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Mitochondrial Gene Expression: Influence
of Nutrients and Hormones
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Mitochondrial gene transcription research has exploded over
the last decade. Nuclear-encoded proteins, nutrients, and
hormones all work to regulate the transcription of this genome.
To date, very few of the transcription factors have been shown
to have negative effects on mitochondrial gene expression,
although there are likely conditions where such downregulation
may occur. Exp Biol Med 231:1593-1601, 2006
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Introduction

The existence of mitochondria in cells has been known
for many years. These organelles are the main integrators of
intermediary metabolism, as it is here that the high energy
compound ATP is synthesized in large quantities. Its
synthesis is coupled with the synthesis of water, and the
whole process is called oxidative phosphorylation or
OXPHOS. Metabolic regulation occurs through the manage-
ment of the ratios of reduced to oxidized substrates and
coenzymes and through the ratios of ATP to ADP, AMP,
and Pi (1, 2). Metabolic regulation in response to changing
hormonal conditions has also been observed with respect to
mitochondrial function (2). For example, growth (and the
hormones that regulate the growth process) affects mito-
chondrial function by increasing the efficiency of OXPHOS.
In addition, it is now apparent that regulation can also occur
at the level of the mitochondrial genome found in the matrix
of the mitochondrion. The mitochondrial genome encodes
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thirteen gene products that are important to the appropriate
functioning of OXPHOS as well as products essential to its
own transcription and translation. It is the purpose of this
review to summarize the transcription of this genome as it
pertains to the responses of cells to nutritional and hormonal
influences.

The Mitochondrial Genome

In contrast to the nuclear genome, the mitochondrial
genome is circular (3-6). It consists of a light strand, a
heavy strand, and a small fragment called the displacement
loop or D-loop (Figure 1). Depending on how many
mitochondria are present, hundreds to many thousand
copies of the genome can be found in the cell, although
cell types vary tremendously. Ova contain many more
mitochondria and mitochondrial DNA copies than do liver
cells or bone cells. The genome encodes 13 polypeptides
that are constituents of the OXPHOS system. The remaining
63 polypeptides of OXPHOS are encoded by the nuclear
genome and are imported into the mitochondrial compart-
ment.

The map of the mitochondrial genome is fairly similar
among mammals, although the size of the genome can vary.
Many species have had their mitochondrial genome
sequenced, and small differences in base sequence occur.
In rats the genome is 16,298 bases, while in the human it is
16,569 bases. The human sequence was first published in
1981 (4) and corrected in 1999 (5). Its sequence can be
found on the web at http://www.ncbinlm.nih.gov, file
NC_001807 or http://www.mitomap.org. The base sequence
of this genome can vary from individual to individual and
even within the same individual, usually with no effect on
the gene products or mitochondrial function (6, 7). This is
called heteroplasmy, or the existence of different base
sequences of the genome within the same cell; in some
instances, an abnormal sequence, that is, a sequence which
produces an abnormal gene product, can occur. When the
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Figure 1. Map of the human mitochondrial genome showing D-loop, transcription start sites and the structural genes. The shaded boxes on the
outside of the ring indicate the genes encoded by the heavy strand while the shaded boxes on the inner side of the ring represent the gene
encoded by the light strand. It, stands for the initiation of the light strand; Oy, origin of tt)e light strand; Oy, origin of the heavy strand; transcripts
are numbered according to size (1 to 18), except for the 12 S and 168 rRNAs; transcript 18 represents the RNA at the R-loop. The site where
transcription is terminated by MTERF is indicated. Other abbreviations: MTCYB, mitochondrial cytochrome b; MTND6, NADH dehydrogenase
(complex 1); MTND5, NADH ND1-6 = Complex |, NADH dehydrogenase genes; Cyt b = cytochrome b, Complex ill, Ubiquinol: Cytochrome ¢
oxidoreductase gene; COI-Ill = Complex IV, Cytochrome ¢ oxidase genes; ATPase 6 & 8 =Complex V, ATR synt[\ase genes; rRNA = ribosomal
RNA; tANA genes are listed by their single letter amino acid name. The displacement loop (D-loop) region is indicated. Py and P, = promoters
for the heavy and light strands respectively. Oy and O = origins of replication for the heavy and light strands respectively. The figure is from

Taanman (6).

mixture is such that the abnormal sequence predominates
(exceeds 85%~90% of the mixture), abnormal function will
be observed, especially in those tissues highly dependent on
a ready supply of ATP, that is, neuronal tissue, renal tissue,
and pancreatic tissue. A number of diseases associated with
mutated mitochondrial DNA have been reported (8).

In addition to interspecies similarity, the mitochondrial
genome is highly conserved. There are very few noncoding
bases, and several of the genes overlap. That is, the start site
of one gene occurs before the end site of the gene ahead of it
in the base sequence. In some instances, the bases are not
really shared. Half of the genes that share bases use bases in
both strands such that the shared bases are at the 3’ ends of
both genes. The other genes that share bases have a
somewhat different arrangement. The shared bases are
actually shifts in the reading frames. This allows the same
bases to code for two different proteins. This is the sharing
that occurs with the ATPase 6 and 8 genes. The ATPase 6
and ATPase 8 genes overlap, and the two genes share 52
bases. The initiator codon of the ATPase 8 gene occurs 52
bases before the 3’ termination sequence of the ATPase 6
gene.

In those genes that do not share bases, the initiator
codon follows immediately after the termination sequence
of its upstream neighbor. In a few instances there can be a

couple of noncoding bases between genes, but most of the
structural genes have none between them. The initiator
codon of each reading frame can be either AUG, AUA,
AUU, or AUC. These codons follow immediately or only a
few bases after the termination sequence of the upstream
gene.

The light and heavy strands of the DNA can be
separated using a cesium chloride gradient (3). Structural
genes are located on both strands; however, the heavy strand
is the main coding strand. The light strand encodes eight
tRNAs and one of the NADH dehydrogenases, while the
heavy strand encodes 2 rRNAs, 14 tRNAs, and 12 structural
genes. Most of the reading frames lack termination codons
and code a T or a TA only after the last sense codon.
Completion of the termination codon occurs at the time of
RNA processing by polyadenylation. Transfer removal of
the primary transcripts causes the production of both tRNA
species themselves and the mature mRNAs.

Mitochondrial Gene Transcription

Common among species is the fact that there is a single
promoter for all of the 13 structural genes. This is the
displacement loop or D-loop (6, 7, 9-13). This single
promoter is a three-stranded structure in which a shont
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nucleic acid strand, complementary to the light strand,
displaces the heavy strand (14, 15). It is called 7S DNA, and
in human DNA is about 650 bases long (16). The D-loop is
sandwiched in between the genes for tRNA™, which is
downstream, and tRNAP™, which is upstream (16). It
contains 97% of all of the noncoding bases in the
mitochondrial genome. It contains the origin of replication
of the heavy strand, the origins of both the heavy and light
strand transcription, a number of transcription factor binding
sites, and a termination factor binding sequence (12). The
light strand promoter region serves as the major promoter
for light strand transcription and is also the site of priming
for leading strand mtDNA replication. Studies of the pattern
of transcription of the TRNA genes indicate that there are
two overlapping transcription units (12, 13). The two major
transcription initiation sites for the H-strand and the L-
strand are situated within 150 base pairs of one another in
the D-loop (11, 13, 16-21). A promoter element with a
pentadecamer consensus sequence motif of 5'-CAN-
ACC(G)CC(A)AAAGAYA (N=A,C,G,orT; Y=Cor T)
encompasses the transcription start site (12, 17).

Initiation of Transcription

Both strands of the circular molecule are transcribed
into polycistronic transcripts (6, 7). A nuclear-encoded RNA
polymerase is required (11) for the transcripts, which are
then processed, giving rise to 2 rRNAs, 13 mRNAs, and 22
tRNAs. Transcription is symmetrical and initiated within the
D-loop. The heavy strand transcription begins at base
position 561 located within the H-strand promoter, and the
light strand transcription begins at position 407. Enhancer
elements are located upstream and are required for optimal
transcription. Two of these elements are binding sites for the
transcription factor, TFAM. The binding sites are quite
similar in sequence (12, 17, 20), yet they are functionally
independent (12, 16, 17, 21, 22). In the heavy strand there is
a second initiation start site located around position 638 in
the MTTF gene, immediately adjacent to the MTRNR2
gene (12, 17, 18, 23). Its promoter region has limited
similarity with the 15 base consensus sequence and is
thought to be used less frequently than the first site for the
transcription of the heavy strand. Initiation of transcription
from each of the two human mitochondrial promoters
requires unique nucleotides at the transcriptional start sites
(12).

As mentioned above, the D-loop is regarded as the
central promoter site for all 13 structural genes. In
transcription, the light strand moves clockwise, while the
heavy strand moves counterclockwise. The heavy strand is
transcribed as two polycistrons. There are three promoters
of transcription and two widely spaced origins of repli-
cation, one for each strand, Light strand transcription occurs
faster than heavy strand transcription. It is 2-3 times greater,
but the half-lives of the transcripts are significantly less than
the half-lives of the heavy strand transcripts. Each strand has
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its own independent promoter. There is a third promoter
coupled with a downstream transcription termination factor
located downstream from the 16S rRNA. In addition to
TFAM (24-30) and the above putative response elements
and probable transcription agents, there are other binding
proteins that affect mitochondrial gene transcription initia-
tion: a relatively nonselective core RNA polymerase,
mitochondrial polymerase (POLRMT), and a dissociable
transcription factor (22, 31-33). The TFAM confers
promoter selectivity on the polymerase, while the POLRMT
binds to the promoter region. TFAM is an abundant 25-kDa
nuclear-encoded mitochondrial protein. It has a bipartite
structure consisting of a small initiation site (17, 31, 32) and
a recognition domain located approximately —10 to —40 bp
upstream from the RNA start site (22).

Another protein that regulates transcription is the
mitochondrial termination factor (MTERF), which serves
to terminate transcription (16, 23-37). This protein contains
three leucine zipper motifs bracketed by two basic domains
that are all critical for its specific DNA binding capacity.
This binding protein can exist in two forms. One is a
monomeric form exhibiting DNA binding and transcription
termination activity, while the other is probably a
homotrimeric form lacking these features. It has been
proposed that the activity of the MTERF is modulated by
the transition between the two forms. Studies of rat
hepatocyte MTERF showed that the protein is phosphory-
lated; however, this phosphorylation may have nothing to
do with the regulation of its activity. More studies are
needed to clearly define the mechanism of action of this
factor.

TFAM is a key activator of mitochondrial transcription
in mammals. In vivo studies have shown that it binds to two
promoter regions as well as to a region in between two of
the conserved sequence blocks. The TFAM condenses,
unwinds, and bends mitochondrial DNA and wraps around
the D-loop region (24). In vitro, more TFAM is needed to
promote transcription of the heavy strand than for the
transcription of the light strand. The amount of TFAM
correlates well with the amount of mitochondrial DNA and
DNA copy number (34-37). If the TFAM gene is deleted, as
in knockout mice, only the heterozygous mice can be
studied. The mutation is lethal. Heterozygous mice have not
only a reduced copy number but also less mitochondrial
DNA than normal mice. Two additional human mitochon-
drial transcription factors (TFB1M and TFB2M) have been
found recently (38-40). These two factors are quite similar
with respect to amino acid sequence. Each factor can
support heavy strand or light strand transcription when
studied in vitro if the system also contains POLRMT and
TFAM. TFB2M seems to be more active in this system than
TFBIM (40).

Regulation of mitochondrial gene expression involves
other nuclear gene products as well. The nuclear respiratory
factors (NRF) 1 and 2 and a general transcription factor
(Sp!) coordinate transcription by simultaneously regulating
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Figure 2. The region of the D-Loop that contains putative hormone response elements is §hown as an expansion of the area upstream of the
conserved sequence blocks. There are unknown elements as well as those thought to exist.

TFAM and the transcription of some of the nuclear-encoded
OXPHOS genes (35, 39-49). A list of proteins involved in
transcription and translation can be found at http://
www.lab314.com/mitochondria/proteinas-dna.htm.

It has been suggested that the same transcription factor
(or a small set of them) could act on the regulation of the
different nuclear genes involved in mitochondrial bio-
genesis. In regenerating rat liver, increases in mitochondrial
DNA binding proteins preceded increases in mitochondrial
mRNAs (50). The expression of both nuclear and
mitochondrial genes during biogenesis is developmentally
regulated by post-transcriptional mechanisms (51). This
may involve translational control of both genomes (51).
However, in vitro studies have shown that mitochondrial
DNA replication is independent of cell cycle, and, although
mitochondrial gene expression is largely dependent on
nuclear-encoded factors, some autonomy has remained.
Mitochondrial replication persists for several hours in
enucleated cells and it has been demonstrated that
mitochondrial transcription and translation can be main-
tained in isolated mitochondria in the absence of the rest of
the cell components (52-56). Mitochondrial function is,
however, very dependent on the nucleus and the cytoplas-
mic translation apparatus. Nuclear genes encode most of the
structural subunits of the OXPHOS complexes and
mitochondrial DNA transcription factors. Functional NRF-
I sites have been found in genes encoding cytochrome C
and at least one subunit each of respiratory complexes III,
IV, and V (42, 48). NRF-1 and NRF-2 binding sites are also
present at the regulatory region of the TFAM gene. These
observations support the possibility of the subordination of
mitochondrial DNA expression to a nuclear signal integra-
tion system. The activity of the proximal TFAM promoter is
highly dependent on NRF-1 in both transfected cells and in
vitro transcription assays (47). Similarly, the expression of
the gene encoding 5'aminolevulinate synthase, the rate
limiting enzyme in the biosynthesis of heme for the

respiratory cytochromes, requires two NRE-1 recognition
sites within its promoter region (49). These findings suggest
an integrative role for NRF-1 in controlling nuclear-
mitochondrial interactions in mammals. However, such
coordination has not been found under all circumstances,

Some “local” transcription effects can also occur (57).
Demonacos et al. (58), for example, have reported the
existence of four steroid response elements in the CO [ and
CO I genes. A number of investigators have reported that
the glucocorticoid treatment of rats increases hepatic
OXPHOS (2). These observations, together with reports of
increases in mitochondrial transcripts and the existence of
glucorticoid response elements, indicate a role for this
hormone in mitochondrial transcription regulation. Sim-
ilarly, thyroid response elements have been identified in
areas other than the D-loop. Vibasius and Scarpulla reported
that there was NRF2 binding to a GGAA-rich region of the
cytochrome ¢ gene that served to activate the transcription
of this particular gene in vitro (44).

Hormones and Nutrients that Affect Transcription

Computational analysis of the D-loop has suggested the
presence of a number of response elements for proteins that
bind vitamins and hormones. Shown in Figure 2 is a
suggested arrangement of these binding sites. Included are
response elements for the proteins that bind insulin,
glucocorticoid, retinoic acid, thyroid hormone, and vitamin
D, as well as some additional response elements as yet
unknown. Likely there are other protein binding sites, as
indicated by blocks and circles with question marks. There
are a number of possibilities for these unknown binding
proteins, Table 1 lists nutrients and hormones thought to
have a role in mitochondrial transcription.

Among the nutrients that can affect mitochondrial
transcription is retinoic acid. Ruff and Ong (59) reported on
the presence of retinoic acid receptors in the mitochondrial
compartment. Everts et al. (60) found retinoic acid receptors
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Table 1. Factors That Affect Mitochondrial

Transcription

Factor® Effect®

MTFAM 1
MTO1 1
POLRMT 1
MTERF 1
TFB1M 1
TFB2M 1
TRNT1 T
Retinoic acid 1
Vitamin D 1] Tissue dependent
Zinc 1
1
T
T
T
li

—

Thyroid hormones
Glucocorticoids
Estrogen

ACTH

Insulin

& MTFAM, mitochondrial transcription factor A; MTO1, mitochondrial
translation homolog; POLRMT, mitochondrial RNA polymerase;
MTERF, mitochondrial termination factor; TFB1M, mitochondrial
factor B1; TFB2M, mitochondrial transcription factor B2; TRNT1,
mitochondrial ATP(CTP):tRNA nuccleotidyl-transferase.

% tincreases transcription when bound to the DNA; 1|, can both
upregulate or downregulate.

in the mitochondrial matrix and, because they also found
increased mitochondrial gene transcripts in extracts of
primary hepatocyte cultures cultured with graded (107'*-
10~3 M) amounts of retinoic acid and increased amounts of
gene products in hepatic tissue extracts from vitamin A
treated rats, they concluded that retinoic acid stimulates
mitochondrial gene expression (60-63). Optimal expression
occurred in primary hepatocytes cultured with 107° M
retinoic acid. These findings correlated with an upregulation
in OXPHOS by hepatic mitochondrial preparations (61).
Retinoic acid has been shown to upregulate NADH
dehydrogenase subunit 5 mRNA, as well as cytochrome ¢
oxidase subunit I and 16 S rRNA (60). Others have also
shown a role for retinoic acid in mitochondrial transcription
(64). In addition, retinoid X receptor o knockout mice were
shown to have alterations in mitochondrial gene expression
(65). Everts and Berdanier reported that dietary vitamin A
upregulates ATPase 6 gene expression and optimizes
OXPHOS in diabetes prone BHE/Cdb rats (61). This
particular strain of rats has two base substitutions in the
mitochondrial ATPase 6 gene that phenotypes as a reduced
ATP synthesizing efficiency, shortened lifespan and with
age-impaired glucose tolerance as well as an impaired
pancreatic insulin release in response to a glucose challenge
(63). When vitamin A was restored to vitamin A depleted
BHE/Cdb rats, there was an increase in mitochondrial
number and an increase in TFAM. In feeding studies, a
three-fold increase in vitamin A intake (12 IU/g diet) above
that recommended (4 TU/g diet) for normal rats resulted in
increased expression of mitochondrial ATPase 6 gene as
well as an improvement in OXPHOS. This amount of
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vitamin A is the amount recommended by the National
Research Council for pregnant rats, not for the maintenance
of nonpregnant, nongrowing rats. Thus the dose used was
within the normal range of intake for rats.

Retinoic acid probably affects mitochondrial tran-
scription both directly and indirectly. Indirectly, it has an
affect on the nuclear gene for TFAM, which in tum affects
mitochondrial transcription. An alteration of mitochondrial
TFAM gene expression would increase the steady-state
levels of the protein in the cell. This would affect the total
amount of transcriptional factor that is available for
regulating the expression of the mitochondrial target genes.
Because mitogenesis is linked to TFAM, it would also result
in an increase in mitochondrial number. Studies with the
BHE/Cdb rats have shown that this occurred. Not only was
the level of TFAM elevated, so too was mitochondrial
number. In addition to an effect on TFAM, retinoic acid had
a direct effect on transcription. There were more transcripts,
and the increased number of transcripts and gene products
likely can explain the improved OXPHOS efficiency of
mitochondria isolated from vitamin A supplemented rats.
The conclusions drawn from these studies were that these
rats needed more dietary vitamin A to maintain normal
OXPHOS function, because without supplemental amounts
the performance of the mitochondria was inadequate to
sustain normal metabolism. Because their mitochondrial
mutation affected OXPHOS modestly, this could be over-
come with an increase in the number of mitochondria as
well as an increase in the amount of mitochondrial gene
products.

Is there an application of these findings to humans with
mitochondrial mutation defects? If one could use a strategy
that would increase the number of mitochondria as well as
the number of DNA copies that would be translated into
useful gene products, then the answer to this question is yes.
Given that mitochondrial diseases include such problems as
diabetes, Parkinson’s disease, Alzheimer’s disease, and
other less common problems, one could hope that such
strategies could be developed. Most mitochondrial diseases
develop in humans who are heteroplasmic with respect to a
mutation (8); that is, they have both normal and mutated
mitochondrial DNA. If mitogenesis and DNA replication
are stimulated, the chances are that both forms of the DNA
will be replicated, and, as occurred in the rats, there is the
possibility that some of the phenotype could be ameliorated.
It should be noted, however, that the range of supplementa-
tion should be very carefully monitored. Too much vitamin
A can be toxic, as could too much of any nutrient that is
absorbed and stored in the body.

Other nutrients also may affect mitochondrial gene
expression; however, some of these have yet to be
identified. Vitamin D, through the actions of its metabolite
1025-dihydroxyvitamin D, has been known to affect the
transcription of a wide range of nuclear genes. It is bound by
a vitamin D receptor that in tum binds to the promoter
region of the gene in question. Not all cell types have this
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receptor protein. Kidney and intestinal cells do, and Chou et
al. (66) have reported that this nutrient affects both nuclear
and mitochondrial gene expression in these cell types. Using
subtractive hybridization analysis of complimentary DNA
libraries prepared from messenger RNA, they found that in
kidney, seven mitochondrial encoded transcripts were
downregulated by vitamin D, while in intestinal cells six
transcripts were upregulated. They concluded that vitamin D
effects are tissue-specific with respect to its effect on
mitochondrial transcription (66). Studies of hepatic tissue
from vitamin D deficient and sufficient rats showed no
effect of the vitamin on mitochondrial OXPHOS or
mitochondrial gene expression (unpublished observations).
This was not unexpected, as vitamin D receptors would not
be expected to be present in hepatic tissue, even though the
mitochondrial promoter region has vitamin D elements in its
sequence. .

Mitochondrial DNA is affected by vitamin B;;. Both
DNA and RNA in mitochondria were reduced in lympho-
cytes from vitamin deficient humans (67). These observa-
tions however did not show a direct effect of this vitamin on
transcription; rather, the data suggested that the lack of the
vitamin affected overall nucleic acid synthesis rather than
having a direct effect on the process of transcription or
translation. During transcription and translation the nucleic
acids are recycled, but if there is a low amount initially the
process would not be affected except as a reflection of the
low amount of newly synthesized nucleic acids. By, is
known to play an important role in nucleic acid synthesis.

Another nutrient known to affect gene expression is
zinc (68). Primary hepatocyte cultures cultured with graded
amounts of zinc had graded increases in mitochondrial
transcripts and mitochondrial gene products (unpublished
observations). Most likely this was due to the role zinc plays
in the binding of receptor proteins to DNA. Those members
of the steroid superfamily of receptors, for example, have
zinc fingers that play an important part in receptor binding,
Cells deficient in zinc would make fewer of these proteins,
and as discussed above (and below), receptor proteins are an
integral part of the effects of vitamins and hormones on
gene expression in both the nucleus and the mitochondria.
Again, as with vitamin A, these studies were in vitro studies,
not in vivo. In vivo studies have yet to be conducted.

Hormonal effects on mitochondrial transcription have
been reported (62, 69-79). For example, Casas et al. (70)
reported the existence of a 45-kDa protein related to a
peroxisome proliferator y2 in the mitochondrial matrix.
They found that this protein was bound to the D-loop
complexed to the thyroid binding protein. Previously this
group reported that a variant form of the nuclear
triiodothyronine receptor was present in the mitochondrial
matrix and that this receptor played an important role- in
mitochondrial RNA synthesis (71). It is well documented
that the thyroid hormones stimulate mitochondrial activity
as well as mitochondrial gene expression. They increase the
number of mitochondria and mitochondrial protein syn-
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thesis (72, 73), increase mitochondrial RNA synthesis (69),
increase the amount of gene product (62, 69, 72, 73), and
increase OXPHOS efficiency when used within the normal
range of thyroid hormone treatments (74). Thyroid hor-
mones thus have both direct and indirect effects on mito-
chondrial respiratory activity (75).

As mentioned, the glucocorticoids have effects on
mitochondrial gene expression (58, 76-79). This steroid can
increase transcription and translation in the mitochondrial
compartment. Mitochondrial biogenesis and mitochondrial
DNA are increased with glucocorticoid treatment (76-79).
Using primary cell cultures, Hermoyian showed that
glucocorticoid as well as another steroid, dehydroepian-
drosterone, increased mitochondrial gene expression (62).
When the two hormones were used together, there were
additive effects on mitochondrial gene expression.

ACTH stimulates the release of glucocorticoids by the
adrenal cortex. However, it has been found to have another
role as well: it stimulates the transcription of mitochondrial
genes. Treatment of adrenocortical cells with ACTH
resulted in increases in mitochondrial mRNA for the
OXPHOS structural genes as well as increasing the
activities of these enzymes (79). Another steroid, estrogen,
has a similar effect. It should be noted that all of these
hormones as well as vitamin A (as retinoic acid) bind to
DNA via the group of receptors known as the hormone
receptor superfamily of ligand-activated transcription fac-
tors. Although originally noted for their activity with respect
to nuclear DNA, it is now apparent that they are active with
respect to the mitochondrial genome as well.

Another hormone that appears to affect mitochondrial
gene expression is insulin (80, 81). Mitochondrial gene
expression has been shown to be increased during L6 cell
myogenesis when these cells were cultured with insulin. In
humans with diabetes, mitochondrial gene expression is
compromised. In fact, some investigators believe that this
may be a vicious cycle. Diabetes may cause some
mutational events in the mitochondrial genome, and
diabetes may develop because of some inherent mutation
in this genome (82-84). A number of mutations have been
reported that associate with the diabetic condition (83).
Pancreatic B cell insulin release is dependent on mitochon-
drial function (82), as shown by the report of a study using a
pancreatic f cell line. In this line mitochondrial transcription
was inhibited by ethidium bromide, and glucose-stimulated
insulin release was suppressed (85). Insulin has long been
known to stimulate nuclear-encoded gene transcription.
Now it is obvious that it has the same effect for
mitochondrial transcription.

From the foregoing it is apparent that mitochondrial
gene expression is similar to nuclear expression in several
respects. Transcription is responsive to some of the same
nutrients and hormones that affect nuclear transcription.
Both genomes require binding proteins, but it seems that
each compartment has its preferred binding form. Doubtless,
as we learn more about the control of mitochondrial gene
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expression, we will find that it is more complex than
originally supposed. Future research will add to our
knowledge about the mitochondrial DNA and its tran-
scription.

10.

11

15.

16.

17.

18.

. Berdanier CD. Introduction to mitochondria. In: Berdanier CD, Ed.

Mitochondria in Health and Disease. Boca Raton: Taylor & Francis,
ppl1-64, 2005.

. Berdanier CD. Drugs. nutrients and hormones in mitochondrial

function. In: Berdanier CD, Ed. Mitochondria in Health and Disease.
Boca Raton: Taylor & Francis, pp455-506, 2005.

. Jacobs MA, Paynes SR, Bendick AJ. Moving pictures and pulsed-field

gel electrophoresis show only linear mitochondrial DNA molecules
from yeasts with linear mapping and circular-mapping mitochondrial
genomes. Curr Genet 30:3-11, 1996.

. Anderson S, Bankier AT, Barrell BG, de Bruijn MH, Coulson AR,

Drouin J, Eperon IC, Nierlich DP, Roe BA, Sanger F, Schreier PH,
Smith AJ, Staden R, Young IG. Sequence and organization of the
human mitochondrial genome. Nature 290:457-465, 1981.

. Andrews RM, Kubacka [, Chinnery PF, Lightowlers RN, Tumbull DM,

Howell N. Reanalysis and revision of the Cambridge reference
sequence for human mitochondrial DNA. Nature Genetics 23:147,
1999.

. Taanman J-W. The mitochondrial genome: structure, transcription,

translation and replication. Biochem Biophys Acta 1410:103-123,
1999.

. Taanman J-W, Williams SL. The human mitochondrial genome:

mechanisms of expression and maintenance. In: Berdanier CD, Ed.
Mitochondria in Health and Disease. Boca Raton: Taylor & Francis,
pp95-246.

. Shoffner JM. Oxidative phosphorylation disease: diagnosis and patho-

genesis. In: Berdanier CD, Ed. Mitochondria in Health and Disease.
Boca Raton: Taylor & Francis, pp247-300.

. Kasamatsu H, Vinograd J. Replication of circular DNA in eukaryotic

cells. Annual Rev Biochem 43:695-719, 1974,

Clayton DA. Replication and transcription of vertebrate mitochondrial
DNA. Ann Rev Cell Biol 7:453-478, 1991.

Clayton DA. Transcription and replication of mitochondrial DNA. Hum
Reprod 15:11-17, 2000.

. Hixson JE. Clayton DA. Initiation of transcription from each of the two

human mitochondrial promoters requires unique nucleotides at the
transcription start sites. Proc Natl Acad Sci U S A 82:2660-2664, 1985,

. Montoya J, Gaines GL, Autardi G. The pattem of transcription of the

human mitochondrial rRNA genes reveals two overlapping tran-
scription units. Cell 34:151-159, 1983.

. Amberg A, van Bruggen EF, Borst P. The presence of DNA molecules

with a displacement loop in standard mitochondrial DNA preparations.
Biochim Biophys Acta 246:353-357, 1971.

Kasamatsu H, Robberson DL, Vinograd J. A novel closed circular
mitochondrial DNA with properties of a replicating intermediate. Proc
Natl Acad Sci U S A 68:2252-2257, 1971.

Walberg MW, Clayton DA, Sequence and properties of the human KB
line and mouse L cell D-loop regions of mitochondrial DNA. Nucleic
Acids Res 9:5411-5421, 1981.

Chang DD, Clayton DA. Precise identification of individual promoters
for transcription of each strand of human mitochondrial DNA. Cell 36:
635-643, 1984,

Montoya J, Christianson T, Levens D, Rabinowitz M, Attardi G.
Identification of initiation sites for heavy strand and light strand
transcription in human mitochondrial DNA. Proc Natl Acad Sci U S A
79:7195-7199, 1982,

. Yoza BK. Bogenhagen DF. Identification and in vitro capping of a

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32

33

34,

35.

36.

3.

38.

1599

primary transcript of human mitochondrial DNA. J Biol Chem 3909—
3915, 1984.

Bogenhagen DF, Applegate EF, Yoza BK. Identification of a promoter
for transcription of the heavy strand of human mt DNA: in vitro
transcription and deletion mutagenesis. Cell 36:1105-1113, 1984.
Topper JN, Clayton DA. Identification of transcriptional regulatory
elements in human mitochondrial DNA by linker substitution analysis.
Mol Cell Biol 9:1200-1211, 1989.

Fisher RP, Topper N, Clayton DA. Promoter selection in human
mitochondria involves binding of a transcription factor to orientation-
independent upstream regulatory elements. Cell 50:247-258, 1987.
Walberg MW, Clayton DA. In vitro transcription of human
mitochondrial DNA. Identification of specific light strand transcripts
from the displacement loop region. J Biol Chem 258:1268-1275, 1983.
Fisher RP, Clayton DA. Purification and characterization of human
mitochondrial transcription factor 1. Mol Cell Biol 8:3496-3509, 1988.
Parisi MA, Clayton DA. Similarity of human mitochondrial tran-
scription factor 1 to high mobility group proteins. Science 252:965—
969, 1991.

Tominaga K, Akiyama S, Kagawa Y, Ohta S. Upstream region of a
genomic gene for human mitochondrial transcription factor 1. Bichem
Biophys Acta 1131:217-219, 1992.

Tominaga K, Hayashi J, Kagawa Y, Ohta S. Smaller isoform of human
mitochondrial transcription factor 1: its wide distribution and
production by alternative splicing. Biochem Biophys Res Commun
194:544-551, 1993.

Tiranti V, Rossi E, Ruiz-Carrillo A, Rossi G, Rocchi M, DiDonato S,
Zuffardi O, Zeviani M. Chromosomal localization of mitochondrial
transcription factor A (TCF6), single-stranded DNA-binding protein
(SSBP) and endonuclease G (ENDOG), three housekeeping genes
involved in mitochondrial biogenesiss. Genomics 25:559-564, 1995.
Reyes A, Mezzina M, Gadaleta G. Human mitochondrial transcription
factor A (mtTFA): gene structure and characterization of related
pseudogenes. Gene 291:223-232, 2002.

Montoya J, Perez-Martos A, Garstka HL, Wiesner RJ. Regulation of
mitochondrial transcription by mitochondrial transcription factor A.
Mol Cell Biochem 174:227-230, 1997.

Chang DD, Clayton DA. Precise assignment of the light-strand
promoter of mouse mitochondrial DNA: a functional promoter consists
of multiple upstream domains. Mol Cell Biol 6:3252-3261, 1986.
Fisher RP, Clayton DA. A transcription factor required for promoter
recognition by human mitochondrial RNA polymerase. Accurate
initiation at the heavy and light-strand promoters dissected and
reconstituted in vitro. J Biol Chem 260:11330-11338, 1985.

Fisher RP, Clayton DA. Purification and characterization of human
mitochondrial transcription factor 1. Mol Cell Biol 8:3496-3509, 1988.
Poulion J, Morten K, Freeman-Emmerson C, Potter C, Sewry C,
Dubowitz V, Kidd H, Stephenson J, Whitehouse W, Hansen FJ, Paris
M, Brown G. Deficiency of the human mitochondrial transcription
factor h-mtTFA in infantile mitochondrial myopathy is associated with
mtDNA depletion. Human Mol Genet 3:1763-1773, 1994.

Larsson N-G, Oldfors A, Holme E, Clayton DA. Low levels of
mitochondrial transcription factor A in mitochondrial depletion.
Biochem Biophys Res Comm 200:1374-1378, 1994,

Larsson N-G, Wang J, Wilhelmsson H, Oldfors A, Rustin P,
Lewandoski M, Barsh G.S, Clayton DA. Mitochondrial transcription
factor A is necessary for mtDNA maintenance and embryogenesis in
mice. Nat Genet 18:231-236, 1998.

Garstka HL, Fackee M, Escribano JR, Wiesner RJ. Stoichiometry of
mitochondrial transcripts and regulalion of gene expression by
mitochondrial transcription factor A. Biochem Biophys Res Commun
200:619-626, 1994,

Chau CA, Evans MJ, Scarpulla RC. Nuclear respiratory factor 1
activation sites in genes encoding the gamma-subunit of ATP synthase,
eukaryotic initiation factor 2 alpha, and tyrosine aminotransferase:



1600

39.

41.

42,

43.

45.

46.

47.

48.

49.

50.

51

52.

specific interaction of purified NRF-1 with multiple target genes. J Biol
Chem 267:6999-7006, 1992.

McCulloch V, Seidel-Rogol BL, Shadel GS. A human mitochondrial
transcription factor is related to RNA adenine methyl-transferases and
binds S-adenosylmethionine. Mol Cell Biol 22:1116-1125, 2002.

. Falkenberg M, Gaspari M, Rantanen A, Trifunovic A, Larsson N-G,

Gustafsson CM. Mitochondrial transcription factors B1 and B2 active
transcription of human mtDNA. Nat Genet 31:289-294, 2002.
Tomura H, Endo H, Kagawa Y, Ohta S. Novel regulatory enhancer in
the nuclear gene of human mitochondrial ATP synthase beta-subunit. J
Biol Chem 265:6525-6529, 1990.

Evans MJ, Scarpulla RC. NRF-1: a trans-activator of nuclear-encoded
respiratory genes in animal cells. Genes Dev 4:1023-1034, 1990.
Virbasius CA, Virbasius JV, Scarpulla RC. NRF-1, an activator
involved in nuclear-mitochondrial interactions, utilizes a new DNA
binding domain conserved in a family of developmental regulators.
Genes Dev 7:2431-2436, 1993,

. Verbasius JV, Scarpulla RC. Activation of the human mitochondrial

transcription factor A gene by nuclear respiratory factors. A potential
regulatory link between nuclear and mitochondrial gene expression in
organelle biogenesis. Proc Natl Acad Sci U S A 91:1309-1312, 1994.
Izquierdo JM, Cuezva JM. Control of the translational efficiency of
beta-F1-ATPase mRNA depends on the regulation of a protein that
binds the 3” untranslated region of the mRNA. Mol Cell Biol 17:5255-
5260, 1997,

Izquierdo JM, Cuezva JM. Internal ribosomal entry site functional
activity of the 3’ untranslated region of the mRNA for the beta subunit
of mitochondrial HF-ATP synthase. Biochem J 346:849-855, 2000.
Scarpulla RC. Nuclear control of respiratory chain expression in
mammalian cells. J Bioenerg Biomembr 29:109-119, 1997.

Bhaidotti G, Borthwick IA, May BK. Identification of regulatory
sequences in the gene for 5-aminolevulinate synthase from rat. J Biol
Chem 268:1109-1117, 1993.

Li G, Liu Y, Tsang SS. Expression of a retinoic acid inducible
mitochondrial ND 5 gene is regulated by cell density in bovine
papilloma virus DNA-transformed mouse C127 cells but not in
revertant cells. Int J Oncol 5:301-307, 1994.

Onoue S, Suzuki H, Nimura Y, Shimizu Y, Nagino M, Tanaka M,
Ozawa T. Increase of mtDNA binding proteins and mtRNAs in
regenerating liver. J Sur Res 62:172-178, 1996.

Ostronoff LK, Izquierdo JM, Enriquez JA, Montoya J, Cuezva JM.
Transient activation of mitochondrial translation regulates the expres-
sion of the mitochondrial genome during mammalian mitochondrial
differentiation. Biochem J 316:183-191, 1996.

Bogenhagen D, Clayton DA. Mouse L cell mitochondrial DNA

" molecules are selected randomly for replication thronghout the cell

33.

54.

55.

56.

57.

58.

cycle. Cell 11:719-727, 1977.

Magnusson J, Orth M, Lestienne P, Taanman JW. Replication of
mitochondrial DNA occurs throughout the mitochondria of cultured
human cells. Exp Cell Res 289:133-142, 2003.

Enriquez JA, Ramos J, Perez-Martos A, Lopez-Perez MJ, Montoya MJ.
Highly efficient DNA synthesis in isolated mitochondria from rat liver.
Nucleic Acids Res 22:1861-1865, 1994,

Enriquez JA, Femandez-Silva P, Perez-Martos A, Lopez-Perez MJ,
Montoya J. The synthesis of mRNA in isolated mitochondria can be
maintained for several hours and is inhibited by high levels of ATP. Eur
J Biochem 237:601-610, 1996.

Enriquez JA, Fernandez-Silva P, Montoya J. Autonomous regulation in
mammalian mitochondrial DNA transcription Biol Chem 380:737-747,
1999.

Virbasius JV, Scarpulla RC. Transcriptional activation through ETS
domain binding sites in cytochrome ¢ oxidase subunit IV gene. Mol
Cell Biol 11:5631-5638, 1991.

Demonacos CV, Karayanni N, Hatzoglou E, Tsiriyiotis C, Spandidos

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

BERDANIER

DA, Sekeris CE. Mitochondrial genes as sites of primary action of
steroid hormones. Steroids 61:226-232, 1996.

Ruff SJ, Ong DE. Cellular retinoic acid binding protein is associated
with mitochondria. FEBS Lett 487:282-286, 2000.

Everts HB, Claassen DO, Hermoyian CL, Berdanier CD. Nutrient-gene
interactions: dietary vitamin A and mitochondrial gene expression.
IUBMB Life 53:295-301, 2002.

Everts HB, Berdanier CD. Nutrient-gene interactions in mitochondrial
function: vitamin A needs are increased in BHE/Cdb rats. IUBMB Life
53:289-294, 2002.

Hermoyian CL. Hepatocyte mitochondrial gene expression is influ-
enced by dehydroepiandrosteron (DHEA), retinoic acid, and thyroid
hormone (T3) in Sprague-Dawley and BHE/Cdb rats. MS thesis,
University of Georgia, Athens, 2000.

Berdanier CD, Everts HB, Hermoyian C, Mathews CE. Role of vitamin
A in mitochondrial gene expression. Diab Res Clin Pract 54:511-S27,
2001.

. Gaemers IC, Van Pelt AMM, Themmen APM, De Rooij DG. Isolation

and characterization of all-trans retinoic acid -responsive genes in the
rat testis, Mol Reprod Dev 50:1-6, 1998.

Ruiz-Lozano P, Smith SM, Perkins G, Kubalak SW, Boss GR, Sucov
HM, Evans RM, Chien KR. Energy deprivation and a deficiency in
downstream metabolic target genes during embryonic heart failure in
RXRa "+ embryos. Development 125:533-544, 1998,

Chou SY, Hannah SS, Lowe KE, Norman AW, Henry HL. Tissue
specific regulation by vitamin D status of nuclear and mitochondrial
gene expression in kidney and intestine. Endocrinology 136:5520~
5526, 1995.

Cantatore CP, Petruzzella V, Nicoletti C, Papadia F, Fracasso F, Rustin
P, Gadaleta MN. Alteration of mitochondrial DNA and RNA level in
human fibroblasts with impaired vitamin B, coenzyme synthesis.
FEBS Lett 7:173-178, 1998.

Shay N, Cousin R. Dietary regulation of metallothionine expression. In:
Berdanier CD, Ed. Mitochondria in Health and Disease. Boca Raton:
Taylor & Francis, pp507-524.

Enriquez JA, Femmandez-Silva P, Garrido-Perez N, Lopez-Perez M,
Perez-Martos A, Montoya J. Direct regulation of mitochondrial RNA
synthesis by thyroid hormone. Mol Cell Biol 19:657-670, 1999.
Casas F, Rochard P, Rodier A, Cassar-Malek I, Marchal-Victorion S,
Wiesner RJ, Cabello G, Wrutniak C. A variant form of the nuclear
triiodothyronine receptor c-ErbAal plays a direct role in regulation of
mitochondrial RNA synthesis. Mol Cell Biol 19:7913-7924, 1999,
Casas F, Domenjoud L, Rochard P, Hatier R, Daury L, Bianchi A.
Kremarik-Bouillaud P, Becuwe P, Keller J-M, Schohn H, Wrutniak-
Cabello C, Cabello G, Dauca M. A 45 kDa protein related to PPARY2
induced by peroxisome proliferators in located in the mitochondrial
matrix. FEBS Letts 478:4-8, 2000,

Gross NJ. Control of mitochondrial turnover under the influence of
thyroid hormone. J Cell Biol 48:29-40, 1971.

Wooten WL, Cascarano J. The effect of thyroid hormone on
mitochondrial biogenesis and cellular hyperplasia. J Bioenerg Bio-
membr 12:1-12, 1980. ’

Tobin RB, Berdanier CD, Eckland RE, DeVore V, Canton C.
Mitochondrial shuttle activities in hyperthyroid and normal rats and
guinea pigs. J Environ Pathol Toxicol 3:307-315, 1980.

Pillar T™, Seitz HJ. Thyroid hormone and gene expression in the
regulation of mitochondrial respiratory function. Eur J Endocrinol 136:
231-239, 1997.

Djouadi F, Bastin J, Gilbert T, Rotig A, Rustin P, Merlet-Benichou C.
Mitochondrial biogenesis and development of respiratory chain
enzymes in kidney cells: role of glucocorticoids. Am J Physiol 267:
C245-C254, 1994.

Allen EH, Chisholm AB, Titheradge MA. The stimulation of hepatic
oxidative phosphorylation following dexamethasone treatment of rats,
Biochem Biophys Acta 725:71-76, 1983,



78.

79.

80.

81.

MITOCHONDRIAL GENE EXPRESSION

van Itallie CM. Dexamethasone treatment increases mitochondrial
RNA synthesis in a rat hepatoma cell line. Endocrinology 130:567-
576, 1982.

Raikhinstein M, Hanukoglu 1. Mitochondrial-genome-encoded RNAs:
differential regulation by corticotropin in bovine adrenocortical cells.
Proc Natl Acad Sci U S A 90:10509-10513, 1993.

Mikula M, Dzwonek A, Hennig EE, Ostrowski J. Increased
mitochondrial gene expression during L6 cell myogenesis is accel-
erated by insulin. Int J Biochem Cell Biol 37:1815-1828, 2005.
Huang X, Eriksson K-F, Vaag A, Lehtovirta M, Hansson M, Laurila E,
Kanninen T, Oleson BT, Kurucz I, Koranyi L, Groop L. Insulin
regulated mitochondrial gene expression is associated with glucose flux
in human skeletal muscle. Diabetes 48:1508-1514, 1999,

82.

83.

84,

85.

1601

Maecher P, Wollheim CB. Mitochondrial function in normal and
diabetic beta-cells. Nature 414:807-812, 2002.

Lee HK. Mitochondria in diabetes mellitus. In: Berdanier CD, Ed.
Mitochondria in Health and Disease. Boca Raton: Taylor & Francis,
pp377-454.

Mathews CE, Berdanier CD. Non insulin dependent diabetes mellitus
as a mitochondrial genomic disease. Proc Exp Biol Med 219:97-108,
1998.

Hayakawa T, Noda M, Yasuda K, Yorifuji H, Taniguchi S, Miwa I,
Sakura H, Terauchi Y, Hayashi J, Sharp GW, Kanazawa Y, Akanuma
Y, Yazaki Y, Kadowaki T. Ethidium bromide-induced inhibition of
mitochondrial gene transcription suppresses glicose stimulated insulin
release in the mouse pancreatic beta cell line, betaHC9. J Biol Chem
273:20300-20307, 1998.



