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Efficient elimination of mitochondrial reactive oxygen species (mROS) correlates with increased cellular
survival and organism life span. Detoxification of mitochondrial ROS is regulated by induction of the nuclear
SOD2 gene, which encodes the manganese-dependent superoxide dismutase (MnSOD). However, the mecha-
nisms by which mitochondrial oxidative stress activates cellular signaling pathways leading to induction of
nuclear genes are not known. Here we demonstrate that release of mROS activates a signal relay pathway in
which the serine/threonine protein kinase D (PKD) activates the NF-kB transcription factor, leading to
induction of SOD2. Conversely, the FOXO3a transcription factor is dispensable for mROS-induced SOD2
induction. PKD-mediated MnSOD expression promotes increased survival of cells upon release of mROS,
suggesting that mitochondrion-to-nucleus signaling is necessary for efficient detoxification mechanisms and

cellular viability.

The release of reactive oxygen species (ROS) from the mi-
tochondria (mROS) is intimately associated with a variety of
human diseases, in addition to regulating normal cellular pro-
cesses which promote aging in eukaryotes (1, 5). ROS are the
physiological by-products of the mitochondrial electron trans-
port respiratory chain, and the rates of mitochondrial super-
oxide and hydrogen peroxide (H,O,) production are directly
related to the basal metabolic rate. In turn, mitochondrial
metabolic potential is determined by the combined actions of
antioxidative defenses and molecular repair mechanisms. The
manganese-dependent superoxide dismutase (MnSOD) is the
primary mitochondrial enzymatic defensive mechanism that
converts superoxide to peroxide, which is then further de-
graded by catalase and peroxiredoxins (23). This ensures the
efficient detoxification of ROS and protection of cells against
oxidative damage to lipids, proteins, RNA, and DNA. Because
MnSOD is a mitochondrial matrix protein which is encoded by
a nuclear gene, SOD2, a signaling pathway or pathways must
exist which relay the signal from the mitochondria, where ROS
are produced, to the induction of SOD2 in the nucleus, and
thus allow the efficient detoxification of mitochondria from
H,O,. However, to date no specific signaling function for ROS
released at the mitochondria leading to nuclear gene induction
has been described.

The SOD2 gene promoter is under the control of several
transcription factors, most prominently the transcription factor
nuclear factor kB (NF-kB) and the Forkhead transcription
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factor FOXO3a (FKHRL1) (9, 10). Both proteins have been
shown to be regulated by exposure of cells to extracellular
H,O, (4, 20, 22). For example, FOXO3a induces SOD2 in
response to exogenous hydrogen peroxide in quiescent cells,
where the protective effects of the Akt/protein kinase B (PKB)
pathway are not active (10). Similarly, in response to various
oxidative stress stimuli, NF-kB can be regulated either via
tyrosine phosphorylation of IkBa (8) or via the canonical IkB
kinase (IKK) complex. In the latter case, the serine/threonine
kinase protein kinase D (PKD) promotes NF-«kB activation,
leading to protection of cells from oxidative stress-induced
death (22). PKD is a ubiquitously expressed kinase and a
member of the calcium calmodulin-dependent kinase super-
family of enzymes (15). Pools of PKD are localized at the Golgi
(7, 13, 24) or alternatively can translocate from the cytosol to
the plasma membrane in response to a variety of cellular stim-
uli (16, 17). In oxidative stress signaling, neither the cellular
location nor the mechanism by which PKD promotes survival
has been described. Moreover, the mechanisms by which mi-
tochondrial ROS stimulate the induction of nuclear genes
which promote mitochondrial detoxification and survival have
not been explored.

MATERIALS AND METHODS

Cell culture, antibodies, and expression plasmids. The HeLa cell line was
purchased from the American Type Culture Collection (Manassas, VA) and
maintained in high-glucose Dulbecco’s modified Eagle medium supplemented
with 10% fetal bovine serum. The anti-Abl, anti-protein kinase C8 (anti-PKC?),
anti-PKC{, anti-PKD, anti-Akt/PKB, and anti-IKKa/B antibodies were from
Santa Cruz (Santa Cruz, CA). Anti-cytochrome ¢ (anti-CytC) was from BD
Pharmingen (San Diego, CA); anti-Src was from Upstate Biotechnology (Lake
Placid, NY); and anti-PKD-pS738/742, anti-Akt/PKB-pS473, and anti-IKKa-
pS180/IKKB-pS181 were from Cell Signaling Technologies (Beverly, MA). An-
ticatalase was from EMD Biosciences (La Jolla, CA); anti-FLAG (M2), antiac-
tin, and antivimentin were from Sigma (St. Louis, MO); and the anti-Organelle
Detector Sampler kit (anti-Bcl-2, anti-GM130, anti-integrin «2, and antinucleo-
porin) was from BD Biosciences (San Diego, CA). The secondary goat anti-
mouse immunoglobulin G (IgG) (H+L) Cy2-conjugated and donkey anti-rat
IgG (H+L) Cy3-conjugated antibodies were from Jackson Laboratories (West
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Grove, PA). The pY463 antibody has been described previously (22), and the
antihemagglutinin (anti-HA) was purified in house as previously described (21).
H,0, (30%) was from Fisher Scientific (Pittsburgh, PA), and rotenone and
diphenyleneiodonium (DPI) were from Sigma. The PKD-specific substrate pep-
tide used was AALVROMSVAFFFK. The MitoTracker Red dye (CM-H,XRos)
was from Molecular Probes (Eugene, OR), and 4',6’-diamidino-2-phenylindole
(DAPI) was from Sigma. Superfect (QIAGEN, Valencia, CA) or TransIT HeLa
Monster (Mirus, Madison, WI) was used for transient transfections according to
the manufacturer’s instructions. Mutagenesis was carried out using the Quick-
Change strategy (Stratagene), and all constructs were verified by DNA sequenc-
ing. All expression plasmids for PKD1 are based on an amino-terminal HA-
tagged PKD1 in pcDNA3 and have been described previously (22). FLAG-
tagged PKD2 was kindly provided by T. Seufferlein. Other expression and
reporter gene plasmids were provided by J. Brugge (Src.Y527F), B. M. Burgering
(SOD2 and SOD2 DBEI12mut reporter), T. Maniatis (IkBa.SD), S. Ohno
(PKC3.DRA), and B. Schaffhausen (Abl p120).

Isolation of mitochondria. For isolation of mitochondria, cells were washed
twice with phosphate-buffered saline (PBS) and resuspended in 1 ml lysis buffer
(20 mM HEPES-KOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl,, 1 mM EGTA, 1 mM
EDTA, 1 mM dithiothreitol, 250 mM sucrose) plus protease inhibitor cocktail
(Sigma). Cells were homogenized with 40 strokes in a Teflon homogenizer.
Lysates were centrifuged twice at 750 X g for 10 min at 4°C, and the supernatant
was centrifuged at 10,000 X g for 15 min at 4°C to pellet mitochondria. Mito-
chondrial pellets were resuspended in lysis buffer and subjected to immunoblot
analysis. Supernatants (S-100) were spun for 1 h at 10,000 X g at 4°C. Nuclear
extracts were prepared as previously described (19).

Immunoblotting and immunoprecipitation. Cells were lysed in lysis buffer (50
mM Tris-HCl, pH 7.4, 1% Triton X-100, 150 mM NaCl, 5 mM EDTA) plus
protease inhibitor cocktail (Sigma) or in radioimmunoprecipitation assay buffer
(for whole-cell lysates) (10 mM sodium phosphate, pH 7.2, 1% NP-40, 1%
sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 150 mM NaCl, 2 mM
EDTA, pH 7.4, 50 mM sodium fluoride) plus protease inhibitor cocktail (Sigma),
and either lysates were used for immunoblot analysis or proteins of interest were
immunoprecipitated by a 1-h incubation with the respective antibody (2 ng)
followed by a 30-min incubation with protein A/G-agarose (Santa Cruz). Im-
mune complexes were washed five times with Tris-buffered saline (TBS; 50 mM
Tris-HCI, pH 7.4, 150 mM NaCl) and either resolved by SDS-polyacrylamide gel
electrophoresis (PAGE) or subjected to an in vitro kinase assay.

Protein kinase assays. PKD kinase assays were performed subsequent to
immunoprecipitation of PKD (anti-PKD) and extensive washing in 20 pl kinase
buffer (50 mM Tris-HCI, pH 7.4, 10 mM MgCl,, 2 mM dithiothreitol). The kinase
reaction was carried out at room temperature for 20 min after adding 10 wl of
kinase substrate mix (150 pM PKD-specific substrate peptide, 150 uM ATP, 10
wCi [y-*P]ATP in kinase buffer). To terminate the kinase reaction, the samples
were centrifuged and the supernatants containing the phosphorylated peptide
were applied as spots to P81 phosphocellulose paper (Whatman). The papers
were washed three times with 0.75% phosphoric acid and once with acetone and
dried, and activity was determined by liquid scintillation counting. To verify
equivalent amounts of immunoprecipitated PKD in each sample, SDS sample
buffer was added to the remaining beads and the samples were resolved by
SDS-PAGE.

Reporter gene assays. Cells were transiently cotransfected with NF-kB (NF-
kB-luc), FOXO3a (FHRE-luc), or SOD2 (SOD2-luc) reporter constructs (5 pg),
1 g of pCS2-(n)B-gal, and the cDNA of interest (1 pg), using Superfect
(QIAGEN). Twenty-four hours after transfection of the reporters, assays for
luciferase and B-galactosidase activity were performed on total cell lysates using
standard assays and measured on a luminometer. Luciferase activity was nor-
malized to the B-galactosidase activity. Protein expression was controlled by
immunoblot analysis.

RNAi. RNA interference (RNAi) was performed as follows. To transiently
silence the expression of human FOXO3a, the following oligonucleotides were
cloned into the pSuper vector (2): 5'-GATCCCCGAGCTCTTGGTGGATCA
TCTTCAAGAGAGATGATCCACCAAGAGCTCTTTTTGGAAA-3" and 5'-
AGCTTTTCCAAAAAGAGCTCTTGGTGGATCATCTCTCTTGAAGATG
ATCCACCAAGAGCTCGGG —3'. To transiently silence the expression of
human MnSOD, the following oligonucleotides were cloned into the pSuper
vector: 5'-GATCCCCCAACCTGAACGTCACCGAGTTCAAGAGACTCGG
TGACGTTCAGGTTGTTTTTGGAAA-3" and 5'-AGCTTTTCCAAAAACAA
CCTGAACGTCACCGAGTCTCTTGAACTCGGTGACGTTCAGGTTGGG
G-3'. The pSuper constructs to silence PKD1 and PKD2 isoforms have been
described previously (21, 22). HeLa cells were transfected with pSUPER or
pSUPER-RNAI, using the TransIT HeLa Monster reagent (Mirus). In all ex-
periments, the cells were transfected at 30% confluence. Transfection efficiencies
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(95 to 100%) were controlled using a green fluorescent protein expression vector.
For reporter gene assays, genes of interest were transfected in a second trans-
fection using Superfect after 24 h. Experiments were performed 48 h after initial
transfection. Reduced expression of target proteins was evaluated by immuno-
blotting (PKD) or reverse transcription-PCR (RT-PCR) (FOXO3a).

Immunofluorescence. Cells were transfected (5 pg DNA) and 24 h after
transfection were plated on glass coverslips at a density of 120,000 per well in a
six-well plate. The next day cells were stimulated, washed twice with PBS (RT),
and fixed in 3.5% paraformaldehyde (15 min, 37°C). Following permeabilization
(0.1% Triton X-100 for 10 min), cells were blocked with PBS containing 3%
bovine serum albumin and 0.05% Tween 20 for 30 min at room temperature. For
DAPI staining, cells were washed three times in DAPI buffer (100 mM NaCl, 10
mM EDTA, 10 mM Tris pH 7.0) and incubated for 1 h at 37°C with 0.1 pg/ml
DAPI in DAPI buffer. Cells were then washed three times in DAPI buffer. The
coverslips were then incubated with the primary antibody diluted in PBS-bovine
serum albumin (anti-HA [rat], 1:2,000 for PKD; anti-CytC [mouse], 1:2,000)
overnight at 4°C. Cells were then washed five times with PBS and then incubated
with the secondary antibody diluted in PBS-bovine serum albumin (donkey
anti-rat IgG Cy3 conjugated, 1:400; goat anti-mouse IgG Cy2 conjugated, 1:400)
for 2 h. After extensive washes in PBS, coverslips were mounted in Gel Mount
from Biomeda (Foster City, CA) and examined.

RT-PCR. Cellular mRNA isolation was performed using RNA-Bee (TEL-
TEST, Friendswood, TX) according to the manufacturer’s instructions, and
cellular mRNA was transcribed into ¢cDNA using Superscript IT (Invitrogen,
Carlsbad, CA). For the transcription reaction, 1 pg oligo(dT) (18) primer (NEB,
Beverly, MA) and 1 pg RNA were incubated in a total volume of 10 pl H,O at
70°C for 10 min. Buffer (5X), 40 U RNAsin (Roche, Mannheim, Germany), 200
pM deoxynucleoside triphosphate (ANTP) (NEB), 10 mM dithiothreitol, and
300 U Superscript II reverse transcriptase were then added to a total volume of
20 pl. The reaction was carried out at 45°C for 60 min and then heat inactivated
at 95°C for 5 min. The resulting cDNA pool was subjected to PCR analysis using
the following primers for human FOXO3a and vimentin: human FOXO3a oli-
gonucleotides (product size, 591 bp) 5'-TTCAAGGATAAGGGCGACAG-3’
and 5'-CAGGTCGTCCATGAGGTTTT-3' and human vimentin oligonucleo-
tides (product size, 408 bp) 5'-CCTTGAACGCAAAGTGGAAT-3" and 5'-GC
TTCAACGGCAAAGTTCTC-3'. Reaction conditions for the PCR were 1 min
of annealing at 55°C and 1 min of amplification at 72°C for 30 cycles.

Cell survival assays. Cells were seeded in 96-well plates in cell culture media
and after 24 h treated with H,O, for 16 h. Cells were then washed twice with PBS
and stained for 15 min with a crystal violet solution (0.5% crystal violet in 20%
methanol). Plates were washed by rinsing the plate with water and then dried.
The dye was dissolved in methanol, and optical density was measured (550 nm)
on an enzyme-linked immunosorbent assay plate reader (6).

RESULTS

Mitochondrial oxidative stress activates PKD at the mito-
chondria. To accentuate the generation of ROS at the mito-
chondria, we made use of inhibitors of the mitochondrial re-
spiratory chain, including rotenone, a mitochondrial complex I
inhibitor, and DPI, which at defined doses is an inhibitor of the
NADPH cytochrome P450 reductase. Both of these com-
pounds are known to increase mitochondrial ROS (12). In
HeLa cells, DPI, rotenone, and exogenous H,O, induced the
release of mROS, as measured by the increased fluorescence
of the dye MitoTracker Red (CM-H,XRos), which is specifi-
cally oxidized by mitochondrial ROS (Fig. 1A). Because our
recent studies have pointed to an important role for PKD in
the regulation of oxidative stress responses (22), we investi-
gated whether mROS activate PKD. We first evaluated
whether the induction of mROS promotes the translocation of
PKD to the mitochondria. In growing HeLa cells, wild-type
PKD was primarily localized in a perinuclear region, most
likely the Golgi compartment as previously reported (Fig. 1B,
panel 4) (13). However, in cells treated with H,O, or DPI,
PKD partially colocalized with the mitochondria within 30 min
of stimulation, as judged by the overlap in staining with the
mitochondrial marker cytochrome ¢ (Fig. 1B, panels 2 and 3).
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FIG. 1. Mitochondrial oxidative stress locates PKD to the mitochondria. (A) Cells were incubated for 15 min with the reduced MitoTracker
Red (CM-H,XRos) dye. The cell culture medium then was replaced, and cells were either left untreated or stimulated with H,O, (10 M, 10 min),
DPI (20 wM, 60 min), or rotenone (20 M, 60 min). (B) Cells were transfected with HA-tagged PKD and 24 h after transfection seeded on glass
coverslips. Cells were stimulated with H,O, (10 wM, 10 min) or DPI (20 wM, 1 h) and stained as described in Materials and Methods (PKD,
anti-HA [a-HA], red; anti-cytochrome ¢, [a-CytC], green; nuclei, DAPI, blue).
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FIG. 2. Mitochondrial oxidative stress activates PKD at the mitochondria. (A to C) Cells were stimulated with H,O, (10 wM, 10 min), DPI (20
uM), or rotenone (10 wM) as indicated. Mitochondrial fractions were prepared, and lysates were resolved by SDS-PAGE and immunoblotted
against the indicated proteins. All results are typical of three independent experiments. (D) Cells were stimulated with H,O, (10 uM), DPI (20
uM), or rotenone (10 wM) for the indicated times. PKD was immunoprecipitated (IP), and a PKD substrate kinase assay was performed.
Expression of PKD was determined by immunoblotting with anti-PKD («a-PKD; bottom panels).

Biochemical analysis of PKD localization revealed that sig-
nal relay kinases in the PKD activation pathway, namely Src,
Abl, and protein kinase C3 (PKC38) (22), are also localized at
the mitochondria in untreated cells and further translocate in
response to H,O,, consistent with published observations (Fig.
2A) (11, 14, 18). Immunoblotting for mitochondrial cyto-
chrome ¢ and cytoplasmic PKC{ revealed the purity of the
mitochondrial preparations. Additional characterization of the
mitochondrial preparations revealed that they were devoid of
Golgi, plasma membranes, nuclei, and peroxisomes, as judged
by immunoblotting with specific markers for each organelle
(see Fig. S1 in the supplemental material). We also evaluated
activation of PKD upon mROS release. In oxidative stress
signaling, two signaling events control PKD activation: the first
is phosphorylation of Tyr463 in the PKD pleckstrin homology
(PH) domain, mediated by the tyrosine kinase Abl; this facil-
itates the second step, phosphorylation of PKD at the activa-
tion loop residues Ser738 and Ser742, mediated by PKC3. In

this pathway, both Abl and PKC3 are activated via Src (21, 22).
Overall PKD tyrosine phosphorylation and Tyr463 and Ser738/
Ser742 phosphorylation were induced at the mitochondria in
response to H,O, (Fig. 2B). mROS production also increased
PKD Ser738/Ser742 phosphorylation (Fig. 2C). These data
show that PKD is localized at the mitochondria upon mROS
release and that it is phosphorylated at key residues which are
required for its activation. This is consistent with increased
PKD protein kinase activity induced by DPI, rotenone, and
H,O, in a time-dependent manner (Fig. 2D).
ROS-stimulated PKD activation induces SOD2 and
MnSOD. Although MnSOD detoxifies mitochondrial ROS, it
is actually encoded by a nuclear gene, SOD2. To investigate
whether activation of PKD by mROS is linked to SOD2 induc-
tion, we transfected cells with a SOD2-luciferase reporter and
induced mitochondrial oxidative stress. Stimulation of cells
with rotenone and DPI led to SOD2 promoter activation (Fig.
3A). Importantly, this was dependent on PKD because RNAi-
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FIG. 3. ROS-stimulated PKD activation induces SOD2 and MnSOD. (A) Cells were transfected with vector control (pSuper) or PKD1/2 RNAi
(pSuper PKD1/pSuper PKD2) for 24 h. Then cells were transfected a second time with reporter constructs and 8 h after transfection stimulated
with rotenone (Roten.; 10 uM, 16 h) or DPI (1 pM, 16 h). Reporter gene assays were performed to measure SOD2 gene reporter transcriptional
activity (SOD2-luciferase reporter plasmid) or B-galactosidase activity. Error bars represent standard deviation. Protein expression was controlled
by immunoblotting against PKD (anti-PKD [a-PKD]) and actin (antiactin [a-Actin]). The open arrow indicates a nonspecific (ns) band detected
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the SOD2 promoter (9, 10). (B) Cells were transfected with reporter constructs (SOD2-luciferase reporter plasmid or SOD2 DBE12mut-luciferase
reporter plasmid) and 8 h after transfection stimulated with DPI (1 pM, 16 h), rotenone (20 wM, 16 h), or H,O, (500 nM, 16 h). Reporter gene
assays were performed to measure SOD2 gene reporter transcriptional activity or B-galactosidase activity (normalization). Error bars represent
standard deviation.

mediated silencing of PKD blunted SOD?2 induction (Fig. 3A). a combination of RNAI targeting PKD1 and PKD2 was used.

Moreover, increased SOD2 induction in response to mROS
was concomitant with increased levels of MnSOD protein (Fig.
3B). Activated alleles of signal relay kinases which activate
PKD also stimulated SOD2 induction and MnSOD expression
when transiently transfected in HeLa cells (Fig. 3C and D).
Similarly, constitutively active PKD alleles also increased
SOD?2 reporter activity and MnSOD protein expression (Fig.
3C and D). Finally, induction of MnSOD protein in cells ex-
posed to H,O,, DPI, or rotenone was also attenuated in cells
transfected with PKD RNAIi (Fig. 3E). Thus, mitochondrial
ROS activate PKD, which in turn is required for MnSOD
expression. Note that in these and all other RNAIi experiments,

The specificity of PKD1 RNAI to silence PKD1 but not PKD2
expression, and conversely the ability of PKD2 RNAI to target
PKD2 but not PKD1, was verified by expression of tagged
alleles of PKD1 and PKD2 with each RNAI either separately
or in combination (see Fig. S2 in the supplemental material).

PKD regulates the SOD2 gene via NF-kB. We next turned
our attention to the mechanisms by which PKD relays the
signal from the mitochondria to the induction of the nuclear
SOD2 gene. We focused on two key transcription factors,
FOXO3a and NF-«kB, which have been shown to modulate
SOD?2 induction under different cellular conditions (Fig. 4A)
(9, 10). In serum-starved cells, FOXO3a activates SOD2 in

by the anti-PKD antibody. (B) Cells were stimulated with rotenone (10 uM, 8 h) or DPI (20 pM, 8 h), and lysates were immunoblotted against
MnSOD (anti-MnSOD [a-MnSOD), Cu/ZnSOD (anti-Cu/ZnSOD [a-Cu/ZnSOD]), or vimentin (antivimentin [a-Vimentin]). (C) Cells were
transfected with the SOD2 or B-galactosidase reporters and either vector alone or active alleles of Src (Src.Y527F, Src.CA), Abl (v-Abl p120,
ADbIL.CA), PKC8 (PKC3.DRA, PKC3.CA), or PKD (PKD.Y463E or PKD.S738E/S742E). After 16 h, luciferase and B-Gal reporter gene assays were
performed. Protein expression was controlled by immunoblot analysis (not shown). (D) Cells were transfected with active alleles of Src
(Src.Y527F), Abl (v-Abl p120), PKCS (PKC3.DRA), or PKD (PKD.Y463E or PKD.S738E/S742E). After 16 h, lysates were analyzed for MnSOD
(anti-MnSOD), Cu/ZnSOD (anti-Cu/ZnSOD), or vimentin (antivimentin) expression. (E) Cells were transfected with vector control (pSuper) or
PKD RNAI (pSuper PKD1/2) for 48 h and then treated with H,O, (16 h, 1 uM), rotenone (5 pM), or DPI (10 wM). MnSOD expression and PKD
silencing by RNAi were analyzed by immunoblot analysis using anti-MnSOD or anti-PKD antibodies. Analysis of actin (antiactin) expression
served as a loading control.
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response to extracellular H,O, (10). However, in growing cells
FOXO3a activity is maintained in an inactive state in a phos-
phatidylinositol 3-kinase (PI 3-K)/Akt/PKB-dependent man-
ner (3). Under normal growth conditions, we found that
FOXO3a is mostly cytoplasmic (data not shown), consistent
with previous reports (3). Treatment of cells with exogenous
H,O, stimulated Akt/PKB activation, as judged by Ser473
phosphorylation, and this occurred in a PI 3-K-dependent
manner (see Fig. S3 in the supplemental material). When we
compared the SOD2 reporter construct with a SOD2 reporter
mutated in the FOXO3a-binding sites (SOD2 DBE12mut), we
found that DPI, rotenone, and H,O, all induced SOD2 pro-
moter activation to the same extent in both reporters (Fig. 4B).
This indicates that mitochondrial oxidative stress activates the
SOD2 gene in a manner which is independent of FOXO3a.
Therefore, FOXO3a is dispensable for mROS-induced induc-
tion of the SOD2 gene.

Since FOXO3a is not required for SOD2 induction upon
release of mROS, we next turned our attention to NF-kB.
First, we used a superdominant IkBa allele (IkBa.SD) and
found that it abolished MnSOD expression in response to
mROS as well as by expression of constitutively active Src and
PKD (Fig. 5A). Similarly, H,O,, rotenone, and DPI increased
NF-kB transcriptional activity, and this was dependent on
PKD, as demonstrated with PKD RNA:i (Fig. 5B). H,O,, DPI,
and rotenone also stimulated an increase in the phosphoryla-
tion of IKK at the activation loop Ser180/Ser181 residues,
indicative of the activation of the IKK complex (Fig. 5C). This
was dependent on PKD because, in each case, IKK phosphor-
ylation was blocked in cells transduced with PKD RNAI.
Therefore, mitochondrial ROS production stimulates PKD,
which promotes NF-kB activation, leading to SOD2 gene in-
duction and MnSOD expression.

We also determined the kinetics of PKD and IKK phosphor-
ylation and their localization upon induction of mROS. Upon
exposure of cells to rotenone, phosphorylation of PKD at the
mitochondria was evident within 10 min of stimulation, but at
later times (60 min) phospho-PKD was found in the cytoplas-
mic S-100 fraction (Fig. 6). This was concomitant with the
appearance of phosphorylated IKK also in the S-100 fraction
at later times. However, we did not detect any phospho-IKK in
the mitochondrial fractions (data not shown). Moreover, there
was no detectable localization of PKD in the nuclear fraction
(Fig. 6). This suggests that translocation and activation of PKD
at the mitochondria relay the signal to phosphorylation of
cytoplasmic IKK, leading to NF-kB activation and ultimately,
SOD?2 induction.

PKD and MnSOD control cellular survival in response to
mitochondrial oxidative stress. Finally, we determined the im-
portance of the MnSOD induction by the PKD/NF-«kB path-
way for cellular responses to mitochondrial oxidative stress.
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FIG. 6. Correlation of mitochondrial PKD activation with IKK ac-
tivation. Cells were stimulated with rotenone (10 wM) over time as
indicated. Mitochondrial, cytosolic (S-100), or nuclear fractions were
prepared, and lysates were resolved by SDS-PAGE and immunoblot-
ted against the indicated proteins. a-, anti-.

Exposure of cells to low doses of extracellular H,O,, as well as
DPI, had no effect on cell death, likely due to the induction of
MnSOD (Fig. 7A). However, the same doses of H,O, and DPI
promoted significant cell death in cells transfected with PKD
RNAI (Fig. 7A). To further implicate MnSOD in the survival
response, we used an MnSOD-specific RNAi and found that
this significantly reduced MnSOD expression under all condi-
tions (Fig. 7B). Importantly, cell death resulting from exposure
of cells to increasing concentrations of H,O, and DPI was also
significantly increased in cells in which MnSOD expression was
reduced with RNAi (Fig. 7C). Thus, induction of MnSOD by
the PKD pathway provides a survival advantage which allows
cells to escape the damaging effects of mROS. The net effect is
that when mitochondria produce lethal doses of ROS, PKD-
and NF-«kB-dependent induction of MnSOD allows efficient
detoxification, thus promoting increased cell survival. We
therefore propose a model, depicted in Fig. 8, in which PKD
acts as a molecular integrator of mitochondrial oxidative stress
responses by inducing NF-kB, which in turn modulates the
induction of MnSOD, effectively promoting cellular survival.

vimentin (antivimentin [a-Vimentin]) expression. (B) Cells were transfected with vector control (pSuper) or PKD1/2 RNAi (pSuper PKD1/pSuper
PKD2) for 24 h. Cells were transfected in a second transfection with reporter constructs (NF-kB-luc, B-galactosidase) and 8 h after transfection
stimulated with H,O,, rotenone, or DPI as indicated for 16 h. Reporter gene assays were performed to measure NF-kB reporter activity or
B-galactosidase activity. Error bars represent standard deviation. Protein expression was controlled by immunoblotting against PKD (anti-PKD
[a-PKD]) and actin (antiactin [a-Actin]). (C) Cells were transfected with vector control (pSuper), or PKD RNAi (pSuper PKD1/2) for 48 h and
then treated with H,O, (10 min, 10 uM), rotenone (60 min, 20 uM), or DPI (60 min, 20 M) and immunoblotted for phospho-IKK and IKK. Actin
protein levels and PKD knockdown by RNAi were analyzed by immunoblot analysis using antiactin or anti-PKD antibodies.
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FIG. 7. PKD and MnSOD control cellular survival in response to mitochondrial oxidative stress. (A) Cells were transfected with vector control
(pSuper) or PKD RNAI (pSuper PKD1/2) for 48 h. Cells were treated with DPI (10 uM) or H,O, (500 nM) for 16 h and photographed. Silencing
of PKD protein was measured by immunoblotting (see Fig. S5 in the supplemental material). (B) Cells were transfected with vector control
(pSuper) or MnSOD RNAI (pSuper MnSOD) for 48 h and stimulated with DPI (10 wuM) or H,O, (1 M) for 16 h. MnSOD induction and silencing
were analyzed by immunoblotting. (C) Cells were transfected with vector control (pSuper) or MnSOD RNAI (pSuper MnSOD) for 48 h. Cells were
treated with increasing concentrations of DPI or H,O, as indicated for 16 h. Living cells were analyzed by crystal violet staining. Error bars

represent standard deviation. a-, anti-.

In this model, the FOXO3a transcription factor is dispensable
for SOD2 induction under conditions in which mROS are
released.

DISCUSSION

The production of reactive oxygen species, such as superox-
ide and H,O,, at the mitochondria has been intimately linked
to a variety of human diseases, as well as the normal physio-
logical processes which promote aging in eukaryotes (1, 5).
Rates of mitochondrial ROS production are directly related to
the basal metabolic rate. In turn, mitochondrial metabolic po-
tential is determined by the combined actions of antioxidative
defenses and molecular repair mechanisms. The conversion of
superoxide to H,O, is mediated by MnSOD. Because MnSOD
is a mitochondrial protein which is encoded by a nuclear gene,
SOD2, we reasoned that a specific signaling pathway must exist
which relays the signal from the mitochondria where ROS are
produced, to the induction of SOD2 in the nucleus, and thus
allows the efficient detoxification of superoxide. To date no

mitochondrion-to nucleus signaling function for ROS released
at the mitochondria has been described. Here, we provide
evidence for such a pathway which modulates this signal relay
to increase cell survival upon mitochondrial ROS production.

To accentuate the generation of ROS at the mitochondria,
we made use of inhibitors of the mitochondrial respiratory
chain, including rotenone (a mitochondrial complex I inhibi-
tor) and DPI (an inhibitor of the NADPH cytochrome P450
reductase) (12). Because our recent studies have pointed to an
important role for PKD in the regulation of oxidative stress
responses (21, 22), we investigated whether mitochondrial ox-
ygen radicals induce mitochondrion-to-nucleus signaling via
PKD. We found that PKD is localized to the mitochondria in
cells exposed to both exogenous and mitochondrial ROS (Fig.
1). Moreover, under the same conditions, PKD is potently
phosphorylated and activated (Fig. 1). Upon exposure of cells
to ROS, two events control PKD activation: the first is phos-
phorylation of Tyr463 in the PKD PH domain, mediated by the
tyrosine kinase Abl, and the second is phosphorylation of PKD
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at the activation loop residues Ser738 and Ser742, mediated by
PKC3. In this pathway, both Abl and PKC3 are activated by
Src. Consistent with published observations (11, 14, 18), we
found translocation of Src, Abl, and PKC3 to the mitochon-
dria. Moreover, phosphorylation of PKD at Tyr463 and
Ser738/Ser742 occurs at this organelle specifically upon mito-
chondrial ROS release (Fig. 2). Importantly, we did not detect
any nuclear localization of PKD under normal or mROS-stim-
ulated conditions (Fig. 6). Instead, our data indicate that trans-
location and activation of PKD occur at the mitochondria upon
release of mROS. Subsequently, PKD may dissociate from
mitochondria in an activated state and phosphorylate sub-
strates such as those which participate in IKK activation. The
precise mechanisms which control PKD localization at the
mitochondria and its accessibility to substrates have not yet
been elucidated.

We next turned our attention to the mechanisms by which
PKD relays the mitochondrial signal to the induction of the
nuclear SOD2 gene. We focused on two key transcription fac-
tors, FOXO3a and NF-«kB, which have been shown to modu-
late SOD2 induction under other cellular conditions. The re-
dox-regulated transcription factor, FOXO3a, which has been
implicated in SOD2 gene activation in senescent cells, is main-
tained in the cytoplasm of growing cells and is not directly
involved in SOD?2 induction (Fig. 4B). This is consistent with
previous reports which have shown that under normal growing
conditions, FOXO3a, a proapoptotic transcription factor, is
retained in the cytoplasm in an Akt/PKB-dependent manner
(3). It is, however, worth noting that under normal cellular
growth conditions, FOXO3a may play a negative role in SOD2
induction, because silencing with RNAi alone induced the
SOD?2 reporter (see Fig. S4 in the supplemental material). This
suggests a negative regulatory role for FOXO3a in the induc-
tion of SOD?2 in growing cells. However, under conditions of
elevated mROS release, FOXO3a is clearly not required, since

neither removal of the FOXO3a binding sites on the SOD2
reporter nor silencing FOXO3a with RNAI increased mROS-
induced SOD2 induction. Instead, our data indicate that upon
increased mitochondrial ROS release, PKD activates NF-«B,
which in turn is required for the induction of SOD2, and this
translates into increased MnSOD expression. The net effect is
that when mitochondria produce lethal doses of ROS, PKD-
dependent induction of MnSOD promotes efficient detoxifica-
tion, thus promoting increased cell survival. We therefore pro-
pose a model, depicted in Fig. 8, in which PKD acts as a central
integrator of mitochondrial oxidative stress responses, such
that NF-kB modulates the induction of MnSOD and promotes
survival.

We propose that the production of ROS at the mitochondria
initiates a mitochondrion-to-nucleus signaling pathway in
which PKD plays a critical signaling function. PKD translo-
cates to and is activated at the mitochondria. Excessive mROS
production leads to PKD-dependent activation of NF-kB,
which translocates to the nucleus and induces SOD2, leading to
the expression of MnSOD and subsequent accumulation at the
mitochondria. The subsequent detoxification of ROS results in
increased cellular survival, such that deregulation of any com-
ponents of this pathway results in increased cell death. These
observations may have consequences for a number of human
diseases and pathologies which have been causally linked to
mitochondrial oxidative stress. Similarly, the normal processes
of aging of eukaryotic cells and organisms depend on mito-
chondrial ROS production, and thus PKD may represent a
viable target for modulating life span.
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