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Angiotensin Il (Ang-11) receptor engagement activates
many immediate early response genes in both vascular
smooth muscle cells and cardiomyocytes whether a hy-
perplastic or hypertrophic response is taking place. Al-
though the signaling pathways stimulated by Ang-I11 in
different cell lines have been widely characterized, the
correlation between the generation of different second
messengers and specific physiological responses re-
mains relatively unexplored. In this study, we report
how in both C2C12 quiescent myoblasts and differenti-
ated myotubes Ang-ll significantly stimulates AP1-
driven transcription and c-Junec-Fos heterodimer DNA
binding activity. Using a set of different protein kinase
inhibitors, we could demonstrate that Ang-ll-induced
increase in AP1 binding is not mediated by the cAMP-
dependent pathway and that both protein kinase C and
tyrosine kinases are involved. The observation that in
quiescent myoblasts Ang-11 increase of AP1 binding and
induction of DNA synthesis and, in differentiated myo-
tubes, Ang-11 stimulation of protein synthesis are abol-
ished by the cysteine-derivative and glutathione precur-
sor N-acetyl-L-cysteine strongly suggests a role for
reactive oxygen intermediates in the intracellular trans-
duction of Ang-ll signals for immediate early gene in-
duction, cell proliferation, and hypertrophic responses.

Octapeptide Ang-11,' a potent vasoconstrictor, is also a
growth factor for vascular smooth muscle cells (VSMCs) (1-4).
A number of in vivo and in vitro studies suggest that Ang-I1
may also be a critical factor in mediating cardiac hypertrophy
(5-9). Hypertrophy is the fundamental adaptive process em-
ployed by postmitotic cardiac and skeletal muscle in response
to mechanical load (10). Using a load-induced cardiac hyper-
trophy in vitro model, it has been recently demonstrated that
mechanical stretch causes the release of Ang-1l1 from cardiac
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myocytes and that locally produced Ang-ll acts as the initial
mediator of stretch-induced hypertrophic response (11).

In cardiac myocytes and nonmyocytes, Ang-11 induces imme-
diate early genes such as c-fos, c-jun, and egrl leading to
hypertrophy and mitogenesis, respectively (12). In general,
induction of immediate early genes is regulated by post-trans-
lational modification of pre-existing factors and is directly reg-
ulated by cellular second messenger systems (13). Many pep-
tide growth factors, such as bombesin and endothelin-1,
activate multiple second messenger systems, which act syner-
gistically to induce complex mitogenic responses (14). In differ-
ent cell types a variety of second messengers have been in-
volved in the transduction of Ang-ll signaling. In cardiac
myocytes and VSMCs Ang-ll activates phospholipase C
through a G-protein-coupled receptor, liberates inositol
triphosphate; induces calcium release from inositol triphos-
phate-sensitive calcium storage sites; activates protein Kinase
C, phospholipase A,, phospholipase D, adenilate cyclase, and
arachidonic acid metabolism; and stimulates the tyrosine ki-
nases, c-Rafl, and mitogen-activated protein Kinases cascade
(12, 15-23). Interestingly, the activation of both phospholipase
A, and phospholipase D stimulates the intracellular generation
of ROIs through the formation of arachidonate and phospha-
tidic acid (PA), respectively. In turn, it has been suggested that
they act as second messengers in many physiological and path-
ological responses (24), including early response gene activa-
tion and cell growth regulation (24-26). However, the interplay
between all these transducers of Ang-ll signaling and their
relation with specific responses is still unclear.

All muscle cell types share several structural properties and
the expression of most of the known specific genes of muscles.
These basic features are faithfully reproduced in primary cul-
tures of fetal myoblasts and newborn satellite muscle cells, as
well as in continuous mammalian myogenic cell lines. We used
mouse C2C12 skeletal myoblasts, because they reproduce myo-
genic differentiation in culture (27), to form long term differ-
entiated and functional grafts in adult syngeneic ventricular
myocardium (28) and to represent an attractive means of
studying the effects of Ang-11 in different conditions of prolif-
eration and terminal differentiation. Systematic dissection of
Ang-1l transduction pathway in myogenic cells enabled us to
show the involvement of ROIs in the intracellular transduction
of Ang-ll signals for immediate early genes induction, cell
proliferation, and hypertrophic response.

EXPERIMENTAL PROCEDURES

Cell Cultures, Plasmids, and Transfections—Actively growing mouse
myogenic C2C12 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (growth medium).
Quiescent myoblasts were obtained by plating the C2C12 cells at low
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confluence in Dulbecco’s modified Eagle’'s medium supplemented with
0.1% fetal bovine serum. To induce differentiation, subconfluent C2C12
myoblasts were cultured for 48—72 h in Dulbecco’s modified Eagle’s
medium containing 1% fetal bovine serum (differentiation medium).

The pBL2CATdel plasmid, containing the chloramphenicol acetyl-
transferase (CAT) gene driven by the minimal herpesvirus thymidine
kinase (tk) gene promoter (positions —109 to +55), is described else-
where (29). The TRE-tk-CAT and the mtTRE-tk-CAT plasmids were
derived from pBL2CATdel by inserting three copies of either a wild type
or a mutated human collagenase TRE upstream from the tk promoter.
To obtain the TRE-tk-CAT and the mtTRE-tk-CAT stable cell lines,
C2C12 myoblasts were cotransfected by the calcium phosphate precip-
itation method with 5 g of the CAT reporter plasmid and 250 ng of the
neomycin resistance gene vector pAG60. After selection by G418 at 500
ng/ml for 14 days, individual clones were picked up and expanded. In
unstimulated and Ang-l1-stimulated cells, CAT activity was assayed as
described (29).

N-(2-Guanidinoethyl)-5-isoquinolinesulfonamide, H7, staurosporine,
genistein, tyrphostin 25, and tyrphostin 1 were dissolved in dimethyl
sulfoxide and added to the cells 2 h before the Ang-Il stimulation to
final concentrations of 75 mm, 100 mm, 70 ng/ml, 100 mm, 20 mm, and
20 mwm, respectively. NAC and pyrrolidinedithiocarbamate were dis-
solved in H,O and added to the cells 1 h before the Ang-Il stimulation
to final concentrations of 20 mm and 60 mwm, respectively.

Cell Extracts and Electrophoretic Mobility Shift Assay—Whole cell
extracts from unstimulated and Ang-ll-stimulated C2C12 cells were
prepared as described (30). In the extracts, protein concentrations were
determined using the method of Lowry et al. (31). 5 ug of cell extract
were incubated with 1 ug of poly(dl-dC)-poly(dI-dC), and a large excess
(2 fmol) of 32P-5'-end-radiolabeled double strand oligonucleotide was
then added. After 20 min at room temperature, samples were subjected
to electrophoresis on a 4% polyacrylamide gel with 0.25 X TBE (1 X
TBE = 0.089 m Tris borate, 0.089 m boric acid, and 0.002 m EDTA). After
electrophoresis, the gel was fixed with 10% acetic acid, 10% ethanol,
dried, and exposed to x-ray film at —70 °C.

Bromodeoxyuridine Incorporation—Cells were kept either in 0.1%
serum for 36 h (myoblasts) or in 1% serum for 48 h (myotubes) and then
stimulated with 10~° m Ang-11 or 200 um H,,0, for 18 h. When indicated,
cells were pretreated for 30 min with 500 nm [Sar*,11e¥]Ang-I1 or 20 mm
NAC. Control cultures were not stimulated with Ang-11 or H,O,. In both
preparations, 10 mm bromodeoxyuridine was added for the last 18 h.
Cells were fixed for 5 min at room temperature in 1% paraformalde-
hyde, rinsed in TBS (0.05 m Tris buffer/NaCl, pH 7.6), treated with 0.1%
Triton X-100 in TBS, and incubated for 1 h at 37 °C in 2 N HCI. After
neutralization in 0.1 m borate buffer, pH 8.5, cells were washed in TBS
and processed with anti-bromodeoxyuridine monoclonal antibody
(Dako) for the immunohistochemical staining according to the APAAP
complex method (32).

[®*S]Methionine Labeling—Cells were kept either in 0.1% serum for
36 h (myoblasts) or in 1% serum for 48 h (myotubes); pretreated or not
with either [Sar®,1le®]JAng-11 or NAC for 30 min; stimulated for 24 h
with 107 m Ang-11 or 200 um H,O, in the presence or absence of
[Sart,11e®]Ang-11 and NAC; and then labeled for 45 min with 30 mCi/ml
[®*S]methionine (Trans-label, ICN). After washing, cells were lysed in
RIPA buffer (1 mm Tris/HCI, 1% sodium deoxycholate, 1% Nonidet P-40,
150 mm NacCl, and 0.25 mm phenylmethylsulfonyl fluoride). Extracts
were clarified by centrifugation at 13,000 rpm in a microfuge at 4 °C for
30 min. 100 ug of each extract were loaded on a 10% acrylamide-SDS
gel and run at 35 mA. The gel was fixed in 10% acetic acid, 10% ethanol,
dried, and exposed to x-ray film at —70 °C. Quantitative evaluation of
[®*S]methionine incorporation was performed by analyzing the radioac-
tive emission of each gel lane by means of a Phosphorlmager (Molecular
Dynamics).

RESULTS

Ang-11 Activates AP1/TRE-directed Transcription in C2C12
Stable Transfectants—AP1 (for a recent review see Ref. 33) is a
family of transcriptional factors whose major component is the
heterodimeric complex made up by the products of c-fos and
c-jun proto-oncogenes. The Jun-Fos complexes bind a cis-ele-
ment termed TPA (12-O-tetradecanoylphorbol 13-acetate) re-
sponse element (TRE). To test Ang-11 ability to activate tran-
scription regulated from a TRE site, we produced C2C12 cell
lines stably transfected with either a wild type TRE-tk-CAT or
a mutant mtTRE-tk-CAT plasmid. As shown in Fig. 1, Ang-11
increases CAT expression severalfold from the TRE, whereas
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Fic. 1. Effects of Ang-11 on TRE-directed transcription in TRE-
tk-CAT and mtTRE-tk-CAT stable C2C12 cell lines. Cells from
both stable cell lines were plated at 2 X 10%/10-cm dish, cultured for 24
h, exposed for 24 h to Ang-I1, and lysed by four cycles of freezing and
thawing. 50 ug of total protein were assayed for CAT activity as de-
scribed. The results are expressed as fold activation (i.e. the ratio of the
percentage of conversion obtained in treated cells to the percentage of
conversion obtained in untreated cells). Experiments were repeated
three to five times with at least two different preparations of DNA. All,
Ang-1l; “ + Sar, [Sar*,1le¥]Ang-11.

mtTRE-tkCAT

no effect was observed on the mtTRE-tk-CAT cell line. This
stimulation is specific, being inhibited by the selective angio-
tensin receptor antagonist [Sar?,11e®]JAng-11 (Fig. 1), and is
dose-dependent, with a peak stimulation at 10™° m (data not
shown).

In Quiescent Undifferentiated C2C12 Myoblasts and Differ-
entiated C2C12 Myotubes, Ang-Il Increases c-Jun-c-Fos Het-
erodimer DNA Binding Activity—Modulation of TRE-directed
transcription is an extremely complex phenomenon depending
on the interplay existing between signals modulating either
intrinsic transcriptional activity or DNA binding activity of the
different TRE-binding proteins. Therefore, we first explored
Ang-11 eventual ability of modulating AP1 binding activity in
the mouse skeletal muscle cell line C2C12. As shown in Fig. 2A,
actively growing C2C12 myoblasts display a high AP1 binding
activity, rapidly decreasing with serum starvation and com-
pletely abolished by the addition of specific cold TRE oligonu-
cleotides although unaffected by the addition of unrelated cold
NF«B oligonucleotides. During differentiation (Fig. 2B), AP1
activity drops at day 1 and subsequently increases slightly
until reaching lower stable levels compared with those ob-
served in cycling myoblasts. Also, a faster migrating band of
unknown nature is observed in differentiated C2C12 myotubes
(Figs. 2B and 3C) and in C2C12 myoblasts (Fig. 3C). Such a
band can be seen in many cell types (25, 30) and cannot be
competed by excess cold TRE oligonucleotide or affected by
anti-c-Jun and anti-c-Fos antibodies (data not shown). Both in
cycling myoblasts and differentiated myotubes, most of the
TRE-bound complexes consist of c-Jun-c-Fos heterodimers, as
demonstrated by the 90-95% reduction of the DNA binding
activity when cell extracts were preincubated with anti-c-Fos
and anti-c-Jun antibodies not cross-reacting with other mem-
bers of the Fos and Jun families (data not shown).

Ang-11 strongly increases AP1 binding activity in both qui-
escent myoblasts (Fig. 3A) and differentiated myotubes (Fig.
3C), and this phenomenon is utterly inhibited by [Sar?,
11e®]Ang-11 (Fig. 3, B and D). Specific anti-c-Fos and anti-c-Jun
antibodies were both able to almost totally eliminate the TRE
binding activity in Ang-l1-treated C2C12 myoblasts and myo-
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Fic. 2. AP1 binding activity in C2C12 mouse muscle cells. Cell
extracts from actively growing or serum starved “quiescent” (A) and
differentiated (B) C2C12 cells were prepared at the indicated time
points as described elsewhere (28). 5 ug of each extract were tested in
gel retardation assays with a *2P-5'-end-radiolabeled oligonucleotide
containing a canonical TRE site (5'-TCGAGTGTCTGACTCATGCTT-
TCGA-3'). The specificity of the retarded complexes was assessed by
preincubating the extracts with increasing amounts of cold specific TRE
or unrelated NF«kB probes. FCS, fetal calf serum.

tubes (Fig. 3, B and D), suggesting that after Ang-Il stimula-
tion, most of TRE-bound AP1 proteins consist of c-Fos and
c-Jun. A variety of control antibodies (anti-p53, anti-E1A, anti-
Myc) were unable to modify both basal and induced patterns
(Fig. 3, B and D, and data not shown).

Ang-l1-dependent Increase of AP1 Binding in C2C12 Cells Is
Mediated by Multiple Intracellular Signaling Pathways—AP1
regulation involves both transcriptional and post-transcrip-
tional events. Because the Ang-ll-induced increase of AP1
binding occurs already after 10 min of stimulation and is un-
affected by cycloheximide treatment at doses able to completely
inhibit protein synthesis (Fig. 3, B and D), probably such an
increase is ascribable to post-translational modifications of pre-
existing AP1 proteins. Phosphorylation and dephosphorylation
of c-Fos and c-Jun have been described as post-translational
modifications having a critical role in AP1 function regulation
(34-37). Therefore we tested the effect of a set of different
protein kinase inhibitors on Ang-11-induced AP1 binding activ-
ity. Acting on its catalytic domain, staurosporine interferes
with protein kinase C function but also exerts an inhibiting
activity on both protein kinase A and pp60 v-Scr tyrosine
kinase, as well as on other kinases. H7 and N-(2-guanidino-
ethyl)-5-isoquinolinesulfonamide are relatively selective inhib-
itors of protein kinase C and cAMP-dependent protein kinase
A, respectively. Tyrphostin 25 and genistein are specific inhib-
itors of tyrosin kinases, and tyrphostin 1 is an inactive ana-
logue of tyrphostin 25. As shown in Fig. 4B, quiescent C2C12
myoblast basal AP1 binding activity was not modified by any of
these inhibitors. Staurosporine, H7, tyrphostin 25, and genis-
tein abolish the Ang-ll-induced increase of APl binding,
whereas N-(2-guanidinoethyl)-5-isoquinolinesulfonamide has
no effect (Fig. 4A). This result suggests that Ang-11 signaling
for AP1 binding increase involves the activation of both protein
kinase C and tyrosine kinases, whereas protein kinase A does
not seem to play a significant role.

ROIls Are Involved in Ang-11 Induction of AP1 DNA Binding

22131

Activity—Additional regulatory mechanisms of AP1 activity
involve reduction and oxidation events (25, 26). To evaluate the
role of ROIs in Ang-Il signaling in myogenic cells, we treated
quiescent C2C12 myoblasts and C2C12 myotubes with H,0, as
a source of ROIs. We observed a clear dose-dependent induction
of AP1 binding activity, specifically inhibited by the cysteine-
derivative and glutathione precursor NAC (Fig. 4B) and the
metal chelator and radical scavenger pyrrolidinedithiocarbam-
ate (data not shown). Strikingly, NAC and pyrrolidinedithio-
carbamate were also able to almost completely abolish the
Ang-ll-induced increase of AP1 binding (Fig. 4B and data not
shown), suggesting a role for ROIs in the transduction of the
Ang-11 signal. To provide an insight on the site of action of ROls
in the transduction of the Ang-I1 signal in our cells, we tested
the effects of NAC and H7 on TPA-induced AP1 binding. NAC
treatment was unable to block the AP1 DNA binding induced
by TPA, although H7 clearly did, thus suggesting that NAC
exerts its inhibitory effect on targets upstream from protein
kinase C or situated on an independent pathway (Fig. 5). The
observation that H7 is able to block almost completely the
induction of AP1 binding induced by H,O, favors the hypoth-
esis that in C2C12 cells, ROIs generation mediates the activa-
tion of protein kinase C by Ang-Il (Fig. 5).

Ang-l1-induced Generation of ROIs Influence DNA Synthesis
in C2C12 Myoblasts and Protein Synthesis in C2C12 Myo-
tubes—Many effects of ROIs may be involved in the induction
of cell growth, and indeed oxidants do stimulate growth in
various cell types (24). Because, as already mentioned, Ang-I1
is a growth factor of several muscle cell types, we examined the
effects of Ang-1l treatment on the rate of DNA synthesis in
quiescent undifferentiated C2C12 cells and in C2C12 differen-
tiated myoblasts. As expected, Ang-ll has a clear mitogenic
effect on undifferentiated myoblasts but has no effect on differ-
entiated myotubes (Fig. 6). The induction of myoblasts prolif-
eration by Ang-11 is specifically inhibited by [Sar?,l1e®]Ang-11
and is almost completely abolished by NAC (Fig. 6), thus sug-
gesting that ROI generation plays an important role in the
regulation of cell proliferation by Ang-I1. Also H,0O, stimulates
C2C12 myoblast proliferation, but Ang-11 and H,0, effects are
not synergistic (Fig. 7). Finally, we evaluated the potential role
of ROIs in mediating Ang-11 hypertrophic effects. As detected
by [®*S]methionine incorporation over 48 h (Fig. 7), fully dif-
ferentiated myotubes responded to Ang-l1l with a significant
increase in protein synthesis. The induction of protein synthe-
sis by Ang-Il was comparable with that induced by serum and
was inhibited by [Sar®,1le8]Ang-11 and NAC. The ability of
ROls to influence protein synthesis in differentiated myotubes
was confirmed when treating the cells with H,0,, and this
effect was significantly inhibited by NAC (data not shown).
These results strongly suggest that in differentiated C2C12
myotubes, the Ang-1l hypertrophic effect (i.e. the increase of
protein syntheis without DNA synthesis) is also mediated by
the generation of ROIs.

DISCUSSION

Ang-1l induces both proximal and distal signaling events
ultimately leading to cell growth in a variety of myogenic and
nonmyogenic cells. Ang-11 binding to the Ang-11 type 1 receptor
initiates a cascade of early biochemical cellular events similar
to those triggered by peptide growth factors. These include a
rapid production of diacylglycerol and inositol triphosphate by
phospholipase C-mediated hydrolysis of inositol phosholipids
and activation of protein kinase C (12, 17), c-Rafl serine thre-
onine kinase (21), and mitogen-activating protein kinases (12,
38). Studies in rat liver epithelial cells, renal mesangial cells,
and VSMCs have demonstrated that Ang-1l1 stimulates tyro-
sine phosphorylation of several substrates, including phospho-

8T0Z ‘9z AInr uo 1s9nb Ag /610°2q ' mammy/:dny woly pspeojumod


http://www.jbc.org/

22132 Reactive Oxygen Intermediates and Angiotensin Il Signaling

A s £ C
8 8 czc1z c2c12
w < Myoblasts  Myotubes
("3 [T
- = _—
3 x & x & FCS  10% 01% 1%
& w2 b2 Y
w
®
= Angiotensin 11 (1073 M)
time &b A o g
) 10 30 45 180 45
(min)
FCS 0.1%

«l‘.ﬂ Hl

anti-cJdun (Ab1)
anti—cJun (Ab2)

anti-cFos
anti-p53
anti-E1A

Relative AP1 DHA binding activity

Ang ) - ok + + + + + o+
CHX = = - - - - -
Sar e . S T R
FCS 10% 0.1% 1%

-

anti-cJun (Ab1)
anti-cJun (Ab2)

anti-cFos
anti-pS3
anti-E14

Relative AP1 DNA binding activity

Ang 11 = + + + + * o+ + o+
CHX - - % - - = = = -
Sar _ = - = % S e s
FCS 10% 0%

Fic. 3. Induction by Ang-11 of AP1 binding in quiescent C2C12 myoblasts (A) and differentiated C2C12 myotubes (C). Cell extracts
were prepared and tested as described in gel retardation assays. The specificity of the retarded complexes was assessed by preincubating the
extracts with increasing amounts of cold specific TRE or unrelated NF«B probes. The relative AP1 DNA binding activity (mean * S.E. from three
to five experiments) was evaluated by laser densitometry analysis (GelScan, Pharmacia Biotech Inc.) and expressed as fold activation with respect
to either unstimulated quiescent myoblasts (B) or unstimulated differentiated myotubes (D). The composition of TRE-bound complexes was
evaluated by overnight preincubation of cell extracts from Ang-llI-treated quiescent myoblasts (B) or differentiated myotubes (D) at 4 °C with 0.5
ng of a polyclonal antibody against the epitope 128-152 of c-Fos (Santa Cruz Biotechnology) and a polyclonal antibody directed against the
N-terminal domain of c-Jun (Oncogene Science Ab-2) not cross-reacting with other Fos and Jun proteins. A cycloheximide concentration of 10 ug/ml
was added to Ang-ll-untreated and -treated cells (C and D). CHX, cycloheximide; FCS, fetal calf serum; All, Ang-I1.

lipase C-yl (19, 22, 38). In cardiac fibroblasts, it has been
shown that Ang-ll induces tyrosine phosphorylation of the
p125 focal adhesion kinase (p12572), a dominant tyrosine ki-
nase substrate, after stimulation of many G-protein-coupled
receptors and of p465™ and p56°"°. These play a crucial role in
the activation of p217@ and serve as a converging target for
both growth factor and G-protein-coupled receptor-stimulated
mitogenic responses (23). In VSMCs, Ang-11 also causes a rapid
and sustained activation of phospholipase D-mediated phos-
phatidylcholine hydrolysis, resulting in the formation of PA
(39). Although a certain part of PA is converted to diacylglyc-
erol, the PA that builds up could be involved in both calcium
influx regulation and mitogenesis. Moreover, through PA gen-
eration, Ang-11 stimulates NADH and NADPH oxidase activity

in VSMCs, thus promoting superoxide generation (39). Finally,
it has been shown that Ang-11 has a strong inducing effect on
the release of arachidonic acid from cultured cardiomyocytes
and that arachidonic acid and inositol phosphate production
occurs through distinct Ang-11 type 1 and type 2 receptors and
independent signal transduction pathways involving phospho-
lipase C and phospholipase A,, respectively (21).

Despite the increasing knowledge of the signaling pathways
stimulated by Ang-11 in different cell lines, the cross-talk be-
tween different second messengers and their correlation with
specific physiological responses (i.e. vasoconstriction, hypertro-
phy, and hyperplasia) remains relatively unexplored. In this
study we demonstrate that in myogenic cells, ROl generation
plays a role in the intracellular transduction of Ang-I1 signals
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Fic. 4. Effects of protein kinase inhibitors and anti-oxidants
on Ang-ll induction of TRE binding. Cell extracts were prepared
from unstimulated and Ang-11-stimulated C2C12 quiescent myoblasts
treated with different protein kinases inhibitors (A) and from H,O,
stimulated cells treated with the cysteine-derivative and glutathione
precursor NAC (B) (see “Experimental Procedures”). Gel retardation
assays were performed, and the results are expressed as described in
Fig. 3. All, Ang-11; HA1004, N-(2-guanidinoethyl)-5-isoquinolinesulfon-
amide; Tyrl, tyrphostin 1; Tyr25, tyrphostin 25; Gen, genistein; FCS,
fetal calf serum.

for immediate early c-fos and c-jun gene induction, cell prolif-
eration, and hypertrophy. In both quiescent C2C12 myoblasts
and differentiated C2C12 myotubes, Ang-I1 significantly stim-
ulates AP1-driven transcription in C2C12 TRE-tk-CAT stable
transfectants and AP1 binding. Using a set of different protein
kinase inhibitors we show that the Ang-Il-induced c-Jun/c-Fos
heterodimer binding increase is not mediated by the cAMP-
dependent pathway and that protein kinase C and tyrosine
kinases are involved. Moreover, in quiescent C2C12 myoblasts
Ang-11 induction of both AP1 DNA binding activity and DNA
synthesis is abolished by antioxidants. This strongly suggests a
role for ROIls in the intracellular transduction of Ang-11 signals
for both immediate early gene induction and cell proliferation.
Eukaryotic cells continuously produce the ROl H,0,, superox-
ide (O,7), and hydroxyl radical (OH™) as by-products of elec-
tron transfer reactions (37). A condition of oxidative stress,
characterized by above normal levels of ROls, frequently occurs
in cells exposed to UV light, gamma rays, or low concentrations
of H,O, but also upon cell stimulation with cytokines and
natural ligands of other cell surface receptors (40). Although
very high levels of ROIs, as produced by stimulated neutro-
phils, are strictly cytocidal and serve primarily to kill parasites
in the organism, the increase of ROI levels observed in many
conditions seems to induce many early growth signals, includ-
ing a rise in intracellular pH (41), the expression of c-fos, c-jun,
and c-myc proto-oncogenes, and the activation of transcription
factors (40, 42, 43), protein kinases (44), protein phosphatases
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Fic. 5. Effects of NAC and H7 treatment on TRE DNA binding
induction by TPA (100 ng/ml) and H,O, (200 um) in C2C12 qui-
escent myoblasts. NAC and H7 have been used as described under
“Experimental Procedures.” The relative AP1 DNA binding activity
(mean = S.E. from three to five experiments) was evaluated by laser
densitometry analysis (GelScan) and expressed as fold activation with
respect to either unstimulated quiescent myoblasts. FCS, fetal calf
serum.
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Fic. 6. Ang-11 induction of DNA synthesis in quiescent C2C12
myoblasts. Cells were kept either in 0.1% serum for 36 h (myoblasts)
or in 1% serum for 48 h (myotubes) and then stimulated for 24 h with
Ang-1l1 at 10°° m or 200 um H,O, in the presence or absence of
[Sart,11e¥]Ang-11 and NAC. Control cultures were prepared without
stimulation with Ang-11 or H,O,. In both preparations, for the last 18 h
10 um bromodeoxyuridine was added. BrdU, bromodeoxyuridine; FCS,
fetal calf serum; All, Ang-I11.

(45), and ion channels (46). A role for oxidative stress has been
proposed in different pathological conditions, such as athero-
genesis and carcinogenesis (47). Increased concentrations of
active oxygen species have also been measured during the
inflammatory stage of the restenosis process in response to
angioplasty (48). Hyperplasia is an important aspect of these
pathological conditions, and our results indicate that ROI gen-
eration mediate Ang-ll1 mitogenic effects on quiescent C2C12
cells. Although in the induction of cell proliferation by growth
factors, serum and TPA AP1l-activity is required (49), in C2C12
myotubes Ang-ll-dependent AP1 activation occurs independ-
ently from DNA synthesis stimulation. This suggests that in
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Fic. 7. Ang-11 induction of protein synthesis in differentiated
C2C12 myotubes. Cells were kept either in 0.1% serum for 36 h
(myoblasts) or in 1% serum for 48 h (myotubes), stimulated for 24 h
with Ang-11 at 107 m or 200 um H,O, in the presence or absence of
[Sart,1le’]Ang-11 and NAC, and finally labeled with 200 mCi/ml
[®®S]methionine (Trans-label). FCS, fetal calf serum; All, Ang-Il.

differentiated cells modulation of TRE-containing genes by
AP1 might be important for other cellular responses. Our re-
sults support the hypothesis that in differentiated C2C12 myo-
tubes Ang-11 hypertrophic effects (i.e. increase of protein syn-
thesis without DNA synthesis) are also mediated by the
generation of ROIs. Thus, ROIs generation might represent a
common second messenger involved in the induction of both
early events (i.e. AP1 binding induction) and long term meta-
bolic effects (hyperplasia or hypertrophy) in response to a sin-
gle growth factor.

REFERENCES

1. Daemen, M. J. A. P., Lombardi, D. M., Bosman, F. T., and Schwartz, S. M.
(1991) Circ. Res. 68, 450—456
2. Paquet, J. l., Badouin-Legros, M., Brunelle, G., and Meyer, P. (1990)
J. Hypertens. 8, 565-572
3. Stouffer, G. A., and Owens, G. K. (1992) Circ. Res. 70, 820—828
4. Berk, B. C., Vekshtein, V., Gordon, H. M., and Tsuda, T. (1989) Hypertension
13, 305-314
. Lindpaintner, K., and Ganten, D. (1991) Circ. Res. 68, 905-921
. Khairallah, P. A., and Kanabus, J. (1983) Perspect. Cardiovasc. Res. 8,
337-347
7. Linz, W., Schoelkens, B. A., and Ganten, D. (1989) Clin. Exp. Hypertens. 11,
1325-1350
. Baker, K. M., and Aceto, J. F. (1990) Am. J. Physiol. 259, H610-618
. Baker, K. M., Chernin, M. I., Wixson, S. K., and Aceto, J. F. (1990) Am. J.
Physiol. 259, H324-332
10. Sadoshima, J., Jahn, L., Takahashi, T., Kulik, T. J., and lIzumo, S. (1992)

o o

© 00

20.
21.
22,

23.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
. Shibanuma, M., Kuroki, T., and Nose, K. (1988) J. Cell. Physiol. 136, 379-383
42.
43.

44,
45.

46.

47.
48.

49.

Reactive Oxygen Intermediates and Angiotensin Il Signaling

J. Biol. Chem. 267, 10551-10560

. Sadoshima, J., Xu, Y., Slayter, H. S., and Izumo, S. (1993) Cell 75, 977-985
. Sadoshima, J., and Izumo, S. (1993) Circ. Res. 73, 413-423

. Rivera, V. M., and Greenberg, M. E. (1990) New Biol. 2, 751-758

. Rozengurt, E. (1990) Eur. J. Clin. Invest. 21, 123-134

. Kojima, 1., Kojima, K., and Rasmussen, H. (1985) Endocrinology 117,

1057-1066

. Hassid, A. (1986) J. Pharmacol. Exp. Ther. 239, 334-339
. Baker, K. M., Singer, H. A, and Aceto, J. F. (1989) J. Pharmacol. Exp. Ther.

251, 578-585

. Lassegue, B., Alexander, R. W., Clark, M., and Griendling, K. K. (1991)

Biochem J. 276, 19-25

. Huckle, W. R., Dy, R. C., and Earp, S. (1992) Proc. Natl. Acad. Sci. U. S. A. 89,

8837-8841

Butcher, R. D., Schollmann, C., and Marme, D. (1993) Biochem. Biophys. Res.
Commun. 196, 1280-1287

Lokuta, A. J., Cooper, C., Gaa, S. T., Wang, H. E., and Rogers, T. B. (1994)
J. Biol. Chem. 269, 4832-4838

Marrero, M. B., Paxton, W. G., Duff, J. L., Berk, B. C., and Bernstein, K. E.
(1994) J. Biol. Chem. 269, 10935-10939

Schorb, W., Peeler, T. C., Madigan, N. N., Conrad, K. M., and Baker, K. M.
(1994) J. Biol. Chem. 269, 19626-19632

. Halliwell, B., and Gutteridge, J. M. C. (eds) (1989) Free Radicals in Biology

and Medicine, 2nd Ed., Clarendon Press, Oxford

. Devary, Y., Gottlieb, R. A., Lau, L. F., and Karin, M. (1991) Mol. Cell. Biol. 11,

2804-2811

. Devary, Y., Gottlieb, R. A, Smeal, T., and Karin, M. (1992) Cell 71, 1081-1091
. Jaffe, D., and Saxel, O. (1977) Nature 270, 725-727
. Koh, G. Y., Klug, M. G., Soonpaa, M. H., and Field, L. J. (1993) J. Clin. Invest.

92, 1548-1554

Avantaggiati, M. L., Natoli, G., Balsano, C., Chirillo, P., Artini, M., De Marzio,
E., Collepardo, D., and Levrero, M. (1993) Oncogene 8, 1567-1574

Natoli, G., Avantaggiati, M. L., Chirillo, P., Costanzo, A., Artini, M., Balsano,
C., and Levrero, M. (1994) Mol. Cell. Biol. 14, 898-908

Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951) J. Biol.
Chem. 193, 265-275

Cordell, J. L., Falini, B., Erber, W. N., Ghosh, A. K., Abdulaziz, Z., Macdonald,
S., Pulfard, K. A. F., Stein, H., and Mason, D. J. (1984) J. Histochem.
Cytochem. 32, 219-229

Angel, P., and Karin, M. (1991) Biochim. Biophys. Acta 1272, 129-157

Binetruy, B., Smeal, T., and Karin, M. (1991) Nature 351, 122-127

Pulverer, B. J., Kyriakis, J. M., Avruch, J., Nikolakaki, E., and Woodgett, J. R.
(1991) Nature 353, 670-674

Boyle, W. J., Smeal, T., Defize, L. H. K., Angel, P., Woodgett, J. R., Karin, M.,
and Hunter, T. (1991) Cell 64, 573-584

Lin, A., Frost, J., Deng, T., Smeal, T., Al-Alawi, N., Kikkawa, U., Hunter, T.,
Brenner, D., and Karin, M. (1992) Cell 70, 777-789

Tsuda, T., Kawahara, Y., Shii, K., Koide, M., Ishida, Y., and Yokayama, M.
(1991) FEBS Lett. 285, 44-48

Griendling, K. K., Minieri, C. A,, Ollerenshaw, J. D., and Alexander, R. W.
(1994) Circ. Res. 74, 1141-1148

Schreck, R., Rieber, P., and Bauerle, P. (1991) EMBO J. 10, 2247-2258

Maki, A., Berezesky, I. K., Fargnoli, J., Holbrook, N. J., and Trump, B. F.
(1992) FASEB J. 6, 919-924

Rao, G. N., Lassegue, B., Griendling, K., and Alexander, R. (1993) Oncogene 8,
2759-2764

Bauskin, A. R., Alkalay, 1., and Ben-Neriah, Y. (1991) Cell 66, 685-696

Guy, G. R, Cairns, J., Ng, S. B, and Tan, Y. H. (1993) J. Biol. Chem. 268,
2141-2148

Ruppensberg, J. P., Stocker, M., Pongs, O., Heinemann, S. H., Frank, R., and
Koenen, M. (1991) Nature 352, 711-714

Cerutti, P. A, and Trump, B. F. (1991) Cancer Cells 3, 1-7

Kontos, H. A., Wei, E. P., Povlishock, J. T., and Christman, W. (1984) Circ. Res.
55, 295-303

Kovary, K., and Bravo, R. (1991) Mol. Cell. Biol. 11, 4466—4472

8T0Z ‘9z AInr uo 1s9nb Ag /610°2q ' mammy/:dny woly pspeojumod


http://www.jbc.org/

Reactive Oxygen Intermediates M ediate Angiotensin I1-induced c-June c-Fos
Heterodimer DNA Binding Activity and Proliferative Hypertrophic Responsesin
Myogenic Cells
Pier Lorenzo Puri, Maria Laura Avantaggiati, Vito Lelio Burgio, Paolo Chirillo, Daniela
Collepardo, Gioacchino Natoli, Clara Balsano and Massimo Levrero

J. Biol. Chem. 1995, 270:22129-22134.
doi: 10.1074/jbc.270.38.22129

Access the most updated version of this article at http://www.jbc.org/content/270/38/22129

Alerts:
* When this article is cited
* When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 48 references, 19 of which can be accessed free at
http://www.jbc.org/content/270/38/22129.full.html#ref-list-1

8T0Z ‘9z AInr uo 1s9nb Ag /610°2q ' mammy/:dny woly pspeojumod


http://www.jbc.org/content/270/38/22129
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;270/38/22129&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/270/38/22129
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=270/38/22129&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/270/38/22129
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/270/38/22129.full.html#ref-list-1
http://www.jbc.org/

