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The central role of mitochondria in basic physiological processes has rendered this organelle a receiver and
integrator of multiple regulatory signals. Steroid and thyroid hormones are major modulators of
mitochondrial functions and the question arises as to how these molecules act at the molecular level. The
detection in mitochondria of steroid and thyroid hormone receptors suggested their direct action on
mitochondrial functions within the context of the organelle. The interaction of the receptors with regulatory
elements of the mitochondrial genome and the activation of gene transcription underlies the hormonal
stimulation of energy yield. Glucocorticoid activation of hepatocyte RNA synthesis is one of the experimental
models exploited in this respect. Furthermore, the interaction of the receptors with apoptotic/antiapoptotic
factors is possibly associated with the survival-death effects of the hormones. In addition to the steroid/
thyroid hormone receptors, several other receptors belonging to the superfamily of nuclear receptors, as well
as transcription factors with well defined nuclear actions, have been found in mitochondria. How these
molecules act and interact and how they can affect the broad spectrum of mitochondrial functions is an
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emerging exciting field.
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1. Introduction

Mitochondria are the powerhouses of the cell, generating over 90%
of its energy requirements by way of oxidative phosphorylation in the
respiratory chain. The mitochondria host several other important
metabolic processes, e.g. the Krebs cycle, 3-oxidation of fatty acids and
heme biosynthesis, thus playing a central role in cellular events [1,2].
Furthermore, they are involved in oxidative stress by way of reactive
oxygen species generation, in immunomodulation and in ageing [3-
6]. Consequently, these unique organelles are rendered receivers and
integrators of several regulatory signals, modulating metabolic,
growth, developmental and apoptotic processes [3,7-10].

Steroid and thyroid hormones are major regulators of such
processes and their multiple actions on mitochondria in this respect
have been explored [11-16]. Well studied are the effects of these
hormones on biogenesis of mitochondria in muscle, distal colon,
kidney and liver [15-17], as well as the actions of glucocorticoids and
estrogens on apoptosis and survival of various cells, such as
lymphocytes and endothelia [18-21]. As regards biogenesis of
mitochondria and the respiratory complexes, a central feature of the
hormonal regulation of this process is the encoding of the subunits of
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the respiratory enzymes in two cell compartments, nuclei and
mitochondria [22], necessitating the coordination of the hormonal
induced gene activation in two different cell sites [23-28]. The
presence of steroid and thyroid hormone receptors in mitochondria
(Table 1) [29,30] implicated a direct action of the hormones by way of
their cognate receptors on mitochondrial gene transcription [31-33],
which, in the case of thyroid hormones, has been experimentally
verified [34,35].

2. Action of glucocorticoids on RNA metabolism of hepatocytes

Glucocorticoids are major gluconeogenic agents, inducing liver
enzymes involved in this process by way of cognate receptor
activation of gene transcription [36]. Hormone administration to
adrenalectomized rats markedly stimulates nuclear RNA synthesis,
encompassing HnRNA containing the mRNAs of the induced enzymes,
ribosomal RNA and tRNA [37-39]. Importantly, mitochondrial RNA
synthesis is also activated by the hormones [37,40]. This intense
nucleic acid stimulation requires a high expenditure of energy, which
the cell must eventually replenish. The involvement of mitochondrial
RNA synthesis in the hormonal response can be correlated to this
energy regeneration process, as the sole functional role of the
mitochondrial genome is to encode subunits of enzymes of oxidative
phosphorylation (OXPHOS) and the RNAs participating in the protein
synthetic machinery of the mitochondrion. Due to the fact that most of
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Table 1

Receptors of the superfamily of nuclear receptors found in mitochondria
Receptor Cell type
Glucocorticoid Rat liver

Hela, Hep-2, HepG2, Sa0S-2
Rat brain, C6-glioma
Salamander Miiller
Thymic epithelial
HepG2, Sa0S-2, MCF-7
Rabbit ovarian, uteri
Murine hippocampal
Neurons

Human lens epithelial
Human spermatocytes
Murine cardiomyocytes
Endothelial

Estrogen beta

Androgen Human spermatocytes, LNCaP
Thyroid Rat liver, cardiac
RXR Rat liver
RAR Rat liver
Nur77/TR3 Gastric cancer cell lines
T cells, LNCaP
PPARgamma2 Rat Liver

Reviewed in [14,29,30].

the OXPHOS subunits are nuclearly encoded and are required for the
formation of active respiratory complexes, a hormonal coordination of
nuclear and mitochondrial transcription is necessary. This coordina-
tion is realized by way of activation of nuclearly encoded mitochon-
drial transcription factors, whose subsequent increased presence in
mitochondria can per se stimulate the organelles transcription
machinery [23-25,28,41]. In addition, a direct action of glucocorti-
coids on mitochondrial transcription was suggested (Fig. 1). This was
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Fig. 1. Nuclear and mitochondrial action of steroid/thyroid hormones on OXPHOS
biosynthesis by way of cognate receptors. In the nucleus, the hormone-receptor
complex induces OXPHOS genes, and genes of mitochondrial transcription factors
[13,14,29,30]. The mitochondrial transcription factors, subsequently, activate mitochon-
drial gene transcription. In addition, the hormone, can directly affect transcription of
the mitochondrial OXPHOS genes by way of cognate mitochondrial receptors and their
interaction with respective binding sites on the mitochondrial genome.
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Fig. 2. Detection of a phosphorylated form of GR in mitochondrial extracts of HepG2
cells. Soluble cytosol (SC), mitochondrial membranous fraction (Msed) and mitochon-
drial soluble fraction (Msol) of HepG2 cells were isolated applying differential
centrifugation and discontinuous sucrose gradient, as previously described [18]. Equal
amounts of protein extracts from these fractions were submitted to electrophoresis and
transferred to nitrocellulose membrane. Detection of the glucocorticoid receptor
(A) and its phosphorylated form in Ser 211 (B) was achieved using specific antibodies
recognizing the human GR and the phosphorylated glucocorticoid receptor (Ser 211)
(provided by SantaCruz and cell signaling (# 4161), respectively).

based on studies of hormone distribution in liver cells, demonstrating
a very rapid uptake of 3H-cortisol in mitochondria, with a similar
kinetics as the uptake of the hormone in nuclei [42]. Furthermore,
analysis of the radioactivity recovered from the liver cells revealed the
bulk of the radioactivity in the cytosol, in form of metabolites, as the
liver is not only a site of action of glucocorticoids but also of their
metabolic transformation. However, the radioactivity recovered in the
nuclear and mitochondrial fractions was mostly non-metabolized
cortisol [42], suggesting that the mitochondrion, similarly to the
nucleus, could be a direct site of action of glucocorticoids by way of the
cognate receptor. Indeed, the glucocorticoid receptor (GR) was
detected in liver mitochondria of adrenalectomized rats after
hormonal induction of the animals, translocating from the cytoplasm
[43]. Subsequently, the glucocorticoid receptor was detected in
various other cell types [14,29,30] (Table 1). In our efforts to
characterize the mitochondrial GR (mtGR) by Western blot analysis,
we detected a 90 kDa GR isoform [18] which could correspond to the
GRaB or GRaC isoform of the receptor [44]. This isoform, as it is
previously suggested [45], may also represent a functional proteolytic
product of an inducible cytosolic endoprotease activation, which leads
to uncovering cryptic mitochondrial targeting signals and to mito-
chondrial translocation of the product [45]. Lower molecular weight
GR fragments, predominantly found in liver mitochondria, could
correspond to other GRa isoforms or represent proteolytic fragments
of the receptor. The mitochondrial GR is present in a phosphorylated
form (Fig. 2). These findings supported the suggestion, that the
receptor could have direct effects on mitochondrial transcription,
similarly as its action on nuclear genes.

3. Effects and molecular mechanisms of glucocorticoid action on
RNA synthesis of hepatocyte mitochondria

Analysis of mitochondrial DNA of humans and rodents revealed the
presence of nucleotide sequences with high similarity to glucocorti-
coid responsive elements (GREs) within the regulatory sites (D-loop)
of the genome [46] (Fig. 3). In addition, potential GREs were also
found within structural genes, e.g. of cytochrome oxidase I, ND I and
12S RNA [46]. Some of these sequences were shown to interact with
the glucocorticoid receptor, as demonstrated in gel shift assays [49],
and were able to confer hormone inducibility to reporter genes in
transfection assays [50]. ChIP analysis of isolated mitochondria from
hepatocarcinoma HepG2 cells verified binding sites for the glucocor-
ticoid receptor in the D-loop of the mitochondria and in the genes ND |
and 12S RNA (Psarra A-M.G., in preparation), supporting a direct
action of the receptor on mitochondrial transcription.

If the coordination of mitochondrial transcription by glucocorti-
coids is solely accomplished indirectly by way of nuclear gene
activation of mitochondrial transcription factors, then inhibition of
nuclear RNA synthesis would block the activation of mitochondrial
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Fig. 3. The mammalian mitochondrial genome [47] and sites showing sequence
similarity to hormone responsive elements (HREs) for steroid and thyroid hormones.
The mammalian mitochondrial genome is a circular double stranded molecule of
approximately 16 kb (human: 16,569 bases) composed of a heavy (H) and a light
(L) strand. The L strand is transcribed from one predominant promoter (PL), whereas
the H strand is transcribed from two adjacent promoters (PH1 and PH2), located in the
control region, which includes a displacement (D) loop. Transcription emanating from
PH2 and PL generates long, polycistronic products, subsequently processed at the sites
of transfer RNA coding genes, liberating mature mRNAs and t-RNAs. Transcription from
PH1 produces a short message containing the two rRNAs, terminating at a specific site
on the tRNA-Leu gene. A transcription terminating factor (mTERF) promotes the
termination of transcription initiated at the PH1 site. The mRNAs encode three subunits
of cytochrome oxidase (I, Il and III, COX I, COX II, COX III), seven of NADH-CoQ-reductase
(ND I-VI and NDA4L), one of cytochrome b (Cyt-b), two of ATP-synthase (ATP 6, 8), two
ribosomal RNAs (12S and 16S rRNA) and 22 tRNAs. Only ND VI and the Gln, Ala, Asn, Cys,
Tyr, Ser, Glu and Pro-tRNAs are generated from the light strand transcript. Three
transcription factors have been characterized, mTFA, mTFB1 and mTFB2. The sites on
the genome of the predicted [32,46] and experimentally verified [33, 48-51] binding
sites for steroid and thyroid hormones are depicted: Open arrows: HREs for class I
receptors, filled arrows: HREs for class Il receptors [from Psarra and Sekeris [14]].

transcription. In case the hormone acts additionally by directly
stimulating mitochondrial transcription, RNA synthesis in mitochon-
dria would continue to proceed, perhaps somewhat attenuated, even
in the presence of inhibitors of nuclear RNA synthesis. To this end,
experiments with a-amanitin, a direct inhibitor of Pol II [52,53] and
indirectly, of Pol I mediated transcription [54], were performed.

Indeed, various cell lines, e.g. HEK 293, HepG2 and Hela cells,
transfected with a construct carrying a mitochondrial targeted GR
gene, reacted to the addition of an inducing dose of glucocorticoids by
increased transcription of mitochondrial genes, among them ND I, ND
II, ATP 8, Cyt b, COX 1, COX II, COX III, 12S and 16S RNA, even in the
presence of a-amanitin, whereas the induction of the nuclearly
encoded COX IV gene was inhibited by the amatoxin (Fig. 4).

To provide further support for the direct activation by glucocorti-
coids of mitochondrial transcription, experiments are under way to
study the import mechanism of the receptor and the consequence of
this translocation for mitochondrial functions, in an in organello
mitochondrial system derived from rat liver cells [55].

4. Other nuclear transcription factors in mitochondria

The detection of receptors for steroid and thyroid hormones in
mitochondria (Table 1) initiated research towards elucidating their
function within the confines of this organelle. As regards the thyroid
hormone receptor, Enriquez et al. [34] and Casas et al. [35] have
demonstrated a direct effect of the cognate receptor on mitochondrial
transcription. A series of publications have strongly supported similar

effects of the estrogen receptors on mitochondrial transcription of
several target tissues [20,21,56]. Furthermore, apoptotic and anti-
apoptotic actions of mitochondrial glucocorticoid and estrogen
receptors, respectively, have been reported [14,19-21,57-60].

In previous publications and in the work presented here, a
stimulatory action of glucocorticoids on mitochondrial transcription
has been shown [37,40]. These findings support the concept whereby
coordination of OXPHOS biosynthesis by steroid and thyroid
hormones can be achieved by the direct effects of their cognate
nuclear and mitochondrially localized receptors on nuclear and
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Fig. 4. Effect of mtGR on mitochondrial RNA synthesis in the presence of ci-amanitin in HEK
293 cells. HEK 293 cells, grown in DMEM supplemented with 10% FBS, 2 mM L-glutamine
and penicillin/streptamycin on 6 well plates, were transiently transfected with a pIRES
vector carrying a mitochondria targeted GR. Cells were treated with 10 pg/ml cc-amanitin,
for 5 h, at 37 °C. a-Amanitin treated as well as non treated cells was further incubated in the
presence of 10~ ° DEX, for 1 h. Subsequently, cells were washed with phosphate buffer
saline and total RNA was extracted using Trizol, followed by DNase treatment (Promega)
and reverse transcription into cDNA, using random primers and superscript II reverse
transcriptase (Invitrogen). Expressed levels of mRNA were quantitated using real-time
RCR, which was performed after mixing the cDNA with SYBR GreenER qPCR super mix
Universal (Invitrogen) and appropriate primers. Products were quantitated with a
Chromo4 Real-Time System (Bio-Rad). Conditions for PCR were: 52 °C for 2 min, 95 °C
for 2 min, 35 cycles of 95 °C for 15 s and 60 °C for 40 s, followed by 60 °C for 10 min. Primers
for cytochrome oxidase subunits [-IV (COX I, COX II, COX I, COX IV), cytochrome b (Cyt b),
NADH dehydrogenase subunits I, I, (ND I, ND II),12S and 16S ribosomal RNA (12S,16S), and
ATP synthase subunit 8 (ATP 8), glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
reference gene), were: COX [ forward: ccctagaccaaacctacgccaaa; COX I reverse:
aggccgagaaagtgttgtgggaa; COX I forward: acagatgcaattcccggacgtcta; COXII reverse:
ggcatgaaactgtggtttgctcca; COX NI forward: tcacttccactccataacgetect; COX 1IN reverse:
gtgttacatcgegecatcattggt; Cyt b forward: agtcccaccctcacacgattettt; Cyt b reverse: agtaagec-
gagggcgtctttgatt; ND 1 forward: atggccaacctcctactectcatt; ND [ reverse: ttatggcgtcagce-
gaagggttgta; ND II forward: ccatctttgcaggcacactcatca; ND II reverse:
attatggatgcggttgcttgegtg; 12S forward: aaactgctcgecagaacactacga; 12S reverse: tgagcaa-
gaggtggtgaggttgat; 16S forward: taccctcactgtcaacccaacaca; 16S reverse: ttaaacatgtgt-
cactgggcagge; ATP 8 forward: accgtatggcccaccataattacc; ATP 8 reverse:
tttatgggctttggtgagggaggt; COX IV forward: agaaagtcgagttgtatcgeatt; COX IV reverse:
gataacgagcgcggtgaaac; GAPDH forward: catgagaagtatgacaacagcct; GAPDH reverse:
agtcctttccacgataccaaagt.
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Table 2
Nuclear transcription factors found in mitochondria
Receptor Cell type
NF-xB Jurkat T cells
Human fibroblast HT1080
Prostatic carcinoma cell lines
U937 leukemic
Hela
AP-1 Murine brain
Murine hippocampal
CREB Brain neurons, dentral granular
p53 Human skin fibroblasts

Rat embryo fibroblasts
HA-1 hamster fibroblasts
Human HT1080
Thymocytes

MRC-5, 32D, BAF-3
Human ML-1, MCF-7
Mouse liver

KB human epidermoid

Reviewed in [14,30,61].

mitochondrial OXPHOS transcription, respectively [33,34,55]. This, in
addition to the well established mechanism of coordination through
hormonal activation of nuclearly encoded mitochondrial transcription
factors [16,23,24,26-28,30,61-63].

The central role of mitochondria in several basic functions
necessitates coordination with the functions of other involved cellular
organelles by a variety of regulatory molecules. One such category is
the superfamily of nuclear receptors, many of which have been
localized in mitochondria from various sources [30]. Recently, the
catalogue of regulatory molecules found in mitochondria has been
enriched [14,64,65] (Table 2). Many of these molecules represent
transcription factors with important role in nuclear gene regulation
and their role in mitochondrial functions is now beginning to be
revealed, particularly as regards cell survival and apoptosis [14,64,65].
Some of these factors seem to act on mitochondrial gene expression,
others in a non-genomic manner, interacting directly with other
regulatory molecules.

AP-1, NF-kB, CREB and p53 are among the major nuclear
transcription factors detected in mitochondria of various cell types.
AP-1 has been found in mitochondria of rat cerebral cortex and dental
granular cells [66,67] and in mitochondria of prostate LNCaP cancer
cells [68]. Binding of this factor to mitochondrial DNA, in the
regulatory (D-loop) region, has been shown and associated with the
regulation of mitochondrial DNA transcription [67]. Similarly, NF-<B
has been localized in mitochondria of human leukemic Jurkat [69,70],
fibroblast and prostate cancer [68,71] cell lines, whereas CREB has
been found in brain mitochondria [72-74]. ChIP analysis identified
CREB binding to cognate responsive elements in the D-loop. The
antioxidant dexerozamine, which inhibits stress induced death,
increased DNA-binding of CREB suggesting that modulation of
mitochondrial transcription could underlie the salutary effect of
dexerozamine. Several publications demonstrate the presence of p53
in mitochondria of many cell types [75-93]. The majority of the results
point to an apoptotic action of p53 by way of a non-genomic
mechanism and interaction with apoptotic factors [77,79,81,88,89].
Thus, targeting of p53 to mitochondria of p53-null Sa0S-2 osteosar-
coma cells is sufficient to induce apoptosis, furthermore the
transactivation region of p53 is not needed for this effect [77,81].
However, some publications suggest a parallel genomic role of p53 in
mitochondria [78,82-85].

5. Perspectives
The wealth of information amassed concerning the presence in

mitochondria of regulatory molecules regarded as solely involved in
nuclear actions increases the regulatory potential of mitochondria and

opens perspectives in deepening our knowledge on the physiology of
mitochondria and on recognizing and understanding the complexity
of this organelle's interaction with the other cell compartments. An
intriguing facet of this research is the mode of interaction of
eukaryotic regulatory factors with the prokaryotic transcriptosome
and with bona fide mitochondrial components. The new knowledge
will be instrumental in delineating the aetiopathology of mitochon-
dria related diseases and in designing therapeutic strategies.

Acknowledgements

Sections of the work in which the data from the authors' laboratory
are reported herein were supported by the Bodossaki Foundation, the
Biomedical Research Foundation of the Academy of Athens and the
Hellenic General Secretariat of Science Technology.

References

[1] N.D. Bonawitz, D.A. Clayton, G.S. Shadel, Initiation and beyond: multiple functions
of the human mitochondrial transcription machinery, Mol. Cell 24 (2006)
813-825.

A.S. Reichert, W. Neupert, Mitochondriomics or what makes us breathe, Trends

Genet. 20 (2004) 555-562.

[3] MJ. Pinkoski, N.J. Waterhouse, D.R. Green, Mitochondria, apoptosis and

autoimmunity, Curr. Dir. Autoimmun. 9 (2006) 55-73.

[4] A.-M.G. Psarra, S. Solakidi, C.E. Sekeris, The mitochondrion as a primary site of

action of regulatory agents involved in neuroimmunomodulation, Ann. N. Y. Acad.

Sci. 1088 (2006) 12-22.

K.R. Short, M.L. Bigelow, J. Kahl, R. Singh, J. Coenen-Schimbke, S. Raghavakaimal, K.

S. Nair, Decline in skeletal muscle mitochondrial function with aging in humans,

Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 5618-5623.

[6] M.T. Lin, M.F. Beal, Mitochondrial dysfunction and oxidative stress in neurode-

generative diseases, Nature 443 (2006) 787-795.

P. Seyer, S. Grandemange, M. Busson, A. Carazo, F. Gamaleri, L. Pessemesse, F.

Casas, G. Cabello, C. Wrutniak-Cabello, Mitochondrial activity regulates myoblast

differentiation by control of c-Myc expression, J. Cell. Physiol. 207 (2006) 75-86.

[8] MJ. Goldenthal, J. Marin-Garcia, Mitochondrial signaling pathways: a receiver/
integrator organelle, Mol. Cell. Biochem. 262 (2004) 1-16.

[9] J. Das, The role of mitochondrial respiration in physiological and evolutionary
adaptation, Bioessays 28 (2006) 890-901.

[10] E.Gulbins, S. Dreschers, J. Bock, Role of mitochondria in apoptosis, Exp. Physiol. 88
(2003) 85-90.

[11] K. Scheller, C.E. Sekeris, The effects of steroid hormones on the transcription of
genes encoding enzymes of oxidative phosphorylation, Exp. Physiol. 88 (2003)
129-140.

[12] K. Scheller, P. Seibel, C.E. Sekeris, Glucocorticoid and thyroid hormone receptors in
mitochondria of animal cells, Int. Rev. Cytol. 222 (2003) 1-61.

[13] A.-M.G. Psarra, S. Solakidi, C.E. Sekeris, The mitochondrion as a primary site of
action of steroid and thyroid hormones: presence and action of steroid and
thyroid hormone receptors in mitochondria of animal cells, Mol. Cell. Endocrinol.
246 (2006) 21-33.

[14] A.-M.G. Psarra, C.E. Sekeris, Nuclear receptors and other nuclear transcription
factors in mitochondria: regulatory molecules in a new environment, Biochim.
Biophys. Acta. 1783 (2008) 1-11.

[15] C.Wrutniak-Cabello, F. Casas, G. Cabello, Thyroid hormone action in mitochondria,
J. Mol. Endocrinol. 26 (2001) 67-77.

[16] J.M. Weitzel, K.A. Iwen, HJ. Seitz, Regulation of mitochondrial biogenesis by
thyroid hormone, Exp. Physiol. 88 (2003) 121-128.

[17] K. Weber, P. Bruck, Z. Mikes, J.H. Kupper, M. Klingenspor, RJ. Wiesner,
Glucocorticoid hormone stimulates mitochondrial biogenesis specifically in
skeletal muscle, Endocrinology 143 (2002) 177-184.

[18] A.-M.G. Psarra, S. Solakidi, I.P. Trougakos, L.H. Margaritis, G. Spyrou, C.E. Sekeris,
Glucocorticoid receptor isoforms in human hepatocarcinoma HepG2 and Sa0S-2
osteosarcoma cells: presence of glucocorticoid receptor alpha in mitochondria
and of glucocorticoid receptor beta in nucleoli, Int. J. Biochem. Cell Biol. 37 (2005)
2544-2558.

[19] R.B. Evans-Storms, J.A. Cidlowski, Regulation of apoptosis by steroid hormones,
J. Steroid Biochem. Mol. Biol. 53 (1995) 1-8.

[20] ].D.Yager, ].Q. Chen, Mitochondrial estrogen receptors — new insights into specific
functions, Trends Endocrinol. Metab. 18 (2007) 89-91.

[21] Y.C. Hsieh, H.P. Yu, T. Suzuki, M.A. Choudhry, M.G. Schwacha, K.I. Bland, LH.
Chaudry, Upregulation of mitochondrial respiratory complex IV by estrogen
receptor-beta is critical for inhibiting mitochondrial apoptotic signaling and
restoring cardiac functions following trauma-hemorrhage, ]. Mol. Cell. Cardiol. 41
(2006) 511-521.

[22] G. Attardi, G. Schatz, Biogenesis of mitochondria, Annu. Rev. Cell. Biol. 4 (1988)
289-333.

[23] R.C.Scarpulla, Transcriptional paradigms in mammalian mitochondrial biogenesis
and function, Physiol. Rev. 88 (2008) 611-638.

[24] R.C. Scarpulla, Nuclear activators and coactivators in mammalian mitochondrial
biogenesis, Biochim. Biophys. Acta 1576 (2002) 1-14.

2

[5

17



(25]

[26]

(27]

[28]

[29]

(30]

[31]

(32]

[33]

A.-M.G. Psarra, C.E. Sekeris / Biochimica et Biophysica Acta 1787 (2009) 431-436

S. Goffart, RJ. Wiesner, Regulation and co-ordination of nuclear gene expression
during mitochondrial biogenesis, Exp. Physiol. 88 (2003) 33-40.

P. Puigserver, B.M. Spiegelman, Peroxisome proliferator-activated receptor-
gamma coactivator 1 alpha (PGC-1 alpha): transcriptional coactivator and
metabolic regulator, Endocr. Rev. 24 (2003) 78-90.

B.D. Nelson, K. Luciakova, R. Li, S. Betina, The role of thyroid hormone and
promoter diversity in the regulation of nuclear encoded mitochondrial proteins,
Biochim. Biophys. Acta 1271 (1995) 85-91.

H. Suzuki, Y. Hosokawa, M. Nishikimi, T. Ozawa, Existence of common homologous
elements in the transcriptional regulatory regions of human nuclear genes and
mitochondrial gene for the oxidative phosphorylation system, J. Biol. Chem. 266
(1991) 2333-2338.

L.P. Gavrilova-Jordan, T.M. Price, Actions of steroids in mitochondria, Semin
Reprod. Med. 25 (2007) 154-164.

A.-M.G. Psarra, C.E. Sekeris, Steroid and thyroid hormone receptors in mitochon-
dria, IUBMB Life 60 (2008) 210-223.

C.E. Sekeris, The mitochondrial genome: a possible primary site of action of steroid
hormones, In Vivo 4 (1990) 317-320.

C.V. Demonacos, N. Karayanni, E. Hatzoglou, C. Tsiriyiotis, D.A. Spandidos, C.E.
Sekeris, Mitochondrial genes as sites of primary action of steroid hormones,
Steroids 61 (1996) 226-232.

C. Wrutniak, P. Rochard, F. Casas, A. Fraysse, ]. Charrier, G. Cabello, Physiological
importance of the T3 mitochondrial pathway, Ann. N. Y. Acad. Sci. 839 (1998)
93-100.

[34] J.A. Enriquez, P. Fernandez-Silva, N. Garrido-Perez, M.J. Lopez-Perez, A. Perez-

[35]

[36]

[37]

(38]

(39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

Martos, ]. Montoya, Direct regulation of mitochondrial RNA synthesis by thyroid
hormone, Mol. Cell Biol. 19 (1999) 657-670.

F. Casas, P. Rochard, A. Rodier, I. Cassar-Malek, S. Marchal-Victorion, RJ. Wiesner,
G. Cabello, C. Wrutniak, A variant form of the nuclear triiodothyronine receptor c-
ErbAalphal plays a direct role in regulation of mitochondrial RNA synthesis, Mol.
Cell. Biol. 19 (1999) 7913-7924.

M. Beato, S. Chavez, M. Truss, Transcriptional regulation by steroid hormones,
Steroids 61 (1996) 240-251.

E.L. Yu, P. Feigelson, A comparative study of RNA synthesis in rat hepatic nuclei and
mitochondria under the influence of cortisone, Biochim. Biophys. Acta 213 (1970)
134-141.

W. Schmid, CE. Sekeris, Nucleolar RNA synthesis in the liver of partially
hepatectomized and cortisol-treated rats, Biochim. Biophys. Acta. 402 (1975)
244-252.

W. Schmid, CE. Sekeris, Sequential stimulation of extranucleolar and nucleolar
RNA synthesis in rat liver by cortisol, FEBS Lett. 26 (1972) 109-112.

A.M. Mansour, S. Nass, In vivo cortisol action on RNA synthesis in rat liver nuclei
and mitochondria, Nature 228 (1970) 665-667.

M.J. Goldenthal, R. Ananthakrishnan, ]. Marin-Garcia, Nuclear-mitochondrial
cross-talk in cardiomyocyte T3 signaling: a time-course analysis, J. Mol. Cell.
Cardiol. 39 (2005) 319-326.

M. Beato, D. Biesewig, W. Braendle, C.E. Sekeris, On the mechanism of hormone
action. XV. Subcellular distribution and binding of (1,2-3H) cortisol in rat liver,
Biochim. Biophys. Acta. 192 (1969) 494-507.

C. Demonacos, N.C. Tsawdaroglou, R. Djordjevic-Markovic, M. Papalopoulou, V.
Galanopoulos, S. Papadogeorgaki, C.E. Sekeris, Import of the glucocorticoid
receptor into rat liver mitochondria in vivo and in vitro, J. Steroid Biochem. Mol.
Biol. 46 (1993) 401-413.

D. Duma, C.M. Jewell, J.A. Cidlowski, Multiple glucocorticoid receptor isoforms and
mechanisms of post-translational modification, J. Steroid Biochem. Mol. Biol. 102
(2006) 11-21.

E. Boopathi, S. Srinivasan, J.K. Fang, N.G. Avadhani, Bimodal protein targeting
through activation of cryptic mitochondrial targeting signals by an inducible
cytosolic endoprotease, Mol. Cell 32 (2008) 32-42.

.M. Ioannou, N. Tsawdaroglou, C.E. Sekeris, Presence of glucocorticoid responsive
elements in the mitochondrial genome, Anticancer Res. 8 (1988) 1405-1409.

[47] J. Montoya, M.J. Lopez-Perez, E. Ruiz-Pesini, Mitochondrial DNA transcription and

(48]

(49]

[50]

diseases: past, present and future, Biochim. Biophys. Acta. 1757 (2006) 1179-1189.
C. Wrutniak, I. Cassar-Malek, S. Marchal, A. Rascle, S. Heusser, ].M. Keller, ].
Flechon, M. Dauca, J. Samarut, J. Ghysdael, et al., A 43-kDa protein related to c-Erb
A alpha 1 is located in the mitochondrial matrix of rat liver, ]. Biol. Chem. 270
(1995) 16347-16354.

C. Demonacos, R. Djordjevic-Markovic, N. Tsawdaroglou, C.E. Sekeris, The
mitochondrion as a primary site of action of glucocorticoids: the interaction of
the glucocorticoid receptor with mitochondrial DNA sequences showing partial
similarity to the nuclear glucocorticoid responsive elements, J. Steroid Biochem.
Mol. Biol. 55 (1995) 43-55.

C. Tsiriyotis, D.A. Spandidos, C.E. Sekeris, The mitochondrion as a primary site of
action of glucocorticoids: mitochondrial nucleotide sequences, showing similarity
to hormone response elements, confer dexamethasone inducibility to chimaeric
genes transfected in LATK-cells, Biochem. Biophys. Res. Commun. 235 (1997)
349-354.

[51] J.Q. Chen, M. Delannoy, C. Cooke, ].D. Yager, Mitochondrial localization of ERalpha

[52]
(53]

[54]

and ERbeta in human MCF7 cells, Am. J. Physiol. Endocrinol. Metab. 286 (2004)
E1011-E1022.

K.H. Seifart, C.E. Sekeris, Alpha-amanitin, a specific inhibitor of transcription by
mammalian RNA-polymerase, Z Naturforsch B. 24 (1969) 1538-1544.

TJ. Lindell, F. Weinberg, P.W. Morris, R.G. Roeder, W.J. Rutter, Specific inhibition of
nuclear RNA polymerase II by alpha-amanitin, Science 170 (1970) 447-449.

C.E. Sekeris, W. Schmid, Action of alpha-Amanitin in vivo and in vitro, FEBS Lett. 27
(1972) 41-45.

[55]

[56]

[57]

(58]

[59]

(60]

(61]

(62]

(63]

[64]

(65]

[66]

[67]

[68]

(69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

435

J.A. Enriquez, P. Fernandez-Silva, A. Perez-Martos, M.J. Lopez-Perez, ]. Montoya,
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 (1996)
601-610.

J.Q. Chen, J.D. Yager, ]. Russo, Regulation of mitochondrial respiratory chain
structure and function by estrogens/estrogen receptors and potential physiolo-
gical/pathophysiological implications, Biochim. Biophys. Acta 1746 (2005) 1-17.
C. Stirone, S.P. Duckles, D.N. Krause, V. Procaccio, Estrogen increases mitochondrial
efficiency and reduces oxidative stress in cerebral blood vessels, Mol. Pharmacol.
68 (2005) 959-965.

I. Herr, N. Gassler, H. Friess, M.W. Buchler, Regulation of differential pro- and anti-
apoptotic signaling by glucocorticoids, Apoptosis 12 (2007) 271-291.

A. Razmara, S.P. Duckles, D.N. Krause, V. Procaccio, Estrogen suppresses brain
mitochondrial oxidative stress in female and male rats, Brain Res. 1176 (2007)
71-81.

R. O'Lone, K. Knorr, I.Z. Jaffe, M.E. Schaffer, P.G. Martini, R.H. Karas, J. Bienkowska,
M.E. Mendelsohn, U. Hansen, Estrogen receptors alpha and beta mediate distinct
pathways of vascular gene expression, including genes involved in mitochondrial
electron transport and generation of reactive oxygen species, Mol. Endocrinol. 21
(2007) 1281-1296.

B.D. Nelson, K. Luciakova, R. Li, S. Betina, The role of thyroid hormone and
promoter diversity in the regulation of nuclear encoded mitochondrial proteins,
Biochim. Biophys. Acta 1271 (1995) 85-91.

R. Garesse, C.G. Vallejo, Animal mitochondrial biogenesis and function: a
regulatory cross-talk between two genomes, Gene 263 (2001) 1-16.

N. Gleyzer, K. Vercauteren, R.C. Scarpulla, Control of mitochondrial transcription
specificity factors (TFB1M and TFB2M) by nuclear respiratory factors (NRF-1 and
NRF-2) and PGC-1 family coactivators, Mol. Cell. Biol. 25 (2005) 1354-1366.
A.-M.G. Psarra, S. Solakidi, C.E. Sekeris, The mitochondrion as a primary site of
action of regulatory agents involved in neuroimmunomodulation, Ann. N. Y. Acad.
Sci. 1088 (2006) 12-22.

J. Lee, S. Sharma, J. Kim, RJ. Ferrante, H. Ryu, Mitochondrial nuclear receptors and
transcription factors: who's minding the cell? ]. Neurosci. Res. 86b (2008) 961-971.
K. Ogita, H. Okuda, M. Kitano, Y. Fujinami, K. Ozaki, Y. Yoneda, Localization of
Activator Protein-1 complex with DNA binding activity in mitochondria of murine
brain after in vivo treatment with kainite, ]. Neurosci. 22 (2002) 2561-2570.

K. Ogita, Y. Fujinami, M. Kitano, Y. Yoneda, Transcription factor activator protein-1
expressed by kainate treatment can bind to the non-coding region of
mitochondrial genome in murine hippocampus, J. Neurosci. Res. 73 (2003)
794-802.

N.V. Guseva, A.F. Taghiyev, M.T. Sturm, O.W. Rokhlin, M.B. Cohen, Tumor necrosis
factor-related apoptosis-inducing ligand-mediated activation of mitochondria-
associated Nuclear Factor-kappaB in prostatic carcinoma cell lines, Mol. Cancer
Res. 2 (2004) 574-584.

V. Bottero, F. Rossi, M. Samson, M. Mari, P. Hofman, J.-F. Peyron, IkapaB-alpha, the
NF-kappaB inhibitory subunit, interacts with ANT, the mitochondrial ATP-ADP
translocator, J. Biol. Chem. 24 (2001) 21317-21324.

P.C. Cogswell, D.F. Kashatus, J.A. Keifer, D.C. Guttridge, ].Y. Reuther, C. Bristow, S.
Roy, D.W. Nicholson, A.S. Baldwin Jr., NF-kappaB and Ikappa-Blapha are found in
the mitochondria. Evidence for regulation of mitochondrial gene expression by
NF-kappaB, J. Biol. Chem. 5 (2003) 2963-2968.

M. Zamora, C. Merono, O. Vinas, T. Mampel, Recruitment of NF-kappaB into
mitochondria is involved in adenine nucleotide translocase 1 (ANT1)-induced
apoptosis, J. Biol. Chem. 279 (2004) 38415-38423.

M. Cammarota, G. Paratcha, LR.M. Bevilaqua, M. Levi de Stein, M. Lopez, A.
Pellegrino de Iraldi, I. Izquierdo, J.H. Medina, Cyclic AMP-responsive element
binding protein in brain mitochondria, ]. Neurochem. 72 (1999) 2272-2277.

R.A. Schuh, T. Kristian, G. Fiskum, Calcium-dependent dephosphorylation of brain
mitochondrial calcium/cAMP response element binding protein (CREB),
J. Neurochem. 92 (2005) 388-394.

H. Ryu, ]. Lee, S. Impey, R.R. Ratan, RJ. Ferrante, Antioxidants modulate
mitochondrial PKA and increase CREB binding to D-loop DNA of the mitochondrial
genome in neurons, Proc. Natl. Acad. Sci. U.S.A. 102 (2005) 13915-13920.

T. Katsumoto, K. Higaki, K. Ohno, K. Onodera, Cell-cycle dependent biosynthesis
and localization of p53 protein in untransformed human cells, Biol. Cell 84 (1995)
167-173.

B.A. Merrick, C. He, L.L. Witcher, R.M. Patterson, J.J. Reid, P.M. Pence-Pawlowski, J.K.
Selkirk, HSP binding and mitochondrial localization of p53 protein in human
HT1080 and mouse C3H10T1/2 cell lines, Biochim. Biophys. Acta 1297 (1996)
57-68.

N.D. Marchenko, A. Zaika, U.M. Moll, Death signal-induced localization of p53
protein to mitochondria. A potential role in apoptotic signaling, J. Biol. Chem. 275
(2000) 16202-16212.

N. Abramova, KJ.A. Davies, D.R. Crawford, Polynucleotide degradation during
early stage response to oxidative stress is specific to mitochondria, Free Rad. Biol.
Med. 28 (2000) 281-288.

M. Mihara, S. Erster, A. Zaika, O. Petrenko, T. Chittenden, P. Pancoska, U.M. Moll,
p53 has a direct apoptogenic role at the mitochondria, Mol. Cell 11 (2003)
577-590.

N. Godefroy, S. Bouleau, G. Gruel, F. Renaud, V. Rincheval, B. Mignotte, D. Tronik-Le
Roux, J.L. Vayssiere, Transcriptional repression by p53 promotes a Bcl-2-
insensitive and mitochondria-independent pathway of apoptosis, Nucl. Acids
Res. 32 (2004) 4480-4490.

C. Sansome, A. Zaika, N.D. Marchenko, U.M. Moll, Hypoxia death stimulus induces
translocation of p53 protein to mitochondria. Detection by immunofluorescence
on whole cells, FEBS Lett. 488 (2001) 110-115.



436

[82]

[83]

[84]

[85]

A.-M.G. Psarra, C.E. Sekeris / Biochimica et Biophysica Acta 1787 (2009) 431-436

M.M. Ibrahim, M. Razmara, D. Nguyen, RJ. Donahue, J.A. Wubah, T.B. Knudsen,
Altered expression of mitochondrial 16S ribosomal RNA in p53-deficient mouse
embryos revealed by differential display, Biochim. Biophys. Acta 1403 (1998)
254-264.

RJ. Donahue, M. Razmara, ].B. Hoek, T.B. Knudsen, Direct influence of the p53
tumor suppressor on mitochondrial biogenesis and function, FASEB J. 15 (2001)
635-644.

Y. Yoshida, H. Izumi, T. Torigoe, H. Ishiguchi, H. Itoh, D. Kang, K. Kohno, p53
physically interacts with mitochondrial transcription factor A and differentially
regulates binding to damaged DNA, Cancer Res. 63 (2003) 3729-3734.

K. Heyne, S. Mannebach, E. Wuertz, KX. Knaup, M. Mahyar-Roemer, K. Roemer,
Identification of a putative p53 binding sequence within the human mitochon-
drial genome, FEBS Lett. 578 (2004) 198-202.

[86] J.F. Charlot, J.L. Prétet, C. Haughey, C. Mougin, Mitochondrial translocation of p53

[87]

and mitochondrial membrane potential (Delta Psi m) dissipation are early events
in staurosporine-induced apoptosis of wild type and mutated p53 epithelial cells,
Apoptosis 9 (2004) 333-343.

E. Lomonosova, T. Subramanian, G. Chinnadurai, Mitochondrial localization of p53
during adenovirus infection and regulation of its activity by E1B-19K, Oncogene.
24 (2005) 6796-6808.

(88]

(89]

[90]

[91]

B.S. Sayan, A.E. Sayan, RA. Knight, G. Melino, G.M. Cohen, p53 is cleaved by
caspases generating fragments localizing to mitochondria, J. Biol. Chem. 281
(2006) 13566-13573.

P. Jiang, W. Du, K. Heese, M. Wu, The Bad guy cooperates with good cop
p53: Bad is transcriptionally up-regulated by p53 and forms a Bad/p53
complex at the mitochondria to induce apoptosis, Mol. Cell. Biol. 26 (2006)
9071-9082.

E.C. Pietsch, J.I. Leu, A. Frank, P. Dumont, D.L. George, M.E. Murphy, The
tetramerization domain of p53 is required for efficient BAK oligomerization,
Cancer Biol. Ther. 6 (2007) 1576-1583.

S. Wolff, S. Erster, G. Palacios, U.M. Moll, p53's mitochondrial translocation and
MOMP action is independent of Puma and Bax and severely disrupts mitochon-
drial membrane integrity, Cell Res. 18 (2008) 733-744.

[92] J.E. Chipuk, T. Kuwana, L. Bouchier-Hayes, N.M. Droin, D.D. Newmeyer, M. Schuler,

(93]

D.R. Green, Direct activation of Bax by p53 mediates mitochondrial membrane
permeabilization and apoptosis, Science 303 (2004) 1010-1014.

B.S. Sayan, AE. Sayan, A.L. Yang, RI. Aqeilan, E. Candi, G.M. Cohen, RA. Knight,
C.M. Croce, G. Melino, Cleavage of the transactivation-inhibitory domain of p63
by caspases enhances apoptosis, Proc. Natl. Acad. Sci. US.A. 104 (2007)
10871-10876.



	Glucocorticoid receptors and other nuclear transcription factors in mitochondria and possible f.....
	Introduction
	Action of glucocorticoids on RNA metabolism of hepatocytes
	Effects and molecular mechanisms of glucocorticoid action on RNA synthesis of hepatocyte mitoch.....
	Other nuclear transcription factors in mitochondria
	Perspectives
	Acknowledgements
	References




