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Abstract

The ultrastructure of the cardiac myocyte is remarkable for the high density of mitochondria
tightly packed between sarcomeres. This structural organization is designed to provide energy in
the form of ATP to fuel normal pump function of the heart. A complex system comprised of
regulatory factors and energy metabolic machinery, encoded by both mitochondrial and nuclear
genomes, is required for the coordinate control of cardiac mitochondrial biogenesis, maturation,
and high-capacity function. This process involves the action of a transcriptional regulatory
network that builds and maintains the mitochondrial genome, and to drive the expression of the
energy transduction machinery. This finely tuned system is responsive to developmental and
physiological cues as well as changes in fuel substrate availability. Deficiency of components
critical for mitochondrial energy production frequently manifests as a cardiomyopathic phenotype,
underscoring the requirement to maintain high respiration rates in the heart. Although a precise
causative role is not clear, there is increasing evidence that perturbations in this regulatory system
occur in the hypertrophied and failing heart. This review summarizes current knowledge and
highlights recent advances in our understanding of the transcriptional regulatory factors and
signaling networks that serve to regulate mitochondrial biogenesis and function in the mammalian
heart.
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The human heart consumes kilogram quantities of ATP daily to support persistent pump
function. The vast majority of this ATP (>95%) is produced by mitochondrial oxidative
phosphorylation (OXPHOS). Mitochondrial fatty acid oxidation (FAQ) accounts for about
60-90% of ATP production while catabolism of carbohydrates contributes the remaining
10-40%. To support this high demand for ATP production, the developing cardiac myocyte
has developed a tremendous capacity for mitochondrial biogenesis in order to establish this
specialized mitochondrial system. Indeed, approximately 40% of the cytoplasmic space

To whom to address correspondence: Daniel P. Kelly, M.D., Sanford-Burnham Medical Research Institute at Lake Nona, 6400 Sanger
Road, Orlando, FL 32827, Phone: 407-745-2136, Fax: 407-745-2033, dkelly@sanfordburnham.org.

Disclosures

D.P.K. serves on a Scientific Advisory Board for Pfizer.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vega et al.

Page 2

within the adult cardiac myocyte is occupied by mitochondria. Importantly, the heart must
continually adapt to changes in energy substrate availability, workload, and energy
demands. Therefore, a complex regulatory network has evolved to dynamically match
mitochondrial functional capacity with the energy demands of the heart during development
and in diverse physiological contexts. Moreover, with pathologic cardiac growth and
remodeling, the heart also undergoes both contractile and energy metabolic reprogramming;
fuel substrate preferences shift and the capacity and efficiency of mitochondrial ATP
production is diminished. In this review, we describe the regulatory pathways and
machinery involved in the control of mitochondrial biogenesis in the developing and
diseased heart with emphasis on the transcriptional circuitry that transduces and integrates
physiological cues to the control of mitochondrial function.

Building the Mitochondrion: Genomic Assembly and Maintenance

Mitochondrial structure and genomic composition

The mitochondrion is a double-membrane organelle consisting of a soluble matrix
surrounded by an ion-permeable inner membrane and an outer membrane permeable to
factors of less than 5kDa in size. OXPHOS and ATP production is driven by a proton
gradient established across the inner membrane by the electron transport chain (ETC).
Electrons are donated from reducing equivalents in the form of nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FADH,) generated by the oxidation
of acetyl-CoA. The endosymbiotic hypothesis holds that mitochondria originated from the
engulfment of aerobic eubacteria by a primordial anaerobic eukaryote. As such, the
mitochondrion contains its own circular genome. This mitochondrial DNA (mtDNA)
contains 37 genes encoding 13 essential protein subunits of the ETC as well as rRNAs and
tRNASs necessary for the translation of the mitochondrial-encoded transcripts. Consistent
with high mitochondrial density, it is estimated that each cardiac myocyte contains
approximately 7,000 mtDNA copies per nuclear diploid genome.? In addition to mtDNA-
encoded genes, a compendium of over 1000 nuclear-encoded mitochondrial proteins across
multiple tissues in the mouse has been compiled,? and the list is growing. Nuclear genes
encode all of the factors needed for transcription and replication of mtDNA. Interestingly, a
significant number of the genes identified encode mitochondrial proteins of unknown
function.? Finally, as discussed in later sections, mitochondria are not static organelles but
are mobile and dynamic. Recent findings provide evidence of direct connections and
communication between mitochondria as well.34

mtDNA replication and transcription

Proper and repetitive mtDNA replication is essential to maintain normal mitochondrial
function and to allow adaptive mitochondrial biogenic responses. The precise mechanism of
metazoan mtDNA replication has not been fully delineated despite simplistic evolutionary
origin. There are two predominant theories of mtDNA replication. The strand-displacement
model (SDM) has prevailed for decades and still persists as a viable model, albeit with
modifications to the original model published in 1972.5 An alternative hypothesis to SDM
has been proposed, termed the ribonucleotide incorporation throughout the lagging strand
(RITOLS) model.6
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Both the SDM and RITOLS models propose mtDNA replication occurs with a molecular
apparatus distinct from that of which the nuclear genome is replicated.’” The core
components of the mitochondrial replisome include DNA polymerase y (POLG),8 the
helicase T7 gp4-like protein with intramitochondrial nucleoid localization (TWINKLE), and
mitochondrial single-stranded binding (mtSSB) protein (Figure 1). MtSSB protein facilitates
POLG primer recognition and subsequently stimulates the polymerase activity of POLG.%10
Furthermore, mtSSB specifically stimulates the helicase activity of TWINKLE.! There is
also agreement that there are at least two distinct primary origins of replication; an origin of
replication (Op) on the heavy-strand (H-strand) for leading strand synthesis and an origin of
replication (O|) on the light-strand (L-strand) for lagging strand synthesis. These origins are
at different loci and, thus, both models support asynchronous replication. Both models
concur that mtDNA replication initiates with displacement of DNA at the Oy. Thereafter,
POLG synthesizes the leading strand that is complementary to the L-strand. The lagging
strand begins its synthesis 2/3 of the way through the mitochondrion genome at O after H-
strand displacement. The DNA displaced at O, folds into a stem-loop structure, which
mitochondrial RNA polymerase (POLRMT) recognizes and consequently synthesizes a
primer at O, .12 POLG then begins synthesizing lagging strand DNA at the 3’ end of the
primer. Two daughter mtDNA molecules result from mtDNA replication.

The key point of contention between the SDM and RITOLS models of mtDNA replication
regards how the single-stranded DNA resultant from the asynchronous replication is
protected (Figure 1). SDM proposes mtSSB proteins coat the H-strand and are displaced as
lagging strand synthesis duplexes the single-stranded DNA. In contrast, RITOLS suggests
complementary RNA produced during mtDNA transcription covers the exposed single-
stranded DNA.13 Despite intense efforts, there is no consensus to date as to the exact
mechanism of mtDNA replication.

Genetic mutations have provided key information about the function of specific components
of the mtDNA replication machinery and the importance of a high capacity mitochondrial
system for cardiac function. Mutations in replisome components including TWINKLE and
POLG result in a number of pathologies.141> For example, POLG mutations can cause a
broad clinical spectrum including cardiomyopathy,6:17 a phenotype confirmed in mouse
models.18-20 Notably, the loss of POLG exonuclease activity in mice results in rapid buildup
of mutations and deletions in the heart mitochondrion which occurs concurrently with
cardiomyopathy.2! There is a 90-fold increase in mtDNA deletions in POLG exonuclease
deficient mice.22 Interestingly, over-expressed TWINKLE has a protective role in certain
instances.23

Mitochondrial DNA transcription

Transcription of the mitochondrial genome occurs bidirectionally from the L-strand
promoter (LSP) and H-strand promoter (HSP) located on opposing mtDNA strands at Oy24
and produces a polycistronic transcript spanning nearly the entire length of the
mitochondrial genome.25 A widely accepted model for the assembly of the mitochondrial
transcription initiation complex maintains that mitochondrial transcription factor A (TFAM)
interacts via its C-terminus with mitochondrial transcription factor B2 (TFB2M) and
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subsequently recruits POLMRT to the promoter region.26:27 However, recent findings
suggest a pre-initiation complex is formed first from POLMRT and TFAM. As shown in
Figure 2A, TFAM binds mtDNA conferring promoter selectivity and subsequently recruits
POLMRT. TFAM binds the N-terminus of POLMRT and establishes a polymerase interface
by bending the upstream promoter DNA around POLMRT.28

Initiation of transcription transpires as mitochondrial TFB2M transiently associates with
POLMRT and binds template DNA. TFB2M facilitates promoter melting and allows
complementary nucleotide binding (Figure 2B).28 Notably, the activity of TFB2M initiation
is affected by ATP concentrations.?? TFAM and TFB2M have no physical interaction
during the pre-initiation phase. There is evidence that mtDNA associates with TFAM
promiscuously in regions not directly upstream of promoters39 and may be histone-like by
supercoiling mtDNA31:32 which suggests a protective role in addition to its transcriptional
function.

MtDNA replication and transcription use the same template DNA and begin at the same
locus. Thus, these two processes must be coordinately regulated to prevent collisions of the
replisome and transcription machinery. Whether mtDNA is replicated or transcribed
depends on mitochondrial transcription elongation factor (TEFM), which likely acts as a
molecular switch between the two possibilities.33 In the absence of TEFM, POLMRT adds
complementary nucleotides until reaching ~120bp downstream of LSP in a G-rich region
called conserved sequence block 11 (CSBII). Here a hybrid G-quadruplex between nascent
RNA and the nontemplate strand of DNA is formed that disrupts POLMRT activity.34 The
resultant oligonucleotide acts as a primer for DNA replication. Alternatively, when TEFM is
present it binds to the C-terminus of POLMRT and downstream DNA, effectively
interfering with the transcriptional repression caused by the G-quadruplex. This allows
POLMRT to transcribe through the CSBII region (Figure 2C).33 Termination of mtDNA
transcription appears to involve mitochondrial transcription termination factor 1
(MTERF1).2428 MTERF1 partially ceases transcription of the H-strand genes and exhibits
nearly complete transcript termination activity with the L-strand transcript.3° Resultant
transcripts undergo extensive processing before polyadenylation and translation.2>

Coordinate synthetic actions of the nuclear and mitochondrial genome during
mitochondrial biogenesis and assembly

The importance of coordinate actions of the nuclear and mitochondrial genome is well
exemplified by the assembly of ETC subunits. Mitochondria produce ATP by oxidizing
NADH and FADH, generated by oxidation of the energy substrates (e.g. fatty acids and
glucose) transferring electrons that travel through the ETC. The electrons ultimately reduce
oxygen to produce water. Protons derived from oxidation of NADH/FADH, contribute to
generation of an electrochemical gradient across the inner membrane (IM) that provides the
energy required to phosphorylate ADP to create ATP. The ETC is composed of 5 multi-
subunit protein complexes commonly referred to as Complex 1-V (CI-CV). Organization
and assembly of the ETC is a complex yet critical process for maintaining maximal
respiration capacity. Importantly, ETC proteins are encoded by both the nuclear and
mitochondrial genomes. Each complex has several hydrophobic subunits that span the IM
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and, thus, upon translation are prone to aggregation. Thus, the assembly of each complex is
facilitated by many transient assembly factors encoded by two separate genomes.36:37

Human CI (NADH dehydrogenase) consists of 45 different subunits,38 seven of which are
encoded by the mitochondrial genome. These subunits make up the proton pumping module
(P module) of C1.3% The 38 nuclear encoded subunits are imported into the mitochondria.4?
The oxidation of NADH and subsequent electron transfer are catalyzed by seven specific
subunits; NDUFV1, NDUFV2, NDUFS1, NDUFS2, NDUFS3, NDUFS7, and NDUFS8.41
The remaining subunits have largely unknown function but may be involved in complex
stability.#2 The assembly of CI requires many assembly factors. Interestingly, a protein
previously proposed to be involved in FAO, acyl-CoA dehydrogenase 9 (ACAD9), was
recently found to be a necessary assembly factor for biogenesis of ClI and not essential for
FAO.%3 Mutations in ACAD9 have also been shown to result in cardiomyopathy.44:45

CII (succinate dehydrogenase, SDH) is a unique enzyme complex in that it plays a critical
role in both the ETC and the tricarboxylic acid cycle (TCA cycle) by oxidizing succinate to
form fumarate and simultaneously reducing FAD to form FADH,. FADH, is reoxidized and
the ensuing electrons travel through the ETC. Additionally, CII does not contribute protons
to the gradient formed across the IM. Its structure is that of a heterotetramer with subunit A
(SDHA) being exposed completely to the mitochondrial matrix and subunit B (SDHB)
anchoring SDHA to the transmembrane subunits ¢ (SDHC) and d (SDHD).#8 Recently,
several assembly factors have been established as being critical components of the assembly
of CI1.4748 All constituents of SDH as well as the assembly factors are encoded by the
nuclear genome.

CII (cytochrome bcq complex) and CIV (cytochrome C oxidase) comprise the remaining
portion of the ETC prior to the final OXPHQOS step. Each of these complexes consists of
mitochondrial and nuclear-encoded subunits. Similar to other complexes, there are multiple
assembly factors that contribute to the proper assembly and structure.#%50 However, it
should be noted that assembly of CIV appears to differ drastically between upper and lower
eukaryotes and many of these assembly factors have not yet been identified in humans.>!
Finally, mutations in CIlI and CIV have been shown to result in human patients with
cardiomyopathy.52-55

The final step of OXPHOS to produce ATP is catalyzed by ATP synthase (Complex V, CV).
ATP synthase has two main components named F; and Fg. The Fp module is composed
primarily of nine hydrophobic subunits and is embedded in the IM while the five-subunit F;
component contains the catalytic domain responsible for phosphorylation of ADP and is
located in the matrix of the mitochondrion.36:57 Interestingly, the mitochondrial specific
phospholipid cardiolipin has been shown to be a critical factor in ATP synthase
oligomerization.>® ATP synthase subunit A has been implicated in human
cardiomyopathy.>9 Consistent with its role in ATP production, genetic mutations in ATP
synthase subunits result in severe phenotypes, frequently presenting with cardiomyopathy.50

Given the complexity of the ETC, including the contribution by two distinct genomes, a
mechanism to coordinate transcription and production of these complexes and the entire
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machinery of the mitochondrion has evolved. This regulatory network will be described in
the next section.

Regulatory Networks Controlling Mitochondrial Biogenesis

Mitochondrial structure and number is not static, rather changes during development and in
response to increased energy demands or physiological stimuli. For instance, a robust
increase in the number and size of mitochondria occurs in the heart immediately before and
after birth, coinciding with increased OXPHOS and a switch to fatty acids as the major
energy substrate.%1 In skeletal muscle, exercise triggers a rapid mitochondrial biogenic
response.®2 Finally, changes in mitochondrial number and structure are associated with a
variety of chronic diseases including heart failure, neurodegenerative diseases, and with
aging.53-66 These developmental, physiological, and pathophysiological changes in
mitochondrial number and structure are driven, in part, by a complex network of nuclear
transcription factors that coordinately control expression of nuclear and mitochondrial genes
encoding mitochondrial proteins. The components of this transcriptional regulatory network
will be described in this section. The function of many of these factors has been defined in
loss-of-function or gain-of-function studies in mice (Table). The importance of precision in
this coordinated regulation is underscored by the complexity of the key energy transduction
pathways in the mitochondria as described above for the ETC. The gene regulatory network
involved in mitochondrial biogenesis is operative for the normal mitochondrial biogenic
response during development but also serves to integrate physiologic and pathophysiologic
cues with fuel selection and energy production. In addition, several of these factors have
been pursued as therapeutic targets for metabolic and cardiovascular diseases.

Regulation of mitochondrial function and biogenesis by nuclear transcription factors

The discovery of the nuclear respiratory factors, NRF-1 and NRF-2, was the first in a series
of discoveries that helped define the transcriptional regulatory network that controls many
fundamental aspects of mitochondrial function and the biogenic process.2* NRF-1 was
originally identified as a key regulator of cytochrome C expression.8” Importantly, NRF-1
also regulates expression of several proteins acting directly on the mitochondrial genome
including TFAM and TFB2M.68:69 These findings provided the first link between the
coordinate transcriptional control of the nuclear and mitochondrial genomes. NRF-2, the
human homolog of the murine GABP, is an ETS-domain containing transcription factor.
Along with NRF-1, NRF-2 regulates all ten nuclear-encoded subunits of cytochrome
oxidase.”%71 Chromatin-immunoprecipitation followed by deep sequencing (ChlP-seq)
studies have now confirmed that NRF-1 occupies sites on the promoters of genes encoding
components present in all complexes of the ETC.72 Finally, genetic deletion of NRF-1 or
NRF-2 results in embryonic lethality with reduced mtDNA and ETC activity, underscoring
the essential role of these factors in mitochondrial biogenesis.”3:74

Mitochondrial fatty acid p-oxidation accounts for the majority of ATP production in the
normal, healthy heart. The peroxisome-proliferator activated receptors (PPARS) are now
recognized as important regulators of mitochondrial FAO as well as many cellular fatty acid
metabolic pathways.24 The three PPARS (a, B, and v) are members of the large nuclear
receptor superfamily of transcription factors. PPARs bind to their cognate DNA elements as
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heterodimers with another nuclear receptor, the retinoid X receptor (RXR). In the cardiac
myocyte, PPARa and PPAR are the most abundant with PPARYy expressed at lower levels.
Although originally identified as a regulator of peroxisomal p-oxidation,”®> PPARa was
subsequently shown to regulate genes involved in mitochondrial fatty acid import and
oxidation.”6=78 ChIP-on-ChIP and ChIP-seq studies have confirmed PPARa occupancy in
the promoters of many mitochondrial FAO genes.’”®:80 PPARs are directly activated by the
binding of lipid ligands to the ligand-binding domain of the receptor.81-83 In this way,
PPARs are sensors to connect cellular substrate delivery and availability with mitochondrial
FAO and ATP production. Interestingly, recent evidence suggests that intracellular
triglyceride stores are a source of PPAR-activating ligands in the cardiac myocyte. In the
heart, adipose triglyceride lipase (ATGL) has been shown to be necessary for the generation
of endogenous PPARa ligands and normal expression of PPARa, target genes.84 Lipolysis
of triglyceride stores also provides most of the substrate for mitochondrial FAO, and this is
augmented with increased activity of PPARa.85 These results provide a mechanism whereby
PPARGa senses substrate availability to regulate mitochondrial FAO in the heart.

The importance of PPARs for mitochondrial fuel metabolism and cardiac function has been
defined by gain- and loss-of-function studies in mice. Mice lacking PPARa have decreased
mitochondrial FAO enzyme expression and rates, and develop cardiomyopathy in the
context of metabolic stress.86-89 Conversely, overexpression of PPARa, in the heart re-
capitulates aspects of the insulin-resistant, diabetic heart with increased fatty acid uptake,
storage and oxidation; a phenotype worsened by high-fat feeding.9%-%1 The closely related
PPARS (also known as PPARP) also regulates mitochondrial FAO in the heart. Loss of
PPARS results in lower cardiac FAO rates as well as cardiac hypertrophy.®2 Interestingly,
mice with overexpression of PPARS do not accumulate triglyceride and exhibit higher
glucose oxidation rates.%3 Activation of the angiopoietin like 4 protein (Angptl4), an
endogenous inhibitor of lipoprotein lipase, may contribute to the protection of lipotoxicity
by PPARS.94 PPARS also provides protection against ischemia/reperfusion injury and
pressure overload.%3:9% The role of PPARY, the least abundant PPAR, is not well understood
in the heart. There is interest in cardiac PPARY signaling due to the adverse cardiovascular
risks associated with PPARYy agonists (thiazolidinediones).% Interestingly, both
overexpression and loss of PPARy in the mouse heart results in deleterious
consequences.9-99 However, PPARy may also function to compensate in heart during acute
periods of energy deprivation, such as occurs during sepsis.1%0 These data suggest that a
delicate balance of all PPAR members is needed for proper regulation of cardiac
mitochondrial fuel metabolism.

The estrogen-related receptor (ERR) is another critical nuclear regulator of genes involved
in mitochondrial function and biogenesis. There are 3 members of this nuclear receptor
subfamily, ERRaq, B, and v, so named due to structural similarity to estrogen receptors
(although they are not activated by estrogens). The first link to the control of mitochondrial
biogenesis was made when it was shown by two groups that ERRa activated expression of
the mitochondrial FAO enzyme, medium-chain acyl-CoA dehydrogenase (MCAD).101.102
In addition to the regulation of FAO, ERRs have now been shown to regulate the expression
of genes involved in virtually all known mitochondrial pathways and functions.103:104
Specifically, genome-wide occupation studies have shown that ERRa and ERRY regulate an
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overlapping set of genes involved in mitochondrial FAO, TCA cycle, ETC, and
OXPHOS.194 ERRq can also directly regulate PPARa expression in the heart, forming a
feed-forward mechanism to regulate mitochondrial FAO.193 Generalized loss of ERRa does
not result in overt deficiencies in mitochondrial biogenesis but display exaggerated cardiac
dysfunction following pressure overload.19% ERRa knockout mice also display decreased
exercise capacity with higher blood lactate levels following exercise consistent with a
decreased oxidative capacity.196 ERRy plays an indispensible role in the postnatal transition
to oxidative metabolism in the heart, a period of intense mitochondrial biogenesis, as ERRy
null mice die shortly after birth exhibiting cardiomyopathy.107.108 Consistent with these
findings, ERRa and ERRYy are expressed in tissues with high mitochondrial density and
oxidative capacity including brown adipose and type I and Ila skeletal muscle fibers.
Furthermore, overexpression of ERRy in skeletal muscle promotes increased oxidative
metabolism gene expression and an increase in the proportion of slow, type | fibers,109.110
ERRYy directly increases type | fiber number through activation of a myosin heavy chain/
miRNA circuit critical for slow muscle development.111 These results underscore the
importance of ERR signaling in the coordinate control of genes involved in mitochondrial
function, biogenesis, and maintenance.

Significant evidence indicates that under certain circumstances, the proto-oncogene c-Myc
regulates mitochondrial biogenesis. This is particularly true in rapidly dividing cells
requiring high levels of ATP and metabolic intermediates to support anabolic processes. c-
Myc directly activates many genes with a direct role in mitochondrial biogenesis including
POLG, NRF-1, and TFAM.112113 | fyrther support of a direct role, loss of c-Myc in
fibroblasts results in decreased mitochondrial mass and respiration capacity.14 In the heart,
c-Myc expression is increased following pressure overload and stimulates a mitochondrial
biogenic response.115 Activation of c-Myc also increases glucose utilization and decreases
FAO. In this way, c-Myc may trigger an adaptive response to increase reliance on glucose
oxidation during periods of growth or ischemia. Indeed, overexpression of c-Myc in the
heart results in improved recovery following an ischemic insult.11° These results also
suggest that c-Myc may play a unique role in controlling mitochondrial function during
pathologic hypertrophy when the canonical pathways (ERRs, PPARS) are deactivated (see
below) and the heart has increased reliance on glucose as a fuel.

Integration of mitochondrial biogenic regulatory factors

How is the activity of the various transcription factors involved in the control of nuclear and
mitochondrial gene expression orchestrated for the biogenic response? An answer to this
question came with the discovery of PPARY coactivator-1a (PGC-1a). Originally identified
as a co-regulator of PPARYy in the mitochondrial-rich brown adipocyte, 116 it is now known
that PGC-1a interacts with and co-activates many nuclear receptors through a specific
LXXLL motif domain. The closely related PGC-1 and more distant PGC-1 related
coactivator (PRC) comprise the PGC-1 family.117-119 |nterestingly, expression of PGC-1a
is highly inducible in mitochondrial-rich tissues such as heart, brown adipose, and muscle by
physiologic stimuli including cold exposure and exercise.120-122 Forced expression of
PGC-1a in the heart revealed a robust mitochondrial biogenic response and increased
expression of nuclear-encoded mitochondrial genes.123 The actions of PGC-1a are mediated
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via its interactions with NRF-1,122 PPAR, 124 PPARS,125 ERRa and ERRy (Figure
3).126-128 | the heart, PGC-1a and PGC-1p serve overlapping and partially redundant roles
as loss of either protein does not result in an overt defect in mitochondrial biogenesis or
energy production.12%-132 However, accelerated cardiac dysfunction is observed in PGC-1a
and PGC-1p knockout mice following pressure-overload hypertrophy.133.134

In addition to the critical role of PGC-1a, other transcriptional coregulators also contribute
to the upstream regulation of mitochondrial biogenesis. The recently identified PGC-1 and
ERR regulator in muscle 1 (Perm1) is required for PGC-1-induced mitochondrial biogenesis
and regulates the expression of certain ERR/PGC-1 target genes.13% Perm1 itself is activated
by ERR/PGC-1 providing a positive, feed-forward mechanism to promote mitochondrial
biogenesis. Its expression is highest in skeletal muscle, heart, and brown adipose tissue;
although its role in the heart has not yet been elucidated. The mediator complex is a large
multi-subunit complex that interacts directly with DNA-bound transcription factors as well
as RNA polymerase 11 to facilitate formation of the pre-initiation complex.36 This complex
has been shown to interact with nuclear receptors in a ligand-dependent manner.137
Specifically, the mediator 1 (MED1) subunit has been shown to interact directly with ERa,
PPARy and PPARG.138-140 Somewhat surprisingly, loss of MED1 in skeletal muscle results
in higher mitochondrial density particularly in white muscle groups with a high proportion
of fast fibers.141 This was also associated with higher expression of slow, type I fiber
contractile genes. Similar to the actions of ERRY, these results provide a connection between
the control of mitochondrial biogenesis, oxidative capacity, and the structural/contractile
program of muscle.

Integration of upstream physiologic and metabolic signals with mitochondrial biogenesis

The heart must continually adapt to changes in workload, substrate availability, oxygen
availability, and a myriad of other physiologic or pathophysiologic conditions. With respect
to mitochondrial energy production, multiple independent signaling pathways serve to link
these physiological inputs to the transcriptional control of mitochondrial function and
biogenesis. Many of these signaling pathways converge on PGC-1 including AMP-kinase
(AMPK), calcium dependent signals, and cCAMP (Figure 3). PGC-1a expression is rapidly
increased by p-adrenergic stimulation in response to multiple stimuli including cold
exposure and exercise. This latter response is primarily mediated by the actions of the
CAMP-response element binding protein (CREB) directly on the PGC-1a promoter to
activate its expression.142:143 |ntracellular calcium signaling pathways, e.g. calmodulin-
dependent kinase (CaMK) and calcineurin, also work to increase PGC-1 levels. 144145

PGC-1a activity is also responsive to the energy status of the cell. This occurs at least in
part through activation by AMP-dependent protein kinase (AMPK).146 AMPK is a key
cellular energy sensor activated by increasing AMP and reduced ATP levels indicative of
energy depletion.14’ Activation of PGC-1a by AMPK provides a link between the energy
status of the cell and mitochondrial biogenesis. AMPK also stimulates nicotinamide adenine
dinucleotide (NAD™) synthesis and sirtuin 1 (SIRT1) activity.148 SIRT1 is an NAD*-
dependent deacetylase linked to the response to caloric restriction and lifespan.149 SIRT1
directly deacetylates and activates PGC-1a, providing a connection between AMPK, SIRT1,
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and mitochondrial biogenesis. 0 Therefore, this network provides a mechanism to connect
the energy status of the cell, sensed by ATP/AMP levels, and the redox state (NAD*/
NADH) to mitochondrial biogenesis and function. In support of this, the acetylation status of
PGC-1a has been shown to be altered in states of caloric excess and exercise,148:151.152
While SIRT1 deacetylates PGC-1, the acetyltransferase GCN5 carries out the reverse
reaction. GCNS5 directly acetylates both PGC-1a and PGC-1p.153.154 Similar to
deacetylation of PGC-1, acetylation is also regulated by metabolic inputs.15°

Nutrient availability and other cellular growth signals also serve to regulate mitochondrial
biogenesis and oxidative respiration under certain circumstances. For instance, in skeletal
myocytes, inhibition of the mammalian target of rapamycin (mTOR) leads to decreased
levels of PGC-1a and a corresponding decrease in TCA cycle and ETC/OXPHQOS gene
expression.1®8 These effects are mediated, at least in part, through the transcription factor
ying yang 1 (Y'Y1). Phosphorylation of YY1 by mTORCL1 recruits PGC-1a providing a link
between mTOR signaling, YY1 and mitochondrial biogenesis.1>” YY1 binding sites are also
found in many nuclear-encoded mitochondrial genes providing further evidence of the
importance of this pathway.126.158.159 Finally, loss of YY1 results in mitochondrial defects
in skeletal muscle, lower oxidative capacity, and exercise intolerance.1®” However,
regulation of PGC-1 by mTOR is complex. For example, an independent and directionally
opposite connection with mTOR signaling was observed with the serine/threonine kinases
Pim-1, Pim-2 and Pim-3. Inhibition or loss of the Pim kinases results in inactivation of
mTORC1 and secondary activation of AMPK through reduced cellular ATP levels
concomitant with a significant decrease in PGC-1a, levels.160 Restoration of Pim-3 is
sufficient to restore PGC-1a expression and normal cellular growth rates. In the heart, loss
of all three Pim isoforms results in a remarkably similar phenotype. Triple Pim kinase KO
mice display cardiac myocyte senescence with mitochondrial defects, decreased ATP levels,
activation of AMPK and markedly reduced expression of PGC-1a and PGC-1p and their
target genes.161 Interestingly, overexpression of c-Myc, a known Pim kinase target, reversed
the mitochondrial derangements observed with loss of Pim kinase. Taken together, these
results demonstrate the complexity of PGC-1 signaling and its control of mitochondrial
biogenesis and various states of nutrient availability and cellular growth states.

Mitochondrial Biogenesis and Maturation in the Developing Heart

Role of mitochondrial biogenesis and integration with dynamics during cardiac
development

The constant energy demands of the mammalian heart requires the development of a
specialized, high-capacity mitochondrial system. The same is true for other highly oxidative
tissues such as brown adipose and slow-twitch muscle. The major mitochondrial biogenic
surge during cardiac development occurs immediately following birth and in the early
postnatal period.61:162.163 Similar but less robust mitochondrial biogenic responses occur in
all tissues during the perinatal period. The perinatal mitochondrial biogenic surge in heart is
followed by a period of mitochondrial maturation including fusion, fission, and
redistribution among the sarcomeres during the postnatal growth period.164 Ultimately, the
fully differentiated adult cardiac myocyte is characterized by a tightly packed mitochondrial
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network between the sarcomeres. This maturation process involves an intense period of
mitochondrial fusion and fission, together with an induction in the expression of nuclear-
and mitochondrial-encoded proteins to equip the organelles with high-capacity for energy
substrate oxidation (primarily fatty acids and glucose) and OXPHOS.

As described above, the PGC-1 coactivators serve as inducible “boosters” of the
transcriptional regulators involved in mitochondrial biogenesis, including ERRs, PPARs,
and NRF-1. Levels of PGC-1a increase just before birth and this increased expression is
partially maintained during the postnatal period.123 Based on this perinatal expression
pattern, the PGC-1 coactivators were identified as prime candidates for driving the
mitochondrial biogenic surge in heart following birth. Gene targeting strategies in mice
demonstrated that PGC-1a and PGC-1f are absolutely required for cardiac perinatal
mitochondrial biogenesis. Mice with germline deficiency of PGC-1a and PGC-1p die of
heart failure shortly after birth due to a complete lack of a mitochondrial biogenic
response.165 The defect in mitochondrial biogenesis in the PGC-1a/p-deficient hearts is
quite profound. Indeed, cardiac myocyte mitochondrial morphology and density in the
postnatal hearts of the mutant mice cannot be distinguished from that of the fetal period,
indicating a complete lack of the biogenic response. Interestingly, single gene knockouts for
either PGC-1a or PGC-1p do not exhibit this phenotype indicating significant functional
redundancy among the coactivators for this mitochondrial biogenic function. Generalized or
cardiac-specific ERRy deficiency largely phenocopies the mitochondrial biogenic defect and
heart failure seen with the PGC-1 KO mice.107.108 Taken together, these results indicate that
induction of the PGC-1 coactivators trigger the mitochondrial biogenic response that
prepares the cardiac myocyte for postnatal energy metabolic maturation.

The PGC-1/ERR circuit has also recently been shown to play an important role in the
postnatal mitochondrial maturation process in heart. This was accomplished by generating
mice with targeted disruption of the PGC-1f3 gene with a muscle creatine kinase promoter-
driven Cre recombinase (MCK-Cre) that has activity after birth during the early postnatal
period. Specifically, when the cardiac PGC-1p gene is targeted in heart on a generalized
PGC-1a-deficient background, animals develop a progressive, lethal, postnatal
cardiomyopathy.166 Interestingly, mitochondrial morphology is severely altered during the
postnatal period in these PGC-1a/B—/— mice. The mice exhibit signatures indicative of
altered mitochondrial fusion and fission, including small fragmented as well as elongated
mitochondria.166 In addition, a distinctive mitochondrial “donut” abnormality was seen in
the myocytes.166 This latter mitochondrial abnormality has been described in Charcot-
Marie-Tooth disease due to a genetic defect in mitofusin 2 (MFN2).167 These observations
suggested that the mitochondrial maturation defect was due, at least in part, to altered
mitochondrial dynamics. Consistent with this conclusion, levels of a number of key proteins
involved in mitochondrial fusion, including mitofusin 1 (MFN1), MFN2, and OPA1166 were
reduced in the PGC-1a/p-deficient hearts during the postnatal period prior to the
development of fulminant heart failure. MFN1 was dramatically reduced and its gene was
found to harbor an ERR binding site that conferred transcriptional activation by PGC-1a/
ERRa. In addition, cardiac-specific ERRa and ERRYy null mice also exhibit a postnatal
phenotype similar to that of the PGC-1a/B-deficient mouse, providing additional evidence
that the PGC-1/ERR transcriptional regulatory circuit is important for the increased
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mitochondrial fusion and fission rates during postnatal mitochondrial maturation in heart.
The reason for increased mitochondrial dynamics during the postnatal period is unknown
but it is possible that it is necessary for distribution and alignment between the sarcomeres
or as a quality control mechanism.168

Mitochondrial Biogenesis and Maintenance in the Normal and Diseased
Adult Heart

Several lines of evidence suggest that the general activity of mitochondrial dynamics and
biogenesis of the adult heart is quite limited in contrast to the perinatal and postnatal
periods. For example, rates of mitochondrial fusion and fission have been shown to be low
in adult cardiac myocytes.3169 Although direct measurements of mitochondrial fusion and
fission are not possible in vivo, measurements of mitochondrial size in cardiac-specific,
inducible knockouts of mitofusin 1 and 2 estimate the cardiomyocyte fusion/fission cycle to
be approximately 16 days.189 Consistent with these observations, conditional targeting of
the PGC-1a and B genes in the adult mouse heart does not result in significant alterations in
mitochondrial ultrastructure or density, despite reduced levels of MFN1.166 Moreover, adult
PGC-1a/p-deficient mice do not exhibit an overt abnormality in cardiac function.166
However, in other studies, combined loss of MFN1 and MFN2 in the adult heart results in a
significant mitochondrial ultrastructural and cardiac functional phenotype, suggesting that
mitochondrial dynamics is active in the adult heart at some level.169-172 Degpite the lack of
an overt cardiac and mitochondrial structural phenotype, gene expression profiling of the
adult PGC-1a/p-deficient mice revealed significant and widespread downregulation in the
expression of genes involved in mitochondrial energy transduction pathways including
FAO, TCA cycle, and ETC/OXPHOS.166 Consistent with the gene expression results, state
3 respiration rates of mitochondria isolated from the PGC-1a/B-deficient hearts are
significantly reduced. These results suggest that the general activity of mitochondrial
biogenesis and dynamics (and likely mitochondrial turnover) is relatively low in the adult
heart.

The collective results of conditional PGC-1 and ERR loss-of-function studies in mice define
developmental stage-specific roles for PGC-1 signaling in heart; PGC-1/ERR signaling is
required for mitochondrial biogenesis and maturation during postnatal cardiac development
(Figure 4). In contrast, PGC-1 coactivators are dispensable for maintenance of mitochondrial
density and cardiac function under basal conditions in the adult, but serve to maintain high
capacity mitochondrial respiratory function by driving expression of genes involved in
mitochondrial energy transduction and ATP synthetic pathways.

Emerging evidence indicates that mitochondrial dysfunction contributes to the genesis of
heart failure.173:174 Accordingly, what is the contributory role of alterations in the circuitry
that regulates cardiac mitochondrial biogenesis and function in common causes of heart
failure such as hypertension or ischemic insult? Whereas the adult PGC-1a/B-deficient mice
do not exhibit a functional cardiac phenotype under basal conditions,156 PGC-1a null mice
develop ventricular dilation and reduced contractile function in response to chronic pressure
overload.133 In addition, ERRa loss-of-function mice develop severe heart failure in the
context of pressure overload and are sensitive to ischemic insult.1%5 These results suggest
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that reduced activity of the PGC-1 transcriptional regulatory circuit reduces energetic
reserves and predisposes to the development of cardiac remodeling and reduced ventricular
function in the context of stressors such as chronic pressure overload or ischemic insult.
Consistent with this notion, a number of studies have now shown reduced expression of
PGC-1a, PPAR, ERR, and many of its downstream targets in the failing rodent and human
heart.175-182 Changes in fuel substrate selection is one consequence of deactivation of the
PGC-1 circuit. For instance, it is now well-established that rates of FAO are decreased in
pathologic cardiac hypertrophy.17>177 However, the contributory role of changes in fuel
substrate preference is not well understood. These observations and reports of mitochondrial
derangements and myocyte death in the failing heart suggest that a vicious cycle develops in
which reduced activity of the PGC-1 cascade causes reduced capacity for mitochondrial fuel
oxidation and ATP synthesis resulting in contractile dysfunction, calcium homeostatic
abnormalities, and myocyte death as a final pathway (Figure 4). However, very recent
evidence suggests that alterations in the PGC-1 transcriptional circuit or transcriptional
events in general may not serve as the primary event in the energy metabolic derangements
of the failing heart. Specifically, combined transcriptional and metabolomic profiling of
hearts from well-defined mouse models representing the spectrum from pressure overload-
induced compensated cardiac hypertrophy to overt remodeling revealed the surprising
finding that relatively few changes in mitochondrial energy metabolic pathways occur at the
transcriptional level.183 Rather, altered metabolite levels correlated with the onset of heart
failure and altered mitochondrial function suggesting that post-transcriptional alterations in
mitochondrial function drive the early metabolic abnormalities en route to heart failure.
Accordingly, transcriptional events and alterations in PGC-1 signaling likely occur later in
the pathogenic process.183 Notably, the role of altered mitochondrial biogenesis and
dynamics in this pathologic process remains to be fully defined.

Conclusions

In summary, significant progress has been made in delineating the mechanisms involved in
the control of cardiac biogenesis and maturation in the developing, normal, and diseased
heart. A transcriptional regulatory network has evolved to allow the heart to match ATP-
producing capacity with energy demands under diverse developmental and physiological
circumstances. The transcriptional regulatory circuit described herein is finely tuned to
activate mitochondrial biogenesis at precise times during the perinatal stages, followed by a
maturation process that involves mitochondrial dynamics. This same circuit maintains high-
level expression of nuclear and mitochondrial genes involved in the various energy
metabolic pathways in the adult heart. Interestingly, the specific targets and actions of this
mitochondrial biogenic regulatory network are dictated by developmental stages. The
biogenic and mitochondrial maintenance circuitry must be tightly orchestrated with
mitochondrial quality control and turnover. An important frontier in this field relates to the
delineation of specific alterations in this control network relevant to the development of
myocardial diseases such as heart failure. Delineation of adaptive and maladaptive responses
could lead to new therapeutic approaches aimed at the prevention and early stage treatment
of heart failure. Mitochondrial-targeted therapies for myocardial disease are likely to be
most effective if aimed at the appropriate developmental process and stage of heart failure,
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possibly necessitating distinct therapies depending on the age of the patient and severity of
disease.
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mtDNA mitochondrial DNA

ETC electron transport chain

OXPHOS oxidative phosphorylation
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FAO fatty acid oxidation

SDM strand-displacement model

RITOLS ribonucleotide incorporation throughout the lagging strand
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References

1. Miller FJ, Rosenfeldt FL, Zhang C, Linnane AW, Nagley P. Precise determination of mitochondrial

DNA copy number in human skeletal and cardiac muscle by a PCR-based assay: lack of change of
copy number with age. Nucleic Acids Res. 2003; 31:e61. [PubMed: 12771225]

. Pagliarini DJ, Calvo SE, Chang B, et al. A mitochondrial protein compendium elucidates complex |

disease biology. Cell. 2008; 134:112-123. [PubMed: 18614015]

.Huang X, Sun L, Ji S, Zhao T, Zhang W, Xu J, Zhang J, Wang Y, Wang X, Franzini-Armstrong C,

Zheng M, Cheng H. Kissing and nanotunneling mediate intermitochondrial communication in the
heart. Proc Natl Acad Sci U S A. 2013; 110:2846-2851. [PubMed: 23386722]

. Picard M, McManus MJ, Csordas G, Varnai P, Dorn GW 2nd, Williams D, Hajnoczky G, Wallace

DC. Trans-mitochondrial coordination of cristae at regulated membrane junctions. Nat Commun.
2015; 6:6259. [PubMed: 25687472]

. Robberson DL, Kasamatsu H, Vinograd J. Replication of mitochondrial DNA. Circular replicative

intermediates in mouse L cells. Proc Natl Acad Sci U S A. 1972; 69:737-741. [PubMed: 4501588]

. Yasukawa T, Reyes A, Cluett TJ, Yang MY, Bowmaker M, Jacobs HT, Holt 1J. Replication of

vertebrate mitochondrial DNA entails transient ribonucleotide incorporation throughout the lagging
strand. EMBO J. 2006; 25:5358-5371. [PubMed: 17066082]

. Miralles Fuste J, Shi Y, Wanrooij S, Zhu X, Jemt E, Persson O, Sabouri N, Gustafsson CM,

Falkenberg M. In vivo occupancy of mitochondrial single-stranded DNA binding protein supports
the strand displacement mode of DNA replication. PLoS Genet. 2014; 10:e1004832. [PubMed:
25474639]

Circ Res. Author manuscript; available in PMC 2016 May 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vegaetal.

Page 15

8. Bolden A, Noy GP, Weisshach A. DNA polymerase of mitochondria is a gamma-polymerase. J Biol
Chem. 1977; 252:3351-3356. [PubMed: 16896]

9. Genuario R, Wong TW. Stimulation of DNA polymerase gamma by a mitochondrial single-strand
DNA binding protein. Cell Mol Biol Res. 1993; 39:625-634. [PubMed: 8054997]

10. Thommes P, Farr CL, Marton RF, Kaguni LS, Cotterill S. Mitochondrial single-stranded DNA-
binding protein from Drosophila embryos. Physical and biochemical characterization. J Biol
Chem. 1995; 270:21137-21143. [PubMed: 7673145]

11. Korhonen JA, Gaspari M, Falkenberg M. TWINKLE Has 5' ->3' DNA helicase activity and is
specifically stimulated by mitochondrial single-stranded DNA-binding protein. J Biol Chem. 2003;
278:48627-48632. [PubMed: 12975372]

12. Wanrooij S, Fuste JM, Farge G, Shi Y, Gustafsson CM, Falkenberg M. Human mitochondrial
RNA polymerase primes lagging-strand DNA synthesis in vitro. Proc Natl Acad Sci U S A. 2008;
105:11122-11127. [PubMed: 18685103]

13. Yasukawa T, Yang MY, Jacobs HT, Holt 1J. A bidirectional origin of replication maps to the major
noncoding region of human mitochondrial DNA. Mol Cell. 2005; 18:651-662. [PubMed:
15949440]

14. Pohjoismaki JL, Goffart S, Taylor RW, Turnbull DM, Suomalainen A, Jacobs HT, Karhunen PJ.
Developmental and pathological changes in the human cardiac muscle mitochondrial DNA
organization, replication and copy humber. PL0oS One. 2010; 5:€10426. [PubMed: 20454654]

15. Copeland WC. Inherited mitochondrial diseases of DNA replication. Annu Rev Med. 2008;
59:131-146. [PubMed: 17892433]

16. Van Goethem G, Luoma P, Rantamaki M, Al Memar A, Kaakkola S, Hackman P, Krahe R,
Lofgren A, Martin JJ, De Jonghe P, Suomalainen A, Udd B, VVan Broeckhoven C. POLG
mutations in neurodegenerative disorders with ataxia but no muscle involvement. Neurology.
2004; 63:1251-1257. [PubMed: 15477547]

17. Verhoeven WM, Egger JI, Kremer BP, de Pont BJ, Marcelis CL. Recurrent major depression,
ataxia, and cardiomyopathy: association with a novel POLG mutation? Neuropsychiatr Dis Treat.
2011; 7:293-296. [PubMed: 21654874]

18. Koczor CA, Torres RA, Fields E, Qin Q, Park J, Ludaway T, Russ R, Lewis W. Transgenic mouse
model with deficient mitochondrial polymerase exhibits reduced state IV respiration and enhanced
cardiac fibrosis. Lab Invest. 2013; 93:151-158. [PubMed: 23090637]

19. Kohler JJ, Hosseini SH, Green E, et al. Cardiac-targeted transgenic mutant mitochondrial enzymes:
mtDNA defects, antiretroviral toxicity and cardiomyopathy. Cardiovasc Toxicol. 2008; 8:57-69.
[PubMed: 18446447]

20. Lewis W, Day BJ, Kohler JJ, et al. Decreased mtDNA, oxidative stress, cardiomyopathy, and death
from transgenic cardiac targeted human mutant polymerase gamma. Lab Invest. 2007; 87:326—
335. [PubMed: 17310215]

21. Zhang D, Mott JL, Chang SW, Denniger G, Feng Z, Zassenhaus HP. Construction of transgenic
mice with tissue-specific acceleration of mitochondrial DNA mutagenesis. Genomics. 2000;
69:151-161. [PubMed: 11031098]

22. Vermulst M, Wanagat J, Kujoth GL, Bielas JH, Rabinovitch PS, Prolla TA, Loeb LA. DNA
deletions and clonal mutations drive premature aging in mitochondrial mutator mice. Nat Genet.
2008; 40(4):392-394. [PubMed: 18311139]

23. Pohjoismaki JL, Williams SL, Boettger T, Goffart S, Kim J, Suomalainen A, Moraes CT, Braun T.
Overexpression of Twinkle-helicase protects cardiomyocytes from genotoxic stress caused by
reactive oxygen species. Proc Natl Acad Sci U S A. 2013; 110:19408-19413. [PubMed:
24218554]

24. Scarpulla RC, Vega RB, Kelly DP. Transcriptional integration of mitochondrial biogenesis. Trends
Endocrinol Metab. 2012; 23:459-466. [PubMed: 22817841]

25. Ojala D, Montoya J, Attardi G. tRNA punctuation model of RNA processing in human
mitochondria. Nature. 1981; 290:470-474. [PubMed: 7219536]

26. McCulloch V, Shadel GS. Human mitochondrial transcription factor B1 interacts with the C-
terminal activation region of h-mtTFA and stimulates transcription independently of its RNA
methyltransferase activity. Mol Cell Biol. 2003; 23:5816-5824. [PubMed: 12897151]

Circ Res. Author manuscript; available in PMC 2016 May 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vegaetal.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 16

Sologub M, Litonin D, Anikin M, Mustaev A, Temiakov D. TFB2 is a transient component of the
catalytic site of the human mitochondrial RNA polymerase. Cell. 2009; 139:934-944. [PubMed:
19945377]

Morozov Y1, Agaronyan K, Cheung AC, Anikin M, Cramer P, Temiakov D. A novel intermediate
in transcription initiation by human mitochondrial RNA polymerase. Nucleic Acids Res. 2014;
42:3884-3893. [PubMed: 24393772]

Amiott EA, Jaehning JA. Mitochondrial transcription is regulated via an ATP "sensing"
mechanism that couples RNA abundance to respiration. Mol Cell. 2006; 22:329-338. [PubMed:
16678105]

Fisher RP, Clayton DA. Purification and characterization of human mitochondrial transcription
factor 1. Mol Cell Biol. 1988; 8:3496-3509. [PubMed: 3211148]

Fisher RP, Lisowsky T, Parisi MA, Clayton DA. DNA wrapping and bending by a mitochondrial
high mobility group-like transcriptional activator protein. J Biol Chem. 1992; 267:3358-3367.
[PubMed: 1737790]

Antoshechkin I, Bogenhagen DF. Distinct roles for two purified factors in transcription of Xenopus
mitochondrial DNA. Mol Cell Biol. 1995; 15:7032-7042. [PubMed: 8524270]

Agaronyan K, Morozov Y, Anikin M, Temiakov D. Mitochondrial biology. Replication-
transcription switch in human mitochondria. Science. 2015; 347:548-551. [PubMed: 25635099]
Wanrooij PH, Uhler JP, Shi Y, Westerlund F, Falkenberg M, Gustafsson CM. A hybrid G-
quadruplex structure formed between RNA and DNA explains the extraordinary stability of the
mitochondrial R-loop. Nucleic Acids Res. 2012; 40:10334-10344. [PubMed: 22965135]

Shang J, Clayton DA. Human mitochondrial transcription termination exhibits RNA polymerase
independence and biased bipolarity in vitro. J Biol Chem. 1994; 269:29112-29120. [PubMed:
7525579]

Diaz F, Kotarsky H, Fellman V, Moraes CT. Mitochondrial disorders caused by mutations in
respiratory chain assembly factors. Semin Fetal Neonatal Med. 2011; 16:197-204. [PubMed:
21680271]

Fernandez-Vizarra E, Tiranti V, Zeviani M. Assembly of the oxidative phosphorylation system in
humans: what we have learned by studying its defects. Biochim Biophys Acta. 2009; 1793:200—
211. [PubMed: 18620006]

Carroll J, Fearnley IM, Skehel JM, Shannon RJ, Hirst J, Walker JE. Bovine complex | is a complex
of 45 different subunits. J Biol Chem. 2006; 281:32724-32727. [PubMed: 16950771]

Mimaki M, Wang X, McKenzie M, Thorburn DR, Ryan MT. Understanding mitochondrial
complex | assembly in health and disease. Biochim Biophys Acta. 2012; 1817:851-862. [PubMed:
21924235]

Stojanovski D, Johnston AJ, Streimann I, Hoogenraad NJ, Ryan MT. Import of nuclear-encoded
proteins into mitochondria. Exp Physiol. 2003; 88:57-64. [PubMed: 12525855]

Lazarou M, Thorburn DR, Ryan MT, McKenzie M. Assembly of mitochondrial complex | and
defects in disease. Biochim Biophys Acta. 2009; 1793:78-88. [PubMed: 18501715]

Hirst J, Carroll J, Fearnley IM, Shannon RJ, Walker JE. The nuclear encoded subunits of complex
I from bovine heart mitochondria. Biochim Biophys Acta. 2003; 1604:135-150. [PubMed:
12837546]

Nouws J, Nijtmans L, Houten SM, et al. Acyl-CoA dehydrogenase 9 is required for the biogenesis
of oxidative phosphorylation complex I. Cell Metab. 2010; 12:283-294. [PubMed: 20816094]
Haack TB, Danhauser K, Haberberger B, et al. Exome sequencing identifies ACAD9 mutations as
a cause of complex I deficiency. Nat Genet. 2010; 42:1131-1134. [PubMed: 21057504]

Tsuda K, Tsuda S, Goldstein M, Masuyama Y. Effects of calcitonin gene-related peptide on
[3H]norepinephrine release in medulla oblongata of spontaneously hypertensive rats. Eur J
Pharmacol. 1990; 191:101-105. [PubMed: 2092996]

Sun F, Huo X, Zhai Y, Wang A, Xu J, Su D, Bartlam M, Rao Z. Crystal structure of mitochondrial
respiratory membrane protein complex Il. Cell. 2005; 121:1043-1057. [PubMed: 15989954]

Van Vranken JG, Na U, Winge DR, Rutter J. Protein-mediated assembly of succinate
dehydrogenase and its cofactors. Crit Rev Biochem Mol Biol. 2014:1-13.

Circ Res. Author manuscript; available in PMC 2016 May 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vegaetal.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 17

Van Vranken JG, Bricker DK, Dephoure N, Gygi SP, Cox JE, Thummel CS, Rutter J. SDHAF4
promotes mitochondrial succinate dehydrogenase activity and prevents neurodegeneration. Cell
Metab. 2014; 20:241-252. [PubMed: 24954416]

Smith PM, Fox JL, Winge DR. Reprint of: Biogenesis of the cytochrome bc(1) complex and role
of assembly factors. Biochim Biophys Acta. 2012; 1817:872-882. [PubMed: 22564912]

Schon EA, DiMauro S, Hirano M. Human mitochondrial DNA: roles of inherited and somatic
mutations. Nat Rev Genet. 2012; 13:878-890. [PubMed: 23154810]

Dennerlein S, Rehling P. Human mitochondrial COX1 assembly into cytochrome c oxidase at a
glance. J Cell Sci. 2015

Romero NB, Marsac C, Paturneau-Jouas M, Ogier H, Magnier S, Fardeau M. Infantile familial
cardiomyopathy due to mitochondrial complex I and IV associated deficiency. Neuromuscul
Disord. 1993; 3:31-42. [PubMed: 8392409]

Marin-Garcia J, Hu Y, Ananthakrishnan R, Pierpont ME, Pierpont GL, Goldenthal MJ. A point
mutation in the cytb gene of cardiac mtDNA associated with complex Il deficiency in ischemic
cardiomyopathy. Biochem Mol Biol Int. 1996; 40:487-495. [PubMed: 8908357]

Andreu AL, Checcarelli N, lwata S, Shanske S, DiMauro S. A missense mutation in the
mitochondrial cytochrome b gene in a revisited case with histiocytoid cardiomyopathy. Pediatr
Res. 2000; 48:311-314. [PubMed: 10960495]

Abdulhag UN, Soiferman D, Schueler-Furman O, Miller C, Shaag A, Elpeleg O, Edvardson S,
Saada A. Mitochondrial complex 1V deficiency, caused by mutated COX6BL1, is associated with
encephalomyopathy, hydrocephalus and cardiomyopathy. Eur J Hum Genet. 2015; 23:159-164.
[PubMed: 24781756]

Habersetzer J, Larrieu |, Priault M, Salin B, Rossignol R, Brethes D, Paumard P. Human F1FO
ATP synthase, mitochondrial ultrastructure and OXPHOS impairment: a (super-) complex matter?
PLo0S One. 2013; 8:e75429. [PubMed: 24098383]

Habersetzer J, Ziani W, Larrieu I, Stines-Chaumeil C, Giraud MF, Brethes D, Dautant A, Paumard
P. ATP synthase oligomerization: from the enzyme models to the mitochondrial morphology. Int J
Biochem Cell Biol. 2013; 45:99-105. [PubMed: 22664329]

Acehan D, Malhotra A, Xu Y, Ren M, Stokes DL, Schlame M. Cardiolipin affects the
supramolecular organization of ATP synthase in mitochondria. Biophys J. 2011; 100:2184-2192.
[PubMed: 21539786]

Rosello-Lleti E, Tarazon E, Barderas MG, Ortega A, Molina-Navarro MM, Martinez A, Lago F,
Martinez-Dolz L, Gonzalez-Juanatey JR, Salvador A, Portoles M, Rivera M. ATP synthase
subunit alpha and LV mass in ischaemic human hearts. J Cell Mol Med. 2015; 19:442-451.
[PubMed: 25382018]

Hejzlarova K, Mracek T, Vrbacky M, Kaplanova V, Karbanova V, Nuskova H, Pecina P, Houstek
J. Nuclear genetic defects of mitochondrial ATP synthase. Physiol Res. 2014; 63(Suppl 1):S57—
S71. [PubMed: 24564666]

Marin-Garcia J, Ananthakrishnan R, Goldenthal MJ. Heart mitochondrial DNA and enzyme
changes during early human development. Mol Cell Biochem. 2000; 210:47-52. [PubMed:
10976757]

Holloszy JO. Regulation by exercise of skeletal muscle content of mitochondria and GLUTA4. J
Physiol Pharmacol. 2008; 59(Suppl 7):5-18. [PubMed: 19258654]

Baandrup U, Florio RA, Roters F, Olsen EG. Electron microscopic investigation of
endomyocardial biopsy samples in hypertrophy and cardiomyopathy. A semiquantitative study in
48 patients. Circulation. 1981; 63:1289-1298. [PubMed: 6452971]

Sharov VG, Goussev A, Lesch M, Goldstein S, Sabbah HN. Abnormal mitochondrial function in
myocardium of dogs with chronic heart failure. J Mol Cell Cardiol. 1998; 30:1757-1762.
[PubMed: 9769231]

Exner N, Lutz AK, Haass C, Winklhofer KF. Mitochondrial dysfunction in Parkinson's disease:
molecular mechanisms and pathophysiological consequences. EMBO J. 2012; 31:3038-3062.
[PubMed: 22735187]

Conley KE, Jubrias SA, Esselman PC. Oxidative capacity and ageing in human muscle. J Physiol.
2000; 526(Pt 1):203-210. [PubMed: 10878112]

Circ Res. Author manuscript; available in PMC 2016 May 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vegaetal.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Page 18

Evans MJ, Scarpulla RC. Interaction of nuclear factors with multiple sites in the somatic
cytochrome ¢ promoter. Characterization of upstream NRF-1, ATF, and intron Sp1 recognition
sequences. J Biol Chem. 1989; 264:14361-14368. [PubMed: 2547796]

Virbasius JV, Scarpulla RC. Activation of the human mitochondrial transcription factor A gene by
nuclear respiratory factors: a potential regulatory link between nuclear and mitochondrial gene
expression in organelle biogenesis. Proc Natl Acad Sci U S A. 1994; 91:1309-1313. [PubMed:
8108407]

Gleyzer N, Vercauteren K, Scarpulla RC. 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. 2005; 25:1354-1366. [PubMed: 15684387]

Ongwijitwat S, Liang HL, Graboyes EM, Wong-Riley MT. Nuclear respiratory factor 2 senses
changing cellular energy demands and its silencing down-regulates cytochrome oxidase and other
target gene mRNAs. Gene. 2006; 374:39-49. [PubMed: 16516409]

Dhar SS, Ongwijitwat S, Wong-Riley MT. Nuclear respiratory factor 1 regulates all ten nuclear-
encoded subunits of cytochrome ¢ oxidase in neurons. J Biol Chem. 2008; 283:3120-3129.
[PubMed: 18077450]

Satoh J, Kawana N, Yamamoto Y. Pathway analysis of ChIP-seg-based NRF1 target genes
suggests a logical hypothesis of their involvement in the pathogenesis of neurodegenerative
diseases. Gene Regul Syst Bio. 2013; 7:139-152.

Huo L, Scarpulla RC. Mitochondrial DNA instability and peri-implantation lethality associated
with targeted disruption of nuclear respiratory factor 1 in mice. Mol Cell Biol. 2001; 21:644-654.
[PubMed: 11134350]

Ristevski S, O'Leary DA, Thornell AP, Owen MJ, Kola I, Hertzog PJ. The ETS transcription factor
GABPalpha is essential for early embryogenesis. Mol Cell Biol. 2004; 24:5844-5849. [PubMed:
15199140]

Issemann |, Green S. Activation of a member of the steroid hormone receptor superfamily by
peroxisome proliferators. Nature. 1990; 347:645-650. [PubMed: 2129546]

Gulick T, Cresci S, Caira T, Moore DD, Kelly DP. The peroxisome proliferator-activated receptor
regulates mitochondrial fatty acid oxidative enzyme gene expression. Proc Natl Acad Sci U S A.
1994; 91:11012-11016. [PubMed: 7971999]

Brandt JM, Djouadi F, Kelly DP. Fatty acids activate transcription of the muscle carnitine
palmitoyltransferase | gene in cardiac myocytes via the peroxisome proliferator-activated receptor
alpha. J Biol Chem. 1998; 273:23786-23792. [PubMed: 9726988]

Mascaro C, Acosta E, Ortiz JA, Marrero PF, Hegardt FG, Haro D. Control of human muscle-type
carnitine palmitoyltransferase | gene transcription by peroxisome proliferator-activated receptor. J
Biol Chem. 1998; 273:8560-8563. [PubMed: 9535828]

van der Meer DL, Degenhardt T, Vaisanen S, de Groot PJ, Heinaniemi M, de Vries SC, Muller M,
Carlberg C, Kersten S. Profiling of promoter occupancy by PPARalpha in human hepatoma cells
via ChIP-chip analysis. Nucleic Acids Res. 2010; 38:2839-2850. [PubMed: 20110263]

McMullen PD, Bhattacharya S, Woods CG, Sun B, Yarborough K, Ross SM, Miller ME, McBride
MT, LeCluyse EL, Clewell RA, Andersen ME. A map of the PPARalpha transcription regulatory
network for primary human hepatocytes. Chem Biol Interact. 2014; 209:14-24. [PubMed:
24269660]

Forman BM, Chen J, Evans RM. Hypolipidemic drugs, polyunsaturated fatty acids, and
eicosanoids are ligands for peroxisome proliferator-activated receptors alpha and delta. Proc Natl
Acad Sci U S A. 1997; 94:4312-4317. [PubMed: 9113986]

Kliewer SA, Sundseth SS, Jones SA, Brown PJ, Wisely GB, Koble CS, Devchand P, Wahli W,
Willson TM, Lenhard JM, Lehmann JM. Fatty acids and eicosanoids regulate gene expression
through direct interactions with peroxisome proliferator-activated receptors alpha and gamma.
Proc Natl Acad Sci U S A. 1997; 94:4318-4323. [PubMed: 9113987]

Krey G, Braissant O, L'Horset F, Kalkhoven E, Perroud M, Parker MG, Wahli W. Fatty acids,
eicosanoids, and hypolipidemic agents identified as ligands of peroxisome proliferator-activated
receptors by coactivator-dependent receptor ligand assay. Mol Endocrinol. 1997; 11:779-791.
[PubMed: 9171241]

Circ Res. Author manuscript; available in PMC 2016 May 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vega et al.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

Page 19

Haemmerle G, Moustafa T, Woelkart G, et al. ATGL-mediated fat catabolism regulates cardiac
mitochondrial function via PPAR-alpha and PGC-1. Nat Med. 2011; 17:1076-1085. [PubMed:
21857651]

Banke NH, Wende AR, Leone TC, O'Donnell JM, Abel ED, Kelly DP, Lewandowski ED.
Preferential oxidation of triacylglyceride-derived fatty acids in heart is augmented by the nuclear
receptor PPARalpha. Circ Res. 2010; 107:233-241. [PubMed: 20522803]

Aoyama T, Peters JM, Iritani N, Nakajima T, Furihata K, Hashimoto T, Gonzalez FJ. Altered
constitutive expression of fatty acid-metabolizing enzymes in mice lacking the peroxisome
proliferator-activated receptor alpha (PPARalpha). J Biol Chem. 1998; 273:5678-5684. [PubMed:
9488698]

Leone TC, Weinheimer CJ, Kelly DP. A critical role for the peroxisome proliferator-activated
receptor alpha (PPARalpha) in the cellular fasting response: the PPARalpha-null mouse as a
model of fatty acid oxidation disorders. Proc Natl Acad Sci U S A. 1999; 96:7473-7478.
[PubMed: 10377439]

Djouadi F, Brandt JM, Weinheimer CJ, Leone TC, Gonzalez FJ, Kelly DP. The role of the
peroxisome proliferator-activated receptor alpha (PPAR alpha) in the control of cardiac lipid
metabolism. Prostaglandins Leukot Essent Fatty Acids. 1999; 60:339-343. [PubMed: 10471118]

Watanabe K, Fujii H, Takahashi T, Kodama M, Aizawa Y, Ohta Y, Ono T, Hasegawa G, Naito M,
Nakajima T, Kamijo Y, Gonzalez FJ, Aoyama T. Constitutive regulation of cardiac fatty acid
metabolism through peroxisome proliferator-activated receptor alpha associated with age-
dependent cardiac toxicity. J Biol Chem. 2000; 275:22293-22299. [PubMed: 10801788]

Finck BN, Lehman JJ, Leone TC, Welch MJ, Bennett MJ, Kovacs A, Han X, Gross RW, Kozak R,
Lopaschuk GD, Kelly DP. The cardiac phenotype induced by PPARalpha overexpression mimics
that caused by diabetes mellitus. J Clin Invest. 2002; 109:121-130. [PubMed: 11781357]

Finck BN, Han X, Courtois M, Aimond F, Nerbonne JM, Kovacs A, Gross RW, Kelly DP. A
critical role for PPARalpha-mediated lipotoxicity in the pathogenesis of diabetic cardiomyopathy:
modulation by dietary fat content. Proc Natl Acad Sci U S A. 2003; 100:1226-1231. [PubMed:
12552126]

Wang P, Liu J, Li Y, Wu S, Luo J, Yang H, Subbiah R, Chatham J, Zhelyabovska O, Yang Q.
Peroxisome proliferator-activated receptor {delta} is an essential transcriptional regulator for
mitochondrial protection and biogenesis in adult heart. Circ Res. 2010; 106:911-919. [PubMed:
20075336]

Burkart EM, Sambandam N, Han X, Gross RW, Courtois M, Gierasch CM, Shoghi K, Welch MJ,
Kelly DP. Nuclear receptors PPARbeta/delta and PPARalpha direct distinct metabolic regulatory
programs in the mouse heart. J Clin Invest. 2007; 117:3930-3939. [PubMed: 18037994]
Georgiadi A, Lichtenstein L, Degenhardt T, Boekschoten MV, van Bilsen M, Desvergne B, Muller
M, Kersten S. Induction of cardiac Angptl4 by dietary fatty acids is mediated by peroxisome
proliferator-activated receptor beta/delta and protects against fatty acid-induced oxidative stress.
Circ Res. 2010; 106:1712-1721. [PubMed: 20378851]

Liu J, Wang P, Luo J, Huang Y, He L, Yang H, Li Q, Wu S, Zhelyabovska O, Yang Q. Peroxisome
proliferator-activated receptor beta/delta activation in adult hearts facilitates mitochondrial
function and cardiac performance under pressure-overload condition. Hypertension. 2011; 57:223—
230. [PubMed: 21220704]

Kaul S, Bolger AF, Herrington D, Giugliano RP, Eckel RH. Thiazolidinedione drugs and
cardiovascular risks: a science advisory from the American Heart Association and American
College of Cardiology Foundation. Circulation. 2010; 121:1868-1877. [PubMed: 20179252]

Son NH, Park TS, Yamashita H, Yokoyama M, Huggins LA, Okajima K, Homma S, Szabolcs MJ,
Huang LS, Goldberg 1J. Cardiomyocyte expression of PPARgamma leads to cardiac dysfunction
in mice. J Clin Invest. 2007; 117:2791-2801. [PubMed: 17823655]

Duan SZ, Ivashchenko CY, Russell MW, Milstone DS, Mortensen RM. Cardiomyocyte-specific
knockout and agonist of peroxisome proliferator-activated receptor-gamma both induce cardiac
hypertrophy in mice. Circ Res. 2005; 97:372-379. [PubMed: 16051889]

Ding G, Fu M, Qin Q, Lewis W, Kim HW, Fukai T, Bacanamwo M, Chen YE, Schneider MD,
Mangelsdorf DJ, Evans RM, Yang Q. Cardiac peroxisome proliferator-activated receptor gamma

Circ Res. Author manuscript; available in PMC 2016 May 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vegaetal.

Page 20

is essential in protecting cardiomyocytes from oxidative damage. Cardiovasc Res. 2007; 76:269—
279. [PubMed: 17678635]
100. Drosatos K, Khan RS, Trent CM, Jiang H, Son NH, Blaner WS, Homma S, Schulze PC, Goldberg
1J. Peroxisome proliferator-activated receptor-gamma activation prevents sepsis-related cardiac
dysfunction and mortality in mice. Circ Heart Fail. 2013; 6:550-562. [PubMed: 23572494]

101. Vega RB, Kelly DP. A role for estrogen-related receptor alpha in the control of mitochondrial
fatty acid beta-oxidation during brown adipocyte differentiation. J Biol Chem. 1997; 272:31693—
31699. [PubMed: 9395511]

102. Sladek R, Bader JA, Giguere V. The orphan nuclear receptor estrogen-related receptor alpha is a
transcriptional regulator of the human medium-chain acyl coenzyme A dehydrogenase gene. Mol
Cell Biol. 1997; 17:5400-5409. [PubMed: 9271417]

103. Huss JM, Torra IP, Staels B, Giguere V, Kelly DP. Estrogen-related receptor alpha directs
peroxisome proliferator-activated receptor alpha signaling in the transcriptional control of energy
metabolism in cardiac and skeletal muscle. Mol Cell Biol. 2004; 24:9079-9091. [PubMed:
15456881]

104. Dufour CR, Wilson BJ, Huss JM, Kelly DP, Alaynick WA, Downes M, Evans RM, Blanchette
M, Giguere V. Genome-wide orchestration of cardiac functions by the orphan nuclear receptors
ERRalpha and gamma. Cell Metab. 2007; 5:345-356. [PubMed: 17488637]

105. Huss JM, Imahashi K, Dufour CR, Weinheimer CJ, Courtois M, Kovacs A, Giguere V, Murphy
E, Kelly DP. The nuclear receptor ERRalpha is required for the bioenergetic and functional
adaptation to cardiac pressure overload. Cell Metab. 2007; 6:25-37. [PubMed: 17618854]

106. Perry MC, Dufour CR, Tam IS, B'Chir W, Giguere V. Estrogen-related receptor-alpha
coordinates transcriptional programs essential for exercise tolerance and muscle fitness. Mol
Endocrinol. 2014; 28:2060-2071. [PubMed: 25361393]

107. Alaynick WA, Kondo RP, Xie W, He W, Dufour CR, Downes M, Jonker JW, Giles W, Naviaux
RK, Giguere V, Evans RM. ERRgamma directs and maintains the transition to oxidative
metabolism in the postnatal heart. Cell Metab. 2007; 6:13-24. [PubMed: 17618853]

108. Wang T, McDonald C, Petrenko NB, Leblanc M, Wang T, Giguere V, Evans RM, Patel VV, Pei
L. ERRalpha and ERRgamma are essential coordinators of cardiac metabolism and function. Mol
Cell Biol. 2015

109. Narkar VA, Fan W, Downes M, Yu RT, Jonker JW, Alaynick WA, Banayo E, Karunasiri MS,
Lorca S, Evans RM. Exercise and PGC-1alpha-independent synchronization of type | muscle
metabolism and vasculature by ERRgamma. Cell Metab. 2011; 13:283-293. [PubMed:
21356518]

110. Rangwala SM, Wang X, Calvo JA, Lindsley L, Zhang Y, Deyneko G, Beaulieu V, Gao J, Turner
G, Markovits J. Estrogen-related receptor gamma is a key regulator of muscle mitochondrial
activity and oxidative capacity. J Biol Chem. 2010; 285:22619-22629. [PubMed: 20418374]

111. Gan Z, Rumsey J, Hazen BC, Lai L, Leone TC, Vega RB, Xie H, Conley KE, Auwerx J, Smith
SR, Olson EN, Kralli A, Kelly DP. Nuclear receptor/microRNA circuitry links muscle fiber type
to energy metabolism. J Clin Invest. 2013; 123:2564-2575. [PubMed: 23676496]

112. Kim J, Lee JH, lyer VR. Global identification of Myc target genes reveals its direct role in
mitochondrial biogenesis and its E-box usage in vivo. PLoS One. 2008; 3:¢1798. [PubMed:
18335064]

113. Li F, Wang Y, Zeller KI, Potter JJ, Wonsey DR, O'Donnell KA, Kim JW, Yustein JT, Lee LA,
Dang CV. Myc stimulates nuclearly encoded mitochondrial genes and mitochondrial biogenesis.
Mol Cell Biol. 2005; 25:6225-6234. [PubMed: 15988031]

114. Graves JA, Wang Y, Sims-Lucas S, Cherok E, Rothermund K, Branca MF, Elster J, Beer-Stolz
D, Van Houten B, Vockley J, Prochownik EV. Mitochondrial structure, function and dynamics
are temporally controlled by c-Myc. PL0S One. 2012; 7:e37699. [PubMed: 22629444]

115. Ahuja P, Zhao P, Angelis E, Ruan H, Korge P, Olson A, Wang Y, Jin ES, Jeffrey FM, Portman
M, Maclellan WR. Myc controls transcriptional regulation of cardiac metabolism and
mitochondrial biogenesis in response to pathological stress in mice. J Clin Invest. 2010;
120:1494-1505. [PubMed: 20364083]

Circ Res. Author manuscript; available in PMC 2016 May 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vegaetal.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Page 21

Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman BM. A cold-inducible
coactivator of nuclear receptors linked to adaptive thermogenesis. Cell. 1998; 92:829-839.
[PubMed: 9529258]

Lin J, Puigserver P, Donovan J, Tarr P, Spiegelman BM. Peroxisome proliferator-activated
receptor gamma coactivator 1beta (PGC-1beta), a novel PGC-1-related transcription coactivator
associated with host cell factor. J Biol Chem. 2002; 277:1645-1648. [PubMed: 11733490]

Kressler D, Schreiber SN, Knutti D, Kralli A. The PGC-1-related protein PERC is a selective
coactivator of estrogen receptor alpha. J Biol Chem. 2002; 277:13918-13925. [PubMed:
11854298]

Andersson U, Scarpulla RC. Pgc-1-related coactivator, a novel, serum-inducible coactivator of
nuclear respiratory factor 1-dependent transcription in mammalian cells. Mol Cell Biol. 2001;
21:3738-3749. [PubMed: 11340167]

Baar K, Wende AR, Jones TE, Marison M, Nolte LA, Chen M, Kelly DP, Holloszy JO.
Adaptations of skeletal muscle to exercise: rapid increase in the transcriptional coactivator
PGC-1. FASEB J. 2002; 16:1879-1886. [PubMed: 12468452]

Terada S, Goto M, Kato M, Kawanaka K, Shimokawa T, Tabata I. Effects of low-intensity
prolonged exercise on PGC-1 mRNA expression in rat epitrochlearis muscle. Biochem Biophys
Res Commun. 2002; 296:350-354. [PubMed: 12163024]

Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, Troy A, Cinti S, Lowell B,
Scarpulla RC, Spiegelman BM. Mechanisms controlling mitochondrial biogenesis and
respiration through the thermogenic coactivator PGC-1. Cell. 1999; 98:115-124. [PubMed:
10412986]

Lehman JJ, Barger PM, Kovacs A, Saffitz JE, Medeiros DM, Kelly DP. Peroxisome proliferator-
activated receptor gamma coactivator-1 promotes cardiac mitochondrial biogenesis. J Clin Invest.
2000; 106:847-856. [PubMed: 11018072]

Vega RB, Huss JM, Kelly DP. The coactivator PGC-1 cooperates with peroxisome proliferator-
activated receptor alpha in transcriptional control of nuclear genes encoding mitochondrial fatty
acid oxidation enzymes. Mol Cell Biol. 2000; 20:1868-1876. [PubMed: 10669761]

Wang YX, Lee CH, Tiep S, Yu RT, Ham J, Kang H, Evans RM. Peroxisome-proliferator-
activated receptor delta activates fat metabolism to prevent obesity. Cell. 2003; 113:159-170.
[PubMed: 12705865]

Hentschke M, Susens U, Borgmeyer U. PGC-1 and PERC, coactivators of the estrogen receptor-
related receptor gamma. Biochem Biophys Res Commun. 2002; 299:872-879. [PubMed:
12470660]

Huss JM, Kopp RP, Kelly DP. Peroxisome proliferator-activated receptor coactivator-lalpha
(PGC-1alpha) coactivates the cardiac-enriched nuclear receptors estrogen-related receptor-alpha
and -gamma. Identification of novel leucine-rich interaction motif within PGC-1alpha. J Biol
Chem. 2002; 277:40265-40274. [PubMed: 12181319]

Schreiber SN, Knutti D, Brogli K, Uhlmann T, Kralli A. The transcriptional coactivator PGC-1
regulates the expression and activity of the orphan nuclear receptor estrogen-related receptor
alpha (ERRalpha). J Biol Chem. 2003; 278:9013-9018. [PubMed: 12522104]

Lin J, Wu PH, Tarr PT, et al. Defects in adaptive energy metabolism with CNS-linked
hyperactivity in PGC-1alpha null mice. Cell. 2004; 119:121-135. [PubMed: 15454086]

Leone TC, Lehman JJ, Finck BN, et al. PGC-1alpha deficiency causes multi-system energy
metabolic derangements: muscle dysfunction, abnormal weight control and hepatic steatosis.
PLoS Biol. 2005; 3:e101. [PubMed: 15760270]

Lelliott CJ, Medina-Gomez G, Petrovic N, et al. Ablation of PGC-1beta results in defective
mitochondrial activity, thermogenesis, hepatic function, and cardiac performance. PLoS Biol.
2006; 4:e369. [PubMed: 17090215]

Sonoda J, Mehl IR, Chong LW, Nofsinger RR, Evans RM. PGC-1beta controls mitochondrial
metabolism to modulate circadian activity, adaptive thermogenesis, and hepatic steatosis. Proc
Natl Acad Sci U S A. 2007; 104:5223-5228. [PubMed: 17360356]

Circ Res. Author manuscript; available in PMC 2016 May 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vegaetal.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Page 22

Arany Z, Novikov M, Chin S, Ma Y, Rosenzweig A, Spiegelman BM. Transverse aortic
constriction leads to accelerated heart failure in mice lacking PPAR-gamma coactivator lalpha.
Proc Natl Acad Sci U S A. 2006; 103:10086-10091. [PubMed: 16775082]

Riehle C, Wende AR, Zaha VG, et al. PGC-1beta deficiency accelerates the transition to heart
failure in pressure overload hypertrophy. Circ Res. 2011; 109:783-793. [PubMed: 21799152]

Cho Y, Hazen BC, Russell AP, Kralli A. Peroxisome proliferator-activated receptor gamma
coactivator 1 (PGC-1)- and estrogen-related receptor (ERR)-induced regulator in muscle 1
(Perm1) is a tissue-specific regulator of oxidative capacity in skeletal muscle cells. J Biol Chem.
2013; 288:25207-25218. [PubMed: 23836911]

Malik S, Roeder RG. The metazoan Mediator co-activator complex as an integrative hub for
transcriptional regulation. Nat Rev Genet. 2010; 11:761-772. [PubMed: 20940737]

Fondell JD, Ge H, Roeder RG. Ligand induction of a transcriptionally active thyroid hormone
receptor coactivator complex. Proc Natl Acad Sci U S A. 1996; 93:8329-8333. [PubMed:
8710870]

Jiang P, Hu Q, Ito M, Meyer S, Waltz S, Khan S, Roeder RG, Zhang X. Key roles for MED1
LxxLL motifs in pubertal mammary gland development and luminal-cell differentiation. Proc
Natl Acad Sci U S A. 2010; 107:6765-6770. [PubMed: 20351249]

Ge K, Guermah M, Yuan CX, Ito M, Wallberg AE, Spiegelman BM, Roeder RG. Transcription
coactivator TRAP220 is required for PPAR gamma 2-stimulated adipogenesis. Nature. 2002;
417:563-567. [PubMed: 12037571]

Jia'Y, Qi C, Kashireddi P, Surapureddi S, Zhu YJ, Rao MS, Le Roith D, Chambon P, Gonzalez
FJ, Reddy JK. Transcription coactivator PBP, the peroxisome proliferator-activated receptor
(PPAR)-binding protein, is required for PPARalpha-regulated gene expression in liver. J Biol
Chem. 2004; 279:24427-24434. [PubMed: 15150259]

Chen W, Zhang X, Birsoy K, Roeder RG. A muscle-specific knockout implicates nuclear receptor
coactivator MEDL1 in the regulation of glucose and energy metabolism. Proc Natl Acad Sci U S
A. 2010; 107:10196-10201. [PubMed: 20479251]

Handschin C, Rhee J, Lin J, Tarr PT, Spiegelman BM. An autoregulatory loop controls
peroxisome proliferator-activated receptor gamma coactivator lalpha expression in muscle. Proc
Natl Acad Sci U S A. 2003; 100:7111-7116. [PubMed: 12764228]

Herzig S, Long F, Jhala US, Hedrick S, Quinn R, Bauer A, Rudolph D, Schutz G, Yoon C,
Puigserver P, Spiegelman B, Montminy M. CREB regulates hepatic gluconeogenesis through the
coactivator PGC-1. Nature. 2001; 413:179-183. [PubMed: 11557984]

Schaeffer PJ, Wende AR, Magee CJ, Neilson JR, Leone TC, Chen F, Kelly DP. Calcineurin and
calcium/calmodulin-dependent protein kinase activate distinct metabolic gene regulatory
programs in cardiac muscle. J Biol Chem. 2004; 279:39593-39603. [PubMed: 15262994]
Czubryt MP, McAnally J, Fishman GI, Olson EN. Regulation of peroxisome proliferator-
activated receptor gamma coactivator 1 alpha (PGC-1 alpha) and mitochondrial function by
MEF2 and HDACS. Proc Natl Acad Sci U S A. 2003; 100:1711-1716. [PubMed: 12578979]
Jager S, Handschin C, St-Pierre J, Spiegelman BM. AMP-activated protein kinase (AMPK) action
in skeletal muscle via direct phosphorylation of PGC-1alpha. Proc Natl Acad Sci U S A. 2007;
104:12017-12022. [PubMed: 17609368]

Hardie DG. AMPK: positive and negative regulation, and its role in whole-body energy
homeostasis. Curr Opin Cell Biol. 2014; 33C:1-7. [PubMed: 25259783]

Canto C, Gerhart-Hines Z, Feige JN, Lagouge M, Noriega L, Milne JC, Elliott PJ, Puigserver P,
Auwerx J. AMPK regulates energy expenditure by modulating NAD+ metabolism and SIRT1
activity. Nature. 2009; 458:1056-1060. [PubMed: 19262508]

Canto C, Auwerx J. Caloric restriction, SIRT1 and longevity. Trends Endocrinol Metab. 2009;
20:325-331. [PubMed: 19713122]

Gerhart-Hines Z, Rodgers JT, Bare O, Lerin C, Kim SH, Mostoslavsky R, Alt FW, Wu Z,
Puigserver P. Metabolic control of muscle mitochondrial function and fatty acid oxidation
through SIRT1/PGC-1alpha. EMBO J. 2007; 26:1913-1923. [PubMed: 17347648]

Coste A, Louet JF, Lagouge M, Lerin C, Antal MC, Meziane H, Schoonjans K, Puigserver P,
O'Malley BW, Auwerx J. The genetic ablation of SRC-3 protects against obesity and improves

Circ Res. Author manuscript; available in PMC 2016 May 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vegaetal.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167

168

Page 23

insulin sensitivity by reducing the acetylation of PGC-1{alpha}. Proc Natl Acad Sci U S A.
2008; 105:17187-17192. [PubMed: 18957541]

Li L, Pan R, Li R, Niemann B, Aurich AC, Chen Y, Rohrbach S. Mitochondrial biogenesis and
peroxisome proliferator-activated receptor-gamma coactivator-1lalpha (PGC-1alpha)
deacetylation by physical activity: intact adipocytokine signaling is required. Diabetes. 2011;
60:157-167. [PubMed: 20929977]

Lerin C, Rodgers JT, Kalume DE, Kim SH, Pandey A, Puigserver P. GCN5 acetyltransferase
complex controls glucose metabolism through transcriptional repression of PGC-1alpha. Cell
Metab. 2006; 3:429-438. [PubMed: 16753578]

Kelly TJ, Lerin C, Haas W, Gygi SP, Puigserver P. GCN5-mediated transcriptional control of the
metabolic coactivator PGC-1beta through lysine acetylation. J Biol Chem. 2009; 284:19945—
19952. [PubMed: 19491097]

Dominy JE Jr, Lee Y, Jedrychowski MP, et al. The deacetylase Sirt6 activates the

acetyltransferase GCN5 and suppresses hepatic gluconeogenesis. Mol Cell. 2012; 48:900-913.

[PubMed: 23142079]

Cunningham JT, Rodgers JT, Arlow DH, Vazquez F, Mootha VK, Puigserver P. mTOR controls

mitochondrial oxidative function through a Y'Y 1-PGC-1alpha transcriptional complex. Nature.

2007; 450:736-740. [PubMed: 18046414]

Blattler SM, Verdeguer F, Liesa M, Cunningham JT, Vogel RO, Chim H, Liu H, Romanino K,

Shirihai OS, Vazquez F, Ruegg MA, Shi Y, Puigserver P. Defective mitochondrial morphology

and bioenergetic function in mice lacking the transcription factor Yin Yang 1 in skeletal muscle.

Mol Cell Biol. 2012; 32:3333-3346. [PubMed: 22711985]

XiH, YuY,FuY, Foley J, Halees A, Weng Z. Analysis of overrepresented motifs in human core

promoters reveals dual regulatory roles of YY1. Genome Res. 2007; 17:798-806. [PubMed:

17567998]

Lenka N, Vijayasarathy C, Mullick J, Avadhani NG. Structural organization and transcription

regulation of nuclear genes encoding the mammalian cytochrome ¢ oxidase complex. Prog

Nucleic Acid Res Mol Biol. 1998; 61:309-344. [PubMed: 9752724]

Beharry Z, Mahajan S, Zemskova M, Lin YW, Tholanikunnel BG, Xia Z, Smith CD, Kraft AS.

The Pim protein kinases regulate energy metabolism and cell growth. Proc Natl Acad Sci U S A.

2011; 108:528-533. [PubMed: 21187426]

Din S, Konstandin MH, Johnson B, et al. Metabolic dysfunction consistent with premature aging

results from deletion of pim kinases. Circ Res. 2014

Hallman M. Changes in mitochondrial respiratory chain proteins during perinatal development.

Evidence of the importance of environmental oxygen tension. Biochim Biophys Acta. 1971;

253:360-372. [PubMed: 4257282]

Smolich JJ, Walker AM, Campbell GR, Adamson TM. Left and right ventricular myocardial

morphometry in fetal, neonatal, and adult sheep. Am J Physiol. 1989; 257:H1-H9. [PubMed:

2750930]

Porter GA Jr, Hom J, Hoffman D, Quintanilla R, de Mesy Bentley K, Sheu SS. Bioenergetics,

mitochondria, and cardiac myocyte differentiation. Prog Pediatr Cardiol. 2011; 31:75-81.

[PubMed: 21603067]

Lai L, Leone TC, Zechner C, Schaeffer PJ, Kelly SM, Flanagan DP, Medeiros DM, Kovacs A,

Kelly DP. Transcriptional coactivators PGC-1alpha and PGC-1beta control overlapping

programs required for perinatal maturation of the heart. Genes Dev. 2008; 22:1948-1961.

[PubMed: 18628400]

Martin OJ, Lai L, Soundarapandian MM, Leone TC, Zorzano A, Keller MP, Attie AD, Muoio

DM, Kelly DP. A role for peroxisome proliferator-activated receptor gamma coactivator-1 in the

control of mitochondrial dynamics during postnatal cardiac growth. Circ Res. 2014; 114:626—

636. [PubMed: 24366168]

. Verhoeven K, Claeys KG, Zuchner S, et al. MFN2 mutation distribution and genotype/phenotype
correlation in Charcot-Marie-Tooth type 2. Brain. 2006; 129:2093-2102. [PubMed: 16714318]

. Liesa M, Shirihai OS. Mitochondrial dynamics in the regulation of nutrient utilization and energy

expenditure. Cell Metab. 2013; 17:491-506. [PubMed: 23562075]

Circ Res. Author manuscript; available in PMC 2016 May 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vegaetal.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Page 24

ChenY, Liu Y, Dorn GW 2nd. Mitochondrial fusion is essential for organelle function and
cardiac homeostasis. Circ Res. 2011; 109:1327-1331. [PubMed: 22052916]

Papanicolaou KN, Kikuchi R, Ngoh GA, Coughlan KA, Dominguez I, Stanley WC, Walsh K.
Mitofusins 1 and 2 are essential for postnatal metabolic remodeling in heart. Circ Res. 2012;
111:1012-1026. [PubMed: 22904094]

Papanicolaou KN, Khairallah RJ, Ngoh GA, Chikando A, Luptak I, O'Shea KM, Riley DD,
Lugus JJ, Colucci WS, Lederer WJ, Stanley WC, Walsh K. Mitofusin-2 maintains mitochondrial
structure and contributes to stress-induced permeability transition in cardiac myocytes. Mol Cell
Biol. 2011; 31:1309-1328. [PubMed: 21245373]

Papanicolaou KN, Ngoh GA, Dabkowski ER, O'Connell KA, Ribeiro RF Jr, Stanley WC, Walsh
K. Cardiomyocyte deletion of mitofusin-1 leads to mitochondrial fragmentation and improves
tolerance to ROS-induced mitochondrial dysfunction and cell death. Am J Physiol - Heart Circ
Physiol. 2012; 302:H167-H179. [PubMed: 22037195]

Aubert G, Vega RB, Kelly DP. Perturbations in the gene regulatory pathways controlling
mitochondrial energy production in the failing heart. Biochim Biophys Acta. 2013; 1833:840-
847. [PubMed: 22964268]

Lygate CA, Schneider JE, Neubauer S. Investigating cardiac energetics in heart failure. Exp
Physiol. 2013; 98:601-605. [PubMed: 22983996]

Barger PM, Brandt JM, Leone TC, Weinheimer CJ, Kelly DP. Deactivation of peroxisome
proliferator-activated receptor-alpha during cardiac hypertrophic growth. J Clin Invest. 2000;
105:1723-1730. [PubMed: 10862787]

Sack MN, Disch DL, Rockman HA, Kelly DP. A role for Sp and nuclear receptor transcription
factors in a cardiac hypertrophic growth program. Proc Natl Acad Sci U S A. 1997; 94:6438-
6443. [PubMed: 9177236]

Sack MN, Rader TA, Park S, Bastin J, McCune SA, Kelly DP. Fatty acid oxidation enzyme gene
expression is downregulated in the failing heart. Circulation. 1996; 94:2837-2842. [PubMed:
8941110]

Kanda H, Nohara R, Hasegawa K, Kishimoto C, Sasayama S. A nuclear complex containing
PPARalpha/RXRalpha is markedly downregulated in the hypertrophied rat left ventricular
myocardium with normal systolic function. Heart Vessels. 2000; 15:191-196. [PubMed:
11471659]

Garnier A, Zoll J, Fortin D, N'Guessan B, Lefebvre F, Geny B, Mettauer B, Veksler V, Ventura-
Clapier R. Control by circulating factors of mitochondrial function and transcription cascade in
heart failure: a role for endothelin-1 and angiotensin Il. Circ Heart Fail. 2009; 2:342-350.
[PubMed: 19808358]

Sihag S, Cresci S, Li AY, Sucharov CC, Lehman JJ. PGC-1alpha and ERRalpha target gene
downregulation is a signature of the failing human heart. J Mol Cell Card. 2009; 46:201-212.
Oka S, Alcendor R, Zhai P, Park JY, Shao D, Cho J, Yamamoto T, Tian B, Sadoshima J.
PPARalpha-Sirtl complex mediates cardiac hypertrophy and failure through suppression of the
ERR transcriptional pathway. Cell Metab. 2011; 14:598-611. [PubMed: 22055503]
Gomez-Arroyo J, Mizuno S, Szczepanek K, et al. Metabolic gene remodeling and mitochondrial
dysfunction in failing right ventricular hypertrophy secondary to pulmonary arterial
hypertension. Circ Heart Fail. 2013; 6:136-144. [PubMed: 23152488]

Lai L, Leone TC, Keller MP, Martin OJ, Broman AT, Nigro J, Kapoor K, Koves TR, Stevens R,
llkayeva OR, Vega RB, Attie AD, Muoio DM, Kelly DP. Energy metabolic reprogramming in
the hypertrophied and early stage failing heart: a multisystems approach. Circ Heart Fail. 2014;
7:1022-1031. [PubMed: 25236884]

Circ Res. Author manuscript; available in PMC 2016 May 22.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Vegaetal.

A.

Page 25

Strand-Displacement Model RITOLS

Figure 1. The two predominant models of mtDNA replication are shown here
Both models concur the replisome consists of at least a helicase, TWINKLE (orange) and

POLG (yellow). Leading strand synthesis begins at Oy and lagging strand synthesis at O
(red arrow). A) Strand-displacement model (SDM) proposes SSB proteins (green spheres)
bind the displaced H-strand during leading strand replication. B) Alternatively, the
ribonucleotide incorporation throughout the lagging strand (RITOLS) model proposes
portions of transcribed mtDNA bind the H-strand (green dotted line).
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A. Transcription B. Transcription Initiation C. Transcription/Replication
Pre-initiation Switch
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Figure2. POLMRT Playsa Critical Rolein Mitochondrial Transcription and Replication
A) The transcription pre-initiation begins with mitochondrial transcription factor A (TFAM)

binding and recruiting POLMRT. TFAM enables POLMRT interaction with upstream
promoter (P) by bending the DNA around POLMRT. B) Transcription initiation occurs
when TF2BM binds POLMRT and facilitates promoter melting forming the characteristic
D-loop region. POLMRT synthesizes an RNA primer (green dotted line) until reaching
CSBII where the transcription/replication switch occurs. C) In the presence of TEFM the G-
quadruplex that stalls POLMRT is disrupted allowing POLMRT to continue adding
nucleotides and completing transcription (top). In the absence of TEFM, POLMRT
disassociates from mtDNA, transcription is terminated at CSBII and the oligonucleotide
strand is used as a primer for DNA replication (bottom). Replication then proceeds
following the recruitment of the replisome apparatus. TFAM, mitochondrial transcription
factor A; POLMRT, mitochondrial RNA polymerase; TFB2M, mitochondrial transcription
factor B2; CSBII, conserved sequence block II; TEFM, mitochondrial transcription
elongation factor.
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Figure 3. PGC-1a mediates physiologic control of mitochondrial biogenesis and function
The transcriptional coactivator PGC-1a interacts directly with multiple transcription factors

to integrate upstream signaling events with mitochondrial biogenesis and functional
capacity. The downstream transcription factors control virtually every aspect of
mitochondrial function and energy production including biogenesis, dynamics, and
maintenance of protein levels. The control of PGC-1a expression and activity is dynamic,
responding to multiple intracellular second messengers and signaling molecules transmitting
inputs from various physiologic and metabolic stimuli (top). CREB, cAMP-response
element binding protein; AMPK, AMP-activated protein kinase; SIRT1, sirtuin 1; CaMK,
calmodulin-dependent kinase; CN, calcineurin; NAD™, nicotinamide adenine dinucleotide;
PGC-1a, PPARY coactivator 1; PPAR, peroxisome proliferator-activated receptor; NRF,
nuclear respiratory factor; ERR, estrogen-related receptor; ETC/OXPHOS, electron
transport chain/oxidative phosphorylation.
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Figure 4. Dynamic changesin cardiac mitochondrial number, structure, and function during
developmental stages and in the failing heart

Electron micrographs reveal a developmentally regulated increase in cardiac myocyte
mitochondrial number and organization during the transition from the fetal period to the
adult. The surge of mitochondrial biogenesis at birth and subsequent maturation in the
postnatal heart is driven by induction of PGC-1. In the adult heart, PGC-1 maintains high
level, coordinated expression of nuclear and mitochondrial genes encoding mitochondrial
machinery. Mitochondrial function and energy production is compromised in the failing
heart concomitant with decreased ERR/PPAR/PGC-1 signaling. PPAR, peroxisome
proliferator-activated receptor; ERR, estrogen-related receptor; PGC-1, PPARY coactivator
1; PCr, phosphocreatine.
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Nuclear transcription factors regulating mitochondrial biogenesis and maturation
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factor Class Model Phenotype References
NRF-1 Nrfl DNA-binding General KO Embryonic lethality of KO at 6.5 73
with reduced mtDNA and ETC
activity
NRF-2/GABP  ETS-domain General KO Embryonic lethality prior to 74
implantation
PPARa Nuclear receptor General KO Reduced FAO rates, 86-89
cardiomyopathy with metabolic
stress
Cardiac-specific Tg Increased FAO uptake, storage 90,91
and oxidation; recapitulates
diabetic cardiomyopathy
phenotype
PPARB/S Nuclear receptor General KO Reduced FAO and glucose 92
oxidation; cardiac hypertrophy
Cardiac-specific Tg Increased FAO and glucose 93,95
oxidation, protected against
lipotoxicity
PPARY Nuclear receptor General KO Cardiac hypertrophy, increased 98,99
susceptibility to oxidative stress
Cardiac-specific Tg Lipid accumulation and 97
cardiomyopathy
ERRa Nuclear receptor General KO Cardiomyopathy following 105,106
pressure overload with
phosphocreatine depletion and
reduced ATP synthesis rate
ERRy Nuclear receptor General KO Postnatal lethality with inability to 107,108
shift to oxidative metabolism
Skeletal muscle specific Tg High mitochondrial density, 109,110
increased type | fibers
YY1 GLI-Kruppel zinc finger Skeletal muscle specific KO Defects in mitochondrial structure 157
and energy production
c-Myc Basic helix-loop-helix/leucine zipper  Cardiac-specific Tg Cardiac transgene results in 115
mitochondrial biogenesis,
increased glucose oxidation, and
protection from I/R injury
PGC-1 Coactivator General PGC-1a or PGC-1p KO  Decreased function following 133,134
pressure overload
Combined PGC-1a/ KO Postnatal lethal, lack of 165
mitochondrial biogenic response
Postnatal PGC-1a/ KO Mitochondrial defects with 166
impaired postnatal dynamics
Adult cardiac-specific Normal mitochondrial density but 166
PGC-1a/f KO marked downregulation of
mitochondrial gene expression
Cardiac-specific PGC-1a Tg Marked mitochondrial biogenesis 123
resulting in cardiomyopathy
MED1 Coactivator Skeletal muscle specific KO Increased mitochondrial density, 141

fast to slow fiber type shift
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