
ANTIOXIDANTS & REDOX SIGNALING
Volume 3, Number 3, 2001
Mary Ann Liebert, Inc.

Forum Original Research Communications

Overexpression of MnSOD Protects Murine
Fibrosarcoma Cells (FSa-II) from Apoptosis and

Promotes a Differentiation Program upon Treatment
with 5-Azacytidine: Involvement of MAPK 

and NFkB Pathways
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ABSTRACT

Stable transfection of neomycin and human manganese superoxide dismutase (MnSOD2) expression plasmids
into a murine fibrosarcoma cell line (FSa-II) was previously done in our laboratory. Treatment with 10 mM 5-aza-
cytidine induced apoptosis in the control cell line (NEO), whereas the MnSOD-overexpressing cell line (SOD-H)
demonstrated differentiated-appearing morphology. The levels of the myogenic transcription factor, MyoD, and
the muscle-specific marker, a-actin, were increased over time with 5-azacytidine treatment in the SOD-H cell line.
Nuclear transcription factor NFkB was activated in the SOD-H cell line, whereas inhibition of NFkB activation
reduced the levels of MyoD and a-actin. Members of mitogen-activated protein kinase pathway and the
Raf1/MEK/ERK cascade were shown to play a positive role in this event. Overexpression of MnSOD not only can
protect cells from the toxic effects of 5-azacytidine, but can also promote the fibrosarcoma cells to enter a differ-
entiation program. Antioxid. Redox Signal. 3, 375–386.
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INTRODUCTION

MANGANESE SUPEROXIDE DISMUTASE (Mn-
SOD) is an essential antioxidant enzyme

that protects mitochondria from oxidative in-
jury resulting from aerobic respiration. It has
been suggested that MnSOD may be a candi-
date tumor suppressor gene because abnormal
MnSOD activity has been found in numerous
cancer cell lines in vitro and in vivo (26, 35, 39).
We have previously reported that mutations in
the human MnSOD promotor region may
cause the reduced expression of MnSOD in
some tumors (46). Our laboratory has estab-
lished a human MnSOD cDNA transfected

murine fibrosarcoma cell line, FSa-II, which it-
self exhibits low endogenous levels of MnSOD.
A clone transfected with the pSV2-neomycin
(NEO) plasmid was selected as control. Over-
expression of MnSOD increased the fibronectin
levels and reduced tumorigenicity and meta-
static capability in the FSa-II cells expressing a
high level of the human MnSOD gene (SOD-
H) (32, 37). We have also investigated the lev-
els of several redox-sensitive oncogenes, and
found that overexpression of MnSOD selec-
tively reduced the binding activity of Jun-
associated transcription factors (activator pro-
tein-1 and cyclic AMP-response element bind-
ing protein) when compared with the NEO cell
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line (18). These results suggest that MnSOD
may alter tumorigenicity by modulating the ac-
tivity of selected oncoproteins.

DNA methylation in mammals plays a cru-
cial role in development, epigenetic silencing,
aging, carcinogenesis, and certain human ge-
netic diseases (2, 14, 20). The methylation of
CpG dinucleotides can negatively regulate the
transcription of the adjacent genes and can, for
an example, silence a number of tumor sup-
pressor genes (12, 27). 5-Azacytidine (5-AzaC)
and 5-aza-29-deoxycytidine, as methylase in-
hibitors, exert antineoplastic activity and have
been used in the clinic (13, 24). 5-AzaC is also
known to promote differentiation. Davis et al.
(5) found that 5-AzaC treatment of mouse
C3H10T1/2 embryonic fibroblasts could con-
vert them to myoblasts, and they subsequently
identified MyoD, the first myogenic transcrip-
tion factor to be cloned, as the myogenic regu-
lator. In studies on antineoplastic activity of 5-
AzaC, both apoptotic and differentiation
effects were found in several systems, but the
mechanisms underlying these events have not
been determined (24, 40). Previously, we found
that transfection of MnSOD can promote cel-
lular differentiation of the mouse embryonic fi-
broblast, C3H10T1/2 cell line, following 5-
AzaC treatment (36). This result suggests that
elevation of the MnSOD level in cancer cells
may promote the possibility of differentiation
therapy with 5-AzaC treatment. When we
treated the FSa-II NEO and SOD-H cells with 5-
AzaC, we found that overexpression of MnSOD
showed both antiapoptotic and differentiation-
promotion effects. The possible signaling
events involved in apoptosis and myogenic dif-
ferentiation were investigated.

MATERIALS AND METHODS

Cell culture

A murine fibrosarcoma cell line (FSa-II) was
stably transfected with a pSV2-NEO plasmid or
a human MnSOD cDNA plasmid (SOD-H) as
previously described (32, 42). On the basis of
the plating efficiencies, 3 3 105 cells for the
SOD-H cell line and 5 3 105 cells for the NEO
cell line were seeded in 100-mm dishes or 75-

cm2 flasks in McCoy’s 5A medium. After 72 h,
10 mM 5-AzaC (Sigma, St. Louis, MO, U.S.A.)
was added with or without MG-132 (Sigma), a
proteasome inhibitor dissolved in phosphate-
buffered saline (PBS). To verify the role of ex-
tracellular signal-regulated protein kinase
(ERK) kinase, the ERK kinase inhibitor,
PD98059 (Calbiochem, La Jolla, CA, U.S.A.),
was dissolved in dimethyl sulfoxide to a con-
centration of 20 mM and added to the culture
medium to a final concentration of either 10 or
50 mM.

Colorimetric MTT assay

Five thousand NEO cells or 3,000 SOD-H
cells were seeded onto a 96-well plate in 100
ml of medium. After a 48-h incubation, 20 mM
5-AzaC was added with fresh medium. Cells
were incubated for another 24 h, then washed
twice with PBS. MTT dye [10 ml; 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; Sigma] dissolved in PBS was added
to the cells and incubated for 6 h. Isopropyl
mix (100 ml; 0.1 M HCl in 2-propanol) 
was added, and the plate was shaken at 
room temperature for 30 min. Colorimetry
was performed on a Spectra Max Plus ELISA
reader (Molecular Devices, Sunnyvale, CA,
U.S.A.) at 615 nm. The absorbance of the un-
treated cells was set up as 100% of survival
standard.

Detection of apoptosis with flow cytometry

After treatment with 5-AzaC for 12 or 24 h,
the medium in the cells was aspirated, and the
attached cells were removed with cell dissoci-
ation solution (Sigma) and then passed through
a nylon screen cloth (Small Parts Inc., Miami
Lakes, FL, U.S.A.) to obtain a single cell sus-
pension. Combined Hoechst 33342 (Molecular
Probes, Eugene, OR, U.S.A.) and merocyanine
540 (MC 540; Molecular Probes) staining was
used to detect apoptosis (28).

DNA fragmentation

Cells were plated in 100-mm dishes and
treated with 0–10 mM 5-AzaC for 24 h. DNA
was extracted following the protocol as previ-
ously described (19).
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Caspase-3 activity

5-AzaC-treated cells were collected and
washed twice with PBS. The number of cells was
counted using a hemacytometer. Each sample
(2 3 106 cells) was analyzed for caspase-3 pro-
tease activity by the ApoAlert Caspase-3 Assay
Kit (Clontech, Palo Alto, CA, U.S.A.).

Preparation of cytoplasmic and nuclear fractions
and total cell lysate

FSa-II NEO and SOD-H cells were plated in
100-mm dishes and, following treatment, were
collected and washed with PBS twice. The pel-
lets were resuspended in 400 ml of Buffer A [10
mM HEPES-KOH with 1.5 mM MgCl2, 10 mM
KCl, 0.2 mM phenylmethylsulfonyl fluoride
(PMSF), 5 mM dithiothreitol (DTT), and pro-
tease inhibitors, 5 mg/ml pepstatin, 5 mg/ml
leupeptin, and 5 mg/ml aprotinin], kept on ice
for 15 min, and then 12.5 ml of 10% NP-40 was
added and vortex-mixed vigorously for 15 s.
Lysate was centrifuged at 12,000 rpm (17,500
g) for 30 s. The supernatant was removed as the
cytoplasmic fraction, and the pellet was dis-
solved in 100 ml of buffer B [20 mM HEPES-
KOH with 1.5 mM MgCl2, 420 mM NaCl, 35%
glycerol, 0.2 mM PMSF, 5 mM DTT, 0.2 mM
EDTA (pH 8.0) containing the protease inhibi-
tors, 5 mg/ml pepstatin, 5 mg/ml leupeptin,
and 5 mg/ml aprotinin]. The sample was kept
on ice for 20 min, centrifuged at 12,000 rpm
(17,500 g) for 2 min, and the supernatant frozen
at 280°C. For total cell lysis, cell pellets were
suspended in homogenization buffer (20 mM
HEPES, pH 7.4 with 5 mM EGTA, 10 mM BME,
1 mM PMSF, and protease inhibitors, pepstatin,
leupeptin, and aprotinin) and homogenized
with 10 up-and-down strokes using a 10-ml
pestle. The unlysed cells and nuclei were sep-
arated by centrifugation at 500 rpm (50 g) for 3
min, and the supernatant (total cell lysate) was
kept at 280°C. Protein concentration was mea-
sured by a colorimetric assay using bovine
serum albumin as the standard (Bio-Rad Lab-
oratories, Richmond, CA, U.S.A.).

Western-blot analysis

Nuclear extracts (30 mg) were separated on a
10% sodium dodecyl sulfate–polyacrylamide

gel electrophoresis gel at 65 V for 14 h, and then
electrotransferred to a nitrocellulose mem-
brane (Schleicher & Schuell, Keene, NH,
U.S.A.). Proteins transferred onto the mem-
brane were verified by Ponceau staining. The
membrane was washed with distilled water to
remove the excess stain and blocked with
Blotto [5% milk, 10 mM Tris-HCl (pH 8.0), 150
mM NaCl, and 0.05% Tween 20] for 2 h at room
temperature. Membranes were probed with
anti-MyoD (M-318, Santa Cruz Biotechnology,
Santa Cruz, CA, U.S.A.) at a 1:200 dilution. To
detect the protein level of a-actin, a monoclo-
nal anti-a-actin (Sigma, A-4700) antibody
(1:200 dilution) was used. For examining phos-
phorylated ERK (p-ERK), 20 mg of the cyto-
plasmic fraction was loaded and a monoclonal
anti-p-ERK antibody (E-4, Santa Cruz) was
used at a 1:200 dilution. After visualization of
protein bands, the membrane was stripped and
reprobed with an anti-ERK antibody (K-23,
Santa Cruz) at a 1:1,000 dilution. To detect the
protein level of Raf1, 50 mg of the cytoplasmic
fraction was loaded, and goat polyclonal IgG
against Raf1 (C-12, Santa Cruz) was used at
1:200 dilution. Before addition of the secondary
antibody, the membranes were washed twice
with TBST (10 mM Tris-HCl with 150 mMNaCl
and 0.05% Tween 20) and then incubated with
horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz) at a 1:4,000 dilution.
The final washing steps included three rinses
(5 min each) of TBST, followed by two rinses
(5 min each) of TBS (10 mM Tris-HCl with 150
mM NaCl). The antibody bands were visual-
ized by the enhanced chemiluminescence de-
tection system (Amersham Pharmacia Biotech,
Piscataway, NJ, U.S.A.).

Electrophoretic mobility shift assays (EMSAs)

Nuclear factor-kB (NFkB) DNA binding ac-
tivity was analyzed in nuclear extracts. The
consensus NFkB oligonucleotide (59-AGTTGA-
GGGGACTTTCCCAGGC-39) was purchased
from Promega (Madison, WI, U.S.A.). After la-
beling with g-32P, the probe was purified by
separating the labeled double-strand and sin-
gle-strand DNA on a 20% polyacrylamide na-
tive gel. A 20-ml reaction solution containing 5
mg of nuclear extract, 4 ml of 53 binding buffer
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[50 mM Tris-HCl, pH 7.4 with 250 mM NaCl,
20% glycerol, 5 mM MgCl2, 2.5 mM EDTA, 5
mM DTT, and 0.25 mg/ml poly(dI-dC)], and
50,000 cpm of labeled probe was incubated for
20 min at room temperature. After incubation,
2.5 ml of 103 loading buffer was added, and
samples were separated on a 6% native gel for
3–4 h. DNA–protein complexes were visual-
ized by exposing the gels to Kodak film. For
supershift, 2.5 mg of polyclonal rabbit anti-
NFkB p65 (sc-372x, Santa Cruz) or anti-NFkB
p50 (sc-1190x, Santa Cruz) was mixed with nu-
clear extracts for 1 h at room temperature be-
fore addition of labeled probe. 

RESULTS

5-AzaC treatment induced apoptosis in the FSa-II
NEO cell line; the FSa-II SOD-H cell line was 
resistant to the apoptotic effect and exhibited a 
differentiated-like morphology

FSa-II NEO and SOD-H cells were incubated
with 10 mM 5-AzaC. After 12 h, many of the

NEO cells had detached, in contrast to only a
small number of the SOD-H cells, and some of
the attached SOD-H cells exhibited an elon-
gated morphology. After 24 h, a large number
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FIG. 1. Morphology of FSa-II NEO and SOD cells treated with 10 mM 5-AzaC for 24 h. (A) NEO control cells, (B)
SOD-H control cells, (C) NEO treated cells, (D) SOD-H treated cells. Magnification: 103.

FIG. 2. 5-AzaC-induced cytotoxicity determined by
MTT staining of FSa-II NEO and SOD cells after 20 mM
5-AzaC treatment.

http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152409022&iName=master.img-000.jpg&w=462&h=301
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152409022&iName=master.img-000.jpg&w=462&h=301
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152409022&iName=master.img-000.jpg&w=462&h=301
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152409022&iName=master.img-000.jpg&w=462&h=301
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152409022&iName=master.img-000.jpg&w=462&h=301
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152409022&iName=master.img-000.jpg&w=462&h=301
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152409022&iName=master.img-000.jpg&w=462&h=301
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152409022&iName=master.img-000.jpg&w=462&h=301
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152409022&iName=master.img-008.png&w=213&h=199


of the NEO cells detached (Fig. 1C), whereas
the SOD-H cells developed further differenti-
ated-appearing morphology. The cells stretched
out, and some of them had two or three nuclei
in a single cell (Fig. 1D). These results sug-
gested that overexpression of MnSOD not only
could protect the fibrosarcoma FSa-II cells from
toxicity by 5-AzaC, but may also promote the
differentiation effect of 5-AzaC on fibrosar-
coma cells.

As MnSOD is localized within mitochondria,
the mitochondria damage marker, MTT, was
used to determine cytotoxicity after 5-AzaC
treatment in a dose-dependent manner. 5-
AzaC induced cytotoxicity in both NEO and
SOD-H cells (Fig. 2); however, from three ex-
periments, for 50% survival of the treated NEO
cells, the concentration of 5-AzaC was between
9 and 11 mM, and for SOD-H cells, it was .40
mM. At 20 mM 5-AzaC, , 70% of the NEO cells
were injured, whereas only 30% of the SOD-H
cells were affected.

Caspase-3 plays a direct role in proteolytic
degradation of cellular proteins responsible for
progression to apoptosis. The results in Fig. 3
show that a trend of increased caspase-3 activ-
ity with time was observed in both cell lines.
However, it was significantly increased only in
the NEO cell line at all time points after 5-AzaC
treatment (p , 0.01).

A DNA fragmentation assay was used to de-

tect apoptosis after 5-AzaC treatment. As shown
in Fig. 4, 5 mM AzaC treatment resulted in DNA
fragmentation in the NEO cells (lanes 3 and 4),
but not in the SOD-H cells (lanes 6 and 7). To
further identify apoptotic cell death, dual stain-
ing of FSa-II cells with Hoechst 33342 and MC
540 was used. Hoechst 33342 is a DNA-specific
dye, whereas MC 540 detects membrane phos-
pholipid domain changes. In Fig. 5, where the x
axis stands for fluorescence and the y-axis stands
for events or counts (cell number), a shift to
strong fluorescence indicated significant apop-
totic progression in the 24-h 5-AzaC-treated FSa-
II NEO cells (Fig. 5C), compared with no clear
shift of treated SOD-H cells (Fig. 5D).

Two differentiation markers, MyoD and a-actin,
were increased in the SOD-H cells after 
5-AzaC treatment

5-AzaC-treated FSa-II SOD-H cells showed
some features of differentiated-appearing
morphology (Fig. 1D). It is well known that 5-
AzaC can convert some nonmuscle cell lines to
myogenic lineage by inducing muscle-specific
transcription factors like MyoD (5). Therefore,
we investigated MyoD expression after 5-AzaC
treatment. Western analysis showed that the lev-
els of MyoD protein were increased with time af-
ter 5-AzaC treatment in the SOD-H cells, but not
in the NEO cells (Fig. 6A). The levels of a-actin,
one of the muscle-specific markers, and also a
MyoD target gene, were also increased in the
SOD-H cells after incubation with 5-AzaC (Fig.
6B, lanes 4 and 6). There was a slight decrease in
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FIG. 3. Caspase-3 activity in 5-AzaC-treated FSa-II NEO
and SOD cells. *Significant difference from the vehicle-
treated control group (p , 0.01) by using Student’s t-test.

FIG. 4. DNA fragmentation. Cells were treated with
0–10 mM 5-AzaC for 24 h. Lane 1, 1 kb DNA ladder; lane
2, NEO, vehicle treatment control; lane 3, NEO, 5 mM 5-
AzaC; lane 4, NEO, 10 mM 5-AzaC; lane 5, SOD-H, vehi-
cle treatment control; lane 6, SOD-H, 5 mM 5-AzaC; lane
7, SOD-H, 10 mM 5-AzaC; lane 8, NEO, positive control
[treated with 1 mM A23187 (calcium ionophore)].

http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152409022&iName=master.img-010.jpg&w=212&h=116
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152409022&iName=master.img-010.jpg&w=212&h=116


the a-actin levels in the NEO cells at both time
points (Fig. 6B, lanes 3 and 5).

NFkB plays an important role in the FSa-II cells
after 5-AzaC treatment

There is increasing evidence to show the an-
tiapoptotic effect of NFkB activation. We ex-

amined the NFkB binding activity in our 5-
AzaC-treated FSa-II cells (Fig. 7A). EMSA re-
sults show that in the SOD-H cells, NFkB bind-
ing activity was significantly increased with
5-AzaC treatment (Fig. 7A, lanes 4, 6, 8, 10, and
12). The NFkB binding activity was only
slightly increased in the NEO cells at 15 min af-
ter 5-AzaC treatment (Fig. 7A, lane 3), and the
increase was not detectable at any of the later
time points (Fig. 7A, lanes 7, 9, and 11). To ver-
ify further the role of NFkB in 5-AzaC activity,
we used a proteasome inhibitor, MG-132, to in-
hibit IkB degradation. After treatment of the
SOD-H cells for 15 h with 10 mM MG-132, the
activation of NFkB was reduced (Fig. 7B); the
increase in the MyoD and a-actin levels was
also reduced (Fig. 7C and 7D).

Raf1/MEK/MAPK cascade was involved in
signaling differentiation

To investigate further the upstream regula-
tors in this differentiation event, we examined
the mitogen-activated protein kinase (MAPK)
pathway. ERK, a member of MAPK, is sug-
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FIG. 5. Flow cytometry analysis of FSa-II NEO and SOD-
H cells staining with Hoechst 33342 and MC 540. (A) NEO
control. (B) SOD-H control. (C) NEO, 20 mM 5-AzaC, 24-h
incubation. (D) SOD-H, 20 mM 5-AzaC, 24-h incubation.

FIG 6. The levels of differentiation markers in NEO and SOD-H cells. The concentration of 5-AzaC was 10 mM.
(A) Western blot showing MyoD levels in both cell lines, (B) Western analysis of a-actin levels in the two cell lines.
Lane 1, NEO control; lane 2, SOD-H control; lane 3, NEO, 5-AzaC, 12-h incubation; lane 4, SOD-H, 5-AzaC, 12-h in-
cubation; lane 5, NEO, 5-AzaC, 24-h incubation; lane 6, SOD-H, 5-AzaC, 24-h incubation.
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gested to be involved in cell proliferation and
differentiation (34). There is also some evidence
to suggest that activation of MyoD can be in-
duced by ERK. The activation of ERK is an in-
herent property of muscle cells, and not of the
parental fibroblast cells (8). We used a phos-
phorylated-specific ERK antibody to detect the
active forms of ERK, p42 and p44. As shown in
Fig. 8A, the activated form of ERK (p-ERK) was
higher in the nontreated NEO cell, and then was
gradually reduced with increasing time after 5-
AzaC treatment. In the SOD-H cells, the level
was increased shortly after 5-AzaC treatment

(within 30 min), decreased after 2 h, and then
increased again after 15-h treatment. The non-
phosphorylated forms of ERK did not change in
either cell line during the treatment (Fig. 8B).
Therefore, the increase in p-ERK was not due to
an increase in the total level of ERK proteins.

To probe the role of p-ERK in the early dif-
ferentiation program, we used a noncompeti-
tive inhibitor of MAPK kinase, PD98059.
PD98059 can block the increase of MyoD pro-
tein (Fig. 8C) and the activation of NFkB (Fig.
8D), but it had no influence on the a-actin level
(data not shown).
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FIG. 7. Involvement of NFkB in the molecular mechanism of 5-AzaC action. The concentration of 5-AzaC was 10
mM. (A) EMSA of NFkB binding activity as a function of time after 5-AzaC treatment. Lanes 1, 3, 5, 7, 9, and 11; NEO
cells; lanes 2, 4, 6, 8, 10, and 12, SOD-H cells. Lanes 1 and 2, control; lanes 3 and 4, 15 min; lanes 5 and 6, 30 min;
lanes 7 and 8, 1 h; lanes 9 and 10, 2 h; lanes 11 and 12, 15 h, SOD-H (2 h); lanes 13 and 14, supershift with anti-p65
or anti-p50 antibody. (B) Detection of NFkB in SOD-H cells after addition of proteasome inhibitor MG-132. Lane 1,
controls; lane 2, 5-AzaC for 12 h; lane 3, 5-AzaC 1 MG-132 for 12 h; lane 4, 5-AzaC for 24 h; lane 5, 5-AzaC 1 MG-
132 for 24 h. (C) Western blot of MyoD in the SOD-H cells after addition of MG-132. Lane 1, SOD-H control; lane 2,
5-AzaC-treated for 15 h; lane 3, 5-AzaC combined with 10 mM MG-132. (D) Western blot of a-actin in the SOD-H
cells after cotreatment of MG-132 with 5-AzaC for 0–24 h. Lanes 1, SOD control; lane 2, 5-AzaC only for 12 h; lane 3,
5-AzaC 1 10 mM MG-132 for 12 h; lane 4, 5-AzaC for 24 h; lane 5, 5-AzaC 1 10 mM MG-132 for 24 h.
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Raf1 is a candidate that may activate MAPK.
To identify the potential upstream effector of
ERK, we performed western analysis of Raf1 in
both NEO and SOD-H cells. Figure 9 shows that
in the SOD-H cells, Raf1 was increased after 2 h,
and this effect was sustained at 15 h after 5-AzaC
treatment. There were no detectable levels of Raf1
in the NEO cells at all time points examined.

DISCUSSION

MnSOD is a nuclear encoded mitochondrial
matrix enzyme that scavenges toxic superoxide
radicals. The parental murine fibrosarcoma cell
line (FSa-II), originally developed as a sponta-
neous tumor in C3Hf/Sed mice, exhibits low
endogenous levels of MnSOD. We have previ-
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FIG. 8. ERK kinase in an early differentiation event. FSa-II NEO and SOD-H cells were incubated with 10 mM 5-
AzaC for the indicated times. (A) Western analysis of phosphorylated forms of ERK. (B) Nonphosphorylated forms
of ERK. (C) Western blot showing MyoD levels after 15 h of 5-AzaC treatment in the presence or absence of PD98059.
Lane 1, SOD-H control; lane 2, 5-AzaC 15 h; lane 3, 5-AzaC plus 10 mM PD98059. (D) EMSA showing that PD98059
blocked NFkB activation in SOD-H cells. Lane 1, control; lane 2, 5-AzaC for 15 h; lane 3, 5-AzaC 1 10 mM PD98059;
lane 4, 5-AzaC 1 50 mM PD98059.

FIG. 9. Western analysis of Raf1. FSa-II NEO and SOD cells were incubated with 10 mM 5-AzaC for 15 min to 15 h.
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ously demonstrated that transfection of the hu-
man MnSOD cDNA into FSa-II cells, leading to
an elevated expression of MnSOD, can reduce
tumorigenicity and suppress tumor metastasis
in vivo (32, 37). In this study, we found that 5-
AzaC treatment induced toxicity in the FSa-II
NEO cells, whereas in the SOD-H cells, not only
was the toxicity attenuated, but the cells also
showed differentiated-appearing morphology.
Two features shown in the NEO cells suggest
that 5-AzaC induced apoptosis in these cells.
First, the activity of caspase-3, an apoptotic ex-
ecution protease, increased with time after 5-
AzaC treatment. Second, DNA fragmentation
and changes in membrane phospholipid struc-
ture were observed after 5-AzaC treatment. 
Although 5-AzaC-induced programmed cell
death in cultured cells has been reported, the
mechanism of apoptosis induced by 5-AzaC is
unknown. Our findings that increased expres-
sion of MnSOD prevents apoptosis in the SOD-
H cells suggest that an oxidative activation of
programmed cell death may be involved.
However, further experiments are required to
elucidate fully this point. 

The antineoplastic activity of 5-AzaC has been
recognized and used for cancer therapy in 
the clinic, and demethylation of tumor sup-
presser genes has been postulated as a 
possible mechanism (13, 24). In several 5-
AzaC-treated cancer cell lines, differentiated-
appearing morphology has been described (24,
44, 47), but the possible mechanism has not been
elucidated. Here we detected the increase of an
early differentiation marker, MyoD, in SOD-
transfected FSa-II cells, and also found an in-
creased level of a-actin, a MyoD target gene.
MyoD was the first member of the myogenic
transcription factor family to be cloned (5).
MyoD and Myf-5 are the primary myogenic reg-
ulatory factors. Either MyoD or Myf-5 is first in-
duced independently of one another during de-
velopment. Activation of either of them allows
entry into the myogenic program (30, 31). a-
Actin is one of the muscle-specific proteins and
a MyoD target gene. The promoter region of the
a-actin gene contains an E box that is directly
activated by MyoD or myogenin (3, 23). Thus,
5-AzaC in the presence of MnSOD converted fi-
brosarcoma cells into an early, but not fully dif-
ferentiated, myoblast lineage.

We have also examined the possible up-
stream regulators of MyoD. ERK, a classical
member of the MAPK cascade, is known to ex-
ert a pleiotropic role in cell proliferation and
differentiation. Our results showed that p-ERK
was increased within 30 min of 5-AzaC treat-
ment in the FSa-II SOD-H cells, whereas it
gradually decreased in the NEO cells, suggest-
ing that ERK may participate in the early dif-
ferentiation program. In the NEO cells, the de-
crease of p-ERK may partly be responsible for
the toxicity of 5-AzaC. In the SOD-H cells, the
activation of ERK activity may be linked to the
entry of the myogenic program by activation of
MyoD. 

Signaling transduction cascade of Raf1/
MEK/MAPK is suggested to be involved in
proliferation and differentiation. In the SOD-H
cell line, the levels of Raf1 were increased by 2
h, with no significant change in the NEO cell
line, suggesting a positive role in this cascade.
When a noncompetitive inhibitor of MAPK ki-
nase (PD98059), which can block its activation
by Raf1 (1), was used in 5-AzaC-treated SOD-
H cells, the increase of MyoD was inhibited,
whereas the level of a-actin was not changed.
These results are consistent with those reported
by Gredinger et al. (8), who demonstrated that
PD98059 could block induction of MyoD in the
differentiation medium, whereas none of the
examined muscle-specific markers such as
myosin light chain and muscle creatine kinase
were inhibited. Taken together, these results
suggested that PD98059 may have a limited ef-
fect on differentiation or that additional path-
ways are involved.

Another interesting result is the gradual ac-
tivation of NFkB in the SOD-H cells after 5-
AzaC treatment. Activation of NFkB has been
suggested to be a pivotal regulator of inflam-
mation, cell differentiation, apoptosis, and pro-
liferation (6). There is some evidence to suggest
that activation of NFkB can trigger early events
during myogenesis. Kaliman et al. (15) reported
that insulin-like growth factor-II induces NFkB
activity, which is one of the critical events for
myogenesis. Similarly, Wang and Passaniti (43)
demonstrated that extracellular matrix inhibits
apoptosis and enhances endothelial cell differ-
entiation by a NFkB-dependent mechanism. In
our study, when we treated the SOD-H cells
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with the proteasome inhibitor, MG-132, the
cells lost their differentiated-appearing mor-
phology (data not shown). In addition, we also
found that MG-132 inhibited the increase of
MyoD after 5-AzaC treatment, suggesting a
link between NFkB activation and MyoD ex-
pression. However, a recent study by Guttridge
et al. (10) demonstrated that tumor necrosis fac-
tor-induced NFkB activity suppressed MyoD
mRNA at the posttranscription level in differ-
entiating C2C12 myocytes, but not in differen-
tiated myotubes. Thus, it is possible that the ef-
fect of NFkB on MyoD levels may be dependent
on inducing agents, cell types, and stages of dif-
ferentiation. It will be interesting to elucidate
further if NFkB plays a distinct role in the dif-
ferentiation of nontransformed versus trans-
formed cells. 

It has been reported that Raf1 activates NFkB
via an autocrine feedback loop (25), and the
ERK inhibitor PD98059 can block MAPK acti-
vation by Raf1. Our study demonstrated that
adding PD98059 to SOD-H cells blocked the
NFkB activation effect of 5-AzaC, suggesting a
link between MAPK pathways and NFkB acti-
vation.

Evidence has accumulated that supports a
direct role for mitochondria in cell death and
differentiation. Previous studies from this and
other laboratories suggest that mitochondria
dysfunction by superoxide accumulation may
play pivotal roles in normal tissue injury in-
duced by diverse insults in vitro and in vivo (7,
9, 17, 22, 48). Overproduction of MnSOD has
been shown to prevent mitochondria from in-
jury by cytokine, chemical hypoxia, nitric ox-
ide, alkalosis, and radiation (7, 9, 19, 22, 45).
The data presented here will add to the role of
MnSOD in preventing apoptosis induced by an
agent known to induce differentiation. Rochard
et al. (29) showed that mitochondrial activity is
involved in the regulation of myoblast differ-
entiation through myogenin expression and ac-
tivity of myogenic factors. Li et al. (21) reported
mitochondria mediated tumor necrosis factor-
a/NFkB signaling in skeletal muscle myo-
tubes. Biswas et al. (4) reported that the NFkB
level declined after mitochondrial DNA con-
tents were reduced by mitochondrial metabolic
inhibitors. Our previous studies demonstrated

that overexpression of MnSOD promotes myo-
genic differentiation of embryonic fibroblast
cells (36). The data reported here suggest that
expression of MnSOD can enhance the differ-
entiation program of cancer cells.

Reactive oxygen species have been shown to
act as signal mediators that affect both cell
transformation and differentiation (11, 16, 33,
38). Our finding that overexpression of MnSOD
in the mitochondria modulates the activation
of MAPK and NFkB pathways further signifies
the role of mitochondrial antioxidants in the
regulation of cell death and differentiation.
These results indicate that MnSOD could play
an important role in cancer therapy.
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