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Abstract
Gene regulatory factors encoded by the nuclear genome are essential for mitochondrial biogenesis
and function. Some of these factors act exclusively within the mitochondria to regulate the control
of mitochondrial transcription, translation and other functions. Others govern the expression of
nuclear genes required for mitochondrial metabolism and organelle biogenesis. The peroxisome
proliferator-activated receptor gamma coactivator-1 (PGC-1) family of transcriptional coactivators
plays a major role in transducing and integrating physiological signals governing metabolism,
differentiation and cell growth to the transcriptional machinery controlling mitochondrial
functional capacity. Thus, the PGC-1 coactivators serve as a central component of the
transcriptional regulatory circuitry that coordinately controls the energy-generating functions of
mitochondria in accordance with the metabolic demands imposed by changing physiological
conditions, senescence, and disease.
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Regulation of mitochondrial biogenesis
A set of nuclear-encoded factors coordinately regulate mitochondrial mass and function in
response to a host of energy and growth demands, including cellular metabolic stress, such
as the constant production of reactive oxygen species (ROS). Dysregulation of
mitochondrial function has broad implications for human disease including diabetes, heart
failure and neurodegeneration. Thus, there is a high level of interest in developing
therapeutic strategies aimed at modulating the regulatory pathways that control
mitochondrial function and biogenesis. The nuclear-encoded transcription factors and
coactivators that govern mitochondrial function serve as one major focus. Here we review
recent advances in our understanding of this regulatory circuitry and its potential role in
integrating mitochondrial biogenesis with cellular stress responses.
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Transcriptional circuitry controlling mitochondrial biogenesis
Factors acting upon the mitochondrial genome

The transcription and translation of the mitochondrial genome is dependent upon a host of
nuclear-encoded gene products (Figure 1; Box 1). Mitochondrial DNA (mtDNA)
transcription requires a single RNA polymerase (POLRMT, see glossary) that shares
sequence similarity with yeast mitochondrial and T3/T7 bacteriophage polymerases, two
stimulatory transcription factors (Tfam, TFB2M) and a termination factor (MTERF1) [1, 2].
Transcription occurs bi-directionally from divergent promoters termed LSP and HSP within
the D-loop regulatory region. Because of the semi-autonomous nature of mitochondria,
interest has focused on a number of nuclear-encoded gene products that act exclusively
within the organelle to regulate the mitochondrial genetic system. The first of these was
Tfam, a high mobility group (HMG)-box protein that stimulates bidirectional transcription
through specific promoter recognition [3].

Box 1

Mitochondrial structure and function

Mitochondria engage an array of biochemical activities and are the major sites of
oxidative ATP production in eukaryotic cells [94]. The organelle consists of a soluble
matrix bounded by a double membrane, an inner ion-impermeable membrane, and an
outer membrane permeable to molecules of molecular mass up to approximately 5 kd.
The electron donors, NADH and FADH2, derived from the oxidation of acetyl-CoA, are
utilized by the electron transport chain of the mitochondrial inner membrane to establish
an electrochemical proton gradient across the membrane. The resulting proton motive
force, comprised of both a voltage potential and a pH gradient, is used by the membrane
bound ATP synthase to drive the synthesis of ATP [94] or by uncoupling proteins to
generate heat [95]. Although the mitochondrial electron transport chain efficiently
delivers electron pairs to molecular oxygen, the terminal acceptor, occasionally
molecular oxygen becomes partially reduced by a single electron forming superoxide
anion, a highly reactive and toxic species.

According to the endosymbiont hypothesis, mitochondria originated from the engulfment
of aerobic eubacteria by a primordial anaerobic eukaryote, an event possibly coincident
with the origin of eukaryotic cells [96]. As a result, the organelle has its own genetic
system with several bacteria-like features including a compact circular DNA genome
(mtDNA), a simple transcription system that produces multigenic RNA transcripts, and a
translational apparatus with antibiotic sensitivities similar to prokaryotic cells. Gene loss
to the nucleus over evolutionary time left the mammalian organelle with only 37 genes.
Only 13 mitochondrial genes encode proteins, all of which are essential subunits of the
respiratory chain. The remaining genes specify tRNAs and rRNAs required for protein
translation within the mitochondrial matrix [97]. Nearly the same small complement of
mitochondrial genes exists over the entire evolutionary spectrum and, thus, nuclear genes
control mitochondrial transcription, translation and DNA replication. They also provide
the vast majority of gene products required for the biochemical functions and molecular
architecture of the organelle.

Loss-of-function studies have demonstrated the critical need for the eukaryotic cell to
promote mtDNA transcription and mitochondrial function early in embryonic development.
Embryonic lethality in germline knockouts with severe respiratory chain defects associated
with abundant atypical mitochondria has been observed upon the ablation of Tfam and other
nuclear-encoded factors that function within the mitochondria. A germline Tfam knockout
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mouse exhibited embryonic lethality at E10.5 associated with a severe oxidative
phosphorylation defect and a marked reduction in mtDNA content, demonstrating a
requirement for Tfam in mtDNA maintenance in vivo [4]. Embryonic lethality also occurs
with germline knockout for Mterf3, encoding a negative regulator of mitochondrial
transcription initiation [5], Tfb1m, encoding a dimethyltransferase [6], and, most recently,
Mterf4, encoding a regulator of ribosome biogenesis and translation through its actions with
the rRNA methyltransferase NSUN4 [7]. Loss of these functions is often accompanied by
defects in respiratory complexes I, III, IV and V which rely upon mitochondrial-encoded
subunits. Interestingly, mice with a homozygous germline knockout of Ant1, encoding an
adenine nucleotide translocator, also exhibit ragged red muscle fibers with abundant
abnormal mitochondria and their hearts display cardiac hypertrophy with massive
mitochondrial proliferation [8]. The mitochondrial proliferation likely represents a
compensatory response.

Transcription factors acting upon the nuclear genome
The nuclear respiratory factors, NRF-1 and NRF-2, were the first nuclear transcription
factors implicated in the expression of multiple mitochondrial functions in vertebrates.
NRF-1, initially identified through its binding to the cytochrome c promoter, functions as a
positive regulator of transcription [9]. It acts on genes encoding respiratory subunits [10] as
well as Tfam [9]and both TFB isoform genes [11] whose products (as discussed) are major
regulators of mitochondrial transcription and ribosome assembly [6, 12, 13]. Human NRF-2
was identified as a multi-subunit transcriptional activator of the cytochrome oxidase subunit
IV (COXIV) promoter and its mouse ortholog is GABP, an ETS-domain transcription
factor[9]. The human protein has a DNA-binding α subunit and four others (β1,β2, γ1 and
γ2), that complex with α to provide an activation domain and to modulate binding affinity.
Evidence points to a direct role for both NRF-1 and NRF-2 in the expression of all 10
nucleus-encoded cytochrome oxidase subunits [14, 15]. Both factors also participate in the
expression of the mitochondrial import receptor complex and of COX17, a putative
cytochrome oxidase assembly factor [9]. Control of the mitochondrial transcription and
import machinery by both NRFs may be part of a mechanism coordinating the expression of
the respiratory chain with the biogenesis of the organelle itself. Genetic deletion of the NRFs
and other nuclear respiratory factors, such as the transcriptional repressor protein YY1,
results in peri-implantation lethality [16–18]. NRF-1 null blastocysts failed to progress
beyond E6.5 and had depleted mitochondrial DNA levels and diminished mitochondrial
membrane potential, consistent with a respiratory chain deficiency [16]. In keeping with a
potential link between mitochondrial biogenesis and cell cycle progression, mouse embryo
fibroblasts lacking GABPα (NRF-2α) failed to proliferate because of an inability to
replicate DNA [19].

Members of the nuclear receptor (NR) superfamily also play a key role in the transcriptional
control of nuclear genes encoding mitochondrial enzymes and proteins. The peroxisome
proliferator-activated receptor α (PPARα) was the first NR shown to be involved in the
transcriptional control of mitochondrial metabolism. Originally discovered as a regulator of
genes encoding peroxisomal fatty acid oxidation (FAO) enzymes, PPARα is now known to
coordinately regulate nuclear genes encoding mitochondrial FAO enzymes, reviewed in
[20]. PPARα is a member of a family of related NRs including the ubiquitously-expressed
PPARβ (also known as PPARδ) and PPARγ, an adipose-enriched transcription factor
involved in adipocyte differentiation and the target of the insulin-sensitizing
thiazolidinediones. The PPARs bind cognate DNA response elements as heterodimers with
members of the retinoid X receptor (RXR) family. An interesting feature of the PPARs is
that they are activated by a variety of fatty acid-containing lipid ligands, yet, the endogenous
ligands for the PPARs have not been fully delineated. The activation of PPARα and PPARβ
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by lipid ligands provides a mechanism for transducing changes in cellular lipid metabolism
to the transcriptional control of mitochondrial FAO, a key source of ATP production in heart
and muscle [20].

A second family of NRs, the estrogen-related receptors or ERRs (ERRα, ERRβ, and
ERRγ), have also been shown to regulate nuclear genes encoding mitochondrial proteins
involved in FAO, TCA cycle, respiratory chain, and oxidative phosphorylation. Functional
genomic analysis involving the genome-wide location of transcription factor occupancy has
revealed that the ERRs are associated with hundreds of genes controlling all aspects of
mitochondrial function [21], including a subgroup involved in FAO that overlap with PPAR
targets [22]. In addition, ERRα can regulate the transcription of the PPARα gene itself [23],
forming a potential cross-regulatory loop to amplify the subset of ERR targets involved in
mitochondrial FAO under certain circumstances. All three ERRs are expressed in
mitochondrial-rich tissues such as heart and skeletal muscle, with ERRγ being selectively
expressed in oxidative muscles enriched in type I and IIa fibers [24]. ERRα null mice
display a number of cardiac deficiencies when stressed by pressure overload but apparently
lack any robust defect in organelle biogenesis [25], while ERRγ knockouts exhibit early
postnatal lethality associated with a defect in oxidative phosphorylation in the heart [26].
Consistent with these findings, transgenic overexpression of ERRγ in skeletal muscle also
promotes an oxidative phenotype with enhanced expression of mitochondrial FAO and
respiratory chain genes [24, 27]. These mice also display an increase in the proportion of
type I fibers suggesting a coordinate regulation of fiber type determination and oxidative
metabolism by ERRγ.

Several additional nuclear transcription factors have been linked to the expression of the
respiratory apparatus including YY1, MEF2 and c-myc. YY1 was first associated with the
expression of cytochrome oxidase subunits Vb and VIIc [28, 29] and subsequent analysis of
723 human core promoters revealed a preponderance of YY1 sites in nuclear genes encoding
ribosomal subunits and mitochondrial proteins [30]. Functional studies have demonstrated
that YY1 is an important component of nutrient sensing by the mammalian target of
rapamycin (mTOR). Inhibition of mTOR by rapamycin decreased the expression of ERRα
and the NRFs and blocked the interaction between YY1 and one of its coactivators,
PGC-1α. In addition, YY1 silencing diminished both mitochondrial gene expression and
respiration [31]. Tissue-specific expression of at least some muscle-specific cytochrome
oxidase subunits depend upon MEF2/Ebox recognition sites [32]. NRF-1 regulates MEF2A
in muscle possibly accounting for indirect NRF-1 control over the expression of muscle-
specific MEF2 target genes [33]. Finally, c-myc acts on the expression of certain NRF-1
target genes through a canonical NRF-1 binding site resulting in the sensitization of cells to
apoptosis [34]. Expression of a dominant-negative allele of NRF-1 blocked the induction of
apoptosis by c-myc.

It is important to note that many target genes for ERR and the other nuclear factors
controlling mitochondrial function have been identified largely by functional genomic
analysis. Although functional associations have been elucidated in some cases [35, 36], there
is a relative paucity of information regarding the direct and quantitative effects of a given
factor on mitochondrial protein expression, complex assembly or metabolic flux through a
specific pathway. This may be especially significant for the respiratory complexes which are
thought to be in excess and thus must suffer substantial reductions in expression before the
threshold for a respiratory defect is crossed [37].
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Integration of mitochondrial biogenic regulatory pathways: The PGC-1
coactivators

A major breakthrough in the understanding of how transcription factors controlling
mitochondrial biogenesis are co-regulated came with the discovery of PPARγ
coactivator-1α(PGC-1α). PGC-1α was first identified as a coactivator of the adipocyte-
enriched nuclear receptor, PPARγ, in brown adipocytes [38]. PGC-1α is a member of a
family of transcriptional coactivators that includes the closely-related PGC-1β [39, 40] and
more distant relative, PGC-1 related coactivator (PRC) [10]. All three PGC-1 members are
characterized by an N-terminal activation domain near leucine-rich LXXLL motifs that
mediate interaction with nuclear receptors, an RNA recognition domain (RRM) and a host
cell factor-1 (HCF) binding domain. In addition, PGC-1α contains an RNA splicing domain
(RS), the function of which has not been fully defined.

Forced overexpression studies conducted in cultured adipocyte lines [38], cardiac myocytes
[41] and in conditional, tissue-specific, transgenic mice [42] have shown that PGC-1α is
capable of driving virtually all aspects of mitochondrial biogenesis, including activation of
respiratory chain and FAO genes, increased mitochondrial number, and augmentation of
mitochondrial respiratory capacity. As shown in Figure 2, PGC-1α exerts these effects
through direct interaction with, and coactivation of PPARs, ERRs, and NRF-1/NRF-2
among other transcription factors [43]. PGC-1β has been shown to interact with and
coactivate many of the same transcription factors as PGC-1α[40]. As such, it is not
surprising that it appears that the downstream gene targets have significant overlap with
PGC-1α [44, 45]. However, it is likely that at least a subset of the upstream regulatory
pathways controlling the expression and activity of PGC-1αand PGC-1β, including those
involved in cell- and tissue-specific expression, are distinct.

The third PGC-1 family member, PGC-1 related coactivator (PRC), was discovered by a
database search for sequence similarities with the carboxy-terminal RS domain and RNA
recognition motif of PGC-1α [23]. Delineation of the entire PRC amino acid sequence
revealed additional similarities with PGC-1α and PGC-1β including an acidic amino-
terminal activation domain, an LXXLL coactivator signature motif and a central proline rich
region. Like PGC-1α and β, PRC binds nuclear transcription factors implicated in the
expression of mitochondrial function including NRF-1, CREB and ERRα [11, 46, 47]. PRC
silencing in cultured cells results in reduced respiratory chain expression and ATP
production along with abundant abnormal mitochondria [48, 49]. These phenotypes
resemble those observed upon tissue-specific disruption of Tfam, Tfb1m, Mterf3 and Mterf4
whose products are localized to mitochondria and are required by the mitochondrial genetic
system [4, 5, 7, 50]. PRC can also direct mitochondrial biogenesis through its interaction
with and activation of ERRα in cultured thyroid cells [51].

PRC expression during the initiation of cell growth is characteristic of the immediate early
genes [23, 46], a family of genes that orchestrates the early response to growth factors [52,
53]. Notably, PRC expression peaks during the first day of embryoid body formation [54],
an event reminiscent of the early induction of PRC in response to serum growth factors in
cultured cells [23, 46]. A germline knockout of the PRC gene in mice results in peri-
implantation lethality [54], a phenotype similar to that observed in mouse knockouts of
NRF-1, and several other essential transcription factors associated with mitochondrial
biogenesis [9]. Thus, PRC contrasts with the other PGC-1 family members in that it is
essential for early embryonic development. Among other growth-related functions, PRC
may support the high rate of mitochondrial transcription occurring during early
embryogenesis.
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PGC-1 coactivators are inducible responders to cellular energetic and
metabolic stress
Integration of mitochondrial biogenesis and metabolic signaling

The PGC-1 coactivators are dynamically regulated at the level of mRNA and protein
expression in response to a variety of signaling pathways (e.g. AMPK, CaMK) involved in
cellular growth, differentiation, and energy metabolism [2, 55]. These include pathways that
often converge on the CREB-dependent induction of PGC-1α gene transcription in response
to cold exposure, nutrient deprivation and exercise [56]. The importance of this response has
been confirmed in PGC-1knockout mice. Mice with germline targeted disruptions of either
PGC-1α [57, 58] or PGC-1β [59, 60] are viable and fertile with essentially normal energy
expenditure, mitochondrial abundance and morphology. However, under physiological
stress the single PGC-1 knockouts exhibit significant phenotypes. For example, the
PGC-1α-deficient mouse is unable to maintain body temperature upon cold exposure and
has reduced capacity for maintaining cardiac output in response to physiological and
pathophysiologic stress [57, 58, 61]. PGC-1β knockout mice also exhibit mitochondrial
dysfunction under stress conditions with diminished expression of nuclear-encoded
respiratory proteins [45, 59]. In striking contrast to the singly PGC-1α- and PGC-1β-
deficient mice, PGC-1α/β double knockout mice die of cardiac failure within 24 hours of
birth [45]. The lethal heart failure of these mice was due to arrest in the known perinatal
surge in mitochondrial biogenesis. The results indicate that the two coactivators provide
complementary functions in supporting perinatal cardiac mitochondrial biogenesis and
function.

Metabolic signaling through PGC-1α occurs, in part, through post-translational
modifications (Figure 3). For example, PGC-1α is directly regulated by deacetylation
(SIRT1) and phosphorylation (AMPK) in response to changes in nutrient or energy
depletion [62, 63]. The SirT and AMPK pathways can also cooperate in promoting calcium
dependent mitochondrial biogenesis in myocytes [64, 65]. The control of PGC-1α by
AMPK and SIRT1 is suggestive of a compelling link between mitochondrial biogenesis and
metabolic signaling pathways. In mice, ablation of SIRT1 renders the animals impervious to
the effects of calorie restriction whereas its overexpression promotes the beneficial effects of
CR even when the mice are fed normally [66]. Pathways that inhibit PGC-1 signaling have
also been unveiled. Acetylation of PGC-1α by GCN5 (Figure 3) represses its activity
through target transcription factors [67]. The coactivator SRC-3 induces GCN5 expression
in response to caloric excess thereby inhibiting PGC-1α and energy expenditure [68].

AMPK serves as a link between PGC-1α-regulated mitochondrial biogenesis and the target
of rapamycin complex 1 (TORC1). Downregulation of TORC1 is thought to promote
autophagy, including mitophagy, to provide nutrients under adverse metabolic conditions.
AMPK can inhibit cell growth and promote autophagy through its inhibition of TORC1 by
direct phosphorylation of the TORC1 subunit raptor (regulatory associated protein of
mTOR) [69] and by phosphorylation of the upstream regulator, TSC2 [70]. In addition,
AMPK can stimulate the destruction of defective mitochondria through mitophagy by
activating the ULK complex through direct phosphorylation [71, 72]. Thus, AMPK can
potentially enhance the synthesis of new mitochondria through its activation of PGC-1α and
at the same time promote the clearance of defective mitochondria while suppressing cell
growth. The results are suggestive of an intricate inter-relationship between the
transcriptional control of mitochondrial biogenesis through PGC-1α and its target
transcription factors and key metabolic signaling pathways.
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Integration of mitochondrial function and oxidative stress
Significant evidence points toward the central role of mitochondria in human aging and
disease. The free radical theory of aging, originally advanced by Harman [73], attributes
oxidant production by the mitochondrial respiratory chain as the essential feature of a
vicious cycle of free radical damage to cellular constituents, leading to tissue aging. In
addition, according to the Warburg hypothesis, a defining feature of cancer is diminished
mitochondrial function accompanied by aerobic glycolysis, the propensity to high glycolytic
activity in the presence of oxygen [74]. Indeed, mitochondrial deficiencies are now linked to
the major classes of age-related disease including diabetes, neurodegenerative disease,
cardiac disease and cancer [75–78]. Emerging evidence suggests that the PGC-1
coactivators link mitochondrial biogenesis and the response to oxidant stress. SIRT3 is a
member of the sirtuin family of deacetylases that is localized to mitochondria where it
modifies key enzymatic activities in optimizing metabolic function [79]. PGC-1α
coactivates the expression of SIRT3 through ERRα which binds the SIRT3 proximal
promoter [80, 81]. Importantly, SIRT3 is required for the induction of several components
of the ROS detoxifying machinery by PGC-1α. Since PGC-1α is activated by SIRT1-
mediated deacetylation in response to nutrient deprivation [82], PGC-1α can potentially
coordinate nutrient sensing pathways and the oxidant scavenging mechanisms facilitated by
SIRT3. This relationship may contribute to the positive effects on longevity associated with
the restriction of caloric intake [83].

PRC may also function as a sensor of metabolic stress (Figure 4). The robust upregulation of
PRC protein levels in response to multiple metabolic insults mediates the induction of a
battery of genes involved in inflammation, cell stress, and proliferation [84]. The PRC-
dependent inflammatory/stress genes include pro-inflammatory molecules (e.g. IL-1α, IL-8,
cyclooxygenase 2) as well as members of the proline-rich protein family (SPRR2D and
SPRR2F). The latter are associated with the response to DNA damage and exit from the cell
cycle and also provide a protective anti-oxidant barrier to cellular damage, thereby
promoting tissue remodeling [85, 86]. Several of the genes are also associated with the
inflammatory microenvironment in a number of human cancers [77, 87] and with cellular
senescence [88, 89]. This is consistent with the observations that c-myc is co-induced along
with PRC by chemical uncoupling [84] and that PRC is markedly elevated in several human
tumors [9,90]. Interestingly, the induction of PRC by respiratory chain uncoupler and the
associated inflammatory/stress response is sensitive to antioxidant [84]. By contrast,
PGC-1α promotes an antioxidant environment through SIRT3 in the context of the
increased mitochondrial fatty acid oxidation precipitated by nutrient limitation [62]. This
may exert positive effects on energy balance and longevity through increased mitochondrial
biogenesis and ROS detoxification. However, under conditions of severe stress, possibly
resulting from genetic mutations, environmental toxins, or oncogene activation,
dysregulation of PRC may contribute to the induction of an inflammatory/stress response. It
is tempting to speculate that the balance between the PGC-1α/SIRT3 and PRC pathways is
reflected by the reduced levels of SIRT3 in human cancer cells [92, 93].

Concluding Remarks
Regulatory factors encoded by the nuclear genome are essential to the control of
mitochondrial biogenesis and function. The PGC-1 family of coactivators plays an
integrative role in linking developmental and physiological signals to a key subset of
transcription factors directing the coordinate expression of nuclear and mitochondrial genes.
This regulatory circuitry is critical for adjusting mitochondrial function to meet the changing
energetic demands for cellular growth, differentiation and development (including
longevity). Recent evidence also suggests that PGC-1 family members serve as sensors of
metabolic stress. PGC-1α, as a substrate for both AMPK and SIRT1, can promote an
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antioxidant response to nutrient deprivation, possibly contributing to the longevity-
enhancing effects of caloric restriction. PRC functions as an immediate-early gene during
cell cycle entry but may also orchestrate an oxidant-sensitive inflammatory response to
severe metabolic stress. Collectively, these results indicate that the PGC-1 family and their
target transcription factors participate in the fine tuning of both the energy-generating
machinery in response to nutrient availability and defenses against metabolic stress. It will
be of interest to explore the pathophysiologic implications of these molecular regulatory
connections to the cellular redox environment associated with longevity, senescence and
disease. A future challenge for the field is to assess and develop effective strategies to
modulate this circuitry as a therapeutic intervention for the wide array of diseases that
involve mitochondrial dysfunction such as heart failure, diabetes and neurologic diseases.
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Glossary

AMP-activated protein
kinase (AMPK)

an energy-sensing kinase that directly phosphorylates
and enhances the activity of PGC-1

Dimethyladenosine
transferase 1, mitochondrial
(Tfb1m)

a mitochondrial methyltransferase that dimethylates 12S
rRNA and controls the stability or assembly of the
mitochondrial ribosome

Estrogen related receptors
(ERRs)

a family of orphan nuclear receptors that are involved in
the regulation of virtually all aspects of mitochondrial
function and biogenesis

General control of amino-
acid synthesis (GCN5)

an acetyltransferase that acetylates and inhibits activity
of PGC-1α and β

Nuclear respiratory factor 2
(NRF2) or GA-binding
protein (GABP)

a multi-subunit transcription factor that is involved in
cytochrome oxidase expression and the nuclear control
of mitochondrial function

Nuclear respiratory factor 1
(NRF-1)

a transcription factor that functions as a homodimer and
activates the expression of key metabolic genes
regulating cellular growth and nuclear genes required
for respiration, heme biosynthesis, and mitochondrial
DNA transcription and replication

Peroxisome proliferator-
activated receptors (PPARs)

a family of ligand-activated nuclear receptors that
regulate various aspects of lipid and fatty acid
metabolism as well as cellular differentiation

PGC-1 related coactivator
(PRC)

a third member of the PGC-1 family that also binds
transcription factors important for mitochondrial
biogenesis and function

PPARγ coactivators (PGCs) transcriptional coactivators that bind to a number of
target transcription factors involved in cellular energy
metabolism and mitochondrial function including
PPARs, ERRs and NRF-1, -2

RNA polymerase (POLRMT) a mitochondrial DNA-directed RNA polymerase
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Transcription factor A,
mitochondrial (Tfam)

also called mtTFA, is a mitochondrial transcription
factor that is a key activator of mitochondrial
transcription and participates in mitochondrial genome
replication

Yin-Yang 1 (YY1) a ubiquitously-expressed transcription factor that directs
histone deacetylases and histone acetyltransferases to a
promoter in order to activate or repress gene expression
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Figure 1. Nuclear-encoded factors acting within mitochondria
Targeted gene disruptions in mice (knockouts) have helped define the functions of several
nuclear genes encoding products that function within mitochondria (as described in the text)
including: Tfam (orange spheres), binds the mtDNA at multiple sites and functions in both
mtDNA maintenance and transcription initiation; Mterf3, functions as a negative regulator
of mtDNA transcription; Tfb1m (red ellipse) and Mterf4 (green ellipse), participate in
mitochondrial ribosome assembly. Tfb1m is a dimethyltransferase that catalyzes the adenine
dimethylation of the small ribosomal RNA required for ribosome assembly and translation.
Similarly, a complex containing Mterf4 and the rRNA methyltransferase, NSUN4 (blue
ellipse), participates in the assembly of the large ribosomal subunit.
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Figure 2. Control of mitochondrial biogenesis by PGC-1
Interaction between PGC-1 and specific transcription factors orchestrates major functions of
mitochondria including fatty acid β-oxidation, the tricarboxylic acid cycle (TCA), mtDNA
replication and oxidative phosphorylation and the electron transport chain (OxPhos/ETC) in
addition to biogenesis of this organelle. PPARα interacts with its binding partner, the
retinoid X receptor (RXR), to control the expression of many fatty acid β-oxidation
enzymes. NRF-1 and NRF-2 contribute to the maintenance of mtDNA and the expression of
multiple components of the ETC. ERR members regulate the expression of virtually all
functions of the mitochondria including those shown here.
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Figure 3. Proposed integration of energy-generating and antioxidant pathways by PGC-1α
PGC-1α is activated via post-transcriptional phosphorylation by AMPK or by deacetylation
via SIRT1 in response to nutrient deprivation. Induction or activation of the coactivator can
enhance mitochondrial biogenesis and oxidative function through the coactivation of
multiple transcription factors involved in respiratory gene expression (see Figure 2).
PGC-1α activation may also promote an antioxidant environment by coactivating ERRα to
induce SIRT3, a mitochondrial sirtuin that has been implicated in ROS detoxification. In
addition, AMPK promotes autophagy through direct phosphorylation of ULK1 or
suppression of the TORC1 kinase complex. Inhibition of the TORC1 pathway also has been
shown to have a negative effect on senescence. Increased autophagy, enhanced ROS
detoxification and inhibition of TORC1 are all associated with health and longevity. Under
conditions of caloric excess, SRC-3 induces GCN5 which inactivates PGC-1α through
acetylation.
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Figure 4. PRC response to growth and metabolic stress
Under normal growth conditions, PRC acts as an immediate early gene product that is
transiently elevated upon the initiation of cell growth. The transient induction of PRC and
other immediate early genes is an early event in the program leading to cell proliferation.
Under conditions of severe stress, resulting from chemical uncoupling or energy starvation,
PRC is induced constitutively in cultured cells as a dysregulated response. This latter
response is a departure from its normal expression pattern and leads to the induction of a
battery of genes associated with the chronic inflammatory response. The induction of this
inflammatory response is thought to be adaptive at the cellular level but may be maladaptive
at the organismal level and thus associated with a number of age-related diseases.
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