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Abstract. We have studied the effects of superoxide
production after Cu,Zn superoxide dismutase
(SOD1) down-regulation by RNA interference. We
demonstrated that SOD1 depletion induced, only in
neuroblastoma cells, a decrease in actin and 3-tubulin
content and accumulation of neurofilament light
chain and Tau proteins. Alterations of cell morphol-
ogy and the microfilament network were also ob-
served, together with the up-regulation of the Cdk5/
p35 pathway, which is involved in the regulation of
actin polymerization. The decrease of filamentous

actin was transient and was recovered through the
activation of p38/Hsp27 MAPK pathway, as well as
after treatment with N-acetyl-L-cysteine. The impor-
tance of p38 in the recovery of cytoskeleton was
confirmed by experiments carried out in the presence
of its inhibitor SB203580, which induced cell death.
Our data demonstrate that SOD1 is essential for the
preservation of cytoskeleton integrity, by maintaining
physiological concentration of reactive oxygen species
and inhibiting the activation of the neuronal specific
Cdk5/p35 pathway.
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Introduction

Reactive oxygen species (ROS), when produced at
high rate, are able to exert toxic effects on cellular
biomolecules. However, the eligible cellular targets of
ROS are variable depending on many factors includ-
ing: (i) cell-specific antioxidant pattern, (ii) intensity
and nature of the stress imposed (e.g., radical versus
non-radical oxidant), and (iii) site of generation (e.g.,
intra- versus extracellular). Due to its structure,
cytoskeleton may represent one of the preferential
targets of ROS whatever oxidative stress is applied;
indeed, cytoskeletal proteins are particularly abun-
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dant within the cells and several protein constituents
of cytoskeleton display highly reactive residues that
can be easily oxidized. It has been demonstrated that
oxidative stress causes both microfilament and micro-
tubule disruption essentially due to oxidative mod-
ifications of specific methionine and cysteine sulf-
hydryls of actin and tubulin [1-7]. In particular,
exposure of cells to ROS-generating agents (e.g.,
menadione, diamide, fert-butyl hydroperoxide) results
in disruption of the normal organization of microfila-
ments that coincides with a preferential oxidation of
the conserved Cys374 of actin [1, 8-10]. More recent
evidence indicates that also oxidation in terms of
carbonylation of protein residues may play a role in
loss of cytoskeletal function [3, 11]. ROS may also
cause a rise in calcium concentration promoting
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dissociation of actin microfilaments and activation of
calpains that cleave actin-binding proteins [12].
ROS, besides being direct damaging factors, when
produced at high rate, could also take part in the
processes governing cell signaling. In this context, they
can represent efficient modulators of signaling kinases
also implicated in the regulation of cytoskeletal
function. Indeed, under ROS challenge, activation of
the redox-sensitive mitogen-activated protein kinase
(MAPK) p38 leads to Hsp27 phosphorylation, which
in turn promotes actin reorganization and resistance
to cell death [13, 14]. Moreover, in cells of neuronal
origin, the cyclin-dependent kinase 5 (Cdk5), which is
responsible for cell migration, actin dynamics and
microtubules polymerization, has been demonstrated
to be hyperactivated by oxidative stress conditions
[15,16]. Other proteins that are involved in regulation
of cytoskeletal dynamics could be modulated by ROS:
an example is represented by Rho GTPases that are
inhibited by Rac-mediated ROS increase leading to
microfilament rearrangement [17].

Among ROS, superoxide anion is the most abundant
radical to be physiologically produced, especially at
the level of the mitochondrial electron transport
chain. Although superoxide is not a powerful oxidant,
it can interact with transition metals or nitric oxide to
produce the more potent and versatile oxidants
hydroxyl radical and peroxynitrite, respectively.
Cells have a well-organized and distinctly antioxidant
defense system that is able to counteract ROS
cytotoxicity; however, oxidative stress takes place
when the capacity of cellular antioxidant defense to
scavenge ROS is overwhelmed. This condition is not
unusual since oxidative unbalance is a feature of many
morbidity state and diseases such as ageing, neuro-
degenerative disorders [18], and inflammatory states
[19]. Cells of neuronal origin are particularly suscep-
tible to oxidative damage due to their high oxidative
metabolism and the relatively low abundance of
antioxidant defense systems. Thus, mitochondrial
dysfunction, accumulation of oxidized proteins (par-
ticularly those from cytoskeleton), inflammation, and
defects of protein clearance are intertwined processes
that selectively kill neuronal cells [18].

Copper, Zinc superoxide dismutase (SOD1) repre-
sents the primary enzymatic defense against super-
oxide. It catalyzes the disproportionation reaction of
superoxide to oxygen and hydrogen peroxide at the
copper ion that is localized in the active site. In
mammalian cells, SOD1 is mainly found in cytosol
with a smaller fraction in the mitochondrial inter-
membrane space, nuclei, lysosomes, and peroxisomes
[20]. Recently, it has been proposed that SODI,
besides being the primary defense against superoxide,
in neuronal cells may exert an anti-apoptotic function
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by interacting with the mitochondrial protein Bcl-2.
SOD1 mutants, typical of familial forms of amyotro-
phic lateral sclerosis, display an altered capacity to
bind Bcl-2, causing its sequestration and commitment
to apoptosis [21]. An increased interaction between
mutated SOD1 and the cytoskeletal protein actin with
respect to the wild-type enzyme has been also
demonstrated. In particular, the enhanced interaction
of mutated SOD1 with actin causes cytoskeletal
changes, suggesting that this enzyme may have an
important role in modulation of microfilament struc-
ture [22].

In a previous study, we demonstrated that SOD1 is
essential for maintenance of mitochondria homeo-
stasis by inhibiting oxidation of mitochondrial pro-
teins; indeed, in neuroblastoma cells, SOD1 deple-
tion causes an early ROS burst and a decrease of the
anti-apoptotic protein Bcl-2 concomitantly to loss of
transmembrane potential and ATP production [23].
In the present work, we further studied the conse-
quence of SOD1 depletion by RNA interference
(RNAI). With this powerful gene-silencing tool we
detected a time-dependent, early change in cytoske-
leton homeostasis of neuroblastoma cells in terms of
microfilament disruption, B-tubulin decrement, tau
and neurofilament light chain (NF-L) accumulation.
We also found that the transient increase of super-
oxide concentration was responsible for the activa-
tion of the neuron-specific Cdk5/p35 pathway and
that cell viability was assured by recovery of micro-
filament disruption via the activation of p38/Hsp27
pathway.

Experimental procedures

Materials. Protease inhibitor cocktail, N-acetyl-L-
cysteine (NAC), mouse monoclonal, rabbit polyclonal
anti-actin, anti-catalase, anti-SOD1, anti-a- and anti-
B-tubulin, anti-NF-L (NF-68) were from Sigma (St.
Louis, MO, USA). Goat polyclonal anti-actin, rabbit
polyclonal anti-SOD1, anti-p38 and anti-p35, goat
polyclonal anti-P-Cdk5 and mouse monoclonal anti-
Tau were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Mouse monoclonal anti-Hsp25 and
anti-Hsp27 were from StressGen Biotechnologies
Corp. (Victoria, Canada). Rabbit polyclonal anti-P-
p38 and anti-P-MKK3/6 were from Cell Signaling
Technology Inc. (Danvers, MA, USA). IgG (H+L)-
HRP-conjugated goat anti-mouse and anti-rabbit
secondary antibodies were from Bio-Rad Laborato-
ries (Hercules, CA, USA). TRIzol® Reagent, Plati-
num Taq polymerase, M-MLYV, primers for RT-PCR,
Opti-MEM, dihydroethydium (DHE), Alexa Fluor®
488-phalloidin, Hoechst 33342 and Alexa Fluor® 568
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goat anti-mouse were from Invitrogen (Carlsbad, CA,
USA). siRNA were from Dharmacon (Lafayette, CO,
USA). All other chemicals were obtained from Merck
(Darmstadt, Germany). p38 inhibitor SB203580 was
from Calbiochem (Merck KGaA, Darmstadt, Ger-
many)

Cell cultures and treatments. SH-SY5Y neuroblasto-
ma and gastric adenocarcinoma (AGS) cells were
purchased from the European Collection of Cell
Cultures. M14 melanoma cells were kindly provided
by Dr. Anna Maria Biroccio (Istituto di Ricerca
“Regina Elena”, Rome, Italy), NSC34 cells (neuro-
blastoma x spinal cord hybridoma cells) were kindly
donated by Dr. Neil R. Cashman (University of
Toronto, Canada). CHP100 neuroblastoma cells
were kindly provided by Prof. Spinedi (University of
Rome “Tor Vergata”, Italy). SH-SYSY cells were
grown in Dulbecco’s modified Eagle’s medium-F12
supplemented with 10% FCS (Gibco, Carlsbad, CA,
USA). CHP100 cells were grown in RPMI, AGS were
grown in F12 and NSC34 in DMEM media supple-
mented with 10% FCS, 1% penicillin/streptomycin
and 1% glutamine. Cell cultures were maintained at
37°C in an atmosphere of 5% CO2 in air. All media
were from Sigma-Aldrich. Inhibition of p38 activity
was carried out using the specific SB203580 inhibitor.
SB203580 was added at concentration of 20 uM to cell
culture medium immediately after transfection. NAC
was added at a concentration of 5 mM to cell culture
medium immediately after transfection.

Transfections. At 24 h before transfection, cells were
seeded at 60 % confluence. The day of transfection,
cells were trypsinized, and then re-suspended in Opti-
MEM® supplemented with 6 mM glucose and
0.11 mM 2-mercaptoethanol and transfected with a
21-nucleotide siRNA duplex (sisod) directed against
the following SOD1 target sequences: 5-AAGGC-
CUGCAUGGAUUCCAUG-3' (for human SOD1)
[23] and 5-AAAUUACAGGAUUAACUGAAG-3
(for mouse SOD1). These sequences were determined
to be unique, respectively, to the human and mouse
sodl gene by basic local alignment search tool of
GenBank database. The selected siRNA sequence for
mouse SOD1 mRNA was chosen among six as it gave a
stronger decrease of SOD1 protein. Negative control
cells were transfected with a scramble siRNA duplex
(siscr), which does not present homology with any
other human or mouse mRNAs. To prove the specif-
icity of the action of RNAI, a siRNA sequence for
lamin A/C was used that was provided by the
manufacturer together with SOD1 siRNAs. All the
experiments were performed on untransfected cells as
additional control. As no difference was detectable
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between siscr and untransfected cells, in the figures we
show only the negative control siscr. Cells were
transfected by elecroporation using a Gene Pulser
Xecell system (Bio-Rad) according to the manufactur-
er’s instructions and immediately seeded into fresh
medium. Times longer than 48 h were not considered,
as a starting recovery of the protein was detected at
60 h. Transfection efficiency of siRNA estimated by
co-transfecting siRNAs with non-specific rhodamine-
conjugated oligonucleotides was found to be >80 %.

Microscopy analysis. Cells were seeded directly on
glass coverslips. At each time, cells were fixed with 4 %
solution paraformaldehyde and then permeabilized
with a solution of 0.4 % PBS-Triton X-100. Cells were
probed with mouse anti-SOD1 antibody diluted
(1:200) in blocking solution (PBS/FBS 10%) and
then with fluorescent Alexa Fluor® 568 goat anti-
mouse antibody (1:1000). Similarly, cells were stained
for filamentous actin (F-actin) content with Alexa
Fluor® phalloidin-488 (200 nM) and with Hoechst
33342 (10 pg/ml) to visualize nuclei. Appropriate
negative controls were made by incubating fixed
cells with secondary antibodies only. Coverslips were
then fixed on microscope slides and digitized with a
cool snap video camera connected to Nikon Eclipse
TE200 epifluorescence microscopy (Nikon, Florence,
Italy). All images were captured under constant
exposure time, gain, and offset. Cell morphology was
observed by light microscopy and evaluation of round-
shaped cells was performed by direct counting; 100
cells were counted and the average £+ SD calculated.
Values are given as rounded cell versus normal-shaped
cells.

RT-PCR. Total RNAs were prepared using TRIzol®
Reagent according to the manufacturer’s instructions
and used for the detection of B-actin and SODI1
mRNAs in semi-quantitative RT-PCR. GAPDH was
used as internal control. Briefly, 3 ug total RNA was
retrotranscripted in the presence of random primers
and M-MLYV according to manufacturer’s instructions.
PCR reactions of 3-actin, SOD1 and GAPDH cDNA
(35 cycles of 15 s melting at 95°C, 30 s annealing at
55°C, 1 min 20 s extension at 72°C) were performed
with Platinum Taq DNA Polymerase (Invitrogen)
using the primers listed below:

p-actin-fwd:

5’ ATGGATGATGATATCGCCGCGC3;

[-actin-rev:

5'CTAGAAGCATTTGCGGTGGACG 3;
SOD1-fwd:

5" ATGGCGACGAAGGCCGTGTG 3

SOD1-rev:

5'GATCCCAATTACACCACAAGCC 3
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GAPDH-fwd:

5'CTCCTCCACCTTTGACGCTG 3%

GAPDH-rev:

5'CCACCCTGTTGCTGTAGCCA 3.

The products obtained were of 1128 bp for f3-actin,
495 bp for SOD1 and 100 bp for GAPDH.

Cell fractionation and Western blotting. For deter-
mination of total protein content, cell pellets were re-
suspended in lysis buffer containing 50 mM Tris-HCI,
pH 7.4, 150 mM NaCl, 1% Triton X-100, protease
inhibitor cocktail, 40 mM NaF, 1 mM Na,;VO,. After
30-min incubation on ice, cell lysates were centri-
fuged at 22300 g for 15 min and the pellet was
discarded. To separate the detergent-soluble cyto-
solic components from the detergent-insoluble cy-
toskeletal components, cell lysates were separated
into Triton-soluble (TS) and Triton-insoluble (TT)
fractions according to Xie et al. [24]. Briefly, cell
pellets were resuspended in extraction buffer
(80 mM MES, pH 6.8, 1 mM MgCl,, 2 mM EGTA,
30 % glycerol, 0.1 % Triton X-100, protease inhibitor
cocktail, 40 mM NaF, 1 mM Na;VO,) at 37°C for
15 min and then centrifuged at 16 000 g for 1 min.
Supernatants represented the TS, and pellets (wash-
ed two times in Extraction Buffer) the TI fraction. TI
pellets were then resuspended in lysis buffer. Nuclei
fractions were obtained by cell lysis in NP-40 lysis
buffer (NLB) (0.5% Nonidet P-40, 0.5 M Sucrose,
15 mM TRIS, pH 7.5, 60 mM KCl, 0.25 mM EDTA,
0.125 mM EGTA, 0.5 mM spermine, 0.125 mM sper-
midine, 50 mM NaF, 1 mM Na;VO,, 1 mM DTT)
according to Sun et al. [25]. Briefly, cells were
resuspended in NLB, incubated on ice for 5 min,
and then centrifuged at 600 g for 5 min at 4°C. Pellets
were washed three times in NLB and then lysed in
lysis buffer. Protein content was determined accord-
ing to Lowry et al. [26]. Protein extracts were
resuspended in Laemmli buffer and then electro-
phoresed on 10 % or 12 % SDS-polyacrylamide gels
and blotted onto nitrocellulose. Membranes were
stained with primary antibodies against SOD1
(1:2000), Actin (1:5000), a-Tubulin (1:5000), p-Tu-
bulin (1:5000), p38 (1:2000), P-p38 (1:1000), P-
MKK3/6 (1:1000), catalase (1:2000), Hsp25
(1:2000), Hsp27 (1:2000), Hsfl (1:5000), P-Cdk5
(1:500), p35 (1:500) or Tau (1:2000). After incubation
with the appropriate HRP-conjugated secondary
antibody (1:10 000), protein bands were detected
using a Fluorchem Imaging system (Alpha Innotech,
San Leandro, CA, USA) after incubation with
ChemiGlow chemiluminescence substrate (Alpha
Innotech). Density of immunoreactive bands was
calculated using the software AlphaEaseFC and
normalized for catalase or Ponceau Red staining.
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For Ponceau Red normalization, we considered the
density of all the bands obtained after staining of
blotted nitrocellulose membrane.

Determination of SOD1 activity on gel. SOD1 activity
was measured on non-denaturing 10% polyacryla-
mide gels, by loading 50 ug protein extracts. After
electrophoresis, the gel was incubated in NBT solution
(2.5 mM) for 30 min in the dark with gentle shaking,
followed by 30-min incubation with a solution con-
taining 30 mM tetramethylenediamine and 10 pg/ml
riboflavin. SOD1 activity was detected as the achro-
matic band on the violet-colored gel, obtained after
light exposure.

Analysis of apoptosis. Amount of cell death was
determined by staining cells with 50 pg/ml propidium
iodide (dissolved in 1 mg/ml sodium citrate, 0.1 %
Triton X-100) prior cytofluorimetric analysis with
FACSCalibur instrument (Becton Dickinson, San
Jose, CA, USA). The percentages of apoptotic cells
were evaluated according to Nicoletti et al. [27] by
using the WinMDI 2.8 software (Scripps Research
Institute, La Jolla, CA, USA).

Analysis of superoxide content. Superoxide was
detected by cytofluorimetric analysis after incubation
for 30 min at 37°C with 5 uM DHE. For cytofluori-
metric analysis, cells were scraped, washed, and
resuspended in PBS. The fluorescence intensities of
10000 cells from each sample were acquired by
FACSCalibur instrument. Data were analyzed using
the WinMDI 2.8 software.

Statistical analysis. The results are presented as means
£+ SD. Statistical evaluation was conducted by
ANOVA, followed by the post hoc Student-New-
man-Keuls. Differences were considered to be sig-
nificant at p<0.05.

Results

Morphology and F-actin framework of SH-SYSY
cells were altered after SOD1 depletion. We pre-
viously demonstrated that SOD1 depletion in neuro-
blastoma cells efficiently promoted a rapid raise in
the intracellular content of superoxide at early times
after transfection, when SOD1 content was only
moderately affected. We also demonstrated that up-
regulation of the antioxidant glutathione was funda-
mental to buffer intracellular superoxide production
and to counteract oxidative damage [23]. Oxidative
stress has been largely proposed to have a role in the
occurrence of cytoskeleton anomalies. Here we
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further analyzed whether the early and transient rise
in superoxide due to SOD1 decrease was able to alter
cytoskeleton homeostasis. We transiently transfected
SH-SYS5Y neuroblastoma cells with siRNA against
SODI1 (sisod) and, as negative control, we used a
scrambled sequence matching with no intracellular
mRNA (siscr). As previously demonstrated, SOD1
deficiency was not associated with the occurrence of
cell death [23]. However, as result of SOD1 silencing
by RNAIi, we observed marked changes in cell
morphology at 16 h (Fig. 1A), with the majority of
sisod cells having a rounded shape, and a reduced
extension and number of neurites with respect to
siscr controls. The percentage of rounded cells
accounted for about 80+6 %, compatible with the
efficiency of transfection. To assesse whether alter-
ation in F-actin framework could be responsible for
these changes, we carried out microscopic evaluation
of the F-actin network upon staining with the
fluorescent Alexa Fluor 488-conjugated phalloidin
and with anti-SOD1 antibody (as control for SOD1
down-regulation). As expected, Figure 1B shows
that, at 16 h after transfection, sisod cells showed
lower levels of SOD1 with respect to siscr and a
general impairment of F-actin network. The F-actin
appeared disordered and weakened, with a small
number of stress fibers especially in those cells with
lowest SOD1 content (Fig. 1B). On the other hand,
Figure 1B shows that F-actin impairment at 24 h had
almost completely recovered, although the decrease
of SOD1 content reached a maximum at 48h,
suggesting that the phenomenon was transient and
efficiently counteracted by cells. The general low-
ering and disruption of F-actin framework is also
evident in Figure 2A, which shows a higher number
of cells stained with phalloidin.

Cytoskeletal protein content was affected by SOD1
down-regulation only in neuroblastoma cells. To
determine whether the transient changes in cell
morphology and F-actin framework could be due to
a decrease of actin, we analyzed its content in whole
cell lysates by Western blot. Figure 2B shows that at
16 h, although SOD1 protein content was only slightly
lowered, actin was highly diminished in sisod cells
(-61+£8 % ). Notably, at 24 h, actin content returned to
value similar to siscr cells (data not shown). To verify
whether the decrease in actin was due to down-
regulation of its expression, we analyzed actin mRNA
from sisod and siscr cells by RT-PCR. Figure 2C shows
that no significant changes were detectable in actin
RNA content of sisod cells with respect to siscr at 16
and 24 h after transfection, whereas SOD1 mRNA
was highly decreased due to RNAI in sisod cells. The
data that the high decrease of SOD1 mRNA at 16 h
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Figure 1. Cu,Zn superoxide dismutase (SOD1) down-regulation
induces changes of cell morphology and F-actin network in SH-
SYSY cells. SH-SYSY cells were transiently transfected with small
interference RNA (siRNA) against SOD1 (sisod) or with a
scramble siRNA (siscr). (A) After 16 h cells were observed by
optic microscopy. (B) After 16, 24 and 48 h cells were fixed in
paraformaldehyde and stained for fluorescence microscopy anal-
ysis with anti-SOD1 antibody (red), Phalloidin-488 (green) to
visualize F-actin and Hoechst 33342 to stain nuclei (blue). Images
reported are from one experiment representative of five that gave
similar results.

siscr

sisod
16h

sisod
48h

was not paralleled by the same rate of protein
reduction confirmed the peculiar stability and long
half-life of the protein [28]

We previously demonstrated that the cytoskeletal
protein a-tubulin was not affected by SOD1 depletion
[23]. Therefore, to assess specificity for actin impair-
ment, we evaluated the content of tubulin in the time
frame used in the present work. Figure 2B shows that
[B-tubulin content was decreased at 16 h after trans-
fection, although at lower extent (-44+7 %) with
respect to actin, while no changes were detected for a-
tubulin.

NFs are intermediate filaments typical of cytoskeleton
of cells of neuronal origin and are present in three
forms, light (L), medium (M) and heavy (H) chains. To
assess whether NFs could be impaired after SOD1
RNAI, we performed Western blot to detect the three
forms of NF. Under our experimental conditions, only
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Figure 2. SOD1 down-regulation affects cytoskeletal protein con-
tent in SH-SYSY cells. SH-SYSY cells were transiently transfected
with siRNA against SOD1 (sisod) or with a scramble siRNA (siscr).
(A) After 16 h, cells were fixed in paraformaldehyde and stained
for fluorescence microscopy analysis with Phalloidin-488 to visual-
ize F-actin. Images reported are from one experiment representa-
tive of five that gave similar results. (B) After 16 h, SOD1, actin, a-
and f-tubulin and neurofilament light chain (NF-L) protein
content was determined by Western blot analysis on total protein
extracts. All the immunoblots are from one experiment represen-
tative of three that gave similar results. Density of immunoreactive
bands was calculated using the software AlphaEaseFC and
normalized for the respective loading control. Data are expressed
as means + SD; *p<0.001, n=3. (C) f-Actin, SOD1 and GAPDH
mRNA content was determined after 16 and 24 h by RT-PCR. The
gel reported is representative of three independent experiments
that gave similar results.

the NF-L chain was detectable, with the other NF
subunits being below the detection limit, in line with
the fact that SH-SYSY are not differentiated cells.
Moreover, NF-L levels were significantly raised in
sisod cells at 16 h after transfection (+110+4%)
(Fig. 2B).

To assess whether cytoskeleton perturbation was
typical of this cell type, we extended our studies to
other neuroblastoma cell lines such as human CHP100
and mouse NSC34 cells; non-neuronal cell lines such
as human gastric adenocarcinoma (AGS) and human
melanoma (M14) cells were also examined. NSC34
cells have a multipolar neuron-like phenotype created
through the fusion of mouse neuroblastoma N18TG2
with motor neurons derived from spinal cord cells
[29]. We focused our attention on actin content, which
appeared to be the most affected protein upon SOD1
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depletion. Figure 3A shows microscope analysis of
NSC34 cells transfected with SOD1 siRNA; in these
cells a significant change in cell morphology and a
marked decrease in F-actin content at 16 h after SOD1
knock-down were also observed. Western blot anal-
ysis of total actin content demonstrated that M14 and
AGS cells did not display any change in the actin level
at 16 h (Fig. 3B) or at 24 and 48 h (data not shown),
while actin was significantly diminished in CHP100
and NSC34 cells at 16 h (Fig. 3B).

F-actin recovery was associated with the up-regulation
of Tau and Hsp27. To clarify the molecular mecha-
nisms responsible for the recovery of cytoskeletal
network, we separated cell lysates into a TS (contain-
ing non-polymerized cytoskeletal proteins) and a TI
fraction (containing polymerized cytoskeletal pro-
teins). Actin content was evaluated by Western blot
analysis at 16 and 24 h. The immunoblot reported in
Figure 4A shows a reduction in actin in the TI fraction
(containing F-actin) at 16 h and a recovery of its
content at 24 h after transfection, with a decrease in
TS fraction (containing G-actin) at 24 h, suggesting
that re-polymerization of actin microfilaments was
occurring.

Several mechanisms have been proposed to be
involved in regulation of F-actin polymerization,
among which are included those governed by Tau
and Hsp27 proteins. Although the precise role of Tau
in cytoskeleton is still controversial, it seems to be
responsible for stabilization of F-actin through a cross-
linking mechanism [30]. We therefore tested the
protein content of Tau at 24 h after transfection, the
time at which the recovery of F-actin was found. Total
lysates, TS and TI fractions were analyzed by Western
blot using an antibody capable of also recognizing
phosphorylated forms of Tau. Figure 4B shows that,
although no conspicuous variations in phosphoryla-
tion levels were observed, the concentration of Tau in
sisod cells was significantly increased in total, TI and
TS fractions. In particular, the accumulation of Tau
was mainly evident in TI fraction. An additional band
was detected in the TS fraction at higher molecular
weight that likely corresponded to its phosphorylated
form.

Various injuries and regeneration stimuli are followed
by up-regulation of the small heat shock protein
Hsp27, which can also represent an actin polymer-
ization modulator. Hsp27 is an actin (+)-end binding
protein inhibiting F-actin polymerization and respon-
sible for the delay of cell cycle [31]. Subsequent
dissociation of Hsp27 from F-actin reactivates micro-
filament growth [32]. To assess whether Hsp27 is
involved in the alterations of cytoskeleton induced by
SOD1 depletion, we analyzed total concentration of
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Figure 3. SOD1 down-regulation affects cytoskeletal protein content in neuroblastoma cells. (A) NSC34 cells were transiently transfected
with siRNA against SOD1 (sisod) or with a scramble siRNA (siscr); after 16 h, cells were fixed in paraformaldehyde and stained with anti-
SOD1 antibody (red), Phalloidin-488 (green) to stain F-actin and Hoechst 33342 to stain nuclei (blue) and observed by fluorescence
microscopy. (B) AGS, M14, CHP100 and NSC34 cells were transiently transfected with siRNA against SOD1 (sisod) or with a scramble
siRNA (siscr). Actin protein content was determined by Western blot analysis on total protein extracts at 16 h after transfection. All the
immunoblots are from one experiment representative of three that gave similar results. Density of immunoreactive bands was calculated
using the software AlphaEaseFC and normalized for the respective loading control. Data are expressed as means + SD; *p<0.001, n=3.

Hsp27 by Western blot. Figure 4C shows that Hsp27
content was highly elevated in sisod cells at 16 h. The
increase of this small heat shock protein was also
confirmed in NSC34 cells, which express the murine
homologous Hsp25 (Fig. 4C). To evaluate whether
Hsp27 accumulation could change the polymerization
status of actin, we separated cell lysates in TS and TI
fractions, and examined Hsp27 localization and con-
tent by Western blot. Figure 4D shows that Hsp27 in

sisod cells was mainly localized in TI fraction at 16 h
and then translocated in TS fraction at 24 h after
transfection.

Activation of p38 MAPK was involved in the pre-
vention of cell death. It has been demonstrated that
the activation of p38/Hsp27 pathway is an important
modulator of actin reorganization after oxidative
stress [14]. Moreover, the association of the murine
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homologue Hsp25 with microfilaments was abolished
by the induction of p38/MAPK, thus allowing micro-
filament growth and cell survival [32]. To assess
whether changes of Hsp27 localization could be
associated with the activation of p38/MAPK, we
analyzed the content of p38, its phospho-active form
(P-p38) and its upstream kinase MKK3/6 by Western
blot. Figure SA shows that total p38 protein level did
not change during the time course observed. In
contrast, significant increase of P-p38 was noticeable
at 16 h (+70+6 %) with a peak at 24 h (+570+15%).
Moreover, the levels of phospho-active MKK3/6 were
also increased at 16 h (+280+13 %), demonstrating
the effective activation of this pathway.

After oxidative stress, Hsp27 is up-regulated via the
activation of the transcription factor Hsf1, as a cellular
protective response [33]. To verify whether Hsf1 could
be responsible for Hsp27 up-regulation, we monitored
its content in total cell lysates and nuclei by Western
blot. Figure 5B shows thatinsisod cellsat 16 and 24 h a
significant portion of Hsfl translocated into the
nucleus with a concomitant decrease of its cytosolic
counterpart, suggesting its activation. It has been
demonstrated that p38 activation could be responsible
for nuclear translocation of Hsf1 [34, 35]. Therefore,

to verify whether p38 phosphorylation was an up-
stream event of Hsf1 translocation, immediately after
transfection we treated the cells with 20 uM
SB203580, a specific inhibitor of p38 phosphorylation.
As shown in Figure 5B, Hsf1 failed to translocate into
the nucleus after SB203580 treatment, as the nuclear
level of Hsf1 in sisod cells was comparable with that of
siscr, even though its content in cytoplasmic fraction
was increased. To verify whether p38 activation was
necessary for cell survival, we treated siscr and sisod
cells with SB203580 and analyzed the effects on cell
viability by cytofluorimetric analysis after propidium
iodide staining. According to Nicoletti et al. [36], the
appearance of a distinct sub-G1 cell population
indicated the occurrence of apoptotic cell death
(data not shown). Figure 5C shows that apoptosis
was significantly higher in sisod cells at 24 and 48 h
after transfection with respect to siscr cells.

Cdk5/p35 system was activated upon SOD1 deficien-
cy. As reported above, we demonstrated that the
cytoskeletal perturbation was specific for neuroblas-
toma cells. This phenomenon suggested the involve-
ment of molecular pathways that are peculiar of
neuronal cell lines. Among the pathways regulating
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actin dynamics, a good candidate could be that
mediated by Cdk5/p35 [37, 38]. Cdk5 can be an
oxidative stress-regulated kinase, which is activated
by the interaction with the neuron-specific regulatory
protein p35 [39]. Thus, we examined Cdk5/p35 path-
way in our experimental system. As shown in Fig-
ure 6A, Western blot analysis, using an antibody
specific for the phospho-active form of Cdk5, dem-
onstrated that it increased up to 24 h to finally return
to almost basal level at 48 h. p35 was also rapidly
accumulated in sisod cells at early times and its levels
then decreased at 48 h after transfection, mirroring
the trend of P-Cdk5. Moreover, we found that this
behavior paralleled the burst of superoxide due to
SOD1 protein (Fig.6B) and activity decrease
(Fig. 6C), suggesting that ROS burst could be the
primary inducer of the processes observed.

Transient superoxide increase is responsible for F-
actin depolymerization and activation of Cdk5/p35
pathway. To demonstrate whether the effects on
cytoskeletal proteins and on the activation of cytos-
keletal-regulatory pathways were all mediated by a
burst of superoxide or whether the responses were
somehow directly related to SODI1 silencing, we
performed experiments in the presence of the anti-

oxidant agent NAC. Firstly, to evaluate whether the
phenomenon of F-actin depolymerization, elicited by
SODI1 silencing, was prevented by NAC, SH-SYS5Y
cells were transfected with siscr and sisod sequences
and immediately treated with 5 mM NAC for 16 or
24 h. Figure 7A shows that after treatment with NAC,
F-actin depolymerization was efficiently prevented at
all time points tested. To verify whether P-Cdk5/p35
was up-regulated as consequence of superoxide burst,
we analyzed their content in cell lysates by Western
blot. As shown in Figure 7B, both at 16 and 24 h after
transfection, the rise in p35 level as well as the
activation of Cdk5 was inhibited by NAC treatment.
These data clearly suggested that transient superoxide
increase occurring after SOD1 deficiency was respon-
sible for the events finally leading to cytoskeleton
disruption.

Discussion

Previous work from our laboratory demonstrated
that the depletion of SOD1 in neuroblastoma cells
induced by RNAI gave rise to an early burst of ROS
flux that resulted in specific oxidative mitochondrial
damage without inducing cell death [23]. This
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phenomenon has broad potential implications in
relation to the role played by SOD1 in diseases
associated with oxidative redox perturbations and
represents a model of sensitization to the harmful
impairment of SOD1. Using the same model, in the

present report we found that, besides mitochondrial
impairment, cytoskeleton and its regulating redox-
sensitive signaling pathways were also altered as
consequence of superoxide unbalance caused by
SOD1 decrease. In particular, we demonstrated that,
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at early stages of SOD1 depletion in neuroblastoma
cells, an alteration of cells morphology due to a
decrease in actin occurred, together with the alter-
ation in the content of other cytoskeletal proteins.
Cytoskeletal disturbance was mainly due to actin and
B-tubulin decrease and increase of intermediate
filaments NF-L. Both in our previous work and
here we noticed that, upon SOD1 deficiency, the a
isoform of tubulin did not undergo any change in its
protein content; this phenomenon is in agreement
with data from literature in which a preferential
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susceptibility of f-tubulin to oxidative unbalance has
been reported. Specifically, it has been demonstrated
that B-tubulin, but not the heterodimeric counterpart
a-tubulin, can be oxidized on methionine [5] and
cysteine residues [4]. Oxidative modifications are
also effective on actin, in which cysteine and methio-
nine residues can be oxidatively modified [3] and
seem to represent sensors of oxidative stress at least
in yeasts [40].

It was previously reported that SOD1 could directly
interact with microfilaments (through anchorage at
dynein heavy chain and actin) [22, 41], suggesting a
role in the maintenance of cytoskeleton in terms of
direct participation in cytoskeleton architecture and/
or local protection against physiologically produced
superoxide. Using NAC treatment, we demonstrated
that SOD1 protected actin by preventing superoxide-
mediated damage. There are at least three different
possibilities to explain superoxide-mediated total
actin depletion, i.e., degradative mechanisms, de-
crease of its expression, or occurrence of oxidative
modifications (e.g., S-glutathiolation, carbonylation,
nitrosylation) masking the epitopes necessary for
antibody detection. RT-PCR analysis demonstrated
that, during the depolymerization and the following F-
actin repolymerization, mRNA content did not
change, suggesting that its expression was not affect-
ed. The hypothesis that the actin epitopes recognized
by the monoclonal antibody used could be masked
was excluded, as the use of other antibodies (rabbit
and goat polyclonals) gave the same results (data not
shown). Finally, proteolysis-derived bands (e.g., those
derived by calpains or caspases cleavage) were not
detectable under our experimental conditions. How-
ever, we cannot exclude that total actin (and also f3-
tubulin) depletion could be due to intracellular
degradative processes.

It is known that the up-regulation of Hsp27 occurs as
a response to ROS-mediated microfilament disrup-
tion and is protective against apoptosis [14]. Hsp27
protein, as well as the actin stabilizing agent phalloi-
din, has been demonstrated to delay cytochrome c
release and caspase activation under pro-apoptotic
stimuli [42]. Moreover, Hsp27 inhibits actin poly-
merization by linking to growing ends of F-actin.
According to literature, activation of p38 may be
responsible for the release of Hsp27 from cytoske-
leton, thus switching-off its inhibitory effect on actin
polymerization, and the recovery of cell shape and
survival. This was confirmed under our experimental
conditions in which, under SOD1 deficiency, we at
first found a strong up-regulation of Hsp27 concom-
itantly with the loss of F-actin. Separation of cell
lysates into TS and TI fractions showed that Hsp27
was initially localized in cytoskeleton and finally
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detached from F-actin, thus translocating into the
cytosol. Furthermore, the MKK3/6-dependent acti-
vation of p38 pathway was also effective under SOD1
deficiency and its activation is essential for prevent-
ing cell death. Experiment carried out in the pres-
ence of the inhibitor of p38 SB203580 demonstrated
that p38 activity was essential for Hsf1 translocation
into the nucleus and for cell survival after SOD1-
mediated cytoskeleton impairment. Therefore, we
suggest that assuring a rapid recovery of cytoskeleton
from its transient deregulation might be the key
factor for the choice between cell death and survival.
In addition, we demonstrated the activation of the
Cdk5/p35 system, which represents a ROS-sensitive
pathway that is an important modulator of cytoskele-
tal dynamics in cells of neuronal origin [37, 43-46]. As
reported, SOD1 depletion after RNAi induced an
early up-regulation of superoxide giving rise to mild
oxidative stress that was then rapidly buffered by GSH
increase [23]. The results obtained in the present work
on the phospho-mediated activation of CdkS5 at early
time points match well with the rise of superoxide
level and its successive buffering. In particular, the P-
CdkS trend mirrored that of GSH, suggesting that this
antioxidant could be able and sufficient to switch-off
superoxide-mediated Cdk5/p35 activation. Experi-
ments carried out in the presence of NAC further
confirmed that redox unbalance was responsible for
the activation of this pathway and of the downstream
effects. We also demonstrated the accumulation of
CdkS regulatory subunit p35, but not of its cleavage
product p25. This result is in line with the notion that
p35 accumulates under mild oxidative stress and is
cleaved into the p25 product only after a prolonged
and sustained oxidative insult [15, 16]. Cdk5 is a
proline-directed kinase that phosphorylates serines
and threonines in NFs and microtubule subunits.
Binding of p35 to CdkS is sufficient for activation and
modulation of cytoskeletal neuronal proteins such as
Tau and NF [45, 46]. The active Cdk5/p35 complex has
been found to also influence actin behavior through
modulation of the Rac effector, p21-activated kinasel
(Pakl) [47]. Compatible with transient activation of
CdkS, we found a significant accumulation of both
NF-L and Tau proteins and a detectable increase of
phosphorylated form of Tau.

The phenomenon of cytoskeleton impairment associ-
ated with SOD1 deficiency seemed to be effective
only in the neuroblastoma cells screened (SH-SYSY,
NSC34, CHP100), in line with the notion that neuron-
derived cells are particularly susceptible to oxidative
unbalance [48]. In contrast, under the same exper-
imental conditions, melanoma M14 and adenocarci-
noma AGS cells did not undergo superoxide unbal-
ance and actin depletion. This evidence is in line with

SOD1 deficiency affects neuroblastoma cytoskeleton

data from our previous work in which we demon-
strated that AGS cells can promptly counteract
oxidative stress due to their efficient antioxidant
defense system [49].

Overall data evidenced that SOD1 down-regulation in
proliferating cells of neural origin leads to a break-
down of the cytoskeletal framework, which is related
to the superoxide-mediated increase of CdkS5 activity.
It has been reported that F-actin directly links to
mitochondrial voltage-dependent anion channels
(VDAC), regulating, together with Bcl-2, their gating
[27]. For this reason, the data obtained in this work
could explain, at least in part, the impairment of
mitochondrial transmembrane potential seen as late
effect of SOD1 deficiency [23]. The present data
reveal a novel point of view in understanding the
importance of SOD1 antioxidant activity in the
maintenance of neuroblastoma cytoskeleton, being a
switch for Cdk5/p35 activation. Our data may con-
tribute to clarifying the role of p38/Hsp27 pathway in
the recovery of the microfilament framework under
mild oxidative stress conditions, and suggest an
implication of SODI1 in the onset of diseases (e.g.,
aging and neurodegeneration) in which both the loss
of cytoskeletal integrity and oxidative stress have been
largely reported. Moreover, our data confirm the
peculiar sensitivity of cytoskeleton of cells of neuronal
origin to oxidative stress [48] and demonstrate that
these cells are provided with efficient recovery
systems able to prevent cell death. Finally, our findings
could also be useful in suggesting new strategies in
treatment of neuroblastomas, such as the combined
use of redox chemotherapeutic agents with p38
inhibitors.
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