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Mitochondrial dysfunction and altered transmembrane potential initiate a mitochondrial respiratory stress response, also
known as mitochondrial retrograde response, in a wide spectrum of cells. The mitochondrial stress response activates
calcineurin, which regulates transcription factors, including a new nuclear factor-«B (NF-kB) pathway, different from the
canonical and noncanonical pathways. In this study using a combination of small interfering RNA-mediated mRNA
knock down, transcriptional analysis, and chromatin immunoprecipitation, we report a common mechanism for the
regulation of previously established stress response genes Cathepsin L, RyR1, and Glut4. Stress-regulated transcription
involves the cooperative interplay between NF-kB (cRel: p50), C/EBPS, cAMP response element-binding protein, and
nuclear factor of activated T cells. We show that the functional synergy of these factors requires the stress-activated
heterogeneous nuclear ribonucleoprotein (hnRNP) A2 as a coactivator. HnRNP A2 associates with the enhanceosome,
mostly through protein—protein interactions with DNA-bound factors. Silencing of hnRNP A2 as well as other DNA
binding signature factors prevents stress-induced transcriptional activation and reverses the invasiveness of mitochon-
drial DNA-depleted C2C12 cells. Induction of mitochondrial stress signaling by electron transfer chain inhibitors also
involved hnRNPA2 activation. We describe a common mechanism of mitochondrial respiratory stress-induced activation

of nuclear target genes that involves hnRNP A2 as a transcription coactivator.

INTRODUCTION

Mitochondrial biogenesis requires a coordinated interplay
between proteins encoded by the nuclear and mitochondrial
genomes. At least two different mechanisms have been de-
scribed for the intergenomic cross-talk between these spa-
tially separated genetic systems: anterograde and retrograde
signaling (Liao ef al., 1991; Liu and Butow, 2006). The an-
terograde intergenomic regulatory circuit involves nonmito-
chondrial signals that activate nuclear transcription factors
to regulate both nuclear and mitochondrial gene expression
(Poyton and McEwen, 1996; Kelly and Scarpulla, 2004;
Spiegelman, 2007). The role of peroxisome proliferator-acti-
vated receptor vy coactivator-1 family of coactivator proteins
in mitochondrial biogenesis and respiration is an example of
this type of regulation (Puigserver et al., 1998). Regulation of
cellular respiration by reduced mammalian target of rapa-
mycin signaling probably represents another example of
anterograde signaling (Bonawitz et al., 2007). In contrast, the
retrograde intergenomic regulatory circuit involves the reg-
ulation of nuclear gene expression by mitochondrial stress
signals that are initiated by metabolic stress, respiratory
changes, or mitochondrial DNA damage (Liao and Butow,
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1993; Jia et al., 1997; Biswas et al., 1999; Liu et al., 2001;
Amuthan et al., 2002; Butow and Avadhani, 2004; Liu and
Butow, 2006).

The mammalian retrograde pathway is initiated by dis-
ruption of mitochondrial membrane potential (AW, ), which
can be induced by treatment with mitochondrial uncou-
plers such as carbonyl cyanide m-chlorophenylhydrazone
(CCCP), partial or complete depletion of mitochondrial
DNA (mtDNA), mtDNA mutations, hypoxia-induced mito-
chondrial dysfunction, or mitochondrial protein misfolding
(Sciacco et al., 1994; Biswas et al., 1999; Amuthan et al., 2001,
2002; Arnould et al., 2002; Zhao et al., 2002; Biswas et al., 2003,
2005; Petros et al., 2005; Shidara et al., 2005; Srinivasan and
Avadhani, 2007). Disruption of AW | causes release of cyto-
solic free calcium ([Ca®*],, activation of calcineurin (Cn),
and transcriptional activation by nuclear factor of acti-
vated T cells (NFAT), nuclear factor-«B (NF-«B) (cRel:p50),
C/EBP§, and cAMP response element-binding protein
(CREB) (Biswas et al., 1999; Amuthan ef al., 2002; Arnould et
al.,2002; Biswas et al., 2003; Butow and Avadhani, 2004). This
retrograde response culminates in wide-ranging changes in
nuclear gene expression in metazoan cells (Marusich et al.,
1997; Amuthan et al., 2001; Delsite et al., 2002; Biswas et al.,
2003, 2005; Crimi et al., 2005; Jahangir Tafrechi et al., 2005;
Gubha et al., 2007; van Waveren and Moraes, 2008). Similar to
yeast, the transcriptional targets of the retrograde pathway
in mammalian cells are diverse and include proteins that
regulate Ca?* storage and release, glucose uptake and me-
tabolism, mitochondrial energy transduction, cell survival,
and cytoskeletal organization (Biswas et al., 1999; Dey and
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Moraes, 2000; Amuthan et al., 2001, 2002; Arnould et al.,
2002; Biswas et al., 2005, 2008b; Guha ef al., 2007). Although
120 candidate target genes of the mammalian retrograde
mitochondrial stress pathway have been identified in C2CI2
pluripotent myoblasts by using microarray analysis, the full
genetic footprint of mitochondrial stress has not been char-
acterized (Biswas et al., 2005, 2008b). Characterization of the
genes regulated by the intergenomic retrograde pathway is
central to understanding the putative role of mitochondrial
stress in cellular resistance to apoptosis, aging, cancer pro-
gression, and neural and bone degenerative diseases (Dey
and Moraes, 2000; Delsite et al., 2002; Petros et al., 2005;
Shidara et al., 2005; Wallace, 2005; Lin and Beal, 2006; Ohta,
2006; Pelicano et al., 2006).

In this study, we validated that the genes encoding
Cathepsin L, RyR1, and Glut4 respond to mitochondrial stress
signaling, identified the mitochondrial stress response pro-
moter elements, and investigated the mechanisms of tran-
scriptional activation for these genes. We chose to examine
the activation of Cathepsin L, RyR1, and Glut4 genes because
their activation is a marker for stress-induced cellular
changes, including tumor invasion, regulation of Ca?* ho-
meostasis, and altered cellular metabolism, respectively. The
regulation of mitochondrial respiratory stress-responsive
nuclear genes requires physical interactions and functional
synergy between the transcriptional activators NF-«B (cRel:
p50), C/EBPS, CREB, and NFAT that are activated under
mitochondrial stress conditions. In addition, we have found
that the functional synergy of these factors in the mitochon-
drial stress pathway requires coactivation of the heteroge-
neous nuclear ribonucleoprotein (hnRNP) A2. hnRNP A2 is
a protein with known functions in RNA processing/traffick-
ing, telomere maintenance, and oncogenesis (Dreyfuss ef al.,
1993; Fielding et al., 1999; He et al., 2005; Kosturko et al., 2005;
Moran-Jones ef al., 2005). Here, we show a new function for
this protein as transcription coactivator, which is mediated
mostly through interaction with other transcription factors.

MATERIALS AND METHODS

Plasmid Constructs and Cloning

The mouse Cathepsin L gene promoter DNA (sequence —273 to +47)
(Amuthan ef al., 2001) and the mouse RyR1 promoter (sequence —205 to +63)
(accession FJ480190) were amplified from mouse genomic DNA (Amuthan et
al., 2001) and cloned into the pGL3 mammalian expression vector (Promega,
Madison WI). The human Glut4 promoter (sequence —1209 to —168) (Liu et
al., 1992) was subcloned in the pGL3 vector. Mutations in the transcription
factor binding sites (NF-«B, GATGCGAATCC; C/EBPS, GACTACGAC; and
CREB, CGCTAACCCT) were introduced using the site-directed mutagenesis
kit from Stratagene (La Jolla, CA). The cRel, C/EBPS, NFAT, and CREB genes
were cloned into the pCMV4 expression vector. hnRNP A2 ¢cDNA was also
subcloned from pET28a (+) vector into pCI for transfections of C2C12 cells.
The gal4 fusion constructs were generated by cloning the full-length (1-342 aa)
and the deletion constructs (1-180 aa, 90-242 aa, 178-342 aa, and 240-342 aa) in
frame into the EcoRV and HindlIII sites of the pBIND gal4 dbd (Checkmate
Mammalian 2-hybrid system, Promega).

Cell Lines and Transient Transfections

Murine C2C12 skeletal myoblasts (CRL1772; American Type Culture Collec-
tion, Manassas, VA) were grown in Dulbecco’s modified Eagle’s medium
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum and
0.1% gentamicin. mtDNA-depleted clones containing ~80% reduced mtDNA
contents were generated as described previously (Biswas et al., 1999) and
grown in the presence of 1 mM sodium pyruvate and 50 wg/ml uridine.
Reverted cells represent the mtDNA-depleted cells (with 80% DNA deple-
tion) grown for 30 cycles in the absence of ethidium bromide until the mtDNA
content reached 20% of the control cell level. In some experiments, an alter-
nate method of mitochondrial stress induction by treatment with mitochon-
dria specific uncoupler, CCCP (25 uM) was used. In these experiments, CCCP
treatment was carried out for up to 10 h as specified. Transfections were
carried out using the FUGENE 6 reagent (Roche Molecular Biochemicals,
Indianapolis, IN) using the manufacturer’s suggested protocol. Promoter
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DNA constructs cloned in pGL3 vector (1 ug) and 0.5 ug of a Renilla luciferase
construct (Promega) as an internal control were used in each transfection. The
luciferase activity was assayed using the Dual-Luciferase reporter assay sys-
tem (Promega). Cotransfections with various cDNAs were carried out using
0.2 ug of cDNA constructs.

Small Interfering RNA (siRNA) Design, Cloning, and
Transfection

Three siRNAs were directed to the mouse hnRNP A2 mRNA sequence
(accession NM_016806) by using the siRNA Design software (Ambion Tech-
nologies, Foster City, CA). The siRNA sequences were cloned into the
pSilencer2.1neo vector (Ambion Technologies). A target sequence with no
known homology to any mouse transcript was also cloned and used as a
control. The siRNA sequence which knocked down the hnRNP A2 mRNA
level to ~80% was selected to generate the stable cell lines. Stable cell lines
were generated after transfection of mtDNA-depleted C2C12 cells with
hnRNP A2si or scrambled sequence cloned into the pSilencer2.1neo vector
containing a neomycin resistance gene. Transfected cells were grown in a
medium containing Geneticin (G418; 1 mg/ml) for 14 d, and resistant clones
were individually picked and expanded. These clones were then screened for
hnRNP A2 mRNA levels by real-time polymerase chain reaction (PCR), and
the clone with 70% knockdown was used for further studies.

For experiments using CCCP as a stress inducer, control C2C12 cells were
transiently transfected for 24 h either with pSilencer 2.1neo empty vector or
pSilencer2.1neo-hnRNP A2siRNA vector. After 24 h of transfections, cells
were treated with CCCP (25 uM) for 10 h, and mRNA was isolated for
real-time PCR analysis.

For mRNA silencing by transient transfections, predesigned siRNAs for
mouse cRel (sc-29858), C/EBPS (sc-37723), and CREB (sc-35111) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA), and double-
stranded scrambled negative siRNA control was purchased from Integrated
DNA Technologies (San Diego, CA). Control and mtDNA-depleted cells
(1 X 10°) were transfected with preannealed double-stranded siRNAs at a
final concentration of 25 nM by reverse transfection as described previously
(Guha et al., 2007). Transient transfections were carried out in triplicate by
using siPORT NeoFX reagent (Ambion Technologies). After 48 h, total cell
lysates were analyzed for knockdown of the respective protein levels by
immunoblot. A parallel set of transfected cells were used for chromatin
immunoprecipitation (ChIP) assays.

Enhanceosome Pull-Down

Nuclear extracts were prepared by the method of Dignam et al. (1983). RNA
bound to the proteins was removed by RNAse treatment. DNA sequences for
the Cathepsin L promoter (—273 to —53) and RyR1 promoter (—205 to +63)
were end labeled using T4 polynucleotide kinase and were coupled to cyano-
gen bromide-activated Sepharose 4B as described previously (Kadonaga and
Tjian, 1986). Approximately 1 mg of protein was loaded per DNA-Sepharose
column as described previously (Masternak et al., 2000), and bound proteins
were eluted with 0.2-0.4 M KCl buffer containing 25 mM HEPES, pH 7.8, 12.5
mM MgCl,, 1 mM dithiothreitol, 20% (vol/vol) glycerol, and 0.1% (vol/vol)
Nonidet P-40. Eluates (200 ul each) were concentrated to 20 ul and run on a
12% SDS-polyacrylamide gel electrophoresis (PAGE) gel and silver stained
using a Silver Stain Plus kit (Bio-Rad Laboratories, Hercules, CA). The im-
munoblots were developed using SuperSignal West Femto maximum sensi-
tivity substrate from Pierce Chemical (Rockford, IL).

Immunoprecipitation

To ensure equal amounts of input hnRNP A2 levels, we used 100 ug of
protein from mtDNA-depleted cells and 500 ug of protein from control cells
for immunoprecipitation. The nuclear and cytosolic fractions were immuno-
precipitated overnight at 4°C, with the respective antibodies as mentioned in
figure legends (2 ug/ml). The immune complexes were collected onto protein
A-Agarose beads and washed extensively (Sigma-Aldrich, St. Louis, MO).
The immunoprecipitates were extracted from the beads with 2X Laemmli
buffer devoid of B-mercaptoethanol at 95°C for 5 min and used for further
analysis.

ChIP Analysis

ChIP assays were performed following the protocol of Millipore (Billerica,
MA). Cells were fixed by adding 1% formaldehyde to the culture medium and
incubated at 37°C for 10 min. The cell pellet was suspended in SDS lysis buffer
[1% SDS, 10 mM EDTA, and 50 mM tris(hydroxymethyl) aminomethane, pH
8.1], and the cell lysates were sonicated using an ultrasonic processor soni-
cator (10-s pulses; 20 times, on ice). Diluted aliquots were immunoprecipi-
tated overnight at 4°C. Preimmune immunoglobulin G was used as a negative
control, and equal volumes of samples were used as input DNA. The anti-
body-chromatin complex was immunoprecipitated by protein A-agarose/
salmon sperm DNA (50% slurry) (Sigma-Aldrich). The DNA recovered after
the reversal of cross-linking was quantified by real-time PCR. Data were
analyzed by normalizing with the corresponding input values.
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Figure 1. Mitochondrial stress-mediated
transcriptional activation of RyR1, Cathepsin L,
and Glut4 promoters. (A) Relative promoter
activity in control cells with normal mtDNA
levels ([J) and mtDNA-depleted (H) cells. (B)
Minimal regions of RyR1, Cathepsin L, and
Glut4 promoters required for stress respon-
sive transcriptional activation. (C and D). Ef-
fects of mutations at the putative factor bind-
ing sites of the promoter on transcription
activity in control and mtDNA-depleted cells.
Data represent the mean * SD of three sep-
arate experiments. **p < 0.001, represents
highly significant difference.
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Growth Pattern and In Vitro Invasion Assays

Growth patterns were measured by seeding cells at a density of 1 X 10*
cells/well in 24-well culture plates. Cells from three wells at each time point
were harvested and counted in a Guava personal cytometer according to the
manufacturer’s protocols (Guava Technologies, Hayward, CA). The in vitro
invasion assays were carried out in Matrigel invasion chambers (BD Bio-
sciences Discovery Labware, Bedford, MA) as described previously (Yagel et
al., 1989). Cells (1 X 10%) were seeded on top of the Matrigel layer. After
incubation for 24 h at 37°C, noninvading cells in the Matrigel layer were
removed, and the microporous membranes containing invaded cells were
stained and viewed with a BX 61 fluorescence microscope (Olympus America,
Center Valley, PA) as described previously (Amuthan ef al., 2001). At least six
fields were examined for each condition per experiment.

Uptake of 2-Deoxyglucose

Glucose uptake was measured as described previously (Guha et al., 2007).
Briefly, 10° cells grown in six-well plates were serum starved for 6 h and
incubated in the presence or absence of the indicated levels of insulin for 30
min in glucose-free DMEM medium. One microcurie of 2-[*H]deoxyglucose
(1 mCi/0.1 mmol; American Radiolabeled Chemicals, St. Louis, MO) was
added to each well containing 2 ml of medium for an additional 15 min. The
transport was terminated by washing cells rapidly three times with ice-cold
phosphate-buffered saline and lysing in 1 N NaOH. Radioactivity levels of the
lysates were assessed in a liquid scintillation counter (Beckman Coulter,
Fullerton, CA).

mRNA Quantitation by Real-Time PCR

Total RNA was isolated using TRIzol reagent according to the supplier’s
protocol (Invitrogen). The cDNA was generated from 5 ug of RNA using the
cDNA Archive kit (Applied Biosystems, Foster City, CA), and 50 ng of the
cDNA was used as template per reaction. SYBR Green (Applied Biosystems)
primers were designed for hnRNP A2, TGFB, IGFIR, Glut4, RyR1, and Cathep-
sin L by using the Primer Express 2.0 software (Applied Biosystems). (Se-
quences can be provided on request.) Data were normalized using B-actin
levels as an endogenous control. Results represent three independent exper-
iments.

Statistical Analysis

Data on luciferase activity, mRNA quantitation, and chromatin immunopre-
cipitation analysis are presented as mean = SD of three to five independent
experiments. Differences between paired variables were determined using
two-way analysis of variance. A single asterisk (*) represents p values <0.05
considered statistically significant, and a double asterisk (**) represents p
values <0.001 considered highly significant.
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RESULTS

Common DNA-binding Proteins Involved in the
Transcriptional Regulation of Mitochondrial Stress-
responsive Genes

In a previous study, we showed that mouse Cathepsin L
promoter exhibited 2.5-fold higher activity in mtDNA-de-
pleted C2C12 cells compared with control cells (Amuthan ef
al., 2001). In addition, 5" deletion analyses showed that the
proximal promoter region spanning sequence —273 to +47
fully responded to mitochondrial stress as revealed by pro-
moter activity. This minimal promoter region contained sites
with full or partial consensus for binding to NF«B (cRel:
p50), C/EBPS, CREB, and NFAT (Amuthan et al., 2001).
These same factors are activated under mitochondrial stress
as seen by increased nuclear accumulation and also DNA
binding (Amuthan et al., 2001; Arnould ef al., 2002; Biswas et
al., 2003, 2005; Butow and Avadhani, 2004). In the present
study, we focused on these same transcription factors and
investigated the mechanism of transcriptional activation of
three putative mitochondrial stress response target genes for
Cathepsin L, RyR1, and Glut4 by using multiple approaches.
In initial experiments by 5’-deletion analysis (data not
shown), we defined a minimal promoter region for each
gene that was capable of responding to mitochondrial respi-
ratory stress. A positive response was defined as a greater
than twofold higher transcription rate in mtDNA-depleted
C2C12 cells than in control cells (Figure 1, A, C, and D). The
minimal promoter regions shown in Figure 1B retained
>80% of the promoter activity obtained with the larger
5’-extended promoter DNAs in mtDNA-depleted cells (data
not shown). The specificity of the promoter responses to
stress was demonstrated by the absence of increased tran-
scription for the pGL3 basic vector containing the simian
virus 40 promoter in mtDNA-depleted cells. Furthermore,
the activities of all three promoters were markedly reduced
to near control cell level in reverted cells with mtDNA
content restored to ~70% of the control. A reversal of activ-
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ity in reverted cells provides evidence that the altered pro-
moter activity in depleted cells is due to mitochondrial stress
induced by mtDNA depletion. Nucleotide sequence analysis
using MatInspector indicated that the RyR1 and Glut4 pro-
moters also contained consensus sites for binding to NF-«B
(cRel), C/EBPS§, and CREB within their stress response re-
gions (Figure 1B). The RyR1 and Cathepsin L promoters also
contained NFAT consensus sites (Figure 1B). The functional
significance of these factor binding sites was tested by mu-
tational analysis. The enhancement of Cathepsin L pro-
moter activity was eliminated by mutations in the putative
C/EBP$ binding site and greatly reduced by mutations in
the NF-«B site (Figure 1C). Mutations in the putative cRel,
C/EBP§, NFAT, and CREB binding sites of the RyR1 pro-
moter likewise reduced the activation of this promoter in
mtDNA-depleted cells (Figure 1D). Mutations within the
NF-«B, CREB, and C/EBP$ sites of the Glut4 promoter
caused similar changes in response to mitochondrial respi-
ratory stress (data not shown). The basal transcription activ-
ities of these promoters in control C2C12 cells was not
significantly affected by these mutations (Figure 1, C and D),
probably because of different set of regulatory controls op-
erating under normal cellular conditions when the steady
state levels of stress-activated factors are generally low.
These results show that NF-«B, C/EBPS, CREB, and NFAT
are important factors in mediating the effects of mitochon-
drial respiratory stress.

Identification of Cathepsin L and RyR1 Promoter-binding
Proteins

We used the enhanceosome pull-down approach (Masternak et
al., 2000) to determine the nature of nuclear proteins that
bind to the minimal stress response regions of Cathepsin L
and RyR1 promoters. The Cathepsin L (—273 to —53) and
RyR1 (—205 to +63) promoter DNAs were conjugated to
CNBr-activated Sepharose (Kadonaga and Tjian, 1986) to
produce affinity columns. Approximately 1 mg of nuclear
protein was loaded on each column, and the proteins from
mtDNA-depleted and control C2C12 cells were eluted with
buffer containing progressively higher salt (0.2-0.4 M KClI),
and proteins were resolved by SDS-PAGE (Figure 2, B and
D). The gel profile in Figure 2A (bottom) and immunoblot of
the gel (Figure 2A, top) with antibody to nuclear p97, rep-
resent 1% of the total protein loaded on the Cathepsin L
promoter DNA column in Figure 2B. The 0.2 M KCl eluate
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- Figure 2. Enhanceosome interaction with
— | - Cathepsin L promoter DNA. (A) Silver-stained
= gel pattern of nuclear proteins from control
= - - and mtDNA-depleted cells (10 ug each) (bot-
s tom panel) and immunoblot of the companion
: Py 2 gel with antibody to nuclear p97. (B) Silver-
~ - . . .
stained gel profile of proteins eluted from the
k K i Cathepsin L DNA affinity column by using

nuclear proteins from mtDNA-depleted and
control C2C12 cells (1 mg of protein each).
Each eluate (200 ul) was concentrated to 20 ul
and used for gel electrophoresis. (C) Immuno-
blot analysis of protein fractions bound to Ca-
thepsin L promoter DNA. One hundred micro-
liters of eluate per sample was concentrated to
~20 pl and used for immunoblotting.

from mtDNA-depleted cells showed a number of protein
bands. Out of these bands, five protein bands with apparent
molecular masses of 110, 75, 50, 36, and 28 kDa (marked with
arrowheads) were identified as NFAT, cRel, p50, hnRNP A2,
and C/EBP& by using nano-liquid chromatography (LC)/
tandem mass spectrometric analysis of tryptic peptides. The
LC/mass spectrometric pattern of hnRNP A2 is shown in
Supplemental Figure S1. The other minor bands (marked
with lines) either represented degradation products or could
not be identified because of low abundance. The 0.3 and 0.4
M KClI eluates yielded lower intensity bands. The extract
from control C2C12 cells also yielded very low level of
DNA-binding proteins, and most of these bands migrated
differently from the major bands obtained with nuclear pro-
tein fraction from mtDNA-depleted cells. These results are
consistent with the higher promoter activity and higher level
of activation of these factors in mtDNA-depleted cells. The
identities and relative levels of bound proteins were con-
firmed by immunoblot analysis. High levels of hnRNP A2,
C/EBP§, NFAT, cRel, and p50 were detected in 0.2 M KCl
eluate when nuclear extract from mtDNA-depleted cells was
used (Figure 2C, right). The 0.3 M KCI elutes also showed
some of these proteins, whereas the 0.4M KCl elute showed
very low levels. Consistent with the low protein binding
observed in Figure 2B, all three column fractions with con-
trol cell nuclear extract showed very low to marginal levels
of antibody-reactive bands in Figure 2C (left). Very low level
of p65 was detected in the immunoblots of bound proteins
from control and mtDNA-depleted cell extracts, suggesting
a preferential binding of the NF«B proteins cRel:p50 to the
promoter DNA. Purification using the RyR1 promoter DNA
(—205 to +63) gave essentially similar results (Supplemental
Figure S2). Immunoblot analysis of the eluted proteins
showed that DNA bound hnRNP A2 was eluted with all
three KCl fractions, suggesting a higher affinity interaction
with the enhanceosome complex of RyR1 promoter. The
reason for this difference in affinity between the Cathepsin L
and RyR1 promoter binding remains unclear. NFAT and p50
were eluted from the RyR1 promoter with both 0.2 and 0.3 M
KCl (Supplemental Figure S2B).

Elevated Nuclear hnRNP A2 in Cells Subjected to
Mitochondrial Stress

hnRNP A2, a protein that shuttles between the cytosol and
the nucleus, is involved in mRNA processing, RNA trans-
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Figure 3. Increased nuclear hnRNP A2 in response to mitochon-
drial stress and its association with other DNA binding transcrip-
tion factors. (A) Immunoblot analysis of nuclear and cytoplasmic
proteins (50 ug each) from control, mtDNA-depleted, and reverted
cells with indicated antibodies. The blots were reprobed with anti-
bodies to nuclear protein p97 and cytosolic actin to assess loading
levels. (B) hnRNP A2 mRNA levels in control, mtDNA-depleted,
and reverted cells. Data represent the average = SD of three inde-
pendent experiments. **p < 0.001, represents highly significant
difference in mRNA levels between control, mtDNA-depleted, and
reverted cells. (C) hnRNP A2 immunoblot analysis of nuclear ex-
tracts from control and CCCP (25 uM; 2 h) treated 3T3, RAW264.7
macrophage, C2C12, and HIC2 cells (50 pg of protein). (D) Immu-
noprecipitates from control and mtDNA-depleted nuclear extracts
by using hnRNP A2 antibody were subjected to immunoblot anal-
ysis with C/EBP§, cRel, CREB, or YY1 antibodies (panels from top
1-5). In panels 6-9 from top, nuclear extracts were immunoprecipi-
tated with C/EBP$, cRel, CREB, and p50 antibodies and probed
with hnRNP A2 antibody.

port, and RNA metabolism. The immunoblot in Figure 3A
shows that in control, mtDNA-depleted, and reverted
C2C12 cells, the levels of hnRNP A2 are significantly higher
in the nucleus than in the cytoplasmic compartment. In
addition, the hnRNP A2 protein level was almost fivefold
higher in the nuclear fraction of mtDNA-depleted cells than
in control cells. Reverted cells contained significantly lower
hnRNP A2 protein in both the cytosolic and nuclear com-
partments. Results also show that the nuclear level of an-
other member of hnRNP family proteins, hnRNP D-L, did
not increase in response to mitochondrial stress. In both
depleted and reverted cell nuclei there was a reduction in
the level of hnRNP D-L protein. These results suggest that
modulation of hnRNP family protein levels during mito-
chondrial stress is highly selective and not a general phe-
nomenon. In addition, the increase in nuclear level of
hnRNP A2 in mtDNA-depleted cells is indeed in response to
stress due to mtDNA depletion, because restoration of
mtDNA reduced hnRNP A2 level. Consistent with the in-
creased protein levels, real-time PCR detected fivefold
higher hnRNP A2 mRNA in mtDNA-depleted cells than in
control and reverted cells (Figure 3B). The induction of
mitochondrial stress by CCCP treatment also increased the
steady-state levels of hnRNP A2 in 3T3 fibroblasts, RAW
264.7 macrophages, H9C2 cardiomyocytes and A549 lung
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carcinoma cells (Figure 3C). These results suggest that a high
nuclear level of hnRNP A2 is a common consequence of
mitochondrial respiratory stress. In compliance with our
previous observations (Amuthan et al., 2002; Srinivasan and
Avadhani, 2007; Guha et al., 2007), these results also show
that mitochondrial respiratory stress induced changes in
nuclear activity is a general feature of many cell types.

Physical Interaction of hnRNP A2 with the Mitochondrial
Respiratory Stress-activated Transcription Factors

Although hnRNP A2 did not directly bind to promoter DNA
in EMSA assays (data not shown), it was associated with
promoter DNA in the pull-down assay (Figure 2 and Sup-
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Figure 4. Transcriptional activation of Cathepsin L, RyR1, and
Glut4 promoters by various factors. Promoter DNA constructs (1.0
pg each) cloned in pGL3 vector were cotransfected with or without
0.2 ug of cRel, CREB, C/EBP§, NFAT, hnRNP A2, and hnRNP D-L
c¢DNAs into control and mtDNA-depleted cells. A plasmid contain-
ing Renilla luciferase (0.5 ug) was used as an internal control for
normalization of transfection efficiency between samples. Promoter
activity of the Cathepsin L (A), RyR1 promoter (B), and Glut4 pro-
moters (C). Data represent the mean = SD of three independent
experiments. **p < 0.001, represents highly significant difference
between control and mtDNA-depleted cells and also in cells co-
transfected with hnRNP A2 cDNA. *p < 0.05, represents significant
difference.
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plemental S2). These results suggest that the association of
hnRNP A2 with the stress-responsive promoters is mediated
by protein—protein interactions with other DNA-bound tran-
scription factors. Indeed, C/EBPS, cRel, and CREB were
coimmunoprecipitated from nuclear extracts of mtDNA-de-
pleted cells using hnRNP A2 antibody (Figure 3D). The
same input levels of hnRNP A2 were used for immunopre-
cipitation from both cell types. The immunoprecipitate did
not contain significant YY-1 transcription factor, which does
not respond to mitochondrial respiratory stress or bind to
stress-responsive promoters. Coimmunoprecipitation of
control extracts with hnRNP A2 antibody immunoprecipi-
tated considerably lower levels of C/EBPS, cRel, and CREB
than stressed cell extracts (Figure 3D). A reciprocal coimmu-
noprecipitation using antibodies against C/EBP$, cRel, p50,
and CREB also immunoprecipitated hnRNP A2 (Figure 3D),
confirming the associations. Lower levels of hnRNP A2 were
immunoprecipitated from control cell nuclear extract, con-
firming a reduced interaction of hnRNP A2 with DNA-
binding proteins, and/or reduced nuclear levels of hnRNP
A2 in these cells.

Transcriptional Activation of Cathepsin L, RyR1, and
Glut4 Promoters by Mitochondrial Stress-responsive
Nuclear Factors

We investigated the transcriptional activation of the Cathep-
sin L (sequence —273 to +47), RyR1 (sequence —205 to +63),

and Glut4 (sequence —1209 to —168) promoters in cells
transfected with cDNAs for cRel, C/EBPS, and CREB (Fig-
ure 4). Luciferase activity driven by the Cathepsin L promoter
was 1.8-, 2.5-, 1.5-, and 1.7-fold higher over basal levels after
cRel, C/EBP§, CREB, and hnRNP A2 transfections, respec-
tively (Figure 4A). Transfection of control cells also modestly
increased luciferase activity. Cotransfections of hnRNP A2
cDNA with either cRel or C/EBP$ synergistically enhanced
luciferase activity, suggesting a cooperativity between these
proteins. The cooperative increase in promoter activity is
specific for hnRNP A2, because hnRNP D-L ¢cDNA failed to
show such an effect (Figure 4A). In contrast to the marked
increase in activity observed with hnRNP A2, a combination
of hnRNP D-L and cRel marginally increased the activity in
control cells, whereas the activities in mtDNA-depleted cells
were marginally repressed. Repeat experiments using lucif-
erase expression driven by the defined RyR1 and Glut4 pro-
moters gave similar results (Figure 4, B and C). Although not
shown, hnRNP D-L did not either by itself or in combination
with other factors yield an increase in promoter activity.

Reversal of Stress-induced Invasive Behavior, Glucose
Uptake, and Gene Expression by hnRNP A2 Silencing
Previous studies have shown that cells subjected to mito-
chondrial stress exhibit higher growth rates (Amuthan et al.,
2001; Gubha et al., 2007). To determine whether hnRNP A2 is
necessary for mitochondrial stress-induced growth, we first
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generated mtDNA-depleted cell lines stably expressing siRNA
targeted to hnRNP A2 mRNA (Figure 5A). This decreased the
protein and mRNA level of hnRNP A2 by 70% (Figure 5A)
without any change in levels of other transcription factors (data
not shown). Equal numbers of cells (1 X 10%) were seeded and
their cell viability was assessed at 24-h intervals. At 24 h after
seeding, mtDNA-depleted cells had growth rates comparable
with control and mtDNA-depleted/hnRNP A2-silenced cells.
However, by 48 h the mtDNA-depleted cells had expanded
significantly more than the mtDNA-depleted/hnRNP A2-si-
lenced cells, which had viable cell numbers comparable with
control C2C12 cells (Figure 5B).

Another important characteristic of mtDNA-depleted
cells is increased in vitro invasiveness and increased tumor-
igenicity (Amuthan et al., 2001, 2002). Because hnRNP A2
plays a role in the activation of the stress-specific marker
genes Cathepsin L, RyR1, and Glut4, we evaluated the role of
hnRNP A2 in cell invasiveness by using a Matrigel invasion
chamber. Figure 5C shows the number of cells that invaded
through the Matrigel membrane after 24 h of incubation.
Consistent with previous results, mtDNA-depleted cells
expressing a mock siRNA showed a higher level of inva-
sion than control cells (Figure 5C). The mtDNA-depleted/
hnRNP A2-silenced cells had considerably impaired inva-
siveness (Figure 5C). The observed decrease in invasiveness
of hnRNP A2-silenced cells was not due to a difference in
growth rates because the assay was performed after 24 h of
growth (Figure 5B). These results suggest that hnRNP A2
plays an important role in the induction of cell growth and
invasiveness stimulated by mitochondrial stress. We have
shown previously that the increased invasiveness of
mtDNA-depleted cells is associated with activation of IGF1IR
pathway and increased glucose uptake. Figure 5D shows
that siRNA-mediated knockdown of hnRNP A2 reduced
glucose uptake to near control cell levels, suggesting that
hnRNP A2 protein also plays an important role in the cel-
lular metabolic shift triggered by mitochondrial respiratory
stress.

To understand the specificity of the effects of hnRNP A2
silencing in mtDNA-depleted cells, we carried out control
experiments in which the effects of mRNA silencing in con-
trol cells was investigated. Figure 6A shows that siRNA-
mediated hnRNP A2 mRNA silencing did not have any
significant effects on the growth of control C2C12 cells at 24
and 48 h of growth. However, a marked effect was observed
in mtDNA-depleted cells. Although not shown, analysis of
cells by annexin staining did not show any measurable
increase in cell death both in control and mtDNA-depleted
cells. Consistent with the results of promoter pull-down and
cotransfection studies (Figures 2 and 4), promoter analysis
using Cathepsin L, Glut4, and RyR1 promoter constructs
showed only marginal effects of hnRNP A2 silencing in
control cells, whereas marked effects were seen in mtDNA-
depleted cells (Figure 6B). These results suggest that the
effects of hnRNP A2 silencing on invasiveness and other
phenotypic parameters are due to selective effects on tran-
scription regulation of stress target genes rather than direct
effects on cell growth and survival parameters.

Finally, we measured the production of mRNA encoding
several mitochondrial stress responsive genes in hnRNP
A2-depleted cells. These marker genes were shown previ-
ously to be down-regulated by silencing calcineurin (Cn)
A-a or inhibitor of nuclear factor-kB (IkB) 8 in mtDNA-
depleted C2C12 cells (Biswas et al., 2003, 2008b). These two
proteins are important upstream factors of this pathway.
Using real-time PCR, we detected higher RyR1 (7.3-fold),
TGFB (2.0 fold), Cathepsin L (7.4-fold), IGFIR (9.8-fold), and
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Figure 6. Effects of hnRNPA2 silencing on growth rate and pro-
moter activity in control C2C12 cells. (A) HnNRNPA2 mRNA levels
were silenced in control and mtDNA-depleted cells by transfection
with siRNA expressing plasmid. Cell numbers were measured after
24 and 48 h of growth. (B) The activities for the Cathepsin L, Glut4,
and RyR1 promoter constructs in control, mtDNA-depleted and
hnRNP A2 mRNA-silenced cells were measured as described in
Materials and Methods. Luciferase activities are normalized using
Renilla luciferase as an internal control for transfection efficiency.
Data represent the mean * SD of three independent experiments.
*p < 0.001, represents highly significant difference. p < 0.05, rep-
resents significant difference.

Glut4 (4.2-fold) mRNA levels in mtDNA-depleted cells than
in control cells (Figure 7A). The increase in mRNA and
protein levels were effectively reduced by hnRNP A2 mRNA
silencing (Figure 7, A and B). The two antibody reactive
bands for Glut4 (Figure 7B) probably represent the glycosy-
lated and unglycosylated forms. Figure 7C shows that the
alternate approach of stress induction by CCCP treatment
also induced the expression of hnRNP A2, Cathepsin L,
IGF1R, and Glut4 genes, which was significantly reversed by
transient expression of siRNA for hnRNP A2. Both the levels
of induction and reversal by hnRNP A2 silencing were
marginal for RyR1 and TGF mRNAs. The reason for the
difference in the levels of mRNA induction by CCCP treat-
ment versus mtDNA depletion remains unclear. Although
not shown, transient transfection with siRNA for 10 h
caused ~60% reduction in hnRNP A2 levels. Consistent
with the reduced mRNA levels, the transcriptional activities
of the Cathepsin L, Glut4, and RyR1 promoters were also
reduced to control cell levels in response to hnRNP A2
silencing (Figure 7D). These results confirm that hnRNP A2
plays direct roles in the transcriptional programming as well
as the phenotypic changes that occur in cells experiencing
mitochondrial respiratory stress.

Role of hnRNP A2 in Enhanceosome Formation and
Integration of Respiratory Stress Signaling

Transcriptional analysis in Figure 8A shows that Cathepsin L
promoter activity was two- to threefold higher in mtDNA-
depleted cells than in control cells and was reduced to
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control cell levels by silencing of hnRNP A2 mRNA. Results
also show that cotransfection with cRel and C/EBP$ in-
duced Cathepsin L promoter activity by two- to threefold in
mtDNA-depleted cells but not in hnRNP A2-silenced cells.
A similar transcriptional activation in mtDNA-depleted cells
and reversal in hnRNP A2 mRNA-silenced cells was ob-
served for the RyR1 promoter (Supplemental Figure S3A).
These results suggest a possible role for hnRNP A2 in coor-
dinating the activities of mitochondrial stress induced DNA
binding signature factors.

To ascertain the in vivo association of stress-activated
transcription factors and hnRNP A2 at the target promoters,
we performed ChIP assays in hnRNP A2-silenced cells. Fig-
ure 8B shows a control experiment comparing the level of
hnRNP A2 antibody pull-down of stress-responsive Cathep-
sin L promoter and a nonmitochondrial stress responsive
Actin promoter in control, mtDNA-depleted, and reverted
cells. The reverted cells showed a pattern closer to the con-
trol cells, suggesting that observed increase in promoter
occupancy of hnRNP A2 is directly in response to mtDNA
depletion. ChIP analysis in Figure 8C shows an increased
association of cRel, C/EBPS, CREB, and hnRNP A2 with the
Cathepsin L (Figure 8B) promoter in mtDNA-depleted cells.
In contrast, hnRNP A2 silencing in mtDNA-depleted cells
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Figure 7. Reversal of gene expression and transcrip-
tional activity of target gene promoters by hnRNP A2
silencing. (A) Relative mRNA levels for stress-respon-
sive genes in control, mtDNA-depleted/mock si, and
mtDNA-depleted/hnRNP A2 si cells measured by real-
time PCR. The mouse B-actin gene was used as an
endogenous control. Data shown are the mean + SD
of triplicate experiments. (B) Immunoblot analysis of
post-mitochondrial supernatants (30 ug of protein
each) of control C2C12, mtDNA-depleted/mock si,
and mtDNA-depleted/hnRNP A2si cells. B-Actin is
used as loading control. (C) Relative levels of indicated
mRNAs in control C2C12 or mtDNA-depleted C2C12
cells transfected with mock si vector or hnRNPA2
siRNA vector with or without treatment with CCCP.
mRNA levels were measured by real-time PCR using
B-actin mRNA as an internal control. Control C2C12
cells were transiently transfected with either pSi-
lencer2.1 neo vector or with the vector containing
hnRNP A2 siRNA for 24 h and treated with CCCP (25
uM; 10 h). (D) Transcriptional activities measured as
luciferase units of Cathepsin L, RYR1, and Glut4 promot-
ers in control, mtDNA-depleted /mock si, and mtDNA-
depleted/hnRNP A2 si cells. Luciferase activities are
normalized using Renilla luciferase as an internal con-
trol for transfection efficiency. Data represent the
mean * SD of three independent experiments. **p <
0.001, represents highly significant difference. *p <
0.05, represents significant difference.

resulted in marked and uniform reduction in factor binding
to the Cathepsin L promoter (Figure 8B). Consistent with the
results of promoter analysis in Figure 4, hnRNP D-L was not
associated significantly with the promoter, further confirm-
ing the specificity of hnRNP A2 association with the enhan-
ceosome. A similar increase in the occupancy of promoter
DNA by signature factors in mtDNA-depleted C2C12 cells
and reversal by hnRNP A2 mRNA silencing was observed
with the RyR1 promoter (Supplemental Figure S3B). These
results suggest that hnRNP A2 acts as an adaptor protein
that bridges cRel, C/EBP8, and CREB to the transcription
complex. Silencing of hnRNP A2 probably impairs tran-
scription by disrupting this association.

The cooperative nature of factor binding to the enhanceo-
some and the roles of individual DNA binding signature
factors in the recruitment of hnRNP A2 were investigated by
ChIP analysis of cells in which individual factors were si-
lenced with specific siRNAs (Figure 8D and Supplemental
S3C). The cRel silencing had a marked effect on the asso-
ciation of both C/EBPé and CREB with the Cathepsin L
and RyR1 promoters (Figure 8D and Supplemental S3C).
C/EBP$ silencing also had a pronounced effect on associa-
tion of all three proteins with the Cathepsin L promoter
(Figure 8D). CREB silencing also affected the association of
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Figure 8. Effects of hnRNP A2 silencing on transcriptional activity
and occupancy of Cathepsin L promoter sites by DNA binding
factors. (A) Transcriptional activities of the Cathepsin L promoter
after cotransfection with cRel and C/EBPS§ ¢cDNAs in control,
mtDNA-depleted/mock si, and mtDNA-depleted/hnRNP A2 si
cells. (B). ChIP analysis of the Cathepsin L and B-Actin promoters in
control, mtDNA-depleted and reverted cells by using hnRNP A2
antibody. (C) ChIP analysis of the Cathepsin L promoter with hnRNP
A2, hnRNP bp-L, C/EBPS, cRel, and CREB antibodies in the indi-
cated cells. Preimmune serum was used as a negative antibody
control. Real-time PCR analysis using 10% input DNA for normal-
ization. Values are expressed as -folds relative to the factor binding
in control cells. (D) ChIP analysis of the Cathepsin L promoter with
hnRNP A2, C/EBPS, cRel, and CREB antibodies in control, mtDNA-
depleted, and mtDNA-depleted cells transfected with cRel,
C/EBP§, and CREB siRNAs. Values are expressed as -folds relative
to the factor binding in control cells. Preimmune serum was used as
a negative control. Data represent the mean * SD of three indepen-
dent experiments. **p < 0.001, represents highly significant differ-
ence. *p < 0.05, represents significant difference.

cRel si

cRel in a major way. However, promoter occupancy of
hnRNP A2 and C/EBP§ were affected only marginally. (Fig-
ure 8D). Thus, the three DNA binding signature factors
exhibit varying levels of cooperativity for association with
the enhanceosome. Furthermore, the promoter occupancy of
C/EBPé and cRel is critical for hnRNP A2 recruitment to the
enhanceosome. A similar pattern of occupancy of RyR1 pro-
moter was observed in mtDNA-depleted and for cRel and
C/EBP& mRNA-silenced cells (Supplemental Figure S3C).
However, CREB mRNA silencing had a more profound
effect on RyR1 promoter occupancy by other factors (Sup-
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plemental Figure S3C) compared with the Cathepsin L pro-
moter. These results suggest significant interindividual vari-
ations in their response to different target genes. Although
not shown, silencing of the other signature factors p50 and
NFAT also cooperated for association of the enhanceosome
with the Cathepsin L and RyR1 promoters.

Mapping of The Transcriptional Activation Domain and
Protein—Protein Interaction Domains of hnRNP A2

The hnRNP A2 protein has two distinct RNA binding do-
mains (RBD) I and II and a C-terminal glycine-rich domain.
We next investigated whether hnRNP A2 contains a tran-
scriptional activation domain and whether this domain, or
any other domains, is important for transcriptional synergy.
For this purpose, we generated various deletions of hnRNP
A2 and fused them to the C-terminal end of the yeast Gal4
DNA binding domain (1-147) in the pBIND mammalian
expression vector (Figure 9A) (Yang et al., 2006). Gal4-fusion
constructs were cotransfected with a pG5luc synthetic pro-
moter-reporter construct, which reports the transcriptional
activation activity of proteins fused to the C terminus of the
Gal4 DNA binding domain. The C-terminal end of the gly-
cine-rich domain (240-342 aa) induced a 10-fold greater lu-
ciferase activity than the vector control and a twofold higher
activity than the full-length hnRNP A2 (1-342aa) fusion (Fig-
ure 9A). Fusion of the Gal4-DBD with the glycine-rich region
(178-342 aa), RBD I and II (1-180 aa), or RBD II (90-242 aa)
produced a lower reporter activity (~5-20% activity) than
the full-length construct. This suggests that hnRNP A2 has
its own transcriptional activation domain within the C-ter-
minal Gly-rich region.

To understand the functional role of hnRNP A2 in stress-
mediated transcriptional activation of target genes, we
tested the same Gal4 fusion constructs for transcriptional
activation of the Cathepsin L and RyR1 promoters in which
the transcription is driven by the four signature factor bind-
ing sites (Figure 9B). In cotransfection studies, the RBD
(1-180 aa) construct yielded maximum transcriptional acti-
vation of the Cathepsin L promoter (Figure 9B) and the RyR1
promoter (data not shown). The RBD II domain (90-242 aa)
yielded marginally lower activity. In contrast, the C-termi-
nal glycine-rich domains (178-342 aa and 240-342 aa) yielded
progressively decreasing activities. These results raise the
possibility that the RBD I and RBD II, which contain exten-
sive helical structures characteristic of protein—protein inter-
acting domains, are critical for transcription activation of
stress response genes.

The association of Gal4-hnRNP A2 fusions with the pro-
moter region of the Cathepsin L gene in vivo was further
investigated by ChIP analysis in mtDNA-depleted cells
transfected with different fusion constructs. As shown in
Figure 9C, the gal4 vector alone showed very low associa-
tion with the Cathepsin L promoter. The RBD domain fusion
(1-180 aa), which interacted very efficiently with cRel, showed
the highest level of association, followed by the full-length
fusion. These results confirm that the RBD I and II domains
play important roles in coordinating the transcriptional activ-
ities by regulating protein-protein interactions.

DISCUSSION

Retrograde intergenomic signaling, also known as mito-
chondrial respiratory stress signaling, regulates glucose up-
take/use, fatty acid metabolism, mtDNA maintenance, ag-
ing, cancer progression, and neurodegeneration in yeast and
metazoan cells. Consistent with the complexity of these
functions, genes coding for proteins with diverse functions
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Figure 9. Transcriptional activation and protein-interacting domains of hnRNP A2. (A) Model of hnRNP A2 domain constructs fused to
Gal4 protein (left). Luciferase activity of the pG5luc promoter (right). (B) Relative transcriptional activity of the Cathepsin L promoter
cotransfected with the Gal4 fusion constructs in mtDNA-depleted cells. (C) ChIP analysis of the Cathepsin L promoter by using cells
transfected with Gal4-hnRNP A2 fusion constructs and gal4 antibody. Data shown in A-C are the mean * SD of at least three independent

experiments. **p < 0.001, represents highly significant difference.

and cellular destinations have been reported to be regulated
by mitochondrial respiratory stress. The nuclear target genes
for mitochondrial stress signaling vary depending on cell
type and the nature of the mitochondrial mutation/dys-
function causing the stress signaling (Amuthan et al.,
2001; Delsite et al., 2002; Crimi et al., 2005; Jahangir ef al.,
2005; Biswas et al., 2008a; Moro et al., 2009). In C2C12 cells,
we and others have observed that mitochondprial stress mod-
ulates the expression of ~120 genes that are associated with
wide-ranging cellular functions, including Ca?* homeosta-
sis, glucose uptake, glycolysis, cytoskeletal organization, in-
sulin/insulin-like growth factor 1 signaling, apoptosis, and
cell proliferation (Amuthan et al., 2001, 2002; Guha et al.,
2007; Biswas et al., 2008a,b). In this study, we demonstrate that
the stress signaling cascade culminates in the transcriptional
upregulation of target gene expression using hnRNP A2 as a
coactivator.

The use of multiple approaches demonstrated that stress-
activated transcriptional up-regulation involves four common
sequence specific DNA binding factors NF«kB (cRel:p50),
C/EBP§, CREB, and NFAT. The DNA binding consensus
sequences for these factors are located in proximity to each
other within a region immediately 5 of the transcription
start site of mitochondrial stress response-targeted genes.
An important finding of this study was that the RNA bind-
ing factor hnRNP A2 is part of this enhanceosome. Our
results support a model whereby hnRNP A2 plays a critical
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role in the functional cooperativity of DNA binding signa-
ture factors, and they demonstrate that hnRNP A2 functions
as a novel transcriptional coactivator of the mitochondrial
respiratory stress signaling pathway.

Although hnRNP A2 was found to be a part of the enhan-
ceosome complex, and induced functional cooperativity
with the various DNA binding signature factors, both in
vitro-translated and recombinant hnRNP A2 did not bind
directly to the RyR1 or Cathepsin L promoter DNA (data
not shown). In addition, the C-terminal Gly-rich region of
hnRNP A2, which showed maximal transcriptional activa-
tion in a synthetic promoter system, failed to support stress-
mediated transcriptional activation of the Cathepsin L and
RyR1 promoters. Instead, the N-terminal RNA binding do-
mains (RBD I and RBD II) of hnRNP A2 were the critical
mediators of hnRNP A2 transcriptional activation. Based on
these results, we propose that hnRNP A2 directly recruits
signature factors to the enhanceosome, or promotes the as-
sembly of the enhanceosome, by providing sites for binding
to critical enhanceosome factors. The role of hnRNP A2 in
transcription activation of stress target genes and association
with the enhanceosomes of these promoters seems highly
selective because hnRNP p-L, another member of this fam-
ily, failed to induce promoter activity in cotransfection ex-
periments and associate with the enhanceosome of stress-
responsive genes as tested by ChIP analysis.
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Mitochondrial stress

Figure 10. A proposed model for the mechanism of mitochondrial respiratory stress-induced activation of nuclear target genes involving
hnRNP A2 as a coactivator. Mitochondrial stress activates calcium-mediated calcineurin, which results in activation of cRel:p50, C/EBPS,
CREB, and NFAT. HnRNP A2 is activated in response to this stress signaling and is recruited to the transcription complex, which is essential

for downstream activation of the stress target genes.

hnRNP A2 belongs to a large family of RNA-binding
proteins involved in various aspects of mRNA biogenesis
(Dreyfuss et al., 1993; Shyu and Wilkinson, 2000). The ability
of hnRNP A2 to shuttle between the nucleus and cytoplasm
is required for mRNA processing (Nichols et al., 2000). In-
creased nuclear translocation of this protein has been re-
ported in cells undergoing transformation in various tumors
(Lee et al., 2005). hnRNP A2 is a component of this respira-
tory stress pathway that induces highly invasive phenotypes
(Amuthan et al., 2001, 2002; Guha et al., 2007; Biswas ef al.,
2008a). Our results show that induction and increased nu-
clear accumulation of hnRNP A2 are common features of
respiratory stress signaling because respiratory stress induced
by CCCP also caused marked increases in nuclear hnRNP A2
in 3T3 fibroblasts, A549 lung carcinoma cells, RAW264.7 mac-
rophages, and H9C2 cardiomyocytes (Figure 4A).

In previous studies, we showed that cytosolic Cn and
IkBB are two important mediators of mitochondrial stress
signaling (Biswas et al., 2003, 2008b). We and others have
also shown that nuclear C/EBPS§, CREB, and NFAT are also
activated in response to respiratory stress (Amuthan ef al.,
2001; Butow and Avadhani, 2004). Selective knockdown of
Cn Aa and IkBB abolished the signaling, and caused a
reversal of the metabolic properties and invasive behavior in
mtDNA-depleted C2C12 cells (Biswas et al., 2003, 2008b).
Here, we show that hnRNP A2 is a critical transcriptional
coactivator of stress responsive genes, suggesting that it
represents another critical mediator in the respiratory stress
response pathway. Activation of hnRNP A2 in response to
stress is not restricted to C2C12 cells because CCCP treat-
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ment induced the nuclear levels of hnRNP A2 in murine
3T3, RAW264.7, and also H9C2 cells.

There is mounting evidence implicating hnRNP A2 in a
variety of cancers, including lung, breast, and pancreatic
cancer (Zhou et al., 1996; Fielding et al., 1999; Garayoa et al.,
2003; Patry et al., 2003; He et al., 2005; Yamaoka et al., 2006).
hnRNP A2 has been found to associate with many oncogenic
proteins (TDP-43, TOG2, and SET) in tumor cells (Buratti ef
al., 2005; Kosturko et al., 2005; Vera et al., 2006), although the
functional relevance of these interactions have remained
unclear until now. Our results suggest that hnRNP A2 func-
tions as a transcriptional coactivator by associating with
enhanceosomes through protein—protein interactions with
its N-terminal RNA binding domains. In support of our
model, a recent study showed that another member of the
hnRNP protein family, hnRNP K, also functions as a tran-
scriptional activator (Moumen et al., 2005; Chan et al., 2009;
Yuan et al., 2009). However, hnRNP A2 functions in a dis-
tinctly different manner than hnRNP K, which has DNA
binding properties (Tomonaga and Levens, 1995).

hnRNP A2 has been suggested to function as a tetrameric
nuclear protein (Kosturko et al., 2005; Carson et al., 2006). We
find that a fusion protein lacking the C-terminal putative
transactivation domain is fully functional as a coactivator,
suggesting that the main function of hnRNP A2 is to pro-
mote enhanceosome assembly or provide interaction sites
for signature transcription factors. Our results also suggest
that different domains of hnRNP A2 selectively bind to
different signature factors (unpublished data). Based on this,
we propose a model (Figure 10) for the respiratory stress-
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induced transcription activation of nuclear target genes re-
quiring hnRNP A2 as a novel coactivator. We propose that
hnRNP A2 plays a critical role in the physical association
and functional synergy between NF-«B (cRel:p50), C/EBPS,
and CREB that enhances transcription of mitochondrial respi-
ratory stress nuclear gene targets that regulate cell growth and
invasion.

Recently, a family of autosomal recessive disorders have
been described that are associated with mtDNA depletion
(called mtDNA depletion syndrome [MDS]) either due to
mutations in genes involved in DNA replication or nucleo-
tide metabolism/transport (Sarzi et al., 2007; Copeland,
2008; Poulton and Holt, 2009). MDS patients exhibit a variety
of severe clinical symptoms including myopathy, neuropa-
thy, CNS disorders, hepatopathy, and progressive external
ophthalmoplegia. Fibroblasts from human patients with
MDS, showed up to 80% mtDNA depletion, and/or dele-
tions (Taanman et al., 2009). We propose that tissues/cells
from MDS patients have activated mitochondrial stress sig-
naling accompanied with the biochemical and physiological
changes similar to the mtDNA-depleted cell system used in
this study.
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