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Abstract

Expression of the respiratory apparatus depends on both nuclear and mitochondrial genes. Although
these genes are sequestered in distinct cellular organelles, their transcription relies on nucleus-
encoded factors. Certain of these factors are directed to the mitochondria, where they sponsor the bi-
directional transcription of mitochondrial DNA. Others act on nuclear genes that encode the majority
of the respiratory subunits and many other gene products required for the assembly and function of
the respiratory chain. The nuclear respiratory factors, NRF-1 and NRF-2, contribute to the expression
of respiratory subunits and mitochondrial transcription factors and thus have been implicated in
nucleo-mitochondrial interactions. In addition, coactivators of the PGC-1 family serve as mediators
between the environment and the transcriptional machinery governing mitochondrial biogenesis.
One family member, peroxisome proliferator-activated receptor y coactivator PGC-1-related
coactivator (PRC), is an immediate early gene product that is rapidly induced by mitogenic signals
in the absence of de novo protein synthesis. Like other PGC-1 family members, PRC binds NRF-1
and activates NRF-1 target genes. In addition, PRC complexes with NRF-2 and HCF-1 (host cell
factor-1) in the activation of NRF-2-dependent promoters. HCF-1 functions in cell-cycle progression
and has been identified as an NRF-2 coactivator. The association of these factors with PRC is
suggestive of a role for the complex in cell growth. Finally, ShRNA-mediated knock down of PRC
expression results in a complex phenotype that includes the inhibition of respiratory growth on
galactose and the loss of respiratory complexes. Thus, PRC may help integrate the expression of the
respiratory apparatus with the cell proliferative program.
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Introduction

The energy-transducing systems of mitochondria produce the bulk of cellular energy through
the oxidation of pyruvate and fatty acids. The electron transport chain of the mitochondrial
inner membrane uses reducing equivalents derived from chemical bond energy to establish an
electrochemical proton gradient. This gradient is dissipated by the adenosine 5’-triphosphate
(ATP) synthase to drive the synthesis of ATP or by natural uncouplers to generate heat.1:2
Mitochondria contain their own genetic system based on a multicopy mitochondrial DNA
(mtDNA) genome which, in vertebrates, is a covalently closed circular molecule of
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approximately 16.5 kilobases. The entire protein-coding capacity of mtDNA is devoted to 13
essential subunits of respiratory complexes I, 111, 1V, and V. The only other mitochondrial gene
products are the 22 tRNAs and 2 rRNAs required for translation of the respiratory subunit
mRNAs within the mitochondrial matrix.3=> Because the coding capacity of mtDNA is limited,
nuclear genes specify most of the numerous gene products required for the molecular
architecture and biochemical functions of the organelle.5:” These include the majority of
respiratory proteins, all of the protein constituents of the mitochondrial translation system, and
all of the gene products required for the transcription and replication of mtDNA.

Two distinct classes of regulatory proteins govern nucleo-mitochondrial interactions at the
transcriptional level in mammalian systems. The first class comprises transcription factors that
bind the promoter regions of nuclear and mitochondrial genes. A small number of nucleus-
encoded factors, including mitochondrial transcription Factor A (Tfam) and the mitochondrial
transcription Factor B (mtTFB) isoforms TFB1M and TFB2M, direct transcription from
divergent heavy- and light-strand promoters within the mitochondrial D-loop regulatory
region.>8 These factors work in conjunction with the mitochondrial RNA polymerase
(POLRMT) to confer promoter specificity and to enhance the rate of transcription initiation.
In addition, a second group of transcription factors act on the majority of nuclear genes whose
products are required for respiratory chain expression and biological function.” Among these
are the nuclear respiratory factors NRF-1 and NRF-2 (GA binding protein [GABP]), which
were originally identified as activators of cytochrome ¢19 and cytochrome oxidase!! genes,
respectively. As depicted in Figure 1, these factors have subsequently been implicated in the
expression of many other genes whose products contribute essential mitochondrial functions
related to the respiratory apparatus.®:” Both factors have also been linked to the control of genes
essential to cell proliferation.12:13 This association is consistent with the early embryonic
lethality of targeted disruptions of NRF-114 or NRF-2(GABP)1° in mice.

It is now apparent that a relatively small number of nuclear factors serve to coordinate the
transcriptional expression of nuclear and mitochondrial respiratory proteins. In addition to the
NRFs, stimulatory protein 1 (Spl), estrogen related receptor o (ERRa), and yin yang 1
transcription factor (Y'Y1) have also been linked to many genes required for respiratory chain
expression and function.®:7:16 However, these factors are not universal in their control of all
mitochondrial oxidative pathways, as exemplified by peroxisome proliferator-activated
receptor (PPAR)a and & in the expression of the fatty acid oxidation pathway.17:18 It is also
likely that NRF-independent mechanisms are responsible for establishing and maintaining the
molecular architecture of the organelle.1® This would mean that higher-order controls operate
to integrate the actions of diverse transcription factors into a program of mitochondrial
biogenesis. The PGC-1 family of regulated coactivators supplies such an integrative function
by communicating physiological changes in the environment to a diverse array of transcription
factors. The three family members, PGC-1a, PGC-1p, and PGC-1-related coactivator (PRC),
are differentially regulated by environmental cues governing pathways of thermogenesis,
gluconeogenesis, muscle differentiation, and cell growth.20-22 The coactivators, in turn,
implement programs of gene expression through direct interaction with transcription factor
targets or through their indirect effects on transcription factor expression. This paradigm is
best exemplified by the control of thermogenesis in brown fat by PGC-1a, the founding member
of the family.23 PGC-1a trans-activates the expression of the thermogenic uncoupling protein
UCP-1 through its direct interaction with the nuclear hormone receptors PPARy and thyroid
receptor B (TRP). Italso targets NRF-1 and NRF-2 in orchestrating a program of mitochondrial
biogenesis, an important part of the thermogenic response.24 Moreover, the protein exerts
tissue-specific effects through other transcription factors to help drive gluconeogenesis in liver
or fiber type switching in muscle.21:22 In addition to its regulated expression, PGC-1o also
controls respiratory genes in response to post-translational modifications that serve to modulate
protein—protein interactions.2>=27 Finally, a closely related family member, PGC-1,
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complements PGC-1a in differentiation-induced mitochondrial biogenesis in brown fat28 and
directs the biogenesis of highly oxidative muscle fibers.2? Here, the focus is on PRC. This
PGC-1 family coactivator has the properties of a growth regulator3%:31 and may serve to
integrate the expression of the respiratory apparatus with the genetic program controlling cell
proliferation.

Nuclear Respiratory Factors in Nucleo-Mitochondrial Interactions

The gene encoding cytochrome c, a dissociable electron carrier that shuttles electrons between
complexes Il and 1V, was characterized as the first vertebrate model for investigating the
transcriptional control of respiratory gene expression.32 NRF-1 was identified during a
systematic analysis of the cytochrome ¢ promoter as a protein factor that binds a GC-rich
palindrome.®:33 Subsequently, NRF-1 recognition sites were found in the promoters of a
number of nuclear genes required for respiratory chain expression and function.19:34 NRF-1
has a unique DNA-binding domain, binds its recognition site as a homodimer, and functions
as a positive regulator of transcription.3:36 It has a carboxy-terminal transcriptional activation
domain composed of glutamine-containing clusters of hydrophobic amino acid residues that
are essential for maximal activity.3” In proliferating mammalian cells, NRF-1 is serine
phosphorylated within a concise amino-terminal domain, and phosphorylation within this
domain has been associated with enhancement of both its DNA-binding activity36 and trans-
activation functions.3® NRF-1 relatives have not been identified in mammalian genomes,
although the factor is related through its DNA-binding domain to developmental regulatory
proteins in sea urchins,3® Drosophila#? and zebra fish.41

Investigations from a number of laboratories have identified NRF-1 as a key regulator of
nucleus-encoded subunits of all five respiratory complexes.5:42:43 In addition, NRF-1 has a
potential integrative function in coordinating bi-genomic respiratory subunit expression
through its control over major regulators of mitochondrial transcription, including Tfam?# and
both mtTFB isoform genes.*> Moreover, NRF-1 acts on a number of nuclear genes whose
products play an indirect role in specifying respiratory function (Fig. 1). These include genes
encoding key enzymes of the heme biosynthetic pathway#6:47 and a cytochrome oxidase
assembly factor.8 Finally, anumber of physiological studies have established a role for NRF-1
in mediating in vivo changes in mitochondrial biogenesis and function.8:” These are consistent
with the fact that a targeted disruption of the NRF-1 gene in mice results in early embryonic
lethality accompanied by severe depletion of mtDNA.14

A second nuclear respiratory factor, NRF-2, was identified by its specific binding to essential
cis-acting elements in the cytochrome oxidase subunit 1V (COXIV) promoter.11:49 Core
binding sites for NRF-2 contain the GGAA motif that is common to the recognition sites of
the E2G-specific (ETS)-domain family of transcription factors.50 Tandem direct repeats of the
GGAA core sequence overlap multiple transcription initiation sites within the mouse COXIV
promoter.49:°1 Pyrification of NRF-2 to homogeneity from HeLa cell nuclear extracts led to
the identification of five subunits designated o, B1, B2, y1, and y,. The a subunit binds DNA,
whereas the others associate with a to form heterodimeric and heterotetrameric complexes.1!
Molecular cloning of the five NRF-2 subunits®? revealed that NRF-2 is the human homologue
of mouse GABP, a three-subunit (o, B1, B2), ETS-domain transcription factor that that was
identified based on its activation of herpes virus immediate early genes.>3 The human
NRF-2p, and y, subunits correspond to GABPB4 and B, respectively, whereas the two
additional NRF-2 subunits, B1 and y1, are minor splice variants.>2 The NRF-2p subunits,
corresponding to GABPp1, have a dimerization domain that facilitates high-affinity binding
of a heterotetrameric complex to tandem binding sites.52:54 In solution, GABP exists as a
heterodimer but is induced to form the heterotetramer a,po by DNA containing two or more
binding sites.>® A transcriptional activation domain composed of glutamine-containing
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hydrophobic clusters reminiscent of those found in NRF-1 is adjacent to the carboxy-terminus
in all four NRF-2 and y subunits.3”

The first known cellular function for NRF-2(GABP) is the activation of COX subunit
expression.}1 Although initially recognized for its role in the expression of COXIV49:51 and
COXVb,11:56 recent experiments have implicated the factor in the expression of all 10 nucleus-
encoded cytochrome oxidase subunits.>’” NRF-2 associates with COX subunit promoters in
vivo.>” Moreover, a dominant negative NRF-2 allele reduced COX expression and an SiRNA
directed against NRF-20 reduced expression of all 10 subunits.>® However, a mitochondrial
role for NRF-2 is not restricted to COX expression (Fig. 1). Like NRF-1, functional NRF-2
sites are present in the promoters of many genes whose products are required for respiratory
chain expression.5:42 These include genes encoding the mitochondrial transcription factors
Tfam** and the TFB isoforms®® as well as three of the four human succinate dehydrogenase
(complex 11) subunit genes.>?61 Chromatin immunoprecipitations (ChIP) reveal NRF-1 and
NRF-20 occupancy of TFB1M and 2M promoters in vivo.#° In addition, both NRF-1 and
NRF-2 have been implicated in the expression of subunits of the membrane receptor complexes
required for the import of the thousands of proteins that contribute to diverse mitochondrial
functions.2765 NRF control over key components of the protein import and assembly
machinery is suggestive of a broad role for these factors in orchestrating mitochondrial
biogenesis.

Importantly, both NRFs act on a broad spectrum of target genes and are not restricted to those
involved in mitochondrial respiratory function. A screen for NRF-1 binding sites in mammalian
promoters revealed a number of primate and rodent genes whose functions are not linked
directly to mitochondrial biogenesis.3> The collection comprises genes that encode metabolic
enzymes, signaling molecules, and gene products required for chromosome maintenance and
nucleic acid metabolism among others. Notably, NRF-1 is one of seven transcription factors
whose recognition sites most frequently occur in the proximal promoters of ubiquitously
expressed genes.86 ChIP coupled with microarray assay (ChIP-on-chip) has revealed a
collection of human promoters that are occupied by NRF-1 in vivo.12 Of approximately 13,000
human promoters surveyed by ChIP-on-chip analysis,87 691 are bound by NRF-1 in living
cells.12 As expected, genes involved in mitochondrial biogenesis and metabolism represent a
major subset, including many that had not been previously identified as NRF-1 targets. Among
these are mitochondrial ribosomal protein and tRNA synthetase genes (Fig. 1). In addition,
significant overlap was found between the NRF-1 target genes and those bound by E2F, a
transcription factor family that participates in cell growth control. This is suggestive of a role
for NRF-1 in the regulation of a subset of E2F-responsive genes. This subset was enriched in
genes required for DNA replication, mitosis, and cytokinesis, and the expression of several of
these E2F targets was repressed by an NRF-1 siRNA. Itis of interest in this context that NRF-1
is dephosphorylated in quiescent fibroblasts and becomes phosphorylated upon cell cycle entry.
The enhancement of NRF-1 transcriptional activity by phosphorylation may control the
functional state of the DNA-bound factor.36:38 This, along with de-repression by release of
E2F factors from a subset of NRF-1 target genes, may help promote cell proliferation. The
participation of NRF-1 in the regulation of cell cycle progression may account for the early
embryonic lethality of NRF-1 knockout embryos.14 Interestingly, a recent study has implicated
NRF-2(GABP) in a D-cyclin-independent pathway of entry to the cell cycle.1® These findings
are suggestive of an important link between the NRF-dependent transcriptional expression
related to respiratory function and the cell proliferative cycle.

PRC: Molecular Interactions and Biological Functions

PRC was identified as a large cDNA with significant sequence similarities to PGC-1a within
the carboxy-terminal RS domain and RNA recognition motif.30 The two coactivators also share
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a conserved amino-terminal activation domain, a central proline-rich region that is expanded
in PRC, as well as a conserved LXXLL coactivator signature and DHDY host cell factor-1
(HCF-1) binding motifs (Fig. 2). The conserved spatial arrangement of these domains in
otherwise dissimilar molecules is suggestive of related function. PRC shares with PGC-1a and
B the ability to bind NRF-1 both in vitro and in vivo and to use NRF-1 for the trans-activation
of NRF-1 target genes.3%45 NRF-1-dependent trans-activation requires the PRC activation
domain, suggesting that this domain shares function with PGC-1a in recruiting chromatin-
remodeling cofactors that drive transcription.®8 PRC and PGC-1a are indistinguishable in
trans-activating promoters for cytochrome ¢, 5-aminolevulinate synthase, and both of the TFB
isoforms, suggesting that PRC may participate in the expression of the respiratory chain.30:
45 Maximal trans-activation by both coactivators requires the NRF-1 and NRF-2 binding sites
within the proximal promoters of these genes. Although similar to PGC-1a in these basic
transcriptional properties, PRC mRNA is not enriched in brown versus white fat and is only
slightly elevated in brown fat upon cold exposure, arguing against a major role for PRC in
adaptive thermogenesis.30

Analysis of PRC expression in cultured fibroblasts revealed that PRC levels correlate with the
cell proliferative cycle. The steady-state expression of PRC mRNA and protein is high in
growing cells but markedly diminished upon exit from the cell cycle as a consequence of
contact inhibition or serum withdrawal.3? PRC is also rapidly induced upon serum stimulation
of quiescent fibroblasts. As shown in Table 1, this induction is correlated with a profile of gene
expression that resembles that directed by PGC-1a.4> The table presents a comparison of
relative mMRNA expression in three systems undergoing mitochondrial biogenesis, including
serum-stimulated fibroblasts (3 and 12 h following serum addition); C2C12 cells, where
PGC-1a is overexpressed (compared with a green fluorescent protein (GFP) control);24 and
differentiated L1 adipocytes (compared with undifferentiated cells).?® Relative mRNA
expression for nuclear coactivators, nuclear transcription factors, mitochondrial transcription
and replication factors, and both nuclear and mitochondrial respiratory subunits was assessed
by quantitative real-time PCR; these represent regulatory and structural genes required for
respiratory chain expression.

Notably, PRC mRNA is not induced upon adenovirus overexpression of PGC-1a or during
adipocyte differentiation. By contrast, PGC-1a mRNA is nearly undetectable in cultured
fibroblasts and not induced by serum stimulation. However, with a few exceptions, it is evident
that the pattern of gene expression is similar among the three systems. In general, NRF-2 and
the mitochondrial transcriptional machinery, including the transcription factors (Tfam,
TFB1M, TFB2M) and RNA polymerase (POLRMT), are upregulated in all three. Although
the respiratory protein mRNAs for cytochrome ¢ and COXII are induced in all three, COXIV
shows only modest induction by serum. It is possible that an alternative COXIV isoform is
induced, as has been observed in response to hypoxic conditions.”® Paradoxically, cyclin D1
appears to suppress NRF-1 function and mitochondrial content through a mechanism involving
NRF-1 phosphorylation by cyclin D1-dependent kinase.”! This seems at odds with the results
in Table 1 showing a clear induction of several groups of genes that are essential to the synthesis
of the mitochondrial respiratory chain upon entry to the cell cycle. Interestingly, elevations in
PRC have been observed in other systems where mitochondrial content is increased. PRC levels
are elevated along with NRF-1 and Tfam in thyroid oncocytomas—thyroid tumors
characterized by high mitochondrial density but lacking PGC-1c.72 The increased PRC
expression is accompanied by elevated cytochrome oxidase activity and mtDNA content. PRC
has also been implicated in the early adaptive changes in skeletal muscle gene expression in
response to exercise training.”3 Recent loss-of-function experiments support a direct role for
PRC in respiratory chain expression.3!
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The rapid induction of PRC by serum in quiescent fibroblasts is reminiscent of the immediate
early genes whose expression is induced by serum growth factors in the absence of de novo
protein synthesis.”4 The induction of this class of genes is thought to be a key event in initiating
the genetic program leading to cell proliferation. Like other genes in this class, PRC mRNA
induction by serum is insensitive to the protein synthesis inhibitor, cycloheximide, indicating
that it occurs through the use of preexisting factors.31 PRC also resembles the immediate early
genes in that its mMRNA is super-induced and markedly stabilized by cycloheximide, probably
because of a requirement for protein synthesis for mMRNA turnover. The immediate early class
comprises many growth regulators, including transcription factors, chemokines, growth
factors, proto-oncogenes, and serine-threonine kinases, among others.”® Although certain
coactivators are post-transcriptionally modified as part of the immediate early response,’® to
our knowledge, serum-inducible transcriptional coactivators have not been described.

The regulated expression of PRC in accordance with the cell proliferative cycle may contribute
to the integrated function of diverse transcription factors during cell growth. This possibility
has been investigated using cytochrome c expression as a model. Cytochrome c is induced by
serum during the Gg-to-G; transition in quiescent mouse fibroblasts (Table 1), leading to
enhanced mitochondrial respiration.38 Maximal induction of cytochrome ¢ mRNA requires
both NRF-1 and cyclic AMP response element binding protein (CREB) recognition sites within
its promoter.38 As discussed, NRF-1 has been associated with many genes required for DNA
replication, cytokinesis, and mitosis,}2 and CREB is a well-known target of mitogenic signaling
pathways.’’ Both proteins are phosphorylated upon entry to the cell cycle.38 As summarized
in Figure 3, recent mapping experiments demonstrate that NRF-1 and CREB are
indistinguishable in binding PRC both in vitro and in vivo and that both transcription factors
interact with identical sites on PRC.31 PRC also binds both factors through their DNA-binding
domains (Fig. 3), a property reminiscent of the interaction between the PPARy DNA-binding
domain and PGC-1a.24 Moreover, ChIP show that PRC, NRF-1, and CREB are bound to the
cytochrome ¢ promoter in vivo and that PRC occupancy, along with CREB phosphorylation,
increases in response to serum stimulation.3! Taken together, the results are consistent with
the notion that PRC can target both NRF-1 and CREB in response to mitogenic signals (Fig.
4). This is supported further by the observation that expression of the PRC NRF-1/CREB
binding domain in trans from a lentivirus vector leads to dominant negative inhibition of cell
growth on galactose as a carbon source.3! Mitochondrial respiratory function is required for
growth on galactose,’8 and the growth inhibition under these conditions suggests that
disruption of the interaction between PRC and NRF-1/CREB is inhibitory to respiratory
growth.

New observations provide additional links between PRC and the program of cell growth.
Recent experiments establish that PRC binds HCF-1, an abundant chromatin-associated protein
required for progression through G of the cell cycle.”® HCF-1 was first identified as part of
the molecular switch leading to the expression of herpes virus immediate early genes and has
subsequently been found to associate with a number of transcription factors and chromatin
remodeling activities.8? HCF-1 also functions as an NRF-2(GABP) coactivator®! and, as
summarized in Figure 4, our recent experiments demonstrate that PRC exists in a complex with
both HCF-1 and NRF-2B3(GABPB). This is supported both by in vitro binding assays and by
co-immunoprecipitations from cell extracts.84 In fact, the same molecular determinants
necessary for the interaction between PRC and HCF-1 and for that between HCF-1 and
NRF-23(GABPp) are required for PRC trans-activation through NRF-2. These include the
DHDY consensus HCF-1 binding motif in PRC and the NRF-2 activation domain localized to
the NRF-2p subunit.>2 The results suggest that HCF-1 may serve as a platform for PRC—
transcription factor interactions in promoting the expression of genes necessary for cell growth,
including the many NRF-2-dependent genes required for mitochondrial respiratory function.
Interestingly, HCF-1 has also been implicated in the interaction between PGC-1a and
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NRF-2B(GABPp) in the expression of genes encoding the neuromuscular junction in muscle.
82 |n this case, phosphorylation of both PGC-1a and NRF-2B(GABPp) was required for the
interaction with HCF-1. These modifications are thought to contribute to the specificity of
PGC-1a in directing this pathway. HCF-1 also functions as a coactivator of PGC-13-dependent
transcription.83 Combined, these results argue that the PGC-1 family coactivators mediate at
least some of their effects through their association with HCF-1-containing chromatin
complexes.

A role for PRC in the expression of mitochondrial respiratory function is supported by the
recent characterization of a U2 osteosarcoma cells (U20S) cell line in which PRC expression
is ablated by shRNAs expressed from a transduced lentivirus.84 The steady-state expression
of PRC protein was reduced to undetectable levels, resulting in marked inhibition of growth
on galactose media. The shRNA-mediated growth inhibition was greater than that observed
with the PRC dominant negative allele derived from the NRF-1/CREB binding site3!
confirming an important role for PRC in supporting respiratory growth. Moreover, the reduced
respiratory growth rate on galactose was accompanied by the reduced expression of several
mitochondrial respiratory subunits. Steady-state levels of the 20kDa NADH dehydrogenase
subunit 6 (ND6) of complex | and core 2 of complex I11 were reduced to undetectable levels,
whereas COXII of complex IV and succinate dehydrogenase B subunit (SDHB) of complex
I1 were diminished significantly. The affected subunits were from both nuclear (core 2, SDHB)
and mitochondrial (COXII and ND6) genes, indicating that the loss of PRC leads to a global
defect in respiratory gene expression. The respiratory defect may be partly explained by the
observation that MRNA encoding the mitochondrial transcriptional activator, TFB2M, is
reduced in the PRC shRNA transductant, along with mitochondrial transcripts encoding COXII
and cytochrome b. A defect in mitochondrial transcription may result in a failure to express
optimal levels of key respiratory complexes. This possibility is supported by the fact that the
reduction in COXIlI mRNA expression is accompanied by diminished cytochrome oxidase
activity. Notably, the respiratory effects of PRC ablation were observed in the absence of
detectable levels of PGC-1a. These results are consistent with the conclusion that PRC
contributes to nucleo-mitochondrial interactions by controlling the expression of respiratory
subunits encoded by both genomes.

Conclusion

In summary, PRC is a growth-regulated member of the PGC-1 family of inducible coactivators
and has the characteristics of an immediate early gene. It associates with transcription factors,
including NRF-1 and NRF-2, that have been implicated in the expression of the respiratory
chain. These factors also act on genes involved in key aspects of cell growth, including DNA
replication, mitosis, and cytokinesis, and thus have the potential to link the expression of the
respiratory chain with the program of cell proliferation. PRC may serve to integrate mitogenic
signals through its specific interaction with the transcriptional machinery specifying these
functions. An additional link between PRC and the proliferative program comes from its
association with HCF-1, a chromatin-bound coactivator that is required for progression through
G of the cell cycle. HCF-1 serves as an intermediary between PRC and NRF-2 by binding
both the transcription factor and the coactivator. These associations are functionally significant
because mutations that disrupt the binding of PRC to HCF-1 or the binding of HCF-1 to NRF-2
inhibit trans-activation of target promoters by PRC. In addition, PRC loss of function results
in the inhibition of respiratory growth and reduced expression of mitochondrial respiratory
complexes. It is not clear why PRC binds factors such as NRF-1 and CREB directly, whereas
it binds NRF-2 indirectly through its association with HCF-1. This may contribute to temporal
patterns of expression or may act as a spatial requirement for targeting specific promoter
contexts. Further studies will elucidate the unique contributions of PRC to the spectrum of
activities assigned to the PGC-1 coactivator family.
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Figure 1.

Nuclear respiratory factors (NRF-1 and NRF-2) in the expression of nuclear genes governing
mitochondrial respiratory function. NRFs act on the majority of nuclear genes that specify
subunits of the five respiratory complexes of the mitochondrial inner membrane. In addition,
they act on many other genes whose products direct the expression and assembly of the
respiratory apparatus. Promoters for most of the nuclear genes encoding mtDNA transcription
and replication factors have functional recognition sites for NRF-1, NRF-2, or both. These
factors are required for the expression of respiratory subunits from complexes I, 111, IV, and
V encoded by mtDNA. Similarly, genes for mitochondrial translational components—
including ribosomal proteins and tRNA synthetases as well as heme biosynthetic enzymes
localized to the mitochondrial matrix—are NRF-dependent. Increasing evidence also suggests
that a number of genes specifying proteins of the mitochondrial protein import and assembly
machinery are NRF targets, including subunits of the import receptor complexes and COX
assembly factors. Thus, NRF-1 and NRF-2 are part of a unifying mechanism for the coordinate
transcriptional control of respiratory chain expression. MRP = mitochondrial RNA processing;
POL = polymerase; TOM = translocase of the outer mitochondrial membrane; cytc =
cytochrome c.
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Figure 2.

Arrangement of conserved sequence motifs in PGC-1-related coactivator (PRC). PRC is the
largest member of the PGC-1 coactivator family. Sequence similarities between PRC and the
other PGC-1 family coactivators are confined to distinct sequence blocks that are spatially
conserved among the three family members. These include a potent amino-terminal
transcriptional activation domain (vertical hatched box), an expanded proline-rich region
(filled box), an arginine/serine (R/S) rich domain (open box) and an RNA recognition motif
(horizontal hatched box). In addition, PRC has the LXXLL coactivator signature sequence and
the DHDY host cell factor 1 (HCF-1) binding site present in the other family members.
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Figure 3.

Summary of molecular interactions between PRC and its cognate transcription factors, NRF-1
and CREB. NRF-1 and CREB engage in specific in vitro and in vivo interactions with PRC,
as evidenced by pull-down assays and co-immunoprecipitations (see text for references).
Deletion fine mapping revealed that both transcription factors share distinct binding sites
located between the activation domain and the proline-rich region and within the R/S domain.
A fragment containing the upstream binding site inhibits cytochrome ¢ promoter activity and
respiratory growth on galactose when expressed in trans. As observed for the interaction
between PPARy and PGC-1a, the PRC-transcription factor interactions occur through the
DNA-binding domains (cross hatched boxes) of both NRF-1 and CREB.

Ann N Y Acad Sci. Author manuscript; available in PMC 2010 April 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scarpulla

Page 16

Serum growth ‘ Serum vulhdrawal
factors _\ / | contact inhibition

-
/,_L;f\»\.eﬁ
\

NRF 1
B
= CREB
€5cR) =
?Bgl, /PRC\ )
€1 B
Ve g
,*1\13@,
6RF-29 —

Figure 4.

Summary of PRC-transcription factor complexes. The expression of PRC mRNA and protein
is induced in quiescent fibroblasts by serum growth factors and downregulated upon exit from
the cell cycle brought about either by serum withdrawal or contact inhibition. PRC engages in
a direct interaction with NRF-1 and CREB in vitro and exists in a complex with each factor in
cell extracts. PRC occupancy of the NRF-1- and CREB-dependent cytochrome ¢ promoter also
increases upon serum stimulation, along with transcription factor phosphorylation. By contrast,
PRC does not bind any of the NRF-2 subunits in vitro. However, antibodies directed against
PRC can immunoprecipitate both NRF-23 and HCF-1 from cell extracts. This, combined with
the fact that HCF-1 engages in direct interactions with both PRC and NRF-2f3 suggests that all
three proteins exist in a complex in vivo. This is supported by the observation that mutations
in the DHDY HCF-1 binding site on PRC, or in key hydrophobic residues in the NRF-2p
activation domain, that are required for interaction with HCF-1 inhibit PRC trans-activation
through NRF-2.
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