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Abstract

Mitochondria play a central role not only in energy production but also in the integration of
metabolic pathways as well as signals for apoptosis and autophagy. It is becoming increasingly
apparent that mitochondria in mammalian cells play critical roles in the initiation and propagation
of various signaling cascades. In particular, mitochondrial metabolic and respiratory states and
status on mitochondrial genetic instability are communicated to the nucleus as an adaptive
response through retrograde signaling. Each mammalian cell contains multiple copies of
mitochondrial genome (MtDNA). A reduction in mtDNA copy number has been reported in
various human pathological conditions such as diabetes, obesity, neurodegenerative disorders,
aging and cancer. Reduction in mtDNA copy number disrupts mitochondrial membrane potential
(Aym) resulting in dysfunctional mitochondria. Dysfunctional mitochondria trigger retrograde
signaling and communicate their changing metabolic and functional state to the nucleus as an
adaptive response resulting in altered nuclear gene expression profile and altered cell physiology
and morphology. In this review, we provide an overview of the various modes of mitochondrial
retrograde signaling focusing particularly on the Ca*/Calcineurin mediated retrograde signaling.
We discuss the contribution of the key factors of the pathway such as Calcineurin, IGF1 receptor,
Akt kinase and HNRNPAZ2 in the propagation of signaling and their role in modulating genetic and
epigenetic changes favoring cellular reprogramming towards tumorigenesis.
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1. Introduction

Mitochondria in mammalian cells generate most of the cellular energy, ATP which is
essential for performing multitude of cellular functions (Sagan, 1967). They are also
involved in key cellular functions such as maintaining calcium homeostasis, heme
biosynthesis, nutrient metabolism, steroid hormone biosynthesis, removal of NH4* through
urea synthesis, integration of metabolic pathways and integration of cellular signals for
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apoptosis and autophagy (Cheng and Ristow, 2013;Hammerman, Fox et al. 2004;Marchetti,
Castedo et al. 1996;Plas and Thompson, 2002;Renault and Chipuk, 2013). More recent and
emerging view is the central role of mitochondria in initiating signals in response to
metabolic and genetic stress which affects the nuclear gene expression in a global way,
causing changes in cell physiology and function. Mitochondria contain multiple copies of
their own DNA genome (mtDNA) which varies from 100-1000 copies per cell depending
on the cell and tissue type (Ryan and Hoogenraad, 2007). The human mtDNA is a ~16.5 kbp
circular DNA which codes for 13 subunits of the mitochondrial respiratory chain
components including 7 subunits of Complex I, 1 subunit of Complex 111, 3 subunits of
complex 1V, and 2 subunits of Complex V in addition to 22 tRNAs, 2 rRNAs, D-loop
encoded RNA of unknown function (Vijayasarathy, Biunno et al. 1998; Borst, 1972;Garcia-
Rodriguez, 2007) and RNA primers for DNA replication (Bhat, Avdalovic et al. 1989). The
limited coding capacity of mtDNA necessitates a major contribution of proteins from the
nuclear genome in shaping the tissue and cell specific as well as ubiquitous metabolic
reactions and molecular architecture of mitochondria (Westermann and Neupert, 2003). It is
estimated that 1500-2000 nuclear encoded and cytoplasmically translated proteins may be
imported by mammalian mitochondria. It is therefore apparent that a coordinated expression
of the mitochondrial and nuclear genomes is critical in maintaining healthy and functional
mitochondria.

It is becoming increasingly clear that defects in nuclear-encoded mitochondrial proteins,
mtDNA-coded proteins and RNAs affecting mitochondrial functions, or altered apoptotic
and survival signaling pathways can result in mitochondrial pathologies (Arnold, Sun et al.
2013;Taylor and Turnbull, 2005;Wallace, 2013). Broadly, two distinct signaling pathways
exist that modulate mitochondrial structure/function and hence cellular function, causing
mitochondrial diseases: 1) Anterograde signaling through activation of nuclear transcription
and cytoplasmic mRNA translation which directly regulate mitochondrial biogenesis (See
Fig 1A), and 2) Retrograde signaling which is a cellular adaptation to mitochondrial
dysfunction induced by low mtDNA copy number, mitochondrial mutations or nuclear
mutations which affect mitochondrial function and mitochondrial respiratory defects (Fig.
1B). In particular, the Ca2*/Calcineurin mediated mitochondrial retrograde signaling and its
role in cancer progression will be the major focus of this review.

2. Mitochondrial Anterograde Signaling

Due to an overwhelmingly dominant role of the nuclear genome in regulating mitochondrial
structure and functions, most studies are focused on nucleus-to-mitochondria “anterograde”
signaling. This signaling controls the flow of proteins and information from the nucleus to
mitochondria. As mentioned earlier, mitochondrial biogenesis and functions are tightly
regulated by both mitochondrial and nuclear genomes (Garesse and Vallejo, 2001; Attardi
and Schatz, 1998).

Mitochondrial biogenesis is a dynamic process which occurs in response to various
physiological stimuli and cellular differentiation states. Independent approaches including
biochemical, proteomics, bioinformatics and metabolomics have identified a number of
nuclear-encoded mitochondrial factors involved in the regulation and coordination of
mitochondrial gene expression (Garesse and Vallejo, 2001;Jain, Nilsson et al.
2012;Meisinger, Sickmann et al. 2008;Pagliarini, Calvo et al. 2008;Rensvold, Ong et al.
2013;Rhee, Zou et al. 2013;Westermann and Neupert, 2003). The key proteins required for
the replication and expression of the mitochondrial genome including DNA and RNA
polymerases, RNA processing enzymes, transcription/mtDNA replication factors, and
ribosomal proteins are all nuclear encoded. This includes the mtDNA transcription factors
mtTFA (TFAM), mtTFB | and mtTFB 1l and transcription termination factors MTERF
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(Aloni and Attardi, 1971;Bestwick and Shadel, 2013;Yakubovskaya, Mejia et al.
2010;Zollo, Tiranti et al. 2012). Additionally, most of the proteins of TCA cycle, fatty acid
metabolism, amino acid metabolism, all of the mitochondrial outer membrane,
intermembrane space and a vast majority of inner membrane associated proteins are encoded
by the nuclear genes.

Two classes of nuclear transcriptional factors/regulators appear critical for the mitochondrial
biogenesis in response to various physiological stimuli. The first includes DNA-binding
transcription factors, nuclear respiratory factors (NRF)-1 and 2 that regulate nuclear genes
involved in maintaining mitochondrial functions and mitochondrial biogenesis (Kelly and
Scarpulla, 2004). The second includes transcription coactivators, peroxisome proliferator-
activated receptor gamma coactivator 1(PGC-1) alpha, beta and gamma isoforms and PGC-1
related factor, PRC (Puigserver, Wu et al. 1998). The PGC factors are responsive to
physiological and nutritional signals mediating thermogenesis, cell proliferation and
gluconeogenesis and thereby integrate the action of multiple transcription factors in
coordinating nuclear gene expression programs essential to cellular bioenergetics
(Meirhaeghe, Crowley et al. 2003). These factors also regulate the expression of mtTFA
(TFAM), mtTFB I, mtTFB Il and mitochondrial RNA polymerase thus coordinately
regulating mitochondrial gene expression. Another important regulation of mitochondrial
signaling is by nutrient availability and sensing by the mTOR complex. The TOR kinase
acts as nutrient, energy and stress sensor and mTORC?2 is activated by growth factor
receptor which in turn phosphorylates many kinases like S6Kinase, Akt and PI3 kinase
(Laplante and Sabatini, 2012). Since the mTOR signaling is activated in response to the
stress signaling pathway, it is a potential regulatory loop at the convergence of
mitochondrial anterograde and retrograde signaling.

A large majority of the nucleus-encoded metabolic enzymes necessary for the oxidation of
pyruvate, fatty acids (B-oxidation cycle), and acetyl-CoA (tricarboxylic acid cycle), amino
acids biosynthesis, and heme synthesis are mitochondrially localized and can regulate
mitochondrial functions. Moreover, the steroid and thyroid hormones control mitochondrial
functions indicating that mitochondria are responsive to the cellular physiological state
(Casas, Daury et al. 2003;Weitzel, lwen et al. 2003). Cell type-specific regulatory proteins
such as the myogenin transcription factor family have a strong influence on some
mitochondrial genes in specific cell types (Flynn, Meadows et al. 2010). Mitochondrial
localized protein import and transport factors essential for its functions are all nuclear-
encoded and dysregulation of these import factors can in turn have profound impact on
mitochondrial biogenesis and functions. A new area of research suggests that mtDNA
molecules are packaged along with protein components essential for the maintenance and
function of mtDNA within nucleoids (Gilkerson, Bravo et al. 2013;He, Cooper et al.
2012;Kaufman, Durisic et al. 2007;Wang and Bogenhagen, 2006); since vast majority of
nucleoid proteins are nuclear-encoded, defects in the nucleoid proteins can in turn affect the
maintenance of mitochondrial structural integrity and function. Therefore anterograde
signaling involving the interplay of various nuclear factors is considered to be a major
determinant in the regulation of mitochondrial biogenesis.

3. Mechanisms of mitochondrial retrograde signaling

Mitochondrial retrograde signaling, an emerging area of mitochondrial research, is focused
on pathways by which dysfunctional mitochondria communicate with the nuclear genetic
compartment for relaying metabolic, oxidative and respiratory conditions prevailing in the
mitochondria (Clayton, 1998;Liao and Butow, 1993;Poyton and McEwen, 1996). Defects in
mitochondrial respiratory chain components, mtDNA mutations and alterations in mtDNA
copy number resulting in the loss of mitochondrial transmembrane potential (Ap,), act as
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inducers of mitochondrial retrograde signaling. Some models suggest that mitochondrial
ROS also induces retrograde signaling. The retrograde signaling is possibly a cellular
adaptation mechanism by which dysfunctional mitochondria transmit signals to effect
changes in nuclear gene expression leading to metabolic reconfiguration (Amuthan, Biswas
et al. 2002;Biswas, Adebanjo et al. 1999;Butow and Avadhani, 2004;Chae, Ahn et al.
2013;Delsite, Kachhap et al. 2002;Guha, Tang et al. 2010;Jazwinski and Kriete, 2012). This
signaling was initially reported in Saccharomyces cerevisiae by Butow’s laboratory (Parikh,
Conrad-Webb et al. 1989;Liao and Butow, 1993) and has since been observed in
mammalian cells of various origins. There are cell-specific differences in factors involved in
the propagation of retrograde signaling, although [Ca2*]. is a key molecule involved in both
antero- and retrograde mitochondrial-nuclear signaling in response to various stimuli
(Amuthan, Biswas et al. 2002;Biswas, Adebanjo et al. 1999;Bononi, Missiroli et al.
2012;Butow and Avadhani, 2004;Cali, Ottolini et al. 2012;Glancy and Balaban,
2012;Hajnoczky and Csordas, 2010;Kelly and Scarpulla, 2004;Le, Mirebeau-Prunier et al.
2011;Wang and Schwarz, 2009). The retrograde signaling pathway interacts with several
other stress responsive signaling pathways including metabolic stress, such as target of
rapamycin (TOR) and ceramide signaling. The retrograde response is also linked to quality
control mechanisms, such as autophagy and mitophagy involving the segregation of
dysfunctional mitochondria (Jazwinski and Kriete, 2012). Increasing evidence suggests the
involvement of mitochondrial retrograde signaling in various pathological conditions. One
of the early observations of mitochondrial retrograde signaling in a pathological setting was
reported in MERRF (Myoclonic Epilepsy with Ragged Red Fibers). Low levels of ATP due
to inefficient ETC, triggers mitochondria to nuclear signaling resulting in proliferation of
defective mitochondria and increased mitochondrial mass in muscle as an attempt to correct
the deficiency (Shoffner, Lott et al. 1990). Another report showed the involvement of the
retrograde signaling in maternally inherited deafness associated with the A1555G mtDNA
mutation. In patient-derived A1555G cells, the methyltransferase mtTFB1-mediated 125
rRNA hypermethylation resulted in ROS generation which in turn activated AMP- kinase
and the pro-apoptotic nuclear transcription factor E2F1. In transgenic-mtTFB1 mice ectopic
overexpression of E2F1 resulted in apoptosis in the stria vascularis and spiral ganglion
neurons of the inner ear, and progressive E2F1-dependent hearing loss (Raimundo, Song et
al. 2012;Woo, Green et al. 2012). Mitochondrial retrograde signaling arising from mtDNA
mutations and alterations in mtDNA copy number has been implicated as a causal factor in
tumorigenesis (Amuthan, Biswas et al. 2002;Biswas, Adebanjo et al. 1999;Brandon, Baldi et
al. 2006;Carew and Huang, 2002;Delsite, Kachhap et al. 2002;Guha, Srinivasan et al.
2007;Guo, Zheng et al. 2011;Higuchi, Kudo et al. 2006;Kulawiec, Safina et al. 2008;Park,
Sharma et al. 2009;Wallace, 2012;Yu, Shi et al. 2009). Due to reprogramming of the nuclear
genome in clinical tumor specimens, it has remained difficult to establish the causal role of
the mitochondrial genome defects in driving tumorigenesis. However, a recent report
showing mice heterozygous for the mtDNA copy number regulator TFAM which have
reduced mtDNA copy number exhibit increased tumor incidence and growth when crossed
with the adenomatous polyposis coli multiple intestinal neoplasia (APCMin—/+) mouse
model (Woo, Green et al. 2012). In addition, several studies using mtDNA cybrid models
(Kaipparettu et al 2013; Fan et al 2012), where nuclear background is unchanged, suggest
mitochondrial genome defects and retrograde signaling play a causal role in tumorigenesis.

Mitochondrial dysfunction has been correlated with age-associated disorders and most
mtDNA defects accumulate with age and are progressive in nature. The direct evidence for
the causal role of mitochondrial dysfunction and retrograde signaling in aging was
demonstrated in two independent reports using (Polg—/-) mutator mice. These mice with a
knockin mutation (D257A) in the exonuclease domain of mtPOLG and have a loss in
proofreading function and as a result of a very high amount of mtDNA mutations, these
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mice exhibit signs of premature aging (Kujoth, Hiona et al. 2005; Trifunovic, Wredenberg et
al. 2004).

Several different mechanisms of mitochondrial retrograde signaling have been described
that are propagated by different pathways. In this section we provide a mechanistic overview
of the different modes of mitochondrial retrograde stress signaling reported thus far. It is
important to point out that these different pathways activate many common signaling
molecules suggesting a potential convergence of the retrograde signaling independent of the
inducing stimuli.

A. Signaling due to oxidative stress induced free radicals

The mitochondrial inner membrane associated electron transport chain is the major site of
generation of cellular reactive oxygen species (ROS). Increased production of mitochondrial
ROS can damage the electron transport chain (ETC) components resulting in mitochondrial
respiratory stress (Kirkinezos and Moraes, 2001). The localization of mtDNA in close
proximity to the electron transport chain (ETC) components renders them susceptible to
damage by faulty ETC. Therefore, mitochondria play a central role as both producers and
sensors of oxidative stress. When the mitochondrial ROS levels exceed that of the
antioxidant defense system, it can potentially cause mtDNA damage (Yakes and Van, 1997).
Additionally, the mtDNA damage repair machinery is not as regulated, which subjects
mtDNA to higher susceptibility to damage than the nuclear DNA. Therefore either ROS
itself or by their oxidative damage on mtDNA can impair mitochondrial function and
therefore can induce mitochondrial retrograde signaling (Yakes and Van, 1997). MtROS
mediated mitochondrial retrograde signaling is also implicated in many pathological
conditions (Formentini, Sanchez-Arago et al. 2012). Mitochondrial ROS production is
steeply increased under hypoxia, ischemia/reperfusion injury, chemical stress/drug treatment
and under many pathophysiological conditions (Srinivasan and Avadhani, 2012). In NARP
(Neuropathy, Ataxia and Retinitis Pigmentosa) syndrome, mitochondrial biogenesis has
been shown to be regulated by ROS-dependent retrograde signaling. Antioxidant treatment
using selenite increased NRF1 and NRF2 levels, thereby modulating mitochondrial
biogenesis (Wojewoda, Duszynski et al. 2011). Fan et a/ have recently reported that mtDNA
heteroplasmic mutations in a mouse L cell line resulted in oxidative stress and increased
ROS production and the ROS mediated signaling providing survival advantage to these cells
(Fan, Lin et al. 2012;Wallace and Fan, 2009). Another example of mitochondrial ROS
mediated retrograde signaling in the pathological setting is the mitochondrial localization of
the adaptor protein Shc, p66 which regulates ROS production and silencing this gene has
been reported to significantly increase the lifespan in mice (Migliaccio, Giorgio et al. 1999).
In lung injury, alveolar epithelial cells develop hypoxia, resulting in mitochondrial ROS
production and activation of HIF-1a gene targets. This resulted in cellular reprogramming
leading to aberrant tissue repair, lung dysfunction and pulmonary fibrosis (Zhou, Dada et al.
2009). Caloric restriction modulates IGF1, TOR, sirtuins and AMP kinase signaling
pathways which ameliorates mitochondrial oxidative stress (Raffaello and Rizzuto, 2011).
The role of mitochondrial ROS mediated signaling in tumorigenesis has been demonstrated
by various groups (Fan, Lin et al. 2012;Formentini, Sanchez-Arago et al. 2012;Hanna,
Krishnan et al. 2013;Ishikawa, Takenaga et al. 2008;Pelicano, Xu et al. 2006;Woo0, Green et
al. 2012). A number of reviews focusing on this aspect of mitochondrial signaling have been
published earlier (Naik and Dixit, 2011;Poyton, Ball et al. 2009;Sena and Chandel, 2012).
Conflicting views exist on the role of mitochondrial ROS induced HIF-1a activation in the
propagation of retrograde signaling. HIF-1a has been implicated as a positive regulator of
genes involved in metabolic adaptations and stemness during tumorigenesis (Young and
Simon, 2012). While HIF-1a has been shown to be essential in certain cell types for
mitochondrial ROS signaling (Majmundar, Wong et al. 2010;Young and Simon, 2012),
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other studies suggest the involvement of mitochondrial ROS induced JNK/ERK pathway,
independent of HIF-1a in initiating retrograde response to mitochondrial dysfunction (Chae,
Ahn et al. 2013).

B. Mitochondrial unfolded protein response and generation of regulatory peptides

The mitochondrial unfolded protein response is a mode of retrograde signaling which
originates from the efflux of peptides from damaged mitochondrial matrix proteins to the
cytosol (Kirstein-Miles and Morimoto, 2010;Loveland, Wang et al. 1990). Mitochondrially
generated peptides transported to the cytosol can potentially activate certain nuclear
transcription factors resulting in retrograde signaling. For efficient functioning and
biogenesis, mitochondria have a number of molecular chaperones to facilitate protein
folding and proteases that degrade misfolded proteins. This results in induction of the
mitochondrial quality control genes to re-establish the homeostasis within the mitochondrial
protein folding machinery. It has been suggested that the mitochondrial protein folding
machinery can be damaged by excessive ROS from Complex | and 111 of the ETC which
directly affects protein folding and structure (Runkel, Liu et al. 2013). In yeast, Young et a/
demonstrated that peptides (6—20 amino acids) derived from proteolysis of inner
mitochondrial membrane proteins are exported through the inner member by the ABC
transporter, Mdl1 (Young, Leonhard et al. 2001). Recent work from the Haynes group
demonstrated that perturbations in the mitochondrial folding machinery leads to protein
degradation by the matrix localized ClpXP protease and their efflux by mt UPR component
HAF-1 (Haynes, Yang et al. 2010). This mode of peptide signaling process is a stress
response mechanism that distinguishes misfolded and damaged mitochondrial proteins and
possibly acts as a sensory mechanism for the functional state of the mitochondria. This mode
of stress signaling is a rapid response to diverse physiological challenges (Gregersen and
Bross, 2010).

C. Mitochondrial Ca2* Signaling

Calcium is an important signaling molecule involved in the regulation of many cellular
functions (Williams, Boyman et al. 2013). Mitochondria maintain a large Ca2* gradient
across their inner membrane and mitochondrial Ca2* uptake and release play a fundamental
role in different physiological processes, such as ATP production and hormone metabolism,
while dysregulation of mitochondrial Ca2* handling triggers the apoptotic cascade through
the opening of the permeability transition pore (mPTP) (Rizzuto and Pozzan,
2006;Giacomello, Drago et al. 2007;Bernardi, 1999;Hajnoczky and Csordas,
2010;Zamzami, Maisse et al. 2001;Duchen, 2000;Marchetti, Castedo et al. 1996). Cells
largely depend on the mitochondria for Ca2* buffering within their local environment for the
regulation of various metabolic processes. Mitochondrial Ca2* accumulation is ATP
dependent and it utilizes gated channels for Ca?* uptake and Na+ or H+/Ca?* exchangers for
release (Hajnoczky and Csordas, 2010;Raffaello, De et al. 2012;Rizzuto, De et al. 2012).
The driving force for Ca2* accumulation in the mitochondrial matrix is its membrane
potential (AWm) (Rizzuto, De et al. 2012;DELUCA and ENGSTROM, 1961). The
exchangers use the Ca2*, H+ and Na+ concentration gradient across the inner membrane to
cause the release of Ca2* back into the cytosol. This ensures the maintenance of a low
matrix Ca2* concentration ([Ca2*]) in resting cells and rapid mitochondrial Ca%*
accumulation when cytosolic Ca2* is elevated during activation. Hence, when AW, is
disrupted, mitochondrial capacity for CaZ* uptake is impaired resulting in elevated cytosolic
Ca?* levels. It has been recently identified that calcium uptake by mitochondria occurs
through the ion channel “uniporter” MCU and its regulatory partner, MICU1 which are
conserved across species (Perocchi et al 2010; Mallilankaraman et al, 2012; Baughman et al,
2011; Williams, Boyman et al. 2011). Although details are still unclear, a mitochondrial
Ryanodine receptor (RyR) has been suggested as a component of the mCU (Altschafl,
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Beutner et al. 2007). The activity of MCU is reported to be modulated by protein kinases
PKD and PKC mediated phosphorylation (Pinton, Leo et al. 2004;Rizzuto, Duchen et al.
2004). Perturbations in the Ca2* regulation can potentially offset the Ca?* balance and
trigger a Ca2* dependent signaling.

Another aspect of calcium signaling of relevance to the mitochondria is its role in regulating
mitochondrial motility. Mitochondria are dynamic organelles and their motility within the
cell is crucial to meet the constant changing energy and nutrient demands within the cell.
Calcium signaling acts as a regulatory input for mitochondrial movement through its binding
to Miro thereby rendering the Miro bound kinesin 1 inactive (Saotome, Safiulina et al.
2008;Wang and Schwarz, 2009).

In addition to normal physiological functions, mitochondrial calcium signaling contributes
to Ca%* driven growth and survival pathways in many pathological conditions including
cancer. A direct evidence of contribution of mitochondrial dysregulation of Ca2* comes
from a report showing that pharmacologic intervention with an agonist of the mitochondrial
Na*/Ca2* exchanger, CGP-37157, retarded cell growth and increased susceptibility to
apoptosis in malignant B16BL6 melanoma cell line while elevated mitochondrial Ca?* flux
which corresponded with high levels of constitutively active protein kinase B/Akt (PKB)
(Fedida-Metula, Feldman et al. 2012;Feldman, Fedida-Metula et al. 2010). Another strong
evidence implicating Ca2* dependent signaling in growth factor (EGF) and hypoxia induced
epithelial-mesenchymal transition and metastatic reprogramming in breast cancer cells has
just been reported by Davis FM et a/ (Davis, Azimi et al. 2013). It is now established that
calcium signaling and mitochondrial response to cellular calcium concentration is an
important regulator of cell survival and apoptotic pathways. The link between cytosolic and
mitochondrial Ca2* concentrations and the proximity of mitochondria to Ca2* release sites
makes Ca%* an important signaling molecule in mitochondrial retrograde signaling
pathways.

C (i). Ca2*/ Calcineurin (Cn) mediated Signaling—For more than a decade, research
in our laboratory has focused on elucidating the mechanisms of mitochondrial retrograde
signaling pathway in various mammalian cells (Amuthan, Biswas et al. 2002;Biswas,
Adebanjo et al. 1999;Biswas, Guha et al. 2005;Biswas, Tang et al. 2008;Biswas, Srinivasan
et al. 2008;Butow and Avadhani, 2004;Guha, Srinivasan et al. 2007;Guha, Pan et al.
2009;Guha, Tang et al. 2010;Guha, Fang et al. 2010;Srinivasan and Avadhani,
2007;Srinivasan, Koenigstein et al. 2010; Tang, Chowdhury et al. 2012; Amuthan, Biswas et
al. 2001). It is now established that disruption of mitochondrial membrane potential ((Apm)
by either genetic (reduction in mtDNA copy number) and pharmacologic interventions
(treatment with mitochondrial ionophores) and/or hypoxia-induced mitochondrial
dysfunction activate a mitochondrial retrograde signaling pathway. Reduction in mtDNA
copy number causes loss of ETC causing a disruption of the membrane potential (Ay,) and
lower ATP level. Loss of membrane potential and low ATP disrupts the mitochondrial
uptake of Ca2*. Higher leakage of ER calcium due to overexpression of RYR1 channels
(discussed later) and lower uptake of Ca2* by mitochondria results in a net elevated
cytosolic Ca* in mtDNA depleted cells, which in turn activates the phosphatase,
Calcineurin (Cn) (Amuthan, Biswas et al. 2002;Biswas, Adebanjo et al. 1999;Guha,
Srinivasan et al. 2007). In the cell lines studied so far, it appears that the Ca2*/Cn mediated
retrograde signaling pathway is distinct from the other reported retrograde signaling
pathways and propagation of this signaling is dependent on the activation of Cn as an early
event at its onset. In skeletal myocytes, the Cn mediated retrograde signaling is an ROS
independent event. However, in murine macrophages mitochondrial dysfunction induced by
hypoxic insult activates Ca*/Cn mediated retrograde signaling pathway in which
mitochondrial ROS induced membrane damage is a component of the signaling pathway
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(Srinivasan and Avadhani, 2007;Srinivasan, Koenigstein et al. 2010). Mitochondrial ROS
can potentially induce retrograde signaling by alterations in Ay, and activation of Ca* and
Cn dependent factors suggesting a convergence/overlap of the signaling pathways.

In our early studies, we observed that a reduction in mtDNA copy number to a certain
threshold level initiates Ca2*/Cn dependent mitochondrial retrograde signaling resulting in
genetic and epigenetic reprogramming. These cellular changes accompany metabolic
adaptations and survival advantage by way of resistance to pro-apoptotic stimuli (Biswas et
al. 2005). These observations were corroborated by other groups using various tumor cell
types (Delsite, Kachhap et al. 2002; Lu, Sharma et al. 2009; Magda, Lecane et al. 2008;
Minocherhomji, Tollefsbol et al. 2012). It is important to note that mtDNA depleted cell
lines have been used popularly by several groups for characterizing mitochondrial retrograde
signaling, some of the studies were carried out with Rho zero (Rho 0) cells that are
completely devoid of mtDNA. It is noteworthy that although Rho 0 cells that lack mtDNA
cannot maintain a membrane potential by proton pumping, still most mitochondrial proteins
encoded by nuclear DNA are imported into mitochondria by a mechanism that requires a
membrane potential which is supplied by adenine nucleotide carrier and an incomplete
FoF1-ATP synthase in mammalian cells. Moreover, Rho 0 mitochondria maintain an
electrochemical potential across the inner membrane by a mechanism coupled to ATP
hydrolysis, thus making them net consumers of ATP in cells (Porteous et al. 1998). Rho 0
cells exhibit distinct phenotypic and biochemical properties compared to cells partially
depleted of mtDNA which may account for the observed differences in physiological
outcomes, including increased apoptosis rates in Rho 0 cells (Cavalli, Varella-Garcia et al.
1997;Liu, Lee et al. 2004). Additionally, Rho 0 state is not clinically relevant as patient
tissues are not completely devoid of mtDNA. However, low mtDNA copy number is
observed in many pathophysiologic conditions such as mitochondrial depletion syndrome
(MDS), diabetes, Alzheimer’s, aging, and many carcinomas (Greaves, Reeve et al.
2012;Taylor and Turnbull, 2005;Wallace, 2013). Moreover reports from many laboratories
provide evidence that heteroplasmic, not homoplasmic, mtDNA mutations drive
tumorigenesis (He, Wu et al. 2010;Fan, Lin et al. 2012). Therefore, cell models with reduced
mtDNA copy number mimic the disease states more closely than Rho 0 cells.

The mitochondrial retrograde signaling is quite diverse with respect to origin, mediators
involved, and the phenotypic outcome and this topic has been reviewed by many experts in
this field (Ryan and Hoogenraad,2007; Wallace,2012; Westermann and Neupert,
2003;Minocherhomiji, Tollefsbol et al. 2012;Modica-Napolitano, Kulawiec et al.
2007;Butow and Avadhani, 2004). We have extensively used immortalized murine skeletal
myocytes C2C12 cells to elucidate the mitochondria-to-nucleus stress signaling pathway.
Additionally to confirm the commonality of the cellular reprogramming and activation of
the signature factors of Ca2*/Cn-mediated mitochondrial stress signaling initially reported in
C2C12 cells, we have tested number of different cell lines such as rat cardiomyocytes
(H9C2), murine fibroblasts (3T3 and MEFs), human lung adenocarcinoma (A549), murine
macrophages (RAW 264.7), MCF7 (Amuthan, Biswas et al. 2002;Biswas, Adebanjo et al.
1999;Guha, Pan et al. 2009;Guha, Fang et al. 2010;Srinivasan and Avadhani, 2007). We
have now extended our studies to human breast, pancreatic and colorectal cell lines to
delineate the key molecules involved in this signaling.

In the following sections, we will discuss the work from our as well as other laboratories on
the emerging picture of the mitochondrial retrograde signaling in terms of landmarks of
signal propagation and the signature transcription factors involved in modulating nuclear
gene expression and tumor progression.
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C (ii). Phenotypic hallmarks of mitochondria-to-nucleus signaling—In a series of
reports on Cn-mediated mitochondrial retrograde signaling, we have shown that the most
prominent change in response to reduced mtDNA copy number in murine skeletal muscle
C2C12 cells is a marked increase in cell proliferation rate accompanied by their resistance to
etoposide and staurosporin —induced apoptosis (Amuthan, Biswas et al. 2001; Biswas,
Adebanjo et al. 1999; Biswas, Guha et al. 2005; Biswas, Anandatheerthavarada et al. 2005;
Guha, Srinivasan et al. 2007; Guha, Pan et al. 2009). In human lung adenocarcinoma A549
cell line, which are malignant (form tumors in nude mice) but not invasive, mtDNA
depletion renders them highly invasive (Amuthan, Biswas et al. 2002). In C2C12 and A549
cells, mtDNA copy number reduction is accompanied by phenotypic changes characteristic
of tumors including altered cell morphology, metabolic shift to glycolysis, apoptosis and
increased invasiveness (Biswas, Tang et al. 2008;Biswas, Srinivasan et al. 2008).

The causal role of reduced mtDNA copy number on tumor progression was demonstrated
using a xenotransplantation assay, which involves growth of tumor cells inside de-
epithelialized rat tracheas, transplanted subcutaneously into SCID mice. Histological
examination of transplants showed that parental C2C12 cells grew mostly in the middle of
the tracheal transplant with no detectable invasion of the tracheal wall while mtDNA-
depleted C2C12 cells invaded the tracheal wall and its cartilage (Amuthan, Biswas et al.
2001). We have demonstrated in a mouse exogenous tumor model, mice injected with
mtDNA depleted C2C12 cells had a higher tumor burden (incidence and size) when
compared to those injected with parental cells (Tang, Chowdhury et al. 2012). Reports
published from other groups using 143B osteosarcoma (Chae, Ahn et al. 2013;Dey and
Moraes, 2000), MCF7 and T47D breast carcinoma (Delsite, Kachhap et al. 2002;Yu, Shi et
al. 2009), SK-Hep1 (Kim, Kim et al. 2002), hormone dependent LNCaP prostate cancer
cells (Moro, Arbini et al. 2009) and in a xenograft mouse model of colorectal cell line (Guo,
Zheng et al. 2011) are essentially in agreement with the findings from our laboratory
showing reduction in mtDNA copy number initiates cell survival and proliferation pathways
conferring resistance to apoptosis and acquired invasive potential in these cells. A recent
study published from the Shadel laboratory provides direct /n vivo evidence that low
mtDNA copy number in Tfam het mouse contribute to increased tumor growth and
metastasis in mouse models of intestinal cancer (Woo, Green et al. 2012).

Cells with mtDNA copy number reduction had a distinctly different cellular morphology
than the parental cell line. MtDNA depleted C2C12 and A549 cells gain “fibroblast-like”
spindle shaped morphology (Amuthan, Biswas et al. 2001;Amuthan, Biswas et al.
2002;Naito, Cook et al. 2008). Pancreatic and breast carcinoma cells devoid of mtDNA have
also been shown to undergo cellular transition accompanied by morphological alterations
which are characteristics of the metastatic phenotype (Naito, Cook et al. 2008).

A prominent feature of tumor cells is altered metabolism and shift to aerobic glycolysis as
was initially observed by Otto Warburg in 1931. Since then, it is well documented that
rapidly growing tumors meet their metabolic demands by increased expression of genes
encoding glucose transporters and glycolytic enzymes (Lin, 2011; Warburg, 1956; Ward and
Thompson, 2012). Also there is increasing evidence to support the notion that mtDNA
content directly reflects on the metabolic state of cells. We have observed that cells with
reduced mtDNA content below a certain threshold have low ATP levels and meet their
energy demands by shifting their cellular metabolism primarily to aerobic glycolysis (Guha,
Srinivasan et al. 2007). In the Cn-dependent mitochondrial retrograde signaling, we
observed that selective inhibition of IR autophosphorylation and Cn-dependent activation of
the insulin-like growth factor 1 receptor (IGF1R). This Cn-dependent IGF1R activation
occurs in a growth factor independent manner and IGF1R signaling pathway is the basis for
increased glucose utilization and cell proliferation in mtDNA-reduced cells. Interestingly,
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mitochondrial stress-induced and IGF1R dependent metabolic shift to glycolysis appears to
be an important survival factor in these cells, because either inhibiting Cn or IGF1 receptor
activity using siRNA expression or pharmacologic inhibitors such as FK506 or
Picropodophyllin (PPP) in these cells caused apoptosis. Moreover, cells with reduced
mtDNA content had elevated levels of glucose transporters, Glut 4 and Glut 1 as well as
higher activity of the glycolytic enzymes, hexokinase, phosphofructokinase, and pyruvate
kinase (Guha, Srinivasan et al. 2007).

C (iii). Genetic reprogramming and the nuclear gene signature profile of
mitochondrial retrograde signaling—Research from our laboratory on mitochondrial
retrograde signaling demonstrated that mitochondrial respiratory stress activates cytosolic
Ca?* which leads to the activation of calcium dependent phosphatase, Cn. This Cn-mediated
mitochondrial retrograde signaling culminates in transcription activation/repression of a
large set of nuclear genes involved in diverse cellular functions including Ca2* storage and
release, cellular metabolism, mitochondrial transcription and biogenesis, cell survival and
apoptosis and cytoskeletal organization (Amuthan, Biswas et al. 2002;Biswas, Tang et al.
2008;Guha, Srinivasan et al. 2007). We have observed activation of Ca2* dependent
transcription factors, kinases and phosphatases which culminates in the transcriptional
upregulation of an array of nuclear genes (Guha, Pan et al. 2009;Guha, Tang et al. 2010).
We will elaborate on the kinases and phosphatases involved in this pathway in the next
section.

Using mouse skeletal myoblast C2C12 as a model cell system we have shown that
mitochondrial dysfunction activates Ca2*/calmodulin dependent protein kinase (CAMK)
downstream of which Ca2*/Cn dependent transcription factor NFAT, cCAMP response
elementbinding protein (CREB), CCAAT enhancer binding protein delta (C/EBPd) and
NFKB (cRel:p50) are activated and translocated to the nucleus. The NFkB activation
pathway in response to this stress signaling is distinct from the previously reported canonical
and non-canonical pathways (Ghosh and Karin, 2002; Madge and May, 2011;0eckinghaus,
Hayden et al. 2011). In mitochondrial retrograde stress signaling, the Rel proteins cRel and
p50 form heterodimers and form a complex with PEST domain phosphorylated IkappaB
beta. Upon activation, Cn dephosporylates IkappaB beta thereby releasing cRel:p50
complex from IkBf and in turn promotes nuclear translocation of the Rel factors (Biswas,
Anandatheerthavarada et al. 2003;Biswas, Tang et al. 2008). The importance of IkB in
propagation of stress signaling stems from observations that while mtDNA-depleted C2C12
cells are highly tumorigenic in immunocompromised mice, silencing IKBf mRNA in these
cells abrogates the downstream stress signaling pathway resulting in tumor regression in
mice (Biswas, Anandatheerthavarada et al. 2003;Biswas, Tang et al. 2008;Tang, Chowdhury
et al. 2012;Wright, Agboke et al. 2012).

Interestingly, alternative NFKB signaling pathways have recently been implicated in cellular
metabolism (Bakkar, Ladner et al. 2012) observed that mice with deleted NFKB components
IKKa or RelB had reduced mitochondrial content and function. They observed that the
alternative NFKB pathway transcriptionally activates regulator for mitochondrial biogenesis,
PPAR-y coactivator 1 (PGC-1p). Regulation of PGC-1p by IKKa/RelB was mammalian
target of rapamycin (mTOR) dependent suggesting a possible cross talk between mTOR and
NFKB signaling in muscle metabolism (Bakkar, Ladner et al. 2012). More recently it has
been shown that mitochondrial ATPase inhibitory factor (IF1) triggers an ROS mediated
retrograde signaling which provides cellular proliferative advantage. This involves the
phosphorylation of IkBa and NFKB activation for cell survival (Formentini, Sanchez-Arago
etal. 2012).
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We have reported that the regulation of mitochondrial respiratory stress responsive nuclear
genes requires physical interactions and functional synergy between the mitochondrial stress
activated transcription factors NFKB (cRel:p50), C/EBPJ, CREB, and NFAT (Biswas, Guha
et al. 2005;Guha, Pan et al. 2009;Guha, Tang et al. 2010). A crucial component of this Cn
mediated mitochondrial retrograde signaling pathway is the activation of heterogeneous
ribonucleoprotein A2 (hnRNPAZ2), a nuclear RNA-binding protein (Guha, Pan et al. 2009).
The functional synergy of these factors in the mitochondrial stress pathway requires
coactivation of heterogeneous nuclear ribonucleoprotein A2 (hnRNPA2). Furthermore, we
have shown that the oncogenic kinase Aktl is activated in the nucleus under mitochondrial
stress and phosphorylation of hnRNPA2 by Aktl is essential for the recruitment of
hnRNPA2 to the enhanceosome complex of stress target promoters (Guha, Fang et al. 2010).
The activation and contribution of hnRNPA2 in the propagation of the Ca2*/Cn mediated
mitochondrial retrograde signaling is discussed in a later section.

Although several potential target genes of the mammalian mitochondrial stress pathway
have been reported in different cells, the complete genetic footprint of mitochondrial
retrograde stress response still remains unknown. Characterization of the genes regulated by
the retrograde pathway is central to understanding the putative role of mitochondrial stress
in, aging, cancer progression, and neural and bone degenerative diseases and cellular
resistance to apoptosis. A number of independent studies have elucidated genome wide
transcriptional profiles of cells altered in response to mitochondrial retrograde signaling
(Biswas, Tang et al. 2008;Chae, Ahn et al. 2013;Desler, Marcker et al. 2011;Magda, Lecane
et al. 2008;Minocherhomiji, Tollefsbol et al. 2012;Singh, Rasmussen et al. 2004). Microarray
analyses from our laboratory has shown that the transcriptional targets of the mitochondrial
retrograde signaling pathway in mammalian cells are diverse and include genes that are
involved in mitochondrial biogenesis, cell adhesion, cytoskeletal markers, invasiveness,
metabolism, transcription factors, alternative splicing. The cDNA microarray results
reported from Singh’s laboratory compared differences in the nuclear gene expression
profile between a breast cancer cell line (parental) and its Rho 0 (devoid of mtDNA)
derivative with impaired mitochondrial function. Their gene sets are similar to cDNA array
results from our laboratory which included higher expression of several nuclear genes
involved in cell signaling, cell architecture, energy metabolism, cell growth, apoptosis
including general transcription factor TFIIH, v-maf, AML1 in Rho 0 cells. Delsite et a/
(Delsite, Kachhap et al. 2002) reported downregulation of several genes including
phospholipase C, agouti related protein, PKC gamma, protein tyrosine phosphatase C,
phosphodiestarase 1A (cell signaling), PIBF1, cytochrome p450, (metabolism) and cyclin
dependent kinase inhibitor p19, and GAP43 (cell growth and differentiation). Kulawiec M et
al (Kulawiec, Safina et al. 2008) identified two major gene networks, FN1 (fibronectin) and
p53 were differentially regulated between parental and Rho 0 epithelial cells. Bioinformatic
analyses of FN1 network identified laminin, integrin and 3 of the 6 members of
peroxiredoxin whose expression were altered in Rho 0 epithelial cells. In the p53 network,
SMC4 and WRN were identified suggesting that this network may affect chromosomal
stability. This study reported an increase in DNA double strand breaks and unique
chromosomal rearrangements in Rho 0 breast epithelial cells. Further, tight junction proteins
claudin-1 and claudin-7 were downregulated in Rho 0 breast epithelial cells suggesting
mitochondria-to-nucleus retrograde signaling plays a key role in oncogenic transformation
of breast epithelial cells.

Nuclear transcriptome analysis by Magda et a/in A549 lung cancer cells and mtDNA-
depleted pO counterparts grown in culture and as tumor xenografts in immune-deficient mice
identified a specific gene expression profile. Similar to our findings in C2C12 cells, the gene
expression profiling analyses of parental A549 and A549 p0 cells by Magda et a/ reported
differential expression of transcripts related to immune recognition, autophagy of defective
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mitochondria, Hif-1mediated gene regulation, the epithelial-mesenchymal transition (EMT),
and accumulation of lipophilic molecules which contribute to metabolic advantage to tumor
cell proliferation (Magda, Lecane et al. 2008).

A recent study by Chae et a/(Chae, Ahn et al. 2013) using systems biology approach further
added to our knowledge of the key nuclear transcription factors involved in retrograde
signaling pathways. In 143B Rho 0 osteosarcoma cells A3243G mutations in the mt-tRNA
Leu induced mitochondrial retrograde signaling involving the retinoid X receptor a, c-JUN
N-terminal kinase (JNK), and PGC1a. The results from Chae ef a/are essentially similar to
an earlier report by Ivanov et a/ (lvanov, Ghandhi et al. 2011) demonstrating alteration in the
nuclear transcriptome in response to mitochondrial retrograde signaling. However, contrary
to our results, they observed a downregulation of NFkB signaling and increased
susceptibility to apoptosis in their cell types. As mentioned earlier, these differences in the
types of genes reported in different studies may reflect cell/tumor specific differences.
Another reason may be the use of partial mtDNA depletion in our studies compared to the
Rho 0 cells used in other studies. Notably many tumors exhibit partial mtDNA depletion.

The published findings from all the above groups, including ours, are overall quite similar
and indicate that reduction in mtDNA levels causes a global upregulation of genes involved
in tumorigenic pathways. This raises the possibility that mitochondria can be considered as
therapeutic targets in tumor progression.

C (iv). Activation of growth factor receptors and kinases in response to
mitochondrial retrograde signaling—Activation of a number of kinases, phosphatases
and growth factor receptors are part of the reprograming observed in cells with
mitochondrial dysfunction as they transition towards tumorigenesis. It is well established
that the high metabolic activity of tumor cells is associated with activation of PI-3K/Akt
kinase, which is downstream of IGF1R. Akt activation in response to mitochondrial
respiratory stress has been reported in different tumor cell systems (Guha, Fang et al.
2010;Moro, Arbini et al. 2009;Pelicano, Xu et al. 2006). Another kinase, AMP-activated
protein kinase (AMPK) is known to play an important role in insulin signaling, glucose
uptake, and energy homeostasis. AMPK has also been implicated to be involved in PGC1la-
mediated mitochondrial biogenesis and mitochondrial signaling pathways (Mihaylova and
Shaw, 2011). In Cn mediated mitochondrial stress signaling pathway, PI3K / Akt kinase is
activated downstream of IGF1R activation; however we have not observed AMPK
activation in C2C12 cells (Guha, Srinivasan et al. 2007). In one of the earlier reports from
our laboratory, we observed activation of P44 and P42 MAP kinases in A459 cells subjected
to mitochondrial stress (Amuthan, Biswas et al. 2002). Activation of MAP kinase under
mitochondrial stress has also been reported in other tumor cell lines (Naito, Cook et al.
2008).

IGF1R activation by external cues during growth factor signaling has been widely reported
in tumor cells. We have reported a novel mode of its activation by Ca2*/ Cn as part of the
mitochondrial retrograde signaling in a growth factor independent manner in mtDNA
depleted C2C12 cells (Guha, Srinivasan et al. 2007). Growth factor independent activation
of IGF1Receptor is a feature of many actively proliferating tumors (Nair, De Armond et al.
2001). The IGF1R signaling is propagated downstream through activation of
phosphatidylinositol 3-kinase, Akt, and protein kinase C ultimately leading to activation of
genes involved in glucose uptake and utilization, cell growth and proliferation. Downstream
activation of Akt kinase in mitochondrial retrograde signaling is crucial for the full stress
response, which culminates in altered expression of nuclear gene targets. Phosphorylation of
the mitochondrial stress activated coactivator, nRNPA2 by Akt is essential for the maximal
stress response (Guha, Tang et al. 2010;Guha, Fang et al. 2010) and we believe that a
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complex transcriptional and posttranscriptional regulatory circuit exists in which hnRNPA2
and Aktl function interdependently. Moreover ROS-dependent Aktl activation has been
reported in mitochondrial Complex I dysfunction induced retrograde signaling (Sharma,
Fang et al. 2011).

Other kinases have been reported to be activated by mitochondrial retrograde signaling in
other cell types. Retrograde signaling involving increased cytosolic free [Ca2*]. in rat
phecromocytoma cells treated with the uncoupler carbonyl cyanide p-
(trifluoromethoxy)phenylhydrazone (FCCP) correlated with activation of ERK1 and ERK?2
kinases (Luo, Bond et al. 1997). In p® human fibrosarcoma 143B cells and MERRF
(myoclonic epilepsy with ragged red fibers) cybrid cell line with mitochondrial tRNALYS
mutation (A8344G), respiratory deficiency and the associated increase in cytosolic free Ca2*
induced the activation of CaMKIV, which in turn activated CREB by protein
phosphorylation (Arnould, VVankoningsloo et al. 2002). Additionally elevated mitochondrial
H,0, leading to mitochondrial stress, also induced MAP kinases in HeLa cells (Nemoto,
Takeda et al. 2000).

The activation of different kinases reflects cell-specific differences and also possibly the
nature of mitochondrial stress initiators. Removal of free Ca2* by specific chelators, or
knock down of CnAa mRNA, abrogated the activation of these various Ca2*responsive
factors and the induced transcription of nuclear target genes thus confirming the role of Ca*
in retrograde signaling.

C (v). HnRNPAZ2 activation as a critical landmark of mitochondrial retrograde
signaling in the context of tumorigenesis—Heterogeneous ribonucleoproteins
hnRNP proteins are abundant RNA-binding proteins and expressed in most human tissues.
Additional functions of these proteins in post splicing events, such as mRNA trafficking,
and replication and transcription of cytoplasmic RNA viruses, telomere biogenesis have also
been reported. HNRNP A2/B1 is a member of this family of proteins which shuttles between
the nucleus and cytoplasm (Dreyfuss, Matunis et al. 1993) and known to be involved in
regulating RNA biogenesis, localization, and metabolism of certain mRNAs (Weighardt,
Biamonti et al. 1996). In recent years there is increasing evidence that in addition to their
established function in mRNA processing, hnRNP proteins in general, and hnRNP A2 in
particular, regulate multiple cellular processes involved in tumorigenesis by transcriptional
and posttranscriptional gene regulations (Martinez-Contreras, Cloutier et al. 2007;Moran-
Jones, Wayman et al. 2005). Since there are a number of reviews on hnRNP proteins here
we will focus on the role of hnRNPAZ2 in mitochondrial stress induced cancer and its
specific contribution in the propagation of the mitochondrial retrograde signaling (Richard,
2010).

In cells with mitochondrial dysfunction due to either reduced mtDNA copy number or drug
induced disruption of Agm, we have observed transcriptional upregulation and
overexpression and nuclear accumulation of hnRNPA2. As mentioned earlier, cells with low
mtDNA content are reprogrammed for tumorigenic transformation and hnRNPA2 is
overexpressed in these cells. The overexpression/activation of nuclear hnRNPA2 is a
specific response to mitochondrial retrograde signaling (Guha, Pan et al. 2009;Guha, Fang et
al. 2010). To our knowledge, hnRNPA2 is specifically overexpressed in response to
mitochondrial stress signaling, and we have not observed any alteration in levels of other
closely related hnRNP members either hnRNPA1 or HNRNP DL (Guha, Pan et al. 2009).
The significance of activation of hnRNPAZ2 in the mitochondrial retrograde signaling
pathway stems from the established role of this protein in controlling different aspects of
cancer cell metabolism, invasion and cancer progression which are discussed below.
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HNRNP A2/B1 overexpression and upregulation has been widely implicated in lung,
pancreas, liver and brain cancer (glioblastoma, oligodendrogioma, and astrocytoma) (He,
Brown et al. 2005;Patry, Bouchard et al. 2003;Yamaoka, Imajoh-Ohmi et al. 2006). Clinical
reports suggest that hnRNPA2/B1 is an early marker of lung epithelial transformation and
carcinogenesis (Zhou, Mulshine et al. 1996). A pilot study of archival sputum specimens
from a high-risk cohort identified a monoclonal antibody (mAb) to hnRNPA2/B1 that
specifically reacted with “normal”-appearing bronchial epithelial cells from individuals who
subsequently developed lung cancer, indicating hnRNPA2 could be a sensitive marker for
early detection of lung cancer (Tockman, Gupta et al. 1988). Lung epithelial cells
overexpressing hnRNPAZ2 are phenotypically different and subcellular localization of
hnRNPA2 could be an important factor in lung cancer progression (Man et al., 2000).
Further reports from the Mulshine laboratory suggests that hnRNPA2 plays a role in
epithelial-mesenchymal transition during lung cancer metastasis (Tauler, Zudaire et al.
2010).

An interesting observation was that hnRNP-A2/B1 expression is controlled by cell
proliferation rate in normal bronchial epithelial cell primary cultures, but not in SV40-
transformed bronchial epithelial cells or tumor cell lines and lung tumor cells undergoing
clonal expansion upregulate hnRNPA2 (Zhou et al., 2001). Overexpression of hnRNP A2 is
essential for the growth and viability in cervical, colon, breast, ovarian, and brain cancer cell
lines and silencing this protein leads to apoptosis in these cells whereas it did not affect
normal cells (Patry, Bouchard et al. 2003). Silencing hnRNP A2/B1 in glioblastoma cells
inhibited tumor formation in mice and overexpression of hnRNP A2/B1 in immortal cells
led to malignant transformation, suggesting that hnRNPAZ2 is a putative proto-oncogene
(Golan-Gerstl, Wallach-Dayan et al. 2012). As a component of mitochondrial retrograde
signaling pathway, hnRNPAZ2 plays a similar oncogenic role in that, it is essential for the
proliferation, survival and invasiveness of the cells with low mtDNA content and silencing
hnRNPA2 in these cells leads to apoptosis (Guha, Pan et al. 2009).

Using promoter pull down coupled with proteomic analysis we identified hnRNPAZ2 in the
nuclear protein complex of mtDNA reduced cells. Combinatorial approaches of promoter
activation and chromatin IP show hnRNPAZ2 functions as a mitochondrial stress activated
transcriptional coactivator which is essential for the up-regulation of the mitochondrial
stress-target genes Cathepsin L, RyR1, Aktl and Glut-4. Moreover, we have been unable to
show direct binding of hnRNPAZ2 to double stranded DNA from the promoter regions of
stress-target genes. We therefore believe its association with the promoter DNA and with the
enhanceosome complex occurs mostly through protein—protein interactions (Guha, Pan et al.
2009). However, a report by Torosyan et a/ (Torosyan, Dobi et al. 2010) shows that hnRNP
AZ2 directly binds to the Annexin A7 promoter DNA and is involved in androgen
independent prostate cancer progression.

HnNRNPAZ2, activated in response to mitochondrial stress, is crucial for the activation of
target genes either due to its recruitment of DNA binding factors, NFkB (c-Rel/p50), C/
EBPJ, CREB, and NFATCc to the promoter sites or in the overall stability of the
enhanceosome complex of mitochondrial respiratory stress-responsive genes (Guha, Pan et
al. 2009). At this time, the exact mechanism of its recruitment to the enhanceosome complex
is not clearly understood. Our observation that hnRNPAZ2 is upregulated in response to
mitochondrial retrograde signaling is significant at two levels: first, it adds to the growing
body of literature implicating this protein in driving tumorigenesis; second, since
mitochondrial dysfunction due to low mtDNA content is common in many cancers,
activation of hnRNPAZ2 in response to this signaling could be used as pharmacologic target
in cancers with mtDNA defects. A proposed mechanism of Ca2*/Cn activated retrograde
signaling and the transcription coactivator function of hnRNPAZ2 is presented in Figure 2.
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Another mechanism by which many hnRNP proteins in general, and hnRNPA2 in particular,
regulate tumorigenesis is by regulating oncogenes by alternative splicing (Martinez-
Contreras, Cloutier et al. 2007). In cancer cells, the process of alternative splicing is widely
misregulated and recent reports suggest that many hnRNP proteins act as splicing repressors
by either antagonizing SR proteins or through the recognition of exonic and intronic splicing
silencer elements (Black and Grabowski, 2003;Cartegni, Chew et al. 2002;Mayeda and
Krainer, 1992;Rooke, Markovtsov et al. 2003). It is now suggested that hnRNP A2 regulates
many of the fundamental events in cancer cell migration and aerobic glycolysis by
regulating alternative splicing of many key oncogenes. One such example is the tumor
protein p53 inducible nuclear protein 2 (TP53INP2). Using exon-tiling microarrays it was
identified that hnRNPA2 mediated alternative splicing of TP53INP2 is essential for cells to
invade the three dimensional extracellular matrix (Moran-Jones, Wayman et al. 2005).

HNRNPA2 modulates the expression of many genes involved in tumor metabolism. In cell
lines we have studied, hnRNPAZ2 is essential for the glycolytic shift observed in cells with
low mtDNA content. The regulatory role of hnRNPAZ2 in tumor cell metabolism in cells
with mitochondrial dysfunction is a consequence of its function as a transcriptional
coactivator of genes involved in cancer cell metabolism (Glut4, IGF1R, Akt). Interestingly,
the regulation by hnRNPAZ2 of Akt kinase at the transcriptional level is a positive
feedforward loop since activation of hnRNPA2 under mitochondrial stress is dependent on
Akt phosphorylation (Guha, Pan et al. 2009;Guha, Fang et al. 2010). The different
functional domains of hnRNPA2 and the Akt phosphorylation sites of the protein are shown
in Figure 3.

HNRNPAZ2 regulates many of the genes involved in aerobic glycolysis by alternative
splicing in response to cellular microenvironmental cues arising from mitochondrial
dysfunction. Increasing number of studies in recent years, provide new insights on how
extracellular signals regulate alternative splicing, contributing to cellular transformation and
development of breast cancer (Pelisch, Khauv et al. 2012). An example of alternative
splicing by hnRNPAZ2 in a cancer specific gene is pyruvate kinase M. Two independent
reports demonstrate that hnRNP proteins Al, A2 and PTB modulate the expression of the
glycolytic enzyme pyruvate kinase isoform M (PKM) in cancer cells by alternative splicing
(Chen, Zhang et al. 2010;Chen, David et al. 2012;David, Chen et al. 2010). The embryonic
pyruvate kinase isoform, PKM2, is almost universally re-expressed in cancer, and promotes
aerobic glycolysis, whereas the adult isoform, PKM1, promotes oxidative phosphorylation
(Christofk, Vander Heiden et al. 2008). These two isoforms result from mutually exclusive
alternative splicing of the PKM pre-mRNA, reflecting inclusion of either exon 9 (PKM1) or
exon 10 (PKM2). Recently, Chen M et a/ (Chen, David et al. 2012) reported an interesting
finding that concentration-dependent interaction of hnRNP proteins determine the outcome
of PKM splicing. At high concentrations of hnRNP Al, A2 and PTB, such as those found in
most cancer cells, binding of these proteins through cooperative interaction to two sites in
the upstream regulated exon (exon 9) orchestrates exon 9 (PKM1) exclusion and expression
of isoform M2. Furthermore, overexpression of three hnRNP proteins, hnRNPAL,
hnRNPA2 and PTB, in cancer cells is regulated by the myc oncogene, which also promotes
the switch to PKM2 isoform expression.

HNRNPAZ2 is known to associate with a number of tumor regulators including TDP-43,
TOG2, SET, Annexin A7 and VEGF although the precise mechanism of these associations
and their functional relevance in tumor progression is not well understood (Buratti, Brindisi
et al. 2005;Kosturko, Maggipinto et al. 2005;Vera, Jaumot et al. 2006). It is important to
note that many hnRNP family proteins regulate cellular processes under both physiologic
and pathological processes. HNRNP L regulates immune response by alternatively splicing
the transmembrane protein-tyrosine phosphatase CD45 (Preussner, Schreiner et al. 2012).
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Another example is the alternative splicing of GTPase Rac 1b by hnRNP A1 which is over-
expressed in breast and colorectal cancer cells and is suggested to play key role in a number
of different oncogenic signaling pathways, including MMP3 mediated tumorigenic
transformation of mammary epithelial cells (Pelisch, Khauv et al. 2012).

4. Mitochondrial retrograde signaling as an epigenetic regulator

Mitochondria provide the energy flux required to meet the cellular energy demands. The
mitochondrial metabolic centers, including the TCA cycle, fatty acid oxidation and the
electron transfer complexes (ETC) are the sites where calories are converted to NADH,
acetyl-CoA and ATP. Smirgalia et a/ (Smirgalia et al. 2008) reported that mitochondrial
defects can lead to epigenetic changes in the nucleus. This possibly explains the lack of a
correlation between genotype and phenotype, often observed in patients with mitochondrial
disorders. Wallace and his associates observed that the clinical phenotypes of bioenergetic
diseases which are strikingly similar to those observed in epigenetic diseases such as
Angelman, Rett, Fragile X Syndromes, the laminopathies and cancer led to the theory that
mitochondria and bioenergetics are involved in modulating the epigenetic status of the cell
(Wallace, 2013). It is postulated that in a calorie — abundant environment, ATP and acetyl-
CoA phosphorylate and acetylate chromatin facilitating nuclear DNA transcription and
replication. In nutrient and calorie limiting state, chromatin phosphorylation and acetylation
are lost and gene expression is suppressed. It is suggested that DNA methylation via S-
adenosyl Methionine (SAM) can also be modulated by mitochondrial function (Naviaux,
2008; Wallace and Fan, 2010).

In recent years, an increasing number of epigenetic diseases have been suggested to be
associated with mitochondrial dysfunction (Chinnery, Elliott et al. 2012;Jazwinski and
Kriete, 2012;Manev, Dzitoyeva et al. 2012;Minocherhomji, Tollefsbol et al. 2012). In a
recent study, Bellizi et a/reported that blood samples from patients with mtDNA haplogroup
J had a higher global DNA methylation compared to other mtDNA haplogroups. The higher
global DNA methylation pattern in the mtDNA haplogroup J correlated with the
overexpression of the methionine adenosyltransferase-la (MAT1A) gene and low ATP and
ROS levels (Bellizzi, D'Aquila et al. 2012). They suggested that by possibly affecting
oxidative efficiency, mitochondria-nucleus interactions regulate epigenetic changes. Using
Restriction Landmark Genomic Scanning (RLGS) approach, Smiraglia DJ et a/ (Smiraglia,
Kulawiec et al. 2008) observed major changes in methylation patterns of the nuclear genome
in response to alterations in mtDNA copy number suggesting mitochondrial genome
changes causes profound alterations in the epigenetic status of the cell. The role of
mitochondria as an epigenetic regulator in human diseases has been reviewed earlier (Lu and
Thompson, 2012;Minocherhomji, Tollefsbol et al. 2012;Venneti and Thompson, 2013).

Our observation of hnRNPAZ2 activation in response to mitochondrial retrograde signaling is
important not only in genetic regulation but also from the epigenetic perspective. Our
ongoing work suggests that the mitochondrial stress responsive target promoter regions have
elevated levels of histone acetylation which is abrogated by silencing hnRNPA2 suggesting
an involvement of this protein in chromatin remodeling complex. It is also noteworthy that
hnRNP A2 binds to single stranded telomeric repeat TTAGGGn and also acts as a molecular
adapter between single-stranded telomeric repeats, or telomerase RNA, and another segment
of ssDNA (Ford, Wright et al. 2002;McKay and Cooke, 1992;Moran-Jones, Wayman et al.
2005). HnRNPAZ2 colocalizes with telomeric chromatin in the subset of PML bodies that are
a hallmark of ALT cells, reinforcing the evidence for hnRNPs having a role in telomere
maintenance. HNRNP A2/B1 was recently shown to be associated with human telomerase
reverse transcriptase (nTERT) and increase telomerase activity in hepatocellular carcinoma
which is a new prognostic biomarker (Mizuno, Honda et al. 2012). We therefore believe

Mitochondrion. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guha and Avadhani

Page 17

mitochondrial retrograde signaling induced activation of hnRNPA2 which is a telomere
regulatory protein is a possible epigenetic link between mitochondrial functional state and
nuclear gene expression and telomere state.

5. Mitochondrial Retrograde Signaling in tumor cell metabolism

Mitochondria are the sites of integration and coordination of metabolic pathways in the cell.
Mitochondria are important regulators of cancer cell metabolism, since in addition to
generating ATP they are major sites of cellular ROS production and are regulators of
apoptosis through the mitochondrial permeability transition pore (mPTP) (Marchetti,
Castedo et al. 1996). The mPTP acts as a “sensor” about mitochondrial energy metabolism,
increased oxidative stress and Ca2* overload by its interaction with pro- and anti-apoptotic
Bcl2 proteins, the outer membrane protein voltage-dependent ion channel protein (VDAC/
porin), the inner membrane protein adenine nucleotide translocator (ANT) and the Ca2*
sensor cyclophilin D (Kinnally, Peixoto et al. 2011). The involvement of mitochondria in
cancer arises from the observation that a number of nuclear “oncogenes” code for proteins
involved in mitochondrial energy production.

The Warburg effect has been demonstrated in different types of tumors and the increase in
glucose uptake has been exploited clinically in detection of tumors by fluorodeoxyglucose
positron emission tomography (FDG-PET). Cancer cell metabolism has become a promising
area of cancer therapeutics (Cheong, Lu et al. 2012). One of the first implications of the
mitochondrial role in cancer was reported in 1977 by Pedersen (Bustamante and Pedersen,
1977) in hepatocarcinoma cells where it was shown that cellular transformation correlated
with an increase in hexokinase 11 and a subsequent decrease in glucokinase (Pedersen,
Mathupala et al. 2002). It is believed that increased HKI1I bound to the mitochondrial outer
membrane traps ATP through its ATP-priming site, oxidizes the available glucose to G6P
resulting in rapid conversion to pyruvate and lactate. It is now understood that this induction
of hexokinase in cancer cells is controlled at the epigenetic level wherein the hexokinase
promoter is transcriptionally activated by demethylation (Goel, Mathupala et al. 2003). The
gene expression is regulated by glucose, hypoxia, cCAMP (CREB, ATF and CREM), p53
mutation and insulin (Thomson, Herway et al. 2008). Renal cell carcinomas and uterine
leiomyomas have been linked to mutations in mitochondrial fumarate hydratase while
mutations in succinate dehydrogenase (SDHB, C and D) is linked to paraganglioma (Yang,
Valera et al. 2012;Favier, Briere et al. 2005).

The close association with altered metabolism and cancer is evidenced from reports
demonstrating the role of oncogenes affecting tumor cell metabolism. A few notable
examples: the oncogene Ras when mutated, promotes glycolysis (Telang, Yalcin et al.
2006); Akt kinase, activated during cell proliferation also increases glucose uptake in tumor
cells; and the transcription factor Myc upregulates metabolic genes in tumors (Jones and
Thompson, 2009). Moreover, inhibition of LDH-A prevents Warburg effect reverting cancer
cells to oxidative phosphorylation and attenuated tumor growth (Shim, Dolde et al. 1997).
Tumor suppressor p53 alters mitochondrial function by regulating the expression of SCO2
(Matoba, Kang et al. 2006). Another p53 effector TIGAR (TP53-induced glycolysis and
apoptosis regulator) inhibits glycolysis by decreasing fructose-2,6-bisphosphate (Bensaad,
Tsuruta et al. 2006). Kawauchi ef a/ (Kawauchi, Araki et al. 2008) have suggested that p53-
mediated regulation of glucose metabolism is dependent on NFKB. We have shown that in
mammalian cells, Ca2*/Cn mediated mitochondrial retrograde signaling upregulates a
number of oncogenic factors and kinases involved in metabolic switch to glycolysis such as
IGF1 receptor, Glucose transporter-4, NFkB, CREB, Akt, PI-3Kinase along with the
activation of glycolytic enzymes (Amuthan, Biswas et al. 2001;Guha, Srinivasan et al.
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2007;Guha, Fang et al. 2010). Thus mitochondrial retrograde signaling initiated by
dysfunctional mitochondria can induce metabolic switch to glycolysis.

In recent years it has been suggested that nuclear transcription factors such as STAT3, p53
and ERalpha are translocated to the mitochondria which possibly regulate mitochondrial
function independent of transcription (Wegrzyn et al 2009; Brown et al, 2010; Tammineni et
al 2012). Additionally, mitochondrial deacetylases possibly has a significant role in
regulating the dynamics of the mitochondrial biogenesis (Aquilano et al 2010) and
mitochondrial acetylome (Anderson et al, 2012; Still AJ et al, 2013) favoring tumor
metabolism.

Our current understanding is that tumor cell mitochondria are functional and capable of
oxidative phosphorylation but favor metabolic reprogramming to meet the increasing
macromolecular demands associated with high proliferation of these cells (Wallace,
2012;Ward and Thompson, 2012). It has been proposed that the activation of many of the
oncogenes is primarily for the purpose of metabolic reprogramming in tumor cells.
However, alternative hypotheses from Lisanti and colleagues propose that the cancer
associated fibroblasts and the tumor stromal cells produce “energy rich” nutrients and there
is a parasitic dependence of the tumor cells on their stromal counterpart to meet the energy
and nutrient requirements (Pavlides, Vera et al. 2012).

6. Future Perspectives

Dysfunctional mitochondria are the point of origin of the mitochondria-to-nucleus
retrograde signaling pathway. Even though there are multiple modes of signaling
mechanisms involved, depending on the type of mitochondrial insult and cell types, these
pathways could possibly converge downstream through some common factors for the
propagation of this signal. In this review we provided a brief account of the mechanisms of
retrograde signaling. It remains to be seen if a particular retrograde signaling mechanism is
specific for cell types or the type of stress inducer. It is important to note here that even
though in most of the cell lines we have studied so far, reduction in mtDNA copy number or
treatment with mitochondrial ionophores lead to the activation of the tumorigenic program,
it is possible that the outcome of this signaling pathway could result in other cellular
programming depending on the cell lineage such as induced differentiation of macrophages
to osteoclast-like cells (Srinivasan and Avadhani, 2007;Srinivasan, Koenigstein et al. 2010).
Mitochondrial retrograde signaling has also been reported in many other pathological
conditions such as MERFF, neurodegenerative diseases (Alzheimer’s and Parkinson’s),
myocardial ischemia, maternally inherited deafness, diabetes and progeroid aging (Wallace,
2013).

Evidence attributing mtDNA defects to tumor progression comes from studies with
transmitochondrial cell hybrids (cybrids) where the defective mitochondrial respiration of
tumor cells is transferred to normally respiring cells when mitochondria, not nuclei, are
imported (Bonora, Porcelli et al. 2006). It is noteworthy that heteroplasmic mtDNA
mutations are frequently reported in cancers (Arnold, Sun et al. 2013; Fan, Lin et al. 2012;
Park, Sharma et al. 2009; Petros, Baumann et al. 2005). A recent report using deep
sequencing confirmed previous reports that while normal tissues contained marginal levels
of mtDNA heteroplasmy, most of the cancer-specific somatic mtDNA mutations were
heteroplasmic rather than homoplasmic (He, Wu et al. 2010). This report identified that in
tumors 85% of the heteroplasmic mutations were in protein-coding or RNA-coding regions,
whereas in normal tissues only 33% of the heteroplasmic variants were in protein-coding or
RNA-coding regions. These reports suggest the possibility that heteroplasmic mutations
might have been selected for their tumor-promoting effects rather than a random segregation
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event. Therefore mtDNA depletion model used by us and other investigators mimic the
mtDNA heteroplasmy models.

The altered metabolic shift to glycolysis resulting from altered genetic composition seems to
be a critical factor in tumor cell reprogramming. In recent years, mitochondria are gaining
center stage as a therapeutic target in cancer. A number of drugs termed “mitocans”
targeting different aspects of mitochondrial biology such as mitochondrial metabolic
pathways, mtDNA, ETC components and mitochondrial proteins have shown promising
results /n vivo and their effects in clinics remains to be seen (Neuzil, Dong et al. 2013;Edeas
and Weissig, 2013).

Our studies for the past decade have defined the mechanism of nuclear gene regulation by
Ca2*/Cn regulated retrograde signaling (Figure 4) and the role of the key signaling
components involved such as Calcineurin, NFKB, IGF1 receptor, Aktl and hnRNPA2 have
been confirmed using gene silencing approach. From our studies and previously published
reports, we suggest that therapeutic intervention of the retrograde signaling pathway by
targeting hnRNPA2 or calcineurin would be beneficial in designing cancer therapy for
patients with mitochondrial copy number defects. A recent report (Ermak G et al, 2012)
suggests that an isoform of the negative regulator of calcineurin RCAN1 (RCAN1-1L)
induces mitochondrial autophagy in neuronal cells resulting in metabolic shift to glycolysis.
However, in mtDNA-depleted cells, we have not observed mitochondrial autophagy but it
will be interesting to see the effect of RCAN1-1L on hnRNPAZ2 functions.

It will be interesting to investigate potential crosstalk between the Cn mediated retrograde
signaling reported by us and other reported retrograde signaling pathways such as ROS-
induced TFGp signaling, HIF1a, Ras, p53 signaling (Jain, Rivera et al. 2013;Hage-Sleiman,
Esmerian et al. 2013). Identifying a convergence point of these various signaling modes will
help in elucidating the global picture of mitochondrial retrograde signaling.

7. Summary

Mitochondrial genome defects such as deleterious mutations, deletions and altered copy
number affect normal mitochondrial functions. Mitochondrial retrograde signaling
(mitochondria-to-nucleus) is induced as a cellular adaptive response to mitochondrial
dysfunction and has been reported in many pathological conditions. We and others have
shown that mitochondrial retrograde signaling reprograms cells towards tumorigenesis. In
this review, we have compiled the different modes of the propagation of this signaling as
reported till date, focusing on the Ca2*/Calcineurin-mediated signaling pathway
characterized by us. In this pathway, reduction in mitochondrial genome copy number
results in increased cytosolic Ca* and Cn is activated. In response to this downstream
signature transcription factors NFKB (cRel-p50), NFAT, CREB, C/EBP? are activated. An
RNA-binding protein, hnRNPAZ2 is also activated with acts as a transcriptional coactivator
for the stress responsive nuclear genes Cathepsin L, RyR1, Glut4 and Aktl. IGF1 receptor
and Akt kinase are also activated as part of this signaling. The cumulative effect (shown in
Figure 4) of the activation of these kinases, growth factors and transcription factors is the
transformation of non- tumarigenic genes to a tumorigenic phenotype.
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Figure 1. Outline of the two major mitochondrial signaling pathways

(A) Anterograde signaling is transmitted by activated nuclear transcription factors and
cytoplasmic proteins essential for mitochondrial biogenesis. (B) Retrograde signaling
originates in dysfunctional mitochondria and communicated to the nucleus resulting in

altered expression of nuclear genes.
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Figure 2. Schematic outline of thereduced mtDNA copy number mediated mitochondrial
retrograde signaling in C2C12 myocytes

Reduction of mtDNA content below 70% disrupts AWm which results in elevated cytosolic
Ca?* and activation of Calcineurin. This initiates a signaling pathway involving a number of
kinases and transcription factors along with a mitochondrial stress activated transcriptional
coactivator, hnRNPA2. The resultant of this signaling is an upregulation of nuclear genes
leading to cellular reprogramming towards tumorigenesis.
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Functional Domain organization of hnRNPA2
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Figure 3. Functional Domains of hnRNPA2

A cartoon of the different functional domains of human hnRNPA2 identified till date. The
residues 1-180 are the two RNA recognition motifs (RRM) which are involved RNA
binding and transcriptional activation; residues 181-341 is the glycine rich domain involved
in protein-protein interaction. The Akt phosphorylation sites Thr 98 and Ser 213 are
indicated in green.
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Figure 4. Schematic outline of the key aspects of the Calcineurin mediated mitochondrial
retrograde signaling

The essential components of the Cn-mediated retrograde signaling pathway. In response to
this stress signal, NFKB (cRel-p50) and the other signature transcription factors (as
indicated) alongwith hnRNPA2 and Akt kinase are activated and translocated to the nucleus.
Nuclear Akt phosphorylates hnRNPA2 which associates with the signature transcription
factors by protein-protein interaction and stabilizes the enhanceosome complex. The
transcriptional coactivator function of hnRNPA2 is essential for activation of the stress
responsive nuclear genes Cathepsin L, RyR1, Glut4 and Akt1.
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