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Nerve growth factor (NGF) induces terminal differentiation
in PC12, a pheochromocytoma-derived cell line. NGF binds a
specific receptor on the membrane and triggers the ERK1/2 cas-
cade, which stimulates the transcription of neural genes. We
report that NGF significantly affects mitochondrial metabolism
by reducing mitochondrial-produced reactive oxygen species
and stabilizing the electrochemical gradient. This is accom-
plished by stimulation of mitochondrial manganese superoxide
dismutase (MnSOD) both transcriptionally and post-transcrip-
tionally via Ki-Ras and ERK1/2. Activation of MnSOD is essen-
tial for completion of neuronal differentiation because 1)
expression of MnSOD induces the transcription of a neuronal
specific promoter and neurite outgrowth, 2) silencing of endog-
enous MnSOD by small interfering RNA significantly reduces
transcription induced by NGF, and 3) a Ki-Ras mutant in the
polylysine stretch at the COOH terminus, unable to stimulate
MnSOD, fails to induce complete differentiation. Overexpres-
sion of MnSOD restores differentiation in cells expressing this
mutant. ERK1/2 is also downstream of MnSOD, as a SOD
mimetic drug stimulates ERK1/2 with the same kinetics of NGF
and silencing of MnSOD reduces NGF-induced late ERK1/2.
Long term activation of ERK1/2 by NGF requires SOD activa-
tion, low levels of hydrogen peroxide, and the integrity of the
microtubular cytoskeleton. Confocal immunofluorescence
shows that NGF stimulates the formation of a complex contain-
ing membrane-bound Ki-Ras, microtubules, and mitochondria.
‘We propose that active NGF receptor induces association of mito-
chondria with plasma membrane. Local activation of ERK1/2 by
Ki-Ras stimulates mitochondrial SOD, which reduces reactive oxy-
gen species and produces H,O,. Low and spatially restricted levels
of H,0, induce and maintain long term ERK1/2 activity and ulti-
mately differentiation of PC12 cells.
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Reactive oxygen species (ROS)? are continuously generated
by metabolic reactions in all cellular compartments. Their reg-
ulation is crucial for cell survival and differentiation.

We have been studying the biological effects of nerve growth
factor (NGF) and Ras on ROS metabolism. Cells expressing
Ki-Ras reduce ROS levels and become tolerant to oxidative
stress (1, 2). The effects of NGF on ROS are rather peculiar, as it
has been shown that NGF increases (3, 4) or reduces (5) cellular
ROS.

PC12 cells represent an ideal system to test the link between
differentiation and ROS metabolism. These cells undergo ter-
minal differentiation or growth depending on the type of stim-
ulus and the shape of the kinase cascade (6 — 8). NGF selectively
induces long term ERK1/2 activation, which appears essential
for complete differentiation. This has been primarily ascribed
to differential receptor turnover (7, 9, 10) or the activation scaf-
fold proteins, linking specific tyrosine kinase receptors to the
Ras-ERK1/2 cascade (for example CNK2) (11) or differential
regulation of MEK phosphatases (for example SHP2-3) (12).

To dissect the molecular link(s) between ROS and neural
differentiation, we tested the effects of NGF on mitochondrial
metabolism by assaying directly the production of mitochon-
drial ROS and the mitochondrial electrochemical gradient. We
also analyzed mitochondrial proteins stimulated by NGF dur-
ing differentiation.

We find that NGF reduces the production of mitochondrial
ROS and improves the proton mitochondrial gradient. This is
accomplished by stimulation of MnSOD. H,0O,, generated by
MnSOD, sustains long term ERK1/2 signaling triggered by
NGEF. NGF stimulates the formation of a complex involving cell
membrane, microtubular cytoskeleton, and mitochondria.
These data unravel a novel function of NGF and support the

2 The abbreviations used are: ROS, reactive oxygen species; siRNA, small inter-
fering RNA; NGF, nerve growth factor; MnTMpyP, Mn(lll) tetrakis(1-methyl-
4-pyridyl)porphyrin pentachloride; EGF, epidermal growth factor; GFP,
green fluorescent protein; CMV, cytomegalovirus; ECFP, enhanced cyan
fluorescent protein; TMRE, tetramethylrhodamine ethyl ester; NT, non-tar-
geting; ERK, extracellular signal-regulated kinase; MEK, mitogen-activated
protein kinase/extracellular signal-regulated kinase kinase; SOD, superox-
ide dismutase; PBS, phosphate-buffered saline; CAT, chloramphenicol
acetyltransferase; MnSOD, manganese superoxide dismutase.
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notion that the species and the location of ROS determine the
shape of the kinase cascade and the ultimate phenotype of the
cell.

EXPERIMENTAL PROCEDURES

Materials and Antibodies—Mn(I1l) tetrakis(1-methyl-4-
pyridyl)porphyrin pentachloride (MnTMpyP), a cell-perme-
able superoxide dismutase mimetic, was obtained from Cal-
biochem. U0126 was from Promega Corp. (Madison, WI).
2-Phenyl-1,2-benzisoselenazol-3(H2)-one (Ebselen) (an
organoselenium compound), glutathione peroxidase mimetic
(a peroxide scavenger), and nocodazole (an inhibitor of micro-
tubule polymerization) were purchased from Sigma. RPMI
1640 medium was obtained from Invitrogen. Epidermal growth
factor (EGF), mouse NGF, and anti-MnSOD rabbit polyclonal
antibodies were from Upstate Biotechnology (Lake Placid, NY).
Anti-p-ERK1/2 (mouse monoclonal antibody), anti-ERK1/2
(rabbit polyclonal antibody), voltage-dependent anion channel
1, goat polyclonal antibodies, anti-Ki-Ras (mouse monoclonal
antibody), anti-Ha-Ras (rabbit polyclonal antibody), and anti-
cFos goat polyclonal antibodies were from Santa Cruz Biotech-
nology. Anti-phosphoserine (rabbit polyclonal antibody) was
from Zymed Laboratories Inc. Anti-MnSOD (mouse mono-
clonal antibody) was from Bender MedSystem (Vienna, Aus-
tria). Peroxidase-conjugate anti-rabbit or anti-mouse IgGs
were obtained from Amersham Biosciences. The antibodies
were used according to the protocol provided by the supplier.

Cell Lines—PC12 cells (13) were maintained in RPMI
medium containing 5% fetal calf serum, 10% horse serum, and
glutamine (1 mm) in flasks pre-coated with collagen. HEK293
cells were grown in Dulbecco’s modified Eagle’s medium con-
taining 5% fetal calf serum and supplemented with glutamine.

Plasmids and DNA Transfection—The plasmids used were 1)
bicistronic vectors (pIRES) expressing Ha-Ras (Val-12), Ki-Ras
(Val-12), and green fluorescent protein (GFP) genes under the
control of the cytomegalovirus (CMV) promoter (1); 2) Ki-Ras
(Val-12) mutants in the cysteine of the CAAX box and the poly-
basic region previously described (1, 2); 3) Ki-Ras4B (wild type),
including 100 nucleotides from the 3’-untranslated region
(K-100); 4) pNGF1-A-CAT, containing sequences from —1150
to +200 bp relative to the NGF1-A transcription start site (14)
fused to the CAT gene (kindly provided by A. Levi, Institute of
Neurobiology, CNR, Rome, Italy); 5) wild type rat MnSOD
(accession number NM_017051), cloned in pcDNA 3.0 and
MnSOD S82A mutant, generated by using the QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA) (the
primers used for rat MnSOD Ser82Ala mutagenesis were for-
ward (5'-ACAAACCTGGCCCCTAAGGGT-3’) and reverse
(5"-ACCCTTAGGGGCCAGGTTTGT-3")); 6) wild type
Ki-Ras4B and Ki-Ras mutants fused to the COOH terminus of
enhanced cyan fluorescent protein (ECFP).? To obtain the con-
structs expressing the protein chimera ECFP:Ki-Ras4B and the
Cys— and Lys— mutants, the ECFP coding sequence was ampli-
fied by PCR from the pECFP-N1 (Invitrogen) and subcloned in
pcDNA 3.1 vector. The Ki-Ras4B (GenBank™ accession num-
ber AF493917) and the Cys— and Lys— mutants, derived from

3 P. Castagnola, unpublished data.
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the plasmids described above, were fused in-frame with the 3’
end of the ECFP (pECFP/Ki-Ras). Two extra amino acid resi-
dues, Gly-Ser, link the ECFP COOH-terminal amino acid resi-
due with the first Ki-Ras4B NH,-terminal amino acid residue.
All plasmid constructs were sequenced to confirm the pre-
dicted amino acid sequence.

Transient transfections were performed with Lipofectamine
reagent (Invitrogen) according to the protocol indicated by the
supplier. 48 or 72 h after transfection the cells were analyzed by
fluorescence microscopy or by immunoblot. The amount of
DNA of each plasmid vector for a 60-mm dish was: GEP, 5 ug;
NGF1A-CAT, 5 pug; RSVLacZ, 3 ug; MnSOD wild type, 4 pg;
MnSOD S82A, 4 ug. B-Galactosidase activity was used to nor-
malize the transfection efficiency. For immunofluorescence
analysis the cells were plated on poly-L-lysine-coated glass cov-
erslips 16 h before transfection. The ECFP Ki-Ras4B expression
constructs were introduced into PC12 cells and induced for 3
days with NGF 100 ng/ml. Transfection of siRNAs was carried
out by microporation (MicroPorator MP-100, DigitalBio). The
experimental conditions were optimized for PC12 cells: voltage
1200, width 30, 1 pulse. siRNAs were obtained from Dharma-
con (ON-TARGETplus) (LaFayette, CO). We independently
transfected four siRNAs and tested MnSOD knockdown by
immunoblot. As controls were used “non-targeting” (NT)
scrambled siRNAs. In all experiments two siRNAs were used at
a final concentration of 100 nM. The specific sequences were
5'-GCGCUGGAGCCGCACAUUA-3" and 5'-GAGCAAG-
GUCGCUUACAGA-3'. 68 h after the transfection the cells
were serum-deprived for 4 h and induced with EGF or NGF for
15 min and 3 h, respectively.

Neurite outgrowth assay was carried out by scoring the num-
ber of neurites in cells expressing wild type CMV-GFP. A neu-
rite was identified as a process whose length was 1.5 times the
cell body. 200 cells were counted for each plate, and the per-
centage of cells with neurites was calculated as described (6).

CAT Activity was assayed as described (15). Enzymatic
assays were performed with extracts containing equivalent
units of B-galactosidase (0.1-0.2 unit/sample) (1 unit is the
absorbance at 420 nm of the cell lysate incubated with 1 mg/ml
2 nitrophenyl-p-galactopyranoside transferase at 37°C 1 h).
Experiments showing variations in [-galactosidase activity
more than 2-fold were eliminated.

Fluorescence Microscopy and Flow Cytometry—Mitochon-
dria were stained with Mitotracker Red CM-H2XRos at 19 nm
final concentration (Molecular Probes) for 20 min at 37 °C.
Subsequently, cells were washed with medium and incubated at
37 °C for further 20 min. Cell fixation and immunofluorescence
staining were performed as previously described (16). Nuclei
were stained with 10 pg/ml Hoechst 33258 (Molecular Probes,
CA) in PBS. Coverslips were mounted with Gel/Mount
(Biomeda Corp., Foster City, CA). Mouse Anti-a-tubulin
monoclonal antibody (from Sigma) was diluted to 10 pg/ml.

Oregon Green 514-conjugated secondary goat anti-mouse
antibodies were purchased from Molecular Probes (Invitro-
gen). Fluorescence filter sets were: 49 Carl Zeiss (Gottingen,
Germany) for excitation and detection of Hoechst 33258,
XF114-2 Omega Optical Inc. (Brattleboro,VT) for excitation
and detection of ECFP, and XF104—2 (Omega Optical, Inc.) for
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FIGURE 1. A, NGF reduces mitochondrial ROS levels and stabilizes the proton gradient in PC12 cells. Upper panel, ROS levels were determined by MitoSOX
fluorescence in cells treated with NGF at (100 ng/ml) for 30 and 180 min as indicated. The histogram was obtained by overlapping the regions identified by
bivariate analysis. Overlay plots are shown, where blue and red colors indicate the negative and positive cells, respectively. The number of cells and the intensity
of the fluorescence are shown on the ordinate and abscissa, respectively. The inset shows representative micrographs of the same cells stained with the specific
nuclear dye DRAQ 5 (see “Experimental Procedures”). Lower panel, the mitochondrial proton gradient was measured by TMRE fluorescence-activated cell sorter
analysis. Overlay plots are shown, where blue and red indicate the negative and positive cells, respectively. The inset shows the different populations of the cells
identified by bivariate analysis. Overlay plots are shown, where blue and red colors indicate the negative and positive cells, respectively. *, p < 0.01 relative to
cells without NGF. B, MnSOD activity in Ha and Ki-Ras-expressing cells is shown. Cells were transfected with expression vectors carrying the empty CMV vector,
wild type Ki-Ras4B, Ha-Ras (Val-12), Ki-Ras (Val-12), described under “Experimental Procedures.” 48 h later cells were induced with NGF (100 ng/ml) for 30 min
as indicated. MnSOD activity was carried out as described under “Experimental Procedures.”. Values, normalized to the transfection efficiency (RSV-LacZ),
represent the means = S.E. derived from at least three independent experiments performed in triplicate. *, p < 0.01 relative to untreated cells transfected with
CMV. ** p < 0.02 relative to cells transfected with CMV and treated with NGF. ***, p < 0.01 relative to untreated cells expressing Ki-Ras wild type (WT).

excitation and detection of Oregon Green 514 and XF102-2 camera and the AxioVision 4.1 software (Carl Zeiss, Gottingen,
(Omega Optical, Inc.) for excitation and detection of Mito- Germany).

tracker Red. For fluorescence analysis, an Axiovert 200-M-Carl The superoxide indicator MitoSOX Red (Molecular Probes,
Zeiss microscope equipped with an ApoTome slider was used.  Invitrogen) was used at a final concentration of 5 uM, incubated
Image processing was performed using an AxioCam HRCCD  for 10 min at 37 °C, and washed 2 times with PBS. After fixation,
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form for 1 h. Immunoprecipitates
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1000 X g for 5 min at 4 °C; the pellet
was washed 4 times with 1 ml of
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buffer and, after the final wash was
re-suspended in 40 ul of 1X elec-
trophoresis sample buffer, heated
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FIGURE 2. Ha-Ras and Ki-Ras effects on PC12 differentiation. A, induction of NGF1A promoter transcription
by Ki- and Ha-Ras is shown. PC12 cells were transfected with control vector, NGF1A promoter fused to CAT, and
Ki- or Ha-Ras (Val-12) expression vectors. 40 h later the cells were serum-starved for 5 h and treated 4 h with 100
ng/ml NGF. The left upper panel shows the immunoblot with Ha- and Ki-Ras-specific antibodies of extracts
derived from cells transfected with various concentrations of Ha- or Ki-Ras expression vectors. The left lower
panel shows a representative CAT assay, where the lower and the upper spots indicate the input chloramphen-
icol and the acetylated products, respectively. The right panel shows the CAT activity (% of acetylated chlor-
amphenicol) normalized to the transfection efficiency (B-galactosidase activity). The values shown represent
the means = S.E., derived from at least three independent experiments performed in triplicate. Total p-ERK and
GTP binding activity were comparable in cells transfected with 1 and 5 pg/dish DNA of both Ras vectors.
B, neurite outgrowth in cells expressing Ha- or Ki-Ras is shown. Ha- and Ki-Ras expression vectors contain the
internal ribosome entry site of the encephalomyocarditis virus upstream of the GFP gene (“Experimental
Procedures”) and express co-translationally GFP. Cells transfected, as described in A, were analyzed by fluores-
cence microscopy 72 h later. Specifically, neurites were scored in 200 cells GFP+: control, 4 = 1.78%; Ki-Ras,
40 = 9.13%; Ha-Ras 15 * 5.61%. For each experiment the p value of the x> was <0.001; across the experiment
the p values of the t tests were: Ki-Ras versus control, p < 0.0001; Ha-Ras versus control, p = 0.0011; Ki-Ras versus

to 95 °C for 5 min, and resolved on
a SDS 12% polyacrylamide gel.
Chemiluminescent signals were
quantified by densitometry.

RNA Analysis—Total RNA was
extracted from serum-starved cells
induced with NGF using the TRIzol
reagent (Invitrogen) according to
the supplier’s instructions. 1 ug
of total RNA was used to synthe-
size the first strand ¢cDNA with

Ha-Ras, p < 0.0001.

the cells were permeabilized with Triton X-100 0.2% in PBS for
3 min, washed in 1X PBS, and treated with DRAQ5 (Biostatus
Ltd, Leicester, UK) for 15 min to selectively stain the nuclei.
After the final wash, the coverslips were mounted on a micro-
scope slide and examined with a Zeiss 510 Meta confocal laser-
scanning microscope. For fluorescence-activated cell sorter
analysis, the cells were induced as described above.

Mitochondrial membrane potential was assessed by flow
cytometry using tetramethylrhodamine ethyl ester (TMRE,
Molecular Probes, Invitrogen), a cell-permeant, cationic, red-
orange fluorescent dye selectively sequestered by mitochon-
dria. The cells were serum-deprived for 4 h, induced for 30 min
and 3 h with NGF at 100 ng/ml, washed with RPMI, and incu-
bated with 50 nm TMRE for 20 min in the dark at 37 °C. At the
end of incubation, the cells were washed and re-suspended in
the flow analysis buffer (1X PBS), and kept on ice until the
analysis.

Cell Extracts, Immunoprecipitation, and Immunoblot Ana-
lysis—Lysates were prepared by dissolving the cell pellet in cold
radioimmune precipitation assay buffer (50 mm Tris-HCI, pH
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TagqDNA polymerase (Roche Diag-
nostics) according to the protocol
provided by the supplier. 2 ul of
¢DNA and 10 pmol of MnSOD and actin primers were added in
afinal volume of 50 ul of PCR mixture (final concentrations, 1 X
PCR bulffer, 0.2 mm deoxy-NTP, 1.5 mm MgCl,, and 1.25 units
of Taq DNA polymerase). The reaction was carried out in the
Gene Amp PCR System 9600. The experimental conditions
were selected for each set of primers in the linear range of the
reaction in terms of number of cycles and cDNA concentration.
Furthermore, each set of reactions included the negative con-
trol without reverse transcriptase and a reference marker (rat 8
actin or glyceraldehyde-3-phosphate dehydrogenase).

Actin primers were: actin forward (5'-GATCATTGCTCCTC-
CTGAGC-3’) and actin reverse (5'-AAAGCCATGCCAATCT-
CATC-3'). Rat MnSOD primers were MnSOD forward (5'-GGC-
CAAGGGAGATGTTACAA-3') and MnSOD reverse (5'-
ACACATCAATCCCCAGCAGT-3') (Invitrogen). At the end of
the reaction 20 ul of the PCR products were loaded on 1.5% aga-
rose gels, and the bands corresponding to the amplified products
were detected and quantified by densitometry.

Manganese Superoxide Dismutase Activity—Cells from two
100-mm dishes were collected, washed 3 times with PBS, re-
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suspended in 200 ul of PBS, disrupted by sonication (2 X 10-s
pulses), and centrifuged at 12,500 X g for 30 min at 4 °C. The
supernatants were incubated 60 °C for 30 min before the assay
to eliminate CuZn-SOD activity. MnSOD activity was deter-
mined by the cytochrome ¢ xanthine/xanthine oxidase method
using 50 mm HEPES, 0.1 mm EDTA, pH 7.4, containing 1 mMm
KCN to inhibit CuZn-SOD activity (19).

Statistical Analysis—All data are presented as the means *
S.E. of three experiments in triplicate. Statistical significance
was determined using the matched pairs test. Student’s ¢ test
was performed for each pair of data separately. Significance
with a p < 0.05 is reported.

RESULTS

Regulation of Cellular and Mitochondrial ROS Levels by NGF
and Ras—The regulation of ROS levels during differentiation of
PC12 cells has been matter of intensive investigation. There are
reports indicating that ROS levels increase (3, 4) or are substan-
tially reduced after NGF exposure (5). To clarify this issue, we
measured the mitochondrial ROS levels, the mitochondrial
membrane potential, and the activity of MnSOD, a key enzyme
buffering mitochondrial superoxide, in PC12 cells exposed to
NGE.

Mitochondrial ROS levels were determined by measuring the
fluorescence of mitosox, the red mitochondrial superoxide
indicator. Fig. 14, upper panel, shows that NGF at 180 min
significantly reduces mitochondrial ROS. Lower mitochondrial
ROS levels indicate that dissipation of the mitochondrial elec-
trochemical gradient is reduced and the respiration is more
efficient in the presence of NGF. To test this notion, we mea-
sured the electrochemical mitochondrial gradient by assaying
the fluorescence of TMRE, a potentiometric dye, sequestered
by mitochondria. Fig. 14, lower panel, shows that NGF at 180
min significantly stimulates TMRE fluorescence. This indicates
that the electrochemical gradient is steeper and the respiration
more efficient in the presence of NGF.

Because MnSOD is the main mitochondrial enzyme scav-
enging superoxide, we directly measured the activity of the
enzyme in NGF-induced cells. Fig. 1B shows that NGF stimu-
lates MnSOD activity and Ki-Ras amplifies MnSOD stimula-
tion by NGF. Under the same conditions, EGF, Ha-Ras wild
type, or Ha-Ras Val-12 do not influence the activity of the
enzyme (data not shown). Conversely, constitutively active Ki-
Ras stimulates MnSOD in the absence of NGF (Fig. 1B). If
MnSOD is an important target of NGF and Ki-Ras-induced
differentiation, Ki-Ras should be more efficient in the induction
of differentiation of PC12 cell compared with the Ha-Ras iso-
form, which fails to stimulate MnSOD (Fig. 1B). To this end we
tested the specific biological activity of Ha- and Ki-Ras by mea-
suring the neural specific transcription (NGF1A) in cells
expressing similar levels of Ki- and Ha-Ras V12 proteins. Fig.
2A shows that Ki-Ras is more efficient that Ha-Ras in stimulat-
ing transcription of NGF1A. Ki-Ras is also more efficient than
Ha-Ras in stimulating morphological differentiation, measured
by neurite outgrowth (Fig. 2B).

NGF and Ki-Ras Stimulate Mitochondrial SOD by Multiple
Pathways—The higher specific activity of Ki-Ras in the induc-
tion of PC12 differentiation may be linked with the selective
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FIGURE 3. NGF stimulates mitochondrial SOD. A, NGF induces MnSOD
mMRNA. PC12 cells were stimulated 1, 3, and 12 h with NGF (100 ng/ml), and
total RNA was extracted and reverse-transcribed in cDNA as described under
“Experimental Procedures.” Specific primers corresponding to rat MnSOD
were used to amplify the specific SOD mRNA. The amount of the specific RNA
band was linearly dependent on the concentration of cDNA and number of
cycles. Values are the means =+ S.E. derived from at least three experiments
performed in triplicate. A representative experiment is shown in the inset. *,
p < 0.01 relative to untreated cells. B, NGF stimulates mitochondrial MnSOD
protein levels. PC12 cells were treated with 100 ng/ml NGF for the periods
indicated. UO126 (10 um) was added 15 min before NGF challenge. The mito-
chondrial fraction was prepared as described under “Experimental Proce-
dures.” 30 ug of proteins were immunoblotted with anti-MnSOD and voltage-
dependent anion channel 1 (VDACT, a specific mitochondrial marker). Values
are the means = S.E. derived from at least three experiments, performed in
triplicate. *, p < 0.01 relative to untreated cells. **, p < 0.01 relative to cells
stimulated with NGF for 5 and 30 min without U0126.

ability of Ki-Ras to stimulate mitochondrial SOD (Fig. 1). To
this end we analyzed the mechanism of NGF and Ki-Ras induc-
tion of MnSOD. We stimulated PC12 cells with NGF and deter-
mined MnSOD protein and mRNA levels. Fig. 34 shows that
the levels of MnSOD mRNA are stimulated by 3 h of NGF
treatment. However, MnSOD protein levels display 2 peaks at
30 and 180 min after NGF stimulation (Fig. 3B). The early NGF
effect on MnSOD levels appears to be post-transcriptional,
whereas the late induction (3 h) is mediated by an increase of
mRNA levels (Fig. 34). To investigate the early induction of the
enzyme and to find a link between NGF-induced ERK1/2 and
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A, NGF induces phosphorylation of MnSOD. Extracts (1 mg) derived from
PC12 cells and induced for 5 and 30 min by NGF or pretreated with the MEK
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MnSOD, we pretreated the cells with U0126, the specific MEK
inhibitor. Fig. 3B shows that NGF induction of SOD at 30 min is
inhibited by U0126. To analyze a possible post-translational
modification of the enzyme, we measured the phosphorylation
of MnSOD by challenging MnSOD immunoprecipitates with
anti-phosphoserine antibodies (P-Ser). Fig. 44 shows that 1)
MnSOD contains phosphorylated serine(s) after 5 and 30 min
of NGF stimulation, and 2) treatment of the cells with the MEK
inhibitor (U0126) reduces significantly the serine-phosphory-
lated band (Fig. 4A).

To dissect the mechanism of NGF induction of MnSOD, we
stimulated the cells for 5 and 30 min with NGF in the presence
or absence of the translation inhibitor cycloheximide. Note that
in this time frame (30 min) the levels of MnSOD mRNA do not
change after NGF stimulation. Inhibition of translation does
not prevent MnSOD induction by NGF at 5 min, whereas it
inhibits MnSOD accumulation at 30 min. NGF also induces
c-Fos at 30 min. Induction of c-Fos and MnSOD at 30 min by
NGF requires active translation, as cycloheximide inhibits the
accumulation of both proteins in cells exposed 30 min to NGF
(Fig. 4B). These data suggest that NGF at 5 min alters the sta-
bility of the MnSOD protein, whereas at 30 min NGF stimulates
the translation of the specific mRNA.

To identify the site in the protein phosphorylated by ERK1/2,
we mutagenized a serine residue located in position 82 of the rat
MnSOD sequence. This serine, adjacent to a proline (Ser-Pro),
is a potential ERK1/2 substrate and is present only once in the
rodent sequences. The MnSOD protein, mutated in this serine
and overexpressed in HEK293 or PC12 cells, does not increase
the activity after NGF stimulation (Fig. 4C). Extensive biochem-
ical analysis of the protein indicates that this mutation abol-
ishes phosphorylation of the enzyme in vitro by purified ERK2
(supplemental Fig. 1S) and does not affect the homotetrameric
assembly and the activity of the endogenous enzyme (20).

We suggest that ERK1/2, activated by NGF, induces the
phosphorylation of serine 82 in the nascent mitochondrial SOD

inhibitor U0126 (10 um) were immunoprecipitated with the anti-MnSOD
mouse monoclonal antibody. The immunoprecipitate (/P), fractionated on an
SDS-polyacrylamide gel, was challenged with anti-phosphoserine (P-Ser) rab-
bit polyclonal antibodies or anti-MnSOD rabbit polyclonal antibodies (see
“Experimental Procedures”). The histogram shows the densitometric analysis
of MnSOD serine-phosphorylated band relative to control protein in
untreated cells. The inset panel shows a representative blot (WB) with anti-
phosphoserine or anti-MnSOD antibodies. ID indicates MnSOD-immunode-
pleted extracts from 30 min NGF-treated cells.*, p < 0.01 relative to untreated
cells. **, p < 0.01 relative to cells stimulated with NGF for 5 and 30 min,
respectively. B, shown is the effect of inhibition of protein synthesis on NGF-
induced MnSOD. 50 ug of extracts, derived from PC12 cells, were challenged
for 5 and 30 min with NGF in the presence or absence of cycloheximide (CHX,
10 ug/ml). The cells were starved from serum for 4 h, and the cycloheximide
was added 30 min before NGF treatment. The immunoblot of total cell pro-
tein was carried out with antibodies specific to human c-Fos (goat) and
MnSOD. A representative experiment is shown in the inset. *, p < 0.01 relative
to untreated cells. **, p < 0.01 relative to cells stimulated with NGF for 30 min
without cycloheximide. C, mitochondrial SOD activity of wild type or the ser-
ine/alanine 82 mutant is shown. Cells (HEK293, PC12, and Hela) were tran-
siently transfected with control vector, wild type, or alanine (582A) MnSOD
mutant expression vectors. Cell extracts were prepared and assayed for
MnSOD activity as described under “Experimental Procedures.” The results
were comparable in the three cell lines indicated. The inset shows the levels of
MnSOD in HEK293 transfected with the wild type or S82A MnSOD proteins.
The histogram shows the enzymatic activity of wild type (WT) and MnSOD
mutant HEK293-expressing cells normalized to the transfection efficiency.
*,p < 0.01 relative to control cells.
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FIGURE 5. MnSOD influences NGF-induced ERK1/2 activity. A, a peroxide scavenger abolishes long term
ERK1/2 stimulation by NGF. The time-course of ERK1/2 induction by NGF is shown. PC12 cells were treated with
NGF (100 ng/ml) for the times indicated in the absence or presence of the peroxide scavenger (ebselen 20 um
for 30 min). 50 ug of proteins were immunoblotted with anti-p-ERK1/2. The values shown in the histogram
represent the means = S.E. derived from of at least three experiments performed in triplicate. The inset shows
a representative experiment. ¥, p < 0.01 relative to untreated cells. B, a peroxide scavenger inhibits neurite
outgrowth induced by NGF. The same cells indicated in A were plated in the presence of NGF for 5 days in the
presence or absence of 20 um ebselen. Viability of the cells, measured by fluorescence-activated cell sorter, was
not affected under these conditions. Neurite outgrowth was measured as described under “Experimental
Procedures” except that neurites whose length was 0.5 and 1 times the cell body were also measured. 200 cells
were counted for each plate, and the percentage of cells with neurites was calculated as described (6). Control,
6 * 2%: +NGF, 75 £ 10%; +NGF-Ebselen 25 = 10%; NGF versus control, p < 0.001; NGF versus ebselen + NGF,
p < 0.02.The experiment was performed in triplicate. The viability of cells treated with 20 um ebselen for 5 days
was not significantly different from control cells, assayed by cytofluorimetry. C, long term ERK1/2 stimulation
by SOD mimetic drugs is shown. Time-course of ERK1/2 induction by MnTMPyP (100 um), a SOD mimetic drug
is shown. PC12 cells were treated with MnTPyP for the times indicated in the absence or presence of ebselen
(20 um for 30 min). ERK1/2 activation was assayed by immunoblot with specific antibodies anti-p-ERK1/2.
Values represent the means = S.E. of at least three experiments performed in triplicate (lower panel). A repre-
sentative experiment is shown in the upper panel. *, p < 0.01 relative to untreated cells. D, MnSOD stimulates
ERK1/2. Several cell lines (HEK293, PC12, Hela) were transfected with control vector, wild type (WT), and
mutant (S82A) MnSOD expression vectors. 24 h later the cells were serum-deprived for 18 h and incubated in
the presence of 20 um ebselen for 3 h. Total extracts were prepared as described under “Experimental Proce-
dures,” and 50 ug of proteins were immunoblotted with anti-p-ERK1/2 and anti-MnSOD antibodies. The values
shown in the histogram are the means = S.E. of at least three experiments, performed in triplicate. A repre-
sentative experiment performed in HEK293 cells is shown in the upper panel. *, p < 0.01 relative to untreated
control cells; **, p < 0.01 relative to untreated cells expressing wild type MnSOD.

protein. This modification may contribute to stabilization of

the enzyme (Fig. 4, A and B).

MnSOD Mediates and Maintains NGF and Ki-Ras Long
Term Activation of ERK1/2—If activation of MnSOD is impor-
tant for differentiation of PC12 cells, inhibition of its activity
should prevent or reduce differentiation. Chemical inhibition
of MnSOD is not feasible because it leads to mitochondrial
dysfunction. We decided to reduce the levels of hydrogen per-
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oxide, the product of SOD reaction,
with a specific peroxide scavenger,
ebselen (21). We treated the cells
with this drug and measured NGF-
induced ERK1/2 activity. Fig. 54
shows that ERK1/2 is induced rap-
idly by NGF treatment (5-30 min)
and slowly decays (1-2 h) (22, 23).
Our analysis also shows the pres-
ence of a second peak of active
ERK1/2 (3 h) stimulated by NGF
(Fig. 5A) Pretreatment of the cells
with ebselen in the presence of NGF
for various periods, abrogates only
the late ERK1/2 activation by NGF
and does not influence the early
peak (Fig. 54). This late-activated
ERK1/2 seems important for differ-
entiation because 1) long term treat-
ment with ebselen inhibits morpho-
logical differentiation, assessed by
neurite outgrowth (Fig. 5B) and 2)
treatment of the cells with a SOD
mimetic, MnTMPyP, (24) stimulates
ERK1/2 after 3 h of continuous expo-
sure (Fig. 5C). Unexpectedly, we find
that the late p-ERK1/2 peak is stimu-
lated by peroxide, as it is inhibited by
ebselen. To rule out nonspecific
effects induced by ebselen, we treated
the cells stimulated with NGF with
purified catalase or we transfected the
same cells with an expression vector
encoding rat catalase. In both experi-
ments catalase inhibited selectively
the late peak of NGF-induced ERK1/2
(supplemental Fig. 2S).

Together these data suggest that
low levels of hydrogen peroxide
produced by mitochondrial SOD
may be responsible for late ERK1/2
activation (3 h) by NGF (7). To
determine whether this is the case,
we expressed wild type or the inac-
tive version of MnSOD (S82A) and
determined the levels of active
ERK1/2 in the presence or absence
of ebselen. We find that 1) expres-
sion of wild type SOD, not the
serine 82 mutant, stimulates

p-ERK1/2 levels, and 2) late activation of ERK1/2 is inhibited

by the peroxide scavenger (Fig. 5D). These data establish a

link between MnSOD and ERK1/2 activation mediated by
hydrogen peroxide. This circuitry probably favors the adap-
tation of the cell during differentiation to the higher meta-
bolic rate (25). Higher respiration rate increases superoxide,
which is converted by SOD to hydrogen peroxide. H,O, rap-
idly diffuses and activates local ERK1/2 (26). Mitochondrial
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FIGURE 6. MnSOD silencing impairs NGF-induced differentiation. A, MnSOD stimulates transcription of
NFG1A promoter. CAT assay in cells transfected with Ki-Ras (2.5 ng), Ha-Ras (5 ng), and MnSOD (1 ng/3 ml/60
mm dish) expression vectors, normalized to the transfection efficiency, as described in “Experimental Proce-
dures.” Values represent the means = S.E. of at least three experiments performed in triplicate. ¥, p < 0.01
relative to control cells. B-E, MnSOD knockdown reduces NGF1A promoter transcription and ERK1/2 stimula-
tion by NGF, not by EGF. Cells were transfected by electroporation with siRNA to MnSOD (siRNA SOD2) and
control and scrambled siRNA (NT) as described under “Experimental Procedures.” 72 h later total proteins were
extracted and subjected to the specific assays as indicated under “Experimental Procedures.” Values indicate
the means =+ S.E. derived from at least three experiments performed in triplicate. B, the upper panel shows a
representative immunoblot (WB) with anti-MnSOD antibodies. *, p < 0.01 relative to cells transfected with NT.
G, transcription of NGF1A promoter in the presence or absence of NGF is shown. D and E, ERK1/2 immunoblot
in control or MnSOD silenced cells challenged with NGF (100 ng/ml, 3 h) or EGF (100 ng/ml 15 min) is shown.
Values represent the means = S.E. of at least three experiments performed in triplicate. In panels Cand D, *, p <

0.01 relative to NGF treated cells transfected with NT.
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SOD appears to be a perfect sensor
of superoxide and hydrogen per-
oxide. The half-life of superoxide
at a low concentration (0.1 nMm) is
quite long (14 h) (27). MnSOD
removes mitochondrial-derived
superoxide at near-diffusion limit-
ing rates. Under NGF stimulus
hydrogen peroxide maintains
active ERK1/2 (26) and supports
the phosphorylation of several tar-
gets (28). MnSOD and catalase or
peroxidase(s) are able to confine
and maintain the levels of super-
oxide and hydrogen peroxide suf-
ficient to reduce the turnover of
local pERK1/2. Higher levels of
H,0, inhibit SOD, increase super-
oxide, and induce apoptosis (29).
Mitochondria are the relevant
sites where ROS are originated,
and the balance between superox-
ide and peroxide is carefully con-
trolled. Other cell compartments
(membrane, cytoskeleton, and
nucleus) can be influenced and
modified by the shape and inten-
sity of the ROS-ERK1/2 stimulus
originated in the mitochondria.
MnSOD Cooperates with Ki-Ras
to Induce and Maintain Terminal
Differentiation—To determine the
effects of MnSOD on PC12 differ-
entiation, we transfected PC12
cells with an expression vector
encoding rat MnSOD and mea-
sured NGF1A promoter transcrip-
tion by a CAT assay. Fig. 6A shows
that expression of MnSOD signif-
icantly induces NGF1A-CAT
transcription, albeit less efficiently
than Ki-Ras. To demonstrate that
MnSOD is important for neural-
induced transcription by NGF, we
selectively knocked down MnSOD
and analyzed the transcription of
NGF1A and the levels of pERK1/2
in the presence of NGF. Figs. 6,
B-D, show that silencing of
MnSOD reduces NGF1A tran-
scription and inhibits NGF-in-
duced pERK1/2 (Fig. 6D and
supplemental 3S). Conversely,
silencing of MnSOD does not
influence EGF-induced ERK1/2
(Fig. 6E). Under the conditions of
these experiments (48 and 72 h)
the cells with low MnSOD levels
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FIGURE 7. Impact on PC12 differentiation of wild type and COOH-termi-
nal Ki-Ras mutants. A, shown is NFG1A transcription in cells expressing Ki-
Ras mutants at the COOH terminus. Ki-Ras (Val-12) mutants at the COOH
terminus (5 lysines converted in alanine in the basic region are referred as
Lys—, and cysteine of the CAAX box converted in alanine is referred as Cys—;
see Ref. 1) were transfected and assayed for stimulation of NGF1A promoter
activity. Values represent the means =+ S.E. of at least three experiments per-
formed in triplicate. * indicates p < 0.01 relative to control cells (C). ** indi-
cates p < 0.01 relative to cells transfected with Ki-Ras. B, ERK1/2 activation by
Ki-Ras mutants. In the same cells indicated in A, p-ERK1/2 was measured by
immunoblot with specific antibodies. In the lower panel a representative
immunoblot of Ki-Ras and p-ERK1/2 is shown. Values are the mean = S.E. of at
least three experiments performed in triplicate. *, p < 0.01 relative to control
cells. **, p < 0.01 relative to cells transfected with Ki-Ras.

do not show significant changes in viability or growth (data
not shown).

These data indicate that MnSOD mediates NGF effects on
transcription of a neural specific promoter with a mechanism
involving production of hydrogen peroxide and ERK1/2 activa-
tion (Figs. 5 and 6). To find a molecular link between MnSOD-
and Ras-induced differentiation, we first tested the ability of
various Ki-Ras (Val-12) mutants to stimulate NGF1A tran-
scription. We expressed several Ki-Ras mutants in the COOH
hypervariable region (1, 2). Specifically, we expressed a mutant
in the cysteine residue of the CAAX box and a mutant in the
polylysine stretch of the COOH terminus of Ki-Ras. The CAAX
box mutant (Cys—) does not stimulate ERK1/2-dependent
transcription, whereas the lysine (Lys—) mutant retains some
activity (40-50%) on ERK1/2-induced transcription (Fig. 7, A
and B). We tested the ability of these mutants to stimulate neu-
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FIGURE 8. Neurite outgrowth in cells expressing Ki-Ras mutants and
MnSOD. PC12 cells were transiently co-transfected with Ki-Ras (Val-12)
mutants, MnSOD, and GFP as indicated on each fluorescence micrograph.
Control (C) cells were transfected only with GFP. Three days later the neurite
length was scored as described under “Experimental Procedures” in at least
200 cells/dish. Non-transfected or control cells did not show appreciable neu-
rite outgrowth. On the bottom, the statistical analysis of cells displaying neu-
rites derived from three experiments is shown (see “Experimental Proce-
dures”). *, p < 0.01 relative to control cells; **, p < 0.01 relative to cells
transfected with Ki-Ras; °, p < 0.01 relative to cells transfected with MnSOD; °°,
p < 0.01 relative to cells transfected with Ki-Lys—; §, indicates p < 0.01 rela-
tive to cells transfected with Ki-Cys—. We noticed that in MnSOD-transfected
cells, all transfected cells displayed shorter neurites, whereas in Lys— -trans-
fected cells, only a smaller fraction of the cells displayed longer neurites.

ronal differentiation by measuring neurite outgrowth. Fig. 8
shows that 1) the Cys— mutant fails to induce terminal differ-
entiation, 2) the Lys— mutant retains some ability to stimulate
neurite outgrowth, and 3) MnSOD-expressing cells, on the
other hand, display some neurites. Co-expression of MnSOD
with the various mutants indicates that MnSOD rescues differ-
entiation in cells expressing the Lys— mutant (Fig. 8). The
Cys— mutant does not induce neurite outgrowth and inhibits
the positive effects of MnSOD on differentiation (Fig. 8), indi-
cating that in the absence of membrane-anchored Ras, MnSOD
cannot stimulate differentiation of PC12 cells.

These data taken together illustrate the hierarchy of signals
present in the Ki-Ras COOH terminus and the cooperation
with MnSOD. These signals seem to play different roles in the
induction of differentiation because 1) the CAAX box is the
main anchoring site of Ras and its elimination broadly affects
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ERK1/2-induced transcription and differentiation, and 2) the
polylysine stretch, the specific signal in the Ki-Ras terminus, is
important for MnSOD induction (1). Cells expressing this
mutant differentiate only when MnSOD is co-expressed. This
signal cooperates in the induction of differentiation of PC12
cells provided that the major membrane anchor signal of Ki-Ras
protein is intact. These data also indicate that MnSOD cooper-
ates with but does not mediate all Ras effects on PC12
differentiation.

Integrity of Microtubular Cytoskeleton Is Required for Late
NGF Activation of ERK1/2—The data presented above suggest
a mechanism for long term activation of ERK1/2 by NGF-Ki-
Ras. H,O, produced by mitochondrial MnSOD exerts its
effects locally, as it is rapidly eliminated by catalase in the cyto-
plasm. Because Ki-Ras is stably localized under the plasma
membrane (30), MnSOD is localized in the mitochondria, and
the mitochondria are associated with the microtubule network
(31), we tested whether the integrity of microtubule cytoskele-
ton is necessary for the propagation of ERK1/2 signal initiated
by NGF and Ras. To this end we pretreated the cells with
nocodazole, a drug that inhibits microtubule polymerization,
and we stimulated the same cells with NGF. Fig. 9, A and B,
show that the late peak of active ERK1/2 by NGF is selectively
abolished in nocodazole-treated cells and that NGF1A tran-
scription is severely impaired. The block of differentiation is
not due to toxicity of the drug, as the early p-ERK1/2 peak
induced by NGF or EGF or the transcription of control vectors
are not affected (see the legend to Fig. 9).

These data indicate that the integrity of microtubular
cytoskeleton is essential for activation of ERK1/2 by NGF. Fur-
thermore they suggest that NGF stimulates mitochondrial SOD
through the formation of a macromolecular complex involving
mitochondria, microtubules, and Ki-Ras. To test this hypothe-
sis, we stimulated PC12 cells with NGF and stained the cells
with mitotracker (mitochondria, red) and antibodies to a-tubu-
lin (microtubules, green). Fig. 10 shows that in the absence of
NGF, mitochondria are distributed around the nucleus and do
not co-localize with a-tubulin (32). In differentiated cells, how-
ever, neurites show patches of mitochondria localized on
microtubules (Fig. 10, NGF 6d, yellow). Co-localization of
microtubules and mitochondria is induced by NGF because
withdrawal of NGF for 4 h dissociates mitochondria and a-tu-
bulin signals (Fig. 10, — NGF). Note that under these conditions
microtubules in neurites are still well organized (+NGF
6d/—NGF 4 h). Control or NGF-treated cells expressing fluo-
rescent wild type Ki-Ras display the same organization of mito-
chondria-microtubules shown above. NGF induces clustering
of mitochondria and association with the cytoskeleton and the
membrane (yellow). Withdrawal of NGF for 4 h dramatically
changes the distribution of Ki-Ras, microtubules, and mito-
chondria and eliminates co-localization (Fig. 10, lower panels).

In conclusion, our data confirm and extend previous reports
showing that NGF-coated spheres induced mitochondria clus-
tering under the plasma membrane (33, 34). Physical associa-
tion induced by NGF between mitochondria and plasma mem-
brane accounts for the selective activation of MnSOD by
ERK1/2 induced by Ki-Ras and NGF.
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FIGURE 9. NGF stimulates the assembly of a macromolecular complex
containing membrane, mitochondria, and cytoskeleton. A, long term
ERK1/2 stimulation by NGF isimpaired by nocodazole. Cells were treated with
NGF (100 ng/ml) for the times indicated in the presence or absence of
nocodazole (2 um for 3 h) and analyzed for ERK1/2 activation by immunoblot
with specific antibodies. Values shown represent the means =+ S.E. of at least
three experiments performed in triplicate (lower panel). A representative
experiment is shown in the upper panel. *, p < 0.01 relative to cells treated
only with NGF at the same time. The viability of the cells was not affected by
45 and 180 min of treatment with nocodazole. B, nocodazole inhibits NGF1A
transcription. Cells were transfected with the CAT plasmids indicated in Fig.
2A,and 40 h later the cells were serum-starved for 5 h and treated for 4 h with
100 ng/ml NGF in the presence or absence of nocodazole (2 um). The data are
shown as CAT activity (-fold induction) normalized to the transfection effi-
ciency. A representative autoradiogram is shown in the upper panel. CMV-
LacZ expression and the viability of the cells were not affected by 4 h of
treatment with nocodazole (2 um). *, p < 0.01 relative to cells treated with
NGF. Nocodazole (4 um for 1 and 3 h) is not toxic and induces dispersion of
mitochondrial clusters (49, 50).3

To dissect the Ras signals mediating mitochondrial-mem-
brane clustering after NGF stimulation, we labeled the Ki-Ras
mutants shown in Figs. 7 and 8 and have analyzed their cellular
localization by confocal microscopy. Fig. 11 shows that the
number of neurites is greatly reduced in cells expressing the
Cys— or Lys— mutants. However, we note that the Ki-Ras Lys
mutant partly retains membrane localization. Membrane local-
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FIGURE 10. NGF induces clustering of mitochondria, microtubules, and Ki-Ras. Staining with mitotracker and anti-a-tubulin antibodies of PC12 cells
exposed to NGF for 6 days (complete differentiation) is shown. Differentiated cells were cultured for 4 h in the absence of NGF (6d/—NGF 4 h). The lower panels
show cells transfected with ECFP-Ki-Ras, as indicated under “Experimental Procedures.” Cells were analyzed by structured epifluorescence illumination. On the
left panel two cells are shown expressing high or lower levels of Ki-Ras. In both cells the signal appears to be specifically localized on the plasma membrane. In
the insets of the central panels a 5X magnification of the neurite is shown to illustrate the co-localization of microtubules (green) and mitochondria (red) in
proximity of Ki-Ras signal. In this panel a neurite that splits in two branches is shown. In the right panels, NGF was withdrawn for 4 h. The signals corresponding
to mitochondria (red) and microtubules (green) appear dissociated, although the neurite is morphologically well delimited. We have scored at least 100

cells/sample in duplicate dishes, and this pattern was found in 70 = 15% of the cells.

ization is completely lost in Ki-Ras Cys— -expressing cells. In
Ki-Ras Lys— -expressing cells, a fraction of Ki-Ras remains in
the membrane. This fraction does not associate with mitochon-
dria and microtubules after NGF stimulation (see the inset
green and red spots). In Ki-Ras Cys— expressing cells, the Ki-
Ras signal is completely disorganized and absent from cell
membrane (Fig. 11). These data replicate the effects observed
on transcription and differentiation of PC12 cells induced by
these Ki-Ras mutants; the Cys— mutation completely abolishes
membrane localization of the protein, whereas the Lys mutant
partly retains it and cooperates with MnSOD.

DISCUSSION

The data reported here indicate that the species and the site
of ROS production are relevant for the completion of the dif-
ferentiation program in PC12 cells, initiated by NGF. NGF
improves mitochondrial respiration by reducing mitochondrial
ROS. NGF and Ki-Ras selectively stimulate mitochondrial SOD
(Fig. 1). The activity of this enzyme and local production of
hydrogen peroxide are important elements governing long
term ERK1/2 activation (Fig. 5). Under the same conditions,
Ha-Ras and EGF, although powerful inducers of ERK1/2, were
unable to stimulate mitochondrial SOD (1) (Fig. 1B). We wish
to stress that EGF stimulation of ERK1/2 is transient and not
persistent enough to stimulate MnSOD. Our data indicate that
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only sustained active ERK1/2 are able to stimulate mitochon-
drial SOD (Fig. 5). EGF, for the high turnover of the receptor,
cannot sustain Ras-ERK1/2 signaling for long periods com-
pared with NGF (7, 9, 10). Most likely, the two Ras isoforms are
located in different membrane microdomains. This may
account for the different effects on ROS metabolism and differ-
ent ERK1/2 substrates. The Ha-Ras signaling complex is enu-
cleated in the lipid rafts, where gp91P"°* NADPH oxidase is
localized (35, 36). Local ERK1/2-activated by Ha-Ras is contig-
uous to the NADPH oxidase complex (37, 38).* Ki-Ras, on the
other hand, is localized in regions of the membrane cyclodex-
trin-resistant (36, 39) and contacts microtubular cytoskeleton
(40). In a different context, it has been reported that Ki-Ras was
associated to mitochondria (41). Together, these results suggest
that the membrane domain where Ki-Ras is localized is close to
the microtubular cytoskeleton and mitochondria. As to the
mechanism of NGF induction of MnSOD, the data shown in
Figs. 3 and 4 indicate that 1) NGF at 5 and 30 min stimulates the
phosphorylation and the synthesis of new protein, respectively,
and 2) at 3 h NGF increases the levels of the specific MnSOD
mRNA. It is worth noting that MnSOD mRNA is efficiently
translated on polysomes close to the outer wall of the mito-

4 M. Santillo, A. Porcellini, and E. V. Avvedimento, manuscript in preparation.
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FIGURE 11. Ki-Ras mutants at the COOH terminus are unable to assemble mitochondria and cytoskeleton under the membrane. PC12 cells were
transfected with wild type Ki-Ras or the Lys— or Cys— mutant versions (see “Experimental Procedures”) and stimulated with 100 ng/ml NGF for 3 days. Cells
were stained with anti-a-tubulin antibodies (green, Tub), mitotracker (red, M), and Hoechst (blue, N) as described under in “Experimental Procedures.” Specif-
ically cell bodies (cell) or neurites were selected and scored. Ki-Ras is shown in light blue. Although the number and the length of neurites were considerably
lower in the cells expressing Ki-Ras mutants (Lys— and Cys—), the neurites did not present significant alteration of the microtubular network. Cells expressing
wild type Ras display discrete regions where the tubulin, mitotracker and Ki-Ras signals overlap (arrows in wild type (WT) cell). Co-localization was lost in Ki-Ras
Cys— -expressing cells. In Lys— -expressing cells, the signals corresponding to Ki-Ras, mitochondria, and a-tubulin did not overlap. The insets show a 5X
magnification of the plasma membrane regions where Ki-Ras is localized. The patterns shown are representative of at least 60 = 18% of the cells scored, on

average 50 = 15% per duplicate samples.

chondria. In this location the 3'-untranslated region of the
mRNA binds the protein kinase A anchor protein, AKAP121
(18). The nascent MnSOD protein can be phosphorylated by
ERK1/2 induced by Ki-Ras. The efficiency of translation and
phosphorylation can be optimized by NGF (Fig. 4B) and cAMP
(18).

NGF stimulates several enzymes controlling ROS metabo-
lism during PC12 differentiation, and the levels of ROS are crit-
ical during this period (3-5). In differentiating PC12 cells,
MnSOD levels and activity are controlled at multiple levels by
various types of stimuli. NGF, cAMP, and NO synthase directly
or indirectly stimulate transcription of the enzyme (42, 43).
MnSOD is induced very rapidly by NGF (5 and 30 min) fol-
lowed by a late (3—24 h) stimulation. The ultimate result is the
continuous availability of the enzyme, which appears to be rel-
evant for induction and completion of differentiation. Mito-
chondrial SOD improves mitochondrial resistance to stress,
participates to the shaping of ERK1/2 signaling (Fig. 5), sup-
presses growth (44), and stimulates differentiation (Fig. 6).

MnSOD induced by NGF also affects other cell compart-
ments, including the nucleus. MnSOD is induced by ERK1/2
(Fig. 3) and generates hydrogen peroxide, which targets and
amplifies ERK1/2 signal (Fig. 5) (27). This signal is confined to
the mitochondria area and is delimited by catalase (45) because
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cytosolic SOD is not activated by Ki-Ras or NGF (1). The move-
ment(s) of mitochondria on the microtubular cytoskeleton and
the contact(s) with membranes transport the ERK1/2 signal to
several cell compartments. It is of interest that in many cell
types, PC12 included, ERK1/2 have been found associated with
microtubular cytoskeleton (46, 47) and that under the same
conditions described in Fig. 9 dynein mutants or nocodazole
selectively inhibits the late NGF-induced peak of ERK1/2 (48,
49).

ROS are traditionally considered mediators of oxidative
stress and inducers of apoptosis (50). The data reported here
indicate that ROS and, specifically, peroxides transmit and
mediate signals originated in the plasma membrane by tyrosine
kinase receptors. In this context, ROS link metabolism to signal
transduction pathways.
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