiodo-L-thyronine) and T, respectively, per 100 g of body weight for 2 days, and
the animals were killed 15 h after the second treatment. Hyperthyroidism was
induced in euthyroid rats by daily intraperitoneal injections of the same amount
of T, and T; as before for 5 days, and the rats were used for experimentation on
day 6 after initiation of treatment. Control hypothyroid and euthyroid rats were
injected for the same time period with the same volume of vehicle (0.9% NaCl-
propylene glycol).

In organello RNA synthesis and pulse-chase experiments. Mitochondria were
isolated from rat liver as previously described (9, 10) and incubated at a final
mitochondrial protein concentration of 2 mg/ml in 0.5 ml of incubation buffer
containing 25 mM sucrose, 75 mM sorbitol, 100 mM KCl, 10 mM K,HPO,, 0.05
mM EDTA, 5 mM MgCl,, 1 mM ADP, 10 mM glutamate, 2.5 mM malate, 10
mM Tris-HCI (pH 7.4), and 1 mg of bovine serum albumin per ml in 1.5-ml
Eppendorf tubes (9, 10). For in organello transcription analysis, 20 pnCi of
[«-*2P]JUTP (400 to 600 Ci/mmol) was added to the medium, and incubation was
maintained at 37°C for 60 min in a rotary shaker (12 rpm). For pulse-chase
experiments, isolated mitochondria were prelabeled with [a->?PJUTP for 2 h;
then the mitochondrial samples were pelleted at 13,000 X g for 1 min, and the
supernatant with the nonincorporated [a->>P][UTP was removed. Then, the mi-
tochondria were resuspended in incubation medium in the presence of a 200-fold
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excess of unlabeled UTP and incubated for various periods of time before
harvesting (9). Mitochondrial nucleic acids were extracted and analyzed by meth-
ylmercury hydroxide-agarose gels as previously described (11). Subsequently, the
gels were first stained with ethidium bromide and photographed under UV light
and then dried and exposed for autoradiography either at —70°C with a DuPont
screen intensifier or at room temperature. Amounts of RNA on the autoradio-
grams were quantified, after selection of the appropriate exposures, with an LKB
Ultroscan XL laser densitometer and Gel Scan XL software.

In organello and in vitro footprinting. For methylation interference assays,
mitochondria were incubated for 30 min as described above, then dimethyl
sulfate (DMS) was added to a final concentration of 0.1% and allowed to react
for 2 min at 37°C, and the mixture was quickly cooled on ice. Then 1 ml of ice
cooled incubation buffer was added, and the organelles were spun down for 1 min
at 13,000 rpm. This wash was repeated twice, and mtDNA was isolated as
described below. For each set of in organello footprinting experiments, a sample
of the mitochondrial fraction was treated identically except for the omission of
DMS, and mtDNA was extracted. For in vitro DMS treatment of naked mtDNA,
15 to 25 pg of mitochondrial nucleic acids derived from non-DMS-treated
organelles was resuspended in 200 pl of Tris-EDTA, DMS was added to a final
concentration of 0.1% and allowed to react for 2 min at 37°C, and the mixture
was quickly cooled on ice. Then the reaction was stopped by adding 50 wl of
DMS stop buffer (1.5 M sodium acetate [pH 7.0], 1 M 2-mercaptoethanol).
Finally, mtDNA was recovered by ethanol precipitation (28).

Piperidine cleavage of DNA was performed on pellets containing mtDNA
from in organello DMS-treated mitochondrial fraction and on equivalent sam-
ples of in vitro DMS-treated total mitochondrial nucleic acids as described
previously (28).

Primer extension of the DMS-treated mtDNA. The following oligodeoxynucle-
otides, designated according to the numbering system of Gadaleta et al. (14),
were used for primer extension: H30-5'-GAATCCATCTAAGCATTTTCAG-3’
(designated P-REV1 in reference 5), H175-5'-TATATTATGTGCTTGATGCC
CT-3',L16108-5'CCCCAAAAACATTAAAGCAAGA-3’ (D-Rat-viv-2 in refer-
ence 5), and L16228-5'-GACACAAAATCTTTCCTCCTAA-3' for footprinting
of the transcription initiation areas; H16107-5'TTTGGCATTGAAGTTTCAG
GTG-3' (D-REV2 in reference 5) and L15747-5'-ACTGAAACTTTACAGGC
ATCTG-3' for footprinting of the region containing the putative thyroid-respon-
sive element (TRE); and H2761-5'-GATTAGGAGTGTTAGGATATTA-3’
(ND1 in reference 5) and L2542-5'-CCCAGTTACGAAAGGACAAGAG-3’
(16S in reference 5) for footprinting of the rDNA transcription termination
region. These oligodeoxynucleotides were 5'-end labeled with [y->?P]ATP as
detailed previously (28).

DMS-treated and piperidine-cleaved mtDNA (0.5 pg) was used as a template
for primer extension analysis with the appropriate labeled oligodeoxynucleotide.
PCR amplification and electrophoresis of the products through 6% polyacryl-
amide (19:1 acrylamide/bisacrylamide)-7 M urea sequencing gels in Tris-borate-
EDTA buffer were carried out as previously described (28).

DMS is known to methylate mainly guanine and, with lower frequency, ade-
nine residues (27). Cytosine and thymine can also be methylated when in single-
stranded DNA, with the alkylation of the latter being favored in alkaline solution
(27). In the present work, the majority of methylation reactivity changes were
observed at purine sites, although some pyrimidines also showed an altered
methylation pattern as reported by others (5, 20, 29). The methylation of cytosine
residues in organello was explained by the occurrence of single-stranded DNA
segments at those sites as a result of helical distortions caused by protein binding
or by RNA polymerase pauses (29). In the case of thymine, it was suggested that
the alkaline environment of the mitochondrial matrix would favor its methylation
(29).

RESULTS

The transcriptional ability of isolated mitochondria is pre-
determined in vivo by thyroid hormone. To investigate the
mechanism responsible for the in vivo-induced changes in the
steady-state level of mitochondrial mRNAs by thyroid hor-
mones, we performed in organello transcription experiments
with isolated rat liver mitochondria purified from rats of four
different thyroid states: a control group (euthyroid animals), a
group treated for a minimum of 1 month with drinking water
containing PTU (17) (hypothyroid animals), a group injected
for 5 consecutive days with constant doses of hormone (hyper-
thyroid animals), and a group consisting of hypothyroid ani-
mals injected for 2 days with the same hormone doses (treated
animals). The body weight of the animals, monitored to follow
the influence of the PTU treatment, reached an average dif-
ference of 1.4-fold in favor of the euthyroid animals compared
with the hypothyroid ones. Blood samples of all the animals
were collected at the moment of sacrifice, and the levels of
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TABLE 1. Levels of thyroid hormones in blood samples
of the experimental animals

Concn (mean = SEM [n = 8])

Rat

Total T, Total T, Free T,
(ng/100 ml) (n.g/100 ml) (pg/100 ml)
Euthyroid 86.7 = 4.18 4.99 = 0.60 15.59 = 1.84
Hypothyroid 34.0 = 3.61 0.57 £ 0.02 0.98 = 0.09
Treated 306 =244 41.37 £ 1.95 139 + 20.27
Hyperthyroid 418 = 37.4 227+ 2.5 76.8 £ 15.85

hormones were analyzed by radioimmunoassay to check their
thyroid status (Table 1).

As shown in Fig. 1A, transcription was more active in the
organelles isolated from animals with higher plasma concen-
trations of thyroid hormones. Thus, hypothyroid mitochondria
showed a 50% reduction of the radioactivity incorporated into
RNA compared with euthyroid organelles. Furthermore, this
decrease was partially restored by in vivo treatment of the
hypothyroid animals with thyroid hormone. In agreement with
this general trend, isolated organelles from hyperthyroid rats
were able to accumulate labeled RNA at a higher rate than
controls.

Besides this general effect of thyroid hormone on mtRNA
transcription rate, a fine analysis of the synthesis of discrete
RNA species revealed that T; also promoted a remarkable
change in the relative synthesis of mRNAs with respect to
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rRNAs (Fig. 1B and C). Thus, when the relative labeling of
several mRNAs was compared with the labeling of the
RNAs (calculated as the radioactivity incorporated into ma-
ture 16S rRNA plus the radioactivity incorporated into the
rRNA precursor that includes 16S rRNA), an average ~1.6-
fold reduction in the mRNA/rRNA ratio in hypothyroid
mitochondria was observed (Fig. 1B, lane 2; Fig. 1C). This
reduction was reversed almost completely by in vivo treatment
of the hypothyroid rats with the hormone (Fig. 1B, lane 3; Fig.
1C). Moreover, hyperthyroid organelles showed a ~1.9-fold
increase in the mRNA/TRNA ratio relative to the control.
Interestingly, the decrease in the mRNA/rRNA ratio was even
higher when mitochondria from rats treated for 2 months with
PTU were assayed (Fig. 1B, lane 5), and the modification of
the mRNA/rRNA ratio was again partially recovered by 2 days
of in vivo treatment of the animals with thyroid hormones
(Fig. 1B, lane 6; Fig. 1C). It should be mentioned that frac-
tionation of in vivo- and in organello-synthesized mtRNAs by
oligo(dT)-cellulose columns allowed us to determine that the
ratio of 125 to 16S rRNA was not affected by the thyroid status
of the animals (not shown).

The differences in accumulation of RNA by isolated or-
ganelles could be due either to modifications of the tran-
scriptional activity or to alterations of the RNA stability. To
distinguish between these two alternatives, we performed pulse-
chase experiments and estimated the overall decay and half-
lives of RNA synthesized by isolated organelles from euthyroid
and hypothyroid rats. Thus, overall half-lives of 64.23 = 7.23
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FIG. 1. In organello RNA synthesis in rat liver mitochondria isolated from animals of different thyroid status. (A) Diagram showing the overall transcriptional rate
of mitochondria isolated from euthyroid (E), hypothyroid [1-month PTU treatment; H™ (1M)], treated [hypothyroid treated with hormone; T (1M)], and hyperthyroid
(H") animals. Data were normalized to the content of mtDNA in each lane, taking the euthyroid value as 100%, and are given as mean * standard error of the mean
(n = 5). (B) Electrophoretic patterns of the in organello-synthesized RNAs by mitochondria from the indicated thyroid status (lanes 1 to 4) and from hypothyroid rats
obtained by 2-month PTU treatment [H™ (2M)] and 2-month hypothyroid treatment with hormone [T (2M)] (lanes 5 and 6). Similar amounts of total radioactivity
incorporated into RNA were loaded on lanes 1 to 4, and amounts of mtRNA synthesized by equivalent fractions of mitochondria were loaded on lanes 5 and 6. (C)
Relative mMRNA/rRNA ratio for different representative mRNAs synthesized by mitochondria isolated from rats of the indicated thyroid status. The values (mean *
standard error of the mean n = 5) correspond to the ratio mRNA to all transcribed 16S rRNA genes (see text) and are given as relative to the euthyroid ratio (100%).
The differences in mMRNA/rRNA ratio between the euthyroid group and the hypothyroid and hyperthyroid groups were significant (P < 0.005) by Student’s ¢ test. COI,
COII, and COIII, mRNAs for subunits I, II, and III of cytochrome ¢ oxidase; ND1, ND2, ND3, ND4/4L, and ND5, mRNAs for subunits 1, 2, 3, 4, 4L, and 5 of the
NADH dehydrogenase; A6/8, mRNA for subunits 6 and 8 of H*-ATPase; Cyt b, mRNA for apocytochrome b; p-rRNAs, precursors of rRNAs; p-Col, precursor of

COI mRNA.
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p-RNAs 52.08 +27.80 68.02 + 5.29 1.31
16S rRNA 4448 + 6.34 87.50 £ 27.52 1.97
mRNAs 7245 +18.70 179.44 + 9.58 248
ND5 46.00 + 10.41 6052 + 592 1.32
ND4/4L & CO 1 8441 +27.49 235.12 + 48.68 2.79
Cytb 63.70 + 7.82 204.30 + 28.64 3.21
A6/8 & COIII 78.14 +21.05 277.52 +31.58 3.55
Overall 6423 + 7.23 136.90 + 14.27 2.13

FIG. 2. Influence of thyroid status on the stability of the RNAs synthesized
by isolated mitochondria. (A) Pulse-chase experiment of in organello RNA
synthesis with mitochondria isolated from euthyroid and hypothyroid animals.
Pulse (P) was 2 h of incubation in the presence of [a->’PJUTP, after which the
mitochondria were pelleted, washed and resuspended in fresh medium with
excess of unlabeled UTP, and incubated for the indicated chase periods. Bands
are labeled as in Fig. 1. (B) Half-lives (mean = standard deviation), in minutes,
for total RNA (overall) or different mtRNA species calculated from the pulse-
chase experiments. Ratio is hypothyroid/euthyroid value.

and 136.9 = 14.27 min (mean * standard deviation) found for
the RNA synthesized by euthyroid and hypothyroid organelles,
respectively (Fig. 2). Therefore, since the stability of the RNA
is increased in hypothyroid organelles, the reduced accumula-
tion of labeled RNA in hypothyroid mitochondria must be a
consequence of differences in the rate of RNA synthesis. Pulse-
chase experiments also allowed estimation of stability for the
different species of RNA. Figure 2 shows that after short pe-
riods of chase, the radioactivity incorporated in several of the
discrete RNA bands increases due to the transformation of
previously labeled nascent chains into mature RNAs (9). This
is more evident with euthyroid (Fig. 2A, left) than with hypo-
thyroid (Fig. 2A, right) organelles, possibly because of the
lower transcription activity in hypothyroid mitochondria. In
contrast, after longer periods of chase, the labeling of all RNA
species synthesized during the pulse by both types of mitochon-
dria decreases progressively, allowing determination of their
stability (Fig. 2B). Interestingly, we found that the half-lives of
the mRNAs and rRNAs were increased (1.65- and 2.48-fold,
respectively) in hypothyroid mitochondria. Therefore, the al-
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teration in the mRNA/rRNA ratio promoted by thyroid hor-
mone is due to differences in their relative transcriptional rates
rather than a consequence of posttranscriptional regulation
phenomena. In summary, these results confirm that thyroid
hormone promotes differences both in the overall transcrip-
tional rate of mtDNA and in the relative transcriptional rate of
the rRNA and mRNA genes.

In vitro addition of thyroid hormone to isolated hypothyroid
mitochondria restores the normal mRNA/rRNA proportion.
To investigate if the influence of thyroid hormones on mtDNA
transcription could be exerted directly on mitochondria, in
organello RNA synthesis was carried out with rat liver mito-
chondria isolated from 1-month hypothyroid rats incubated in
the presence of different concentrations of added hormone. As
shown in Fig. 3A, addition of increasing concentrations of T,
to the incubation medium did not significantly influence the
overall transcriptional rate of mitochondria. However, the hor-
mone strikingly modified the ratio of mRNA/rRNA synthe-
sized by isolated organelles. In agreement with the in vivo
hormone effect described above, T addition preferentially fa-
vored mRNA labeling, increasing the mRNA/rRNA ratio (Fig.
3A and C). This effect was revealed at a very low concentration
of T; (10 pg/ml), reaching a plateau at 50 pg/ml, where the
increase of the mRNA/rRNA ratio was 1.8- to 2.0-fold (Fig. 3A
and C). Similar results were obtained in three independent
experiments (Fig. 3C). Furthermore, when 2-month hypothy-
roid mitochondria were assayed, a similar increase in the
mRNA/rRNA ratio induced by a very low concentration of Ty
(10 pg/ml) was again observed (Fig. 3B, lanes 5 and 6). Very
interestingly, reverse-T5 (r'T5), a much less active analog of T5,
was unable to induce any effect on the mRNA/rRNA ratio in
the same organelles, even at a 10-fold higher concentration
(100 pg/ml). Only when rT; was added at 500 pg/ml was it able
to mimic the effect on the mRNA/rRNA ratio produced by T,
(Fig. 3B, lane 4). It should be noted that the in vitro addition
of T; to hypothyroid mitochondria produced an increase in the
mRNA/rRNA ratio quantitatively identical to that observed in
hypothyroid animals treated with thyroid hormones (Fig. 3C).

The footprinting pattern of the transcription regulatory re-
gion of mtDNA is predetermined in vivo by thyroid hormone.
Regulation of the mRNA/rRNA ratio by thyroid hormone
could be exerted by selective modulation of the H-strand tran-
scription initiation at Iy, or Iy, (3, 30, 31). Therefore, we first
investigated if thyroid hormone modifies the protein-DNA in-
teractions in the transcription initiation area in a way that
could be detected by methylation interference analysis. Figures
4 and 5 show the methylation patterns of the L and H strands
in the area where the transcription promoters for both strands
are located. By comparing the in organello mtDNA methyl-
ation patterns of euthyroid (Fig. 4, lanes E) and hypothyroid
(lanes H™) animals with those generated by DMS treatment of
deproteinized (naked) mtDNA (lanes C), one can identify
several regions of altered methylation reactivity. In particular,
the nucleotides located around the transcription start sites for
the L strand (for I;, nucleotide [nt] 16178) and the H strand
(for Iy, nt 16283; for I;y,, nt 66) show clear protections and
hypermethylations (Fig. 4 and 5A). Additional alterations are
concentrated in the regions spanning nt 16197 to 16215 and nt
16252 to 16271 (Fig. 4 and 5A), which correspond to the
binding sites of the mitochondrial transcription activator mt-
TFA (5, 13). Finally, it was possible to observe some methyl-
ation alterations in the regions spanning nt 16211 to 16252,
between the I; and I;;, promoters, and in the region spanning
nt 22 to 41, between the I;;; and I;;, transcription initiation
sites (Fig. 4 and 5A).

In summary, most of the protection or hypermethylation
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FIG. 3. Effect of thyroid hormone addition to the incubation medium on in organello mtRNA synthesis. (A and B) Electrophoretic patterns of the in organello-
synthesized RNA by isolated mitochondria from hypothyroid rat liver (1-month treatment) incubated in the presence of the indicated T; concentrations (A) and from
hypothyroid rat liver (2-month treatment) incubated in the presence of the indicated concentration of rT; (lanes 1 to 4) or T; (lanes 5 and 6) (B). Amounts of RNA
synthesized by an equal fraction of mitochondria were loaded per lane in each gel. (C) Comparison of the in vivo effect of T3 and in vitro addition effect of T; or rT;
on the in organello mRNA/rRNA synthesis ratio. Left, average change in the mRNA/rRNA ratio after addition of T; in three independent experiments (A, O, @) or
rT5 (O) to the incubation medium. The differences in the mRNA/rRNA ratio at any concentration of T5 added to the incubation medium compared with no T; were
significant (P < 0.001) by Student’s ¢ test. The difference in mRNA/rRNA ratio at 500 pg of 1T; per ml compared with no addition was significant (P < 0.01) by Student’s
t test. Right, effect of the in vivo treatment of hypothyroid animals with T; on the mRNA/rRNA ratio. The difference was significant (P < 0.01) by Student’s ¢ test. Data
are expressed as the mean * standard error of the mean of the proportion of radioactivity incorporated in the bands for the mRNAs NDS5, COI plus ND4/L, Cyt b,
and COIII plus A6/8 (see the legend to Fig. 1 for definitions) with respect to the radioactivity incorporated into the band corresponding to the mature 16S rRNA plus

the corresponding fraction of 16S rRNA contained in the p-rRNAs band.

phenomena described above appear to occur at positions of
known protein-DNA interactions (mtTFA) or at potential sites
of similar interactions (RNA polymerase or transcription fac-
tor[s]) at or near the positions of RNA synthesis initiation.
There is a reasonable correspondence between the mtDNA
regions exhibiting methylation alterations shown in Fig. 4 and
5 with those found previously in rat liver (5), bovine brain (19),
and human mtDNA (20, 29).

Comparison of the footprinting patterns of euthyroid and
hypothyroid mitochondria revealed clear differences (Fig. 4
and 5A). In particular, the areas surrounding the I;, I;y;, and
I;;, transcription start sites showed the most conspicuous dif-
ferences between hypothyroid and euthyroid mtDNA. Re-
markably, they mostly affected the template strand for each
start site, the L strand for I; (Fig. 4A, left panel) and the H
strand for Iy, (Fig. 4B, central panel; Fig. 5B) and Iy, (Fig. 4B,
right panel; Fig. 5C). In addition, some differences were also
evident on both strands in the binding regions of the transcrip-
tion factor mtTFA. Those mainly consisted in the weakening
or loss of the footprinting signal for the mtTFA binding site
close to I, in the hypothyroid sample (Fig. 4, left panels). The
changes in the mtTFA binding site near the H-strand rRNA
initiation site (Iy,) were more complex, showing new nucleo-
tides with methylation interference (i.e., nt 16255, 16259, and

16265 [Fig. 4B, central panel]) and reversion of the methyl-
ation status in other positions (i.e., nt 16256 and 16264 [Fig.
4B, central panel]) in the hypothyroid sample. These differ-
ences suggest either an alteration of the DNA-protein inter-
actions or a structural change in mtDNA at the transcription
promoter area determined by the in vivo thyroid state that
could be responsible for the changes in the transcription ac-
tivity described above.

In vitro addition of thyroid hormone to isolated hypothyroid
mitochondria restores the euthyroid footprinting patterns of
the transcription regulatory region of mtDNA. Since the in
vitro addition of the hormone was able to modify the transcrip-
tion activity of the organelles, we next analyzed whether this
addition would also affect the footprinting patterns of hypo-
thyroid mitochondria in a way that could be correlated with the
transcription changes. For this, we performed methylation in-
terference experiments with hypothyroid mitochondria in the
presence of different concentrations of thyroid hormone. We
observed that the addition of increasing amounts of T; modi-
fied the footprinting pattern of the transcription initiation ar-
eas such that it becomes progressively more similar to that
obtained from euthyroid organelles (Fig. 6, lanes 10 and 50).
This is clearly indicated by the intensification of the footprint-
ing signal on both strands at the mtTFA binding site close to I
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on the sequence containing each initiation site.

(Fig. 6, left panels). Furthermore, the euthyroid-like methyl-
ation status of the mtTFA binding site near I, is also recov-
ered with the addition of increasing concentrations of the hor-
mone (e.g., nt 16255, 16256, 16263, and 16264; Fig. 6B, central
panel). Remarkably, the DMS sensitivity at the L-strand and
the two H-strand transcription initiation sites was strongly
modified by T; addition to the incubation medium, and again
the euthyroid-like methylation pattern was reached at 50 pg of
T, per ml (Fig. 6, lanes 50).

The more interesting changes induced by T; were observed
at the two putative H-strand transcription initiation sites (I,
and I;,), because of their proposed role in the regulation of
mRNA and rRNA synthesis (31). Those changes affected only
nucleotides on the template strand (Fig. 6B, central and right
panels; Fig. 7). A similar phenomenon can be observed at the
L-strand promoter (Fig. 6A, left panel). In particular, at the
Iy, site, nt T16287, G16288, T16291, G16292, T16293, and
G16294 recovered the euthyroid methylation status when hy-

pothyroid organelles were incubated in the presence of 50 pg
of T, per ml (Fig. 7A and C). Similarly, at the Iy, site, nt A57,
G58, T6S, G66, and T67 recovered the euthyroid methylation
status after incubation with thyroid hormone (Fig. 7B and D).
However, recovery of the euthyroid footprinting pattern at the
Iy, and Iy, sites was not complete. Thus, at the Iy, site, nt
A16284 and G16285 were hypermethylated in the presence of
50 pg of T; per ml and unmodified in the euthyroid patterns,
and nt A16290 was unmodified in the presence of 50 pg of T,
per ml and protected in the euthyroid patterns (Fig. 7A and C).
On the other hand, at the Iy, site, nt T55, T56, and T64 were
protected in the euthyroid patterns and unmodified after in-
cubation of hypothyroid mitochondria with the hormone (Fig.
7B and D). It should be mentioned that only at the Iy, site
were methylation patterns of the H-strand naked euthyroid
and hypothyroid mtDNAs not identical. Thus, nt G68 showed
a clear methylation in the hypothyroid naked mtDNA patterns
but only a faint methylation in its euthyroid naked mtDNA
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counterpart (Fig. 4B, right panel). This observation was con-
sistent between different independent experiments, but its sig-
nificance is unclear. Nevertheless, the changes in the methyl-
ation sensitivity of each nucleotide with respect to the naked
control DNA can still be clearly detected. In summary, the
addition of T to the incubation medium of hypothyroid mito-
chondria modifies the footprinting patterns of the transcription
regulatory regions of mtDNA, substantially restoring the pat-
terns observed in euthyroid mitochondria.

The footprinting pattern of the transcription termination
region of mtDNA is not influenced by the in vivo thyroid status
or by the in vitro addition of thyroid hormone to hypothyroid
mitochondria. Another potential mechanism to regulate the
mRNA/rRNA ratio could be by influencing mTERF-depen-
dent transcription termination. The function of mTERF re-
quires its specific binding to an mtDNA motif at the boundary
between the rRNA and mRNA genes (6, 12, 21, 25). There-
fore, we also analyzed the footprinting pattern of the mtDNA
area containing the mTERF binding site in organelles isolated
from euthyroid and hypothyroid animals, in the latter case with
and without the addition of T; to the incubation medium (Fig.
8). We observed a strong modification in methylation reactivity
with respect to naked DNA (Fig. 8, lanes C) in the in organello
DMS-treated samples, regardless of their in vivo thyroid status

(lanes E and H™). Nucleotides on both strands were clearly
affected in a way very similar to that described previously (5).
However, no significant differences between hypothyroid and
euthyroid samples were observed (Fig. 8). Moreover, when
thyroid hormone was added to the incubation medium of hy-
pothyroid mitochondria, no changes in the methylation reac-
tivity at the mTERF binding site could be detected (lanes 10
and 50). Therefore, we conclude that thyroid hormone does
not affect the binding of mMTERF to mtDNA.

The footprinting pattern of a putative TRE in the mtDNA
D-loop region reveals no detectable protein-DNA interactions.
Wrutniack and coworkers (48) have described a mitochondrial
matrix 43-kDa protein able to bind T; and canonical TREs as
well as a specific sequence in the rat mtDNA D-loop area near
the transcription promoters; this observation was obtained by
gel mobility retardation assays. To verify its potential role as a
cis element that might mediate the action of thyroid hormone
on mitochondrial transcription, we investigated the existence
of protein-DNA interactions at thislocation. We performed foot-
printing analysis on a 300-bp area (from nt 15768 to 16086),
which includes the full oligonucleotide used by Wrutniack et al.
(48) in their band shift assays and also includes the conserved
sequence block I, a region known to interact with proteins (5).
In agreement with previous descriptions (5), we found conspic-
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uous alteration of DMS reactivity at and downstream of the
conserved sequence block I region (nt 16001 to 16057) that was
not affected by the in vivo thyroid status or by the in vitro
addition of the hormone to the incubation medium of hypo-
thyroid mitochondria (data not shown). In contrast, no differ-
ences in DMS reactivity between naked mtDNA (Fig. 9, lanes
C) and in organello mtDNA (lanes E and H ) were observed
within the area containing the proposed TRE (nt 15923 to
15949). We could find only one hypermethylated band, at po-
sition 15960 on the H strand, downstream of the proposed
TRE-containing region. Moreover, the in vivo thyroid status as
well as the in vitro addition of the hormone to the isolated
organelles did not affect the mtDNA DMS reactivity properties
in this area (Fig. 9).

DISCUSSION

Our results have allowed a deeper understanding of the
influence of thyroid hormone on the expression of mtDNA. (i)
We have confirmed that T exerts in vivo a double effect on
mitochondrial transcription: an increase in the overall tran-
scriptional rate, and a differential modulation of the relative
mRNA/rRNA transcriptional rate. (ii) Part of this influence,
i.e., the change in ratio of mRNA to rRNA synthesis, is exerted
directly on mitochondria, without previous modulation of nu-
clear gene expression, and it is probably achieved by selection
of transcription initiation at alternative sites on the H strand.

The observation of a double effect of T; on mtDNA tran-
scription is fully in agreement with previous reports from dif-

ferent groups that showed a 1.4-fold (2) or 3- to 7-fold (32)
increase in transcription activity between rat liver mitochon-
dria isolated from hypothyroid rats and hypothyroid animals
treated in vivo with T;. Likewise, a ~2-fold decrease in the in
vitro activity of RNA polymerase partially purified from hypo-
thyroid rat liver mitochondria compared with control mito-
chondria was also reported (17). Furthermore, our results are
also in agreement with previous reports showing a decrease in
the mRNA/rRNA ratio of the in vivo steady-state levels of rat
liver mtRNAs in hypothyroid versus euthyroid mitochondria.
This effect was mainly due to a decrease in the mRNA levels
since rRNA levels were not (17, 32) or were only slightly (44)
affected. Thus, variations of ~1.75-fold (17), 2- to 7-fold (32),
or 1.5- to 2-fold (44) in the nRNA/rRNA ratio were observed.
Although these observations strongly suggested a regulatory
action of thyroid hormone on mtDNA transcription, the lack
of experimental data on direct measurement of the transcrip-
tional rate and on stability of the different mitochondrial tran-
scripts prevented a definitive conclusion. The reproduction in
our in organello transcription system of the effects observed in
vivo confirms the suitability of this experimental approach to
investigate the action of thyroid hormone on mtDNA tran-
scription. Moreover, the maintenance of in vivo-like conditions
for mtDNA transcription, the analysis of the RNA synthesized
de novo under controlled conditions, and, in parallel, the pos-
sibility of footprinting specific mtDNA areas while transcrip-
tion is in progress allowed us to obtain an integrated picture of
the action of thyroid hormone on mitochondrial transcription.

Thus, we have demonstrated that the thyroid status affects
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the stability of all mtRNAs, being on average twofold more
stable in hypothyroid than in control organelles. The increase
in mtRNA stability probably reflects a general mechanism op-
erating in mitochondria when transcription is depressed, rather
than a specific regulatory action of thyroid hormone. In fact, an
increase in the stability of mtRNAs induced after inhibiting
mitochondrial transcription has been described previously for
cultured cells (8). If the stability of the RNAs is taken into
consideration, the decrease in the rate of RNA synthesis ob-
served in hypothyroid mitochondria is greater than that indi-
cated by the incorporation of [a-**P]JUTP into RNA (2.34-fold
versus 1.85-fold). In addition, the reduction in the mRNA/
rRNA ratio observed in hypothyroid mitochondria must be a
consequence of the alteration in the relative rate of synthe-
sis of both types of RNA, since the increase in stability of the
mRNAs is slightly (1.5-fold) higher than that of the rRNAs.

Besides the effects on transcription, we have also found that
the footprinting patterns at the regions of mtDNA that contain
the transcription start sites of both strands are predetermined
in vivo by thyroid hormone. This observation strongly suggests
that the interaction of the proteins involved in the initiation of
transcription with mtDNA is influenced by the hormone levels.
In contrast, the in vivo thyroid status does not affect the inter-
action of mTERF with mtDNA. It should be remarked that
thyroid hormone particularly affects the footprinting patterns
at the template strand on the L-strand and the two H-strand
transcription initiation sites. Therefore, in light of these results,
the observed changes in the relative synthesis of mRNA and
rRNA are more likely due to the influence of T; on the selec-
tion of the H-strand initiation sites than to transcription ter-
mination at the mTERF binding site.

In summary, our results confirm that transcriptional control
is the main mechanism underlying the thyroid hormone effect
on mtRNA steady-state levels. However, the in vivo experi-
ments discussed above do not allow discrimination between
nucleus-dependent or direct regulation of mtDNA transcrip-
tion by the hormone.

In the nucleus, thyroid hormone stimulates transcription
through its interaction with receptors that recognize TREs
located in the regulatory region of target genes. In mitochon-
dria, two alternative models of action of thyroid hormone have
been proposed. On one side, T5 could activate mitochondrial
transcription by an indirect mechanism, the previous activation
of mtTFA synthesis (46). In support of this, it has been re-
ported that in hyperthyroid rats the level of the mtTFA mRNA
in liver increases in parallel with mtDNA-encoded transcripts
(18), and a putative TRE has been found in the promoter
region of the mtTFA gene (18). However, the recent develop-
ment of mtTFA knockout mice shows that there is not a direct
correlation between the amount of mtTFA and the steady-
state levels of mtRNA (26). On the other hand, a direct action
of the hormone through mitochondrial receptors that would be
able to interact with TREs present at the regulatory region of
mtDNA has been proposed (1, 7, 48). This model is supported
by recent reports describing c-Erb-related proteins in rat liver
mitochondria (1, 48). Particularly, a 43-kDa protein, immuno-
logically related to c-ErbAal, which is able to bind specifically
and with high affinity to T; and canonical TREs, has been
found in the mitochondrial matrix. Very interestingly, this pro-
tein is able to show specific binding, in gel mobility shift assays,
to sequences contained in the regulatory region of rat mtDNA
(48).

Two lines of evidence indicate that T directly influences
mtDNA transcription. First, our analysis shows that the mod-
ification of the mRNA/rRNA ratio induced in vivo by T5 can
be fully reproduced by the direct addition of the hormone to
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isolated hypothyroid mitochondria. In agreement with this, we
also found that the normal DMS interference methylation pat-
terns in the regulatory region of initiation of mtDNA transcrip-
tion, predetermined in vivo by thyroid hormone, can be sub-
stantially reestablished by in vitro addition of the hormone to
isolated hypothyroid mitochondria.

The very low amount of hormone that is needed to promote
the change in the mRNA/rRNA ratio (10 pg/ml), plus the fact
that it is a saturable effect, strongly suggests that this phenom-
enon can be mediated by a high-affinity T; receptor present in
limited amount in the mitochondria. The specificity of the in
vitro action of T5 was tested by monitoring the ability of 1T to
promote the same effect in the relative synthesis of mRNA
versus TRNA. It is known that rT5 is able to bind nuclear
c-ErbA-type T; receptors but with a ~100-fold-lower affinity
than T; (39). However, while the affinity of the receptor for
different T5 analogues may vary, the occupancy of the ligand-
binding domain by iodothyronine or similar ligands will mimic
the T effect (4). If a c-ErbA-like receptor is somehow involved
in the observed effect of T5 on in organello transcription, then
this effect would be mimicked by rT; but only at a clearly high-
er concentration. In agreement with this, a change of the
mRNA/rRNA ratio qualitatively similar to that produced by 10
pg of T; per ml was observed only when rT; was added at 500
pg/ml. This observation could support the existence of c-ErbA-
related proteins in rat liver mitochondria as proposed else-
where (1, 48).

Wrutniak et al. (48) have also found a direct repeat se-
quence (DR2) within the regulatory region of mtDNA (nt
15923 to 15949) that was proposed as a potential TRE. They
have shown that an oligonucleotide containing this sequence is
specifically bound by the mitochondrial c-ErbA-related protein
(48). We could not verify by DMS methylation interference
experiments if the proposed mtDNA TRE was in fact inter-
acting with proteins in functional isolated mitochondria. How-
ever, while T; was able to induce detectable alterations at the
binding site of other transcription factors, the absence of DMS
reactivity changes at well-characterized TREs on the regula-
tory region of nuclear genes seems to be a common phenom-
enon (24). Therefore, on the grounds of the absence of DMS
methylation reactivity, we cannot rule out the role of the pro-
posed region of the mtDNA as a true TRE.

Concerning the mechanism by which the relative synthesis of
mRNA and rRNA could be affected in mitochondria, differ-
ential regulation of the two H-strand initiation sites by T,
seems to us the more plausible explanation. Footprinting anal-
ysis reveals that the protein-DNA interactions at the mtTFA
binding sites as well as at the transcription start sites are re-
markably different in hypothyroid and euthyroid mtDNAs. In
parallel, the mRNA/rRNA ratio as well the overall transcrip-
tional rate are modified. The in vitro presence of the hormone
is sufficient to recover the way in which transcription factor(s)
interact with the mtDNA in euthyroid organelles. The changes
in the DMS reactivity induced in vitro by T; were not accom-
panied by alterations of the transcriptional activity as a whole
but correlated with a reduction in the synthesis of rRNAs in
favor of the mRNAs. Thus, the differential accessibility of
transcription initiation factor(s) and likely the RNA polymer-
ase to mtDNA, induced by T;, would enhance the election of
Iy, as the transcription initiation site for the H strand. Inter-
estingly, this behavior substantially resembles what has been
described for the influence of T5 on the regulatory region of
the nucleus encoded growth hormone gene. There, the pres-
ence of T does not seem to be required for, but facilitates, the
binding of other transcription factors, such as Sp-1 or Pit-1, to
the DNA (24). The alternative explanation for the modulation



VoL. 19, 1999

of the mRNA/rRNA ratio, that is, regulation of the transcrip-
tion termination of the smaller H-strand-derived polycistron,
seems unlikely, because the binding activity of the factor re-
sponsible for the termination of transcription (mnTERF) re-
mains unaltered between different thyroid statuses and after
the in vitro addition of the hormone.

Finally, the fact that the in vitro addition of T; to the incu-
bation medium was unable to increase the overall transcrip-
tional rate in isolated mitochondria suggests that this effect,
promoted in vivo by the hormone, is probably mediated by an
indirect mechanism that can involve modulation of nuclear
gene expression. As a consequence, the mt-mRNA/rRNA ratio
is increased in organello, to the detriment of the synthesis of
rRNAs (Fig. 3A and B). Interestingly, when the effect on the
mRNA/rRNA ratio is combined with the stimulation in the
overall transcription observed after in vivo treatment with the
hormones, a net accumulation of mt-mRNAs should be ex-
pected (1.6- to 2.3-fold), while the steady-state level of the
rRNAs should remain constant or increase only slightly. This
is, in fact, what has been described by several groups (17, 32,
44).

In conclusion, the results presented in this report are the
first functional demonstration of a direct influence of hor-
mones, particularly thyroid hormone, on the expression of
mtDNA. This evidence is fundamental not only for a better
understanding of the genetic regulation of the energetic me-
tabolism by thyroid hormone but also to prove the existence of
non-nucleus-mediated regulators of mammalian mtDNA tran-
scription (9) and understand the signaling pathways that coor-
dinate gene expression between the mitochondrial and nuclear
compartments (40).
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