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Abstract

One of the most important challenges that cardiomyocytes experience is an increase in the levels of reactive oxygen species (ROS), i.e., during
ischemia, reperfusion as well as in the failing myocardium. HOX-1 has been found to protect cells and tissues against oxidative damage; therefore,
we decided to study the signalling cascades involved in its transcriptional regulation. HOX-1 mRNA levels were found to be maximally induced
after 6h of treatment with 200μM H2O2 and remained elevated for at least 24h. Inhibition of JNKs, p38-MAPK and MSK1 pathways, by
pharmacological inhibitors, reduced HOX-1 mRNA levels in H2O2-treated H9c2 cells. In parallel, we observed that all three subfamilies of the
mitogen-activated protein kinases (MAPKs) attained their maximal phosphorylation levels at 5–15min of H2O2 treatment, with mitogen- and
stress-activated-protein kinase 1 (MSK1) also being maximally phosphorylated at 15min. H2O2-induced MSK1 phosphorylation was completely
abrogated in the presence of the selective p38-MAPK inhibitor SB203580. In an effort to define possible substrates of MSK1, we found that ATF2
as well as cJun phosphorylation were equally induced after 30min and 60min, respectively, a response inhibited by SP600125 (JNKs inhibitor)
and H89 (MSK1 inhibitor), indicating the involvement of these kinases in the observed response. This finding was further substantiated with the
detection of a potential signalling complex composed of either p-MSK1 and p-cJun or p-MSK1 and p-ATF2 (co-immunoprecipitation). ATF2 and
cJun are known AP1 components. Given the presence of an AP-1 site in HOX-1 promoter region, the activity of AP1 transcription factor was
examined. Electrophoretic mobility shift assays performed showed a maximal upregulation of AP1 binding activity after 60min of H2O2

treatment, which was significantly inhibited by SP600125 and H89. Our results show for the first time the potential role of JNKs, p38-MAPK and
MSK1 in the mechanism of transducing the oxidative stress-signal to HOX-1, possibly promoting cell survival and preserving homeostasis.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Heme oxygenase (HOX) family members degrade heme to
biliverdin, carbon monoxide (CO) and free iron in the
mammalian cell [1]. HOX-1 is inducible while HOX-2 and
-3 are constitutively expressed [2]. Ample evidence has
demonstrated HOX-1 to be strongly stimulated by its substrate
heme and multiple stress stimuli that increase the cellular
production of reactive oxygen species (ROS) such as heat
shock, hyperoxia, heavy metals and UV irradiation [3]. HOX
products, CO and biliverdin, are of considerable physiological
significance. In particular, CO is an important signalling gas
⁎ Corresponding author. Tel.: +30 210 7274349; fax: +30 210 7274635.
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that has been shown to play a prominent regulatory role for the
tone of the cardiovascular system by promoting vasodilatation
[4] and protecting hepatic microcirculation under stress
conditions [5]. What is more, biliverdin, converted into
bilirubin by biliverdin reductase, is a potent anti-oxidant [6].
In addition, being a regulator of iron homeostasis, HOX-1-
mediated cytoprotection of cultured cells could be due to
augmented cellular iron efflux [7].

As stated above, intracellular ROS levels are crucial to HOX-
1 gene expression. Nevertheless, the precise mechanism, which
modulates this response, is still unclear. ROS (i.e., the
superoxide anion, hydrogen peroxide, the hydroxyl radical)
are generated under a variety of physiological conditions and
can interact with lipids, proteins and nucleotides. There is
compelling evidence that through these interactions, increased
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levels of ROS, have damaging effects and are involved in the
pathogenesis of several diseases, including cardiac disorders
such as arrhythmia, heart failure, hypercardia and ischemia/
reperfusion (I/R) injury [8–10]. In support of this notion, recent
studies have clearly shown that, being an adaptive enzyme to
oxidative damage, HOX-1 gene expression levels are elevated
in cases of coronary heart disease [11] and mitochondrial
cardiomyopathy [12]. In addition, treatment with CO and
biliverdin (byproducts of heme degradation) has been found to
be effective in decreasing myocardial injury and improving
cardiac function, offering protection against transplant-associ-
ated I/R heart graft injury [13].

Therefore, we undertook this study, in an effort to
characterize the redox signalling intracellular pathways in-
volved in H2O2-induced HOX-1 transcriptional regulation in
the cardiomyocyte. To this end, H9c2 cardiomyoblasts were
used as our experimental model, a clonal cell line derived from
embryonic heart ventricle [14], which retains properties of
signalling pathways of adult cardiomyocytes. In essence, under
oxidative stress conditions, H9c2 myoblasts respond in a similar
manner to myocytes in primary cultures or isolated heart
experimental settings [15]. Thus, any finding in H9c2 cells also
reflects the signalling transduction pathways activated in the
complex and of diverse cell populations comprised, myocardi-
um. This justifies the great number of reports using H9c2
myoblasts in order to investigate oxidative stress effects on the
cardiomyocyte, a model, which has proven to be ideal for signal
transduction studies [15–18].

A plethora of reports demonstrate that mitogen-activated
protein kinases (MAPKs) play a crucial role in signal
transduction of cellular stress stimuli as well as in regulation
of cell proliferation and differentiation (reviewed in [19]).
MAPKs constitute a widely distributed family of serine/
threonine protein kinases that has been highly conserved
through evolution and are activated through dual phosphory-
lation of a specific threonine and tyrosine residue by members
of the MAPK kinases (MKKs) [20]. There are three best-
characterized MAPK subfamilies: the extracellular signal-
regulated kinases (ERKs), the cJun-N-terminal kinases (JNKs)
and p38-MAPK [19,20]. Activated MAPKs are localized in
both the cytoplasm and nucleus, where they interact with their
substrates. In particular, they have been found to phosphorylate
other protein kinases (i.e., p90RSK, MAPKAPK2) as well as
cytoskeletal proteins (i.e., tau) [21].

The downstream targets of MAPKs also include a number of
transcription factors [19–21]. Hence, activated MAPKs can
promote differential transcriptional stimulation of multiple
genes via phosphorylation of members of, i.e., the MEF2
family, cJun, the ATF family and Elk [21]. Another MAPK
substrate, recently identified, is the mitogen- and stress-
activated protein kinase 1 (MSK1) [22]. This kinase is activated
by ERKs or p38-MAPK and inhibited by the H89 compound
[23,24]. Via its interaction with diverse transcription factors,
MSK1 can also mediate transcriptional modulation leading to
specific profiles of gene expression [22,25–27].

Nevertheless, there are controversial reports regarding the
ultimate physiological outcome of these triggered responses,
ranging from cell survival and adaptation (cardiac hypertrophy)
to cell death (apoptosis). In an effort to assess the apparent
important role that HOX-1 plays in heart physiology [11–13],
particularly under stimulation by ROS [3], a major and crucial
challenge in this field is to determine and characterize the
signalling pathways involved in H2O2-induced HOX-1 expres-
sion pattern. In the present study, we demonstrate for the first
time, the involvement of p38-MAPK/MSK1 and JNKs in HOX-
1 mRNA upregulation in H2O2-treated cardiac cells. We also
propose that the oxidative-stress signal can be potentially
transduced to the nucleosome via the activator protein-1 (AP-1)
components: ATF2 and cJun.
2. Materials and methods

2.1. Materials

Hydrogen peroxide was purchased from Merck (Darmstadt, Germany).
DMSO, leupeptin, trans-epoxy-succinyl-L-leucylamido-(4-guanidino) butane
(E-64), dithiothreitol (DTT), phenylmethylsulphonyl fluoride (PMSF), wort-
mannin and protein A-sepharose were obtained from Sigma-Aldrich (St. Louis,
Missouri, USA). GF109230X, SP600125 and PD98059 were purchased from
Calbiochem-Novabiochem (La Jolla, CA, USA), SB203580 and H89 were from
Alexis Biochemicals (Lausen, Switzerland). [γ-32P]ATP was from Hartmann
Analytic GmbH (Braunschweig, Germany). Nitrocellulose (0.45μm) was
obtained from Schleicher and Schuell (Keene, NH, USA). Prestained molecular
mass markers were from New England Biolabs (Beverly, MA, USA). Secondary
antibodies were from DakoCytomation (Glostrup, Denmark). Primers for the
detection of HOX-1 and GAPDH were synthesized by Invitrogen Life
Technologies (California, USA). Super RX film was purchased from Fuji
photo film GmbH (Dusseldorf, Germany). General laboratory reagents were
purchased from Sigma-Aldrich or Merck.

2.2. Cell cultures and reagents

H9c2 cells (passage 18–25; American Type Culture Collection, Rockville,
MD, USA) were cultured in DMEM (PAA Laboratories GmbH, Pasching,
Austria) supplemented with 10% (v/v) heat inactivated fetal bovine serum (PAA
Laboratories GmbH) and antibiotics, under an atmosphere of 95% air/5% CO2 at
37°C. Experiments were carried out using mononucleated myoblasts after serum
had been withdrawn for 24h. Hydrogen peroxide was added to the medium for
the times and at the doses indicated. When pharmacological inhibitors were
used, they were dissolved in DMSO and added to the medium 30min prior to
treatment with H2O2. Control experiments with DMSO alone were also
performed for the same duration.

2.3. Protein extraction

Cells were extracted in buffer G [20mM Tris–HCl pH 7.5, 20mM b-
glycerophosphate, 2mM EDTA, 10mM benzamidine, 20mM NaF, 0.2mM
Na3VO4, 200μM leupeptin, 10μM E-64, 5mM DTT, 300μM PMSF and 0.5%
(v/v) Triton X-100]. Samples were centrifuged (12,000rpm, 5min, 4°C) and the
supernatants boiled with 0.33vol. of SDS-PAGE sample buffer [SB4X: 0.33M
Tris–HCl (pH 6.8), 10% (w/v) SDS, 13% (v/v) glycerol, 20% (v/v) 2-
mercaptoethanol, 0.2% (w/v) bromophenol blue]. Protein concentrations were
determined using the BioRad Bradford assay reagent (Bio-Rad, Hercules,
California, USA).

2.4. Preparation of nuclear extracts

Nuclear extracts were prepared as previously described [28] with minor
modifications. Cells were harvested into buffer A (10 mM Tris–HCl pH 7.9,
10mM KCl, 1.5mM MgCl2, 0.3mM Na3VO4, 200μM leupeptin, 10μM E-64,
5mMDTT, 300μMPMSF). Samples were centrifuged (10,000rpm, 5min, 4°C)
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and the supernatants discarded. Pellets were re-suspended in buffer A containing
0.1% (v/v) Nonidet P40 (10min, 4°C). After centrifugation (10,000rpm, 5min,
4°C), pellets were re-suspended in buffer C [20 mM Hepes pH 7.9, 420mM
NaCl, 1.5mM MgCl2, 0.2 mM EDTA, 25% (v/v) glycerol, 0.3mM Na3VO4,
200μM leupeptin, 10μM E-64, 5mM DTT, 300μM PMSF]. Protein
concentrations were determined using the BioRad Bradford assay. For
electrophoretic mobility shift assays (EMSAs), aliquots of nuclear extracts
were stored at −80°C. For immunoblotting analysis, nuclear extracts were
boiled with 0.33vol. of SB4X.

2.5. Immunoblotting

Proteins (30μg) were separated by SDS-PAGE on 10% (w/v) polyacryl-
amide gels and transferred electrophoretically onto nitrocellulose membranes.
Nonspecific binding sites were blocked with 5% (w/v) nonfat milk powder in
TBST [20mM Tris–HCl pH 7.5, 137mM NaCl, 0.1% (v/v) Tween 20] for
30min at room temperature. Subsequently, the membranes were incubated
overnight with the appropriate primary antibody (1:1000) at 4°C. Antibodies
against total or phospho-ERKs, phospho-JNKs, phospho-p38-MAPK, phospho-
MSK1, total or phospho-ATF2, total or phospho-cJun were from Cell Signaling
Technology (Beverly, MA, USA), anti-actin was from Sigma-Aldrich (St. Louis,
Missouri, USA), and anti-histone-1 was from Neomarkers (Fremont, USA).
After washing in TBST (3×5min), blots were incubated with the respective
horseradish peroxidase-conjugated secondary antibody 1:5000 in TBST
containing 1% (w/v) nonfat milk powder (60min). After washing in TBST
(3×5min), bands were detected using enhanced chemiluminescense (ECL)
(Amersham Biosciences, Uppsala, Sweden) and quantified by scanning
densitometry (Gel Analyzer v. 1.0).

2.6. Immunoprecipitation

30μl of protein A-sepharose [50% slurry in RBD buffer: 20mM Tris–HCl
pH 7.5, 1mM EDTA, 1% (v/v) Triton X-100, 10% (v/v) glycerol, 100mM
KCl, 5mM NaF, 0.2mM Na3VO4, 5mM MgCl2, 0.05% (v/v) 2-mercap-
toethanol] were incubated with 1μl of phospho-ATF2 or phospho-cJun
antibody on a rotating wheel (4°C, O/N). After a brief spin (10,000rpm,
1min, 4°C), the formed complexes were washed in RBD buffer (×3).
Untreated (control) or H2O2-treated cells were scraped into RBD buffer
containing 200μM leupeptin, 10μM E-64, 5mM DTT and 300μM PMSF.
Samples were extracted on ice (10min) and centrifuged (10,000rpm, 5min,
4°C). An aliquot of the supernatants was boiled with 0.33vol. of SB4X,
while the rest was incubated with the protein A-sepharose/antibody
complexes (4h, 4°C). After centrifugation (10,000rpm, 1min, 4°C), the
supernatants (S/N) were boiled with 0.33vol. of SB4X. Pellets were washed
(×3) with RBD buffer and finally re-suspended (immunoprecipitate-IP) and
boiled in 40μl of (SB2X).

2.7. RNA preparation, cDNA synthesis and ratiometric reverse
transcription PCR (RT-PCR)

The expression of endogenous HOX-1 was determined by ratiometric
reverse transcription of total RNA followed by PCR analysis. Total RNA was
extracted from cells using Trizol (Invitrogen Life Technologies), according to
the manufacturer's instructions. For cDNA synthesis, 2μg of total RNA was
denatured in the presence of 5pmol oligo-dT primer in a reaction volume of
13.5μl at 65°C for 5min. Reverse transcription was performed with M-MLV
Reverse Transcriptase (Invitrogen Life Technologies), first strand buffer
(Promega, Madison, USA), dithiothreitol (Promega) and deoxy-nucleotide
triphosphates (dNTPs) (Promega). The first strand reaction was incubated at
37°C for 1h. Termination of the reaction was achieved by inactivation of the
reverse transcriptase at 70°C for 5min. PCR for HOX-1 was performed using
1.5 Units Taq (Bioron GmbH, Ludwigshafen, Germany) with sense 5′-GAG
AAT TCT GAG TTC ATG AGG-3′ and antisense 5′-TGC GAG CAC GAT
AGA GCT G-3′ primers, based on the sequence of rat HOX-1 (Genbank
accession no. AI179610). These primers amplify a 472-base pair PCR product.
After a 5-s denaturation at 94°C, PCR was carried out for 28 cycles (94°C for
30s, 59°C for 30s and 72°C for 30s), and then a final extension was done at
72°C for 4min. PCR (25 cycles) for GAPDHwas performed using the following
primers: sense 5′-ACC ACA GTC CAT GCC ATC AC-3′ and antisense 5′-TCC
ACC ACC CTG TTG CTG TA-3′ (Genbank accession no. X02231). cDNA
samples derived from “control” and treated cells were always amplified
simultaneously. PCR products were separated on a 2% (w/v) agarose gel
supplemented with ethidium bromide (EtBr) at a final concentration of 100μg/l.
Band intensities were determined using an appropriate image analysis
programme (Gel Analyzer v. 1.0). All values were normalized for the amount
of GAPDH mRNA and estimation of fragment band size (HOX-1 472bp,
GAPDH 452bp) was performed by comparison with GeneRuler 100-bp DNA
ladder (Fermentas Life Sciences Inc., Hanover, USA).

2.8. Electrophoretic mobility shift assay

The oligonucleotide containing consensus AP-1 sequence was from
Promega. 3.5 pmol of cAP-1 was 5′ end-labelled with [γ-32P]ATP by incubating
for 30min at 37°C along with T4 polynucleotide kinase buffer 10× (Promega),
10 Units of T4 polynucleotide kinase (Promega) and 15μCi [γ-32P]ATP. After
the reaction was terminated by the addition of EDTA (15μM), unincorporated
[γ-32P]ATP was removed using a Sephadex G50 column in TE buffer (10mM
Tris–HCl pH 8.0, 1mM EDTA). Nuclear extracts (10μg) were incubated
(10min, RT) in binding buffer (50mM Tris–HCl pH 7.5, 250mM NaCl, 5mM
EDTA, 25% (v/v) glycerol, 1mM DTT, 1μg poly dI–dC) in a final volume of
20μl. Subsequently, 0.5ng of radiolabeled oligonucleotide was added (20min,
RT). DNA–protein complexes were resolved on a 5% (w/v) non-denaturing
polyacrylamide gel (120V, 1h). Gels were dried and exposed to Super RX photo
film for 24h. For competition experiments, unlabeled cAP-1 oligonucleotide
(4–40ng) was added prior to the addition of radiolabelled cAP-1.

2.9. Statistical evaluations

All data are presented as means±S.E.M. Comparisons between control and
treatment were performed using Student's paired t-test. A value of at least
P<0.05 was considered to be statistically significant.

3. Results

3.1. H2O2 stimulates HOX-1 mRNA levels in H9c2 cells.
Involvement of p38-MAPK, JNKs and MSK1

There is emerging evidence revealing HOX-1 diverse
biological and cytoprotective effects against oxidative damage
in the myocardial tissue. Accumulating studies provide new
insights into the knowledge of the mechanism regulating
HOX-1 response to oxidative stress, in the form of H2O2 [11–
13]. In order to investigate the mechanism regulating HOX-1
transcriptional upregulation under oxidative stress conditions,
H9c2 cells were treated with 200μM H2O2, a concentration
used routinely for gene expression studies in cardiomyocyte
experimental settings exposed to oxidative stress [29]. Thus,
HOX-1 mRNA was found to be induced from 2h (3.7±0.87-
fold relative to control), maximized at 6 h (6.3±0.3-fold
relative to control) (Fig. 1A, upper panel, and C) and
remaining elevated for 24h (3.88±0.07-fold relative to
control). Subsequently, to probe into the actual pathways
transducing this response, we tried to determine the signalling
cascades involved in the H2O2-stimulated HOX-1 transcript
levels. To this end, various pharmacological inhibitors were
used: SB203580 (10μM): a p38-MAPK inhibitor, PD98059
(25μM): that blocks the ERK1/2 pathway, SP600125
(10μM): a JNKs inhibitor, H89 (10μM): a selective inhibitor
of MSK1 as well as catalase (75U/ml), which decomposes
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Fig. 1. Kinetics of H2O2-induced HOX-1 mRNA upregulation in H9c2 cardiomyoblasts: a p38-MAPK, JNKs and MSK1-mediated response. (A) H9c2 cells were
exposed to 200μM H2O2 for the times indicated. (B) H9c2 cells were left untreated (C: control) or pre-incubated with 10μM SB203580, 25μM PD98059, 10μM
SP600125, 75 (U/ml) catalase and 10μM H89 for 30min, then exposed to 200μM H2O2 for 3h in the absence or presence of the inhibitors. RNAwas extracted and
expression of HOX-1 (A and B upper panels) as well as GAPDH (A and B lower panels) mRNAwas analyzed by ratiometric RT-PCR. The positions of the 500- and
400-bp markers are indicated on the left of the panels. After densitometric analysis of the PCR products, results were normalized for GAPDH and the data is presented
(C and D) as fold stimulation. Results are means±S.E.M. for at least three independent experiments. ⁎p<0.01, •p<0.001 compared to control values. ⁎⁎p<0.01
compared to identically treated cells in the absence of inhibitors.
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H2O2. Cells were left untreated (control-C) or were incubated
with (a) either DMSO or (b) the inhibitors alone or (c) with
the inhibitors followed by exposure to 200μM H2O2 for 3h.
DMSO as well as the inhibitors alone had no effect on HOX-
1 mRNA levels (data not shown). As shown in Fig. 1B
(upper panel) and D, we observed that pre-treatment of H9c2
cells with SB203580 and SP600125 markedly reduced H2O2-
stimulated HOX-1 response, by 40±5% and 47±5%,
respectively. Furthermore, the latter was abolished in the
presence of H89, while PD98059 failed to change the
observed response. These results indicate that p38-MAPK,
JNKs and MSK1 participate in H2O2-induced HOX-1 mRNA
upregulation in H9c2 cells. In contrast, ERKs do not seem to
have any contribution. What is more, the observed effect was
shown to be attributed to the exogenously added H2O2 since
it was completely inhibited in the presence of catalase (Fig.
1B, upper panel, and D).
Fig. 2. Time- and dose-dependent phosphorylation profile of p38-MAPK, JNK1/2 an
control) or were exposed to 200μM H2O2 for the times indicated (A) or to various H
PAGE and immunoblotted with antibodies for phosphorylated: p38-MAPK (Thr180/T
from top) and ERK1/2 (Thr202/Tyr204) (A and B third panel from top) as well as for
phospho-JNK1/2 (D and G) and phospho-ERK1/2 (E and H) were quantified by laser
independent experiments. Results are means±S.E.M. for at least three independent
3.2. All three MAPK subfamilies are activated in H2O2-treated
H9c2 cells

In light of the ratiometric RT-PCR results, implicating p38-
MAPK and JNKs in HOX-1 mRNA stimulation by H2O2, we
attempted to further investigate the time- and dose-dependent
activation profile of these MAPKs by Western blotting. As
shown in Fig. 2A and C, a rapid onset of p38-MAPK
phosphorylation was observed at 5min (4.3±0.8-fold relative
to control) with maximal values being attained at 15–30min
(4.8±0.6-fold relative to control), declining thereafter. A
slightly more delayed but equally significant response of both
p46 (4.5±0.5-fold relative to control) and p54 (6.5±1.7
compared to control) JNKs was detected at 15min of H2O2

treatment (Fig. 2B,D). Interestingly, immunoblotting of phos-
phorylated p42 and p44 ERKs revealed their activation, which
was maximal at 15min (3.7±0.4- and 5±0.5-fold relative to
d ERK1/2 by H2O2 in H9c2 cardiomyoblasts. H9c2 cells were left untreated (C:

2O2 concentrations for 15min (B). Cell extracts (30μg) were subjected to SDS-
yr182) (A and B upper panel), JNK1/2 (Thr183/Tyr185) (A and B second panel
total levels of ERK1/2 (A and B bottom panel). Phospho-p38-MAPK (C and F),
scanning densitometry. Blots and results shown are representative of at least three
experiments. ⁎⁎p<0.05, ⁎p<0.01, •p<0.001 compared to control values.
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control, respectively). Total levels of all three subfamilies did
not change during these interventions (data shown only for total
ERKs—Fig. 2A,B, bottom panels). The specificity of H2O2-
dependent induction of the MAPKs phosphorylation was
confirmed by dose-dependent experiments. The minimum
concentration that reproducibly induced all three MAPK-
subfamilies activation after 15min of treatment was identified
at 200μM (Fig. 2B, F, G and H).

3.3. Activation of MSK1 by H2O2 in H9c2 cells

We also analyzed and evaluated MSK1 involvement in
HOX-1 stimulation by H2O2, by examining MSK1 phos-
phorylation profile (Fig. 3A,C). Cell extracts were immuno-
blotted with an antibody that specifically recognizes MSK1
when phosphorylated at Thr581. Maximal levels of the
kinase phosphorylation were attained 15min (7.8±0.3-fold
relative to control) after the onset of stimulation, declining to
basal levels after 60min. Furthermore, using various
inhibitors, the contribution of a number of signalling
pathways to MSK1 phosphorylation was assessed. Our
results suggest that the latter is mediated via p38-MAPK,
since SB203580 completely ablated it (Fig. 3B,D). Inhibitors
of JNKs and ERKs had no effect. This was also the case with
H89, which has previously been shown to affect directly the
activity of MSK1 without reducing its phosphorylation levels
[30]. Equal protein loading was verified by reprobing the
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3.4. ATF2 and cJun are both downstream targets of MSK1 in
H2O2-treated H9c2 cells

To our knowledge, this is the first report of MSK1 activation
by H2O2 in cardiac cells. Therefore, the detection of possible
MSK1 targets potentially transducing the oxidative stress signal
to HOX-1 gene appeared exquisitely interesting. Monitoring the
time profile of both ATF2 (Fig. 4A,C) and cJun (Fig. 5A,C)
phosphorylation in H9c2 cells treated with H2O2, we observed
that their maximal activation was delayed compared to that of
MSK1, being reached at 30min (4.1±0.2-fold relative to
control) and 60min (6.9±0.6-fold relative to control), respec-
tively. This prompted us to emphasize on the probable role of
MSK1 in the observed response of the two transcription factors
of interest. Our results showed that H89 as well as SP600125,
completely inhibited ATF2 and cJun phosphorylation by H2O2,
while no SB203580 nor PD98059 had any effect, discarding the
involvement of p38-MAPK or ERKs in this response (Figs. 4B,
D and 5B,D).

Equal protein loading of nuclear extracts for these experi-
ments was confirmed by blotting with an antibody against
histone 1 (Fig. 4A,B), total ATF2 (Fig. 4A, middle panel) and
total cJun levels (Fig. 5A,B, lower panels). In correlation to
other group's findings [28,31], we observed that the antibody
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specific for the phosphorylated as well as total levels of ATF2
detects two bands at approximately 70kDa, both of which
exhibit a parallel response pattern (Fig. 4A,B). Moreover, the
anti-phosphorylated cJun antibody detects a single band in
untreated cells at ∼46kDa and a second one of reduced
mobility in treated cells, possibly representing an even more
highly phosphorylated form. In addition to this, the antibody
against total cJun levels is also found to detect a second band of
reduced mobility in treated cells, indicative of the phosphory-
lated form of the transcription factor [28,31].

To further substantiate MSK1 interaction with ATF2 and
cJun, we made an effort to determine whether MSK1 could be
co-immunoprecipitated with either transcription factor. For this
purpose, anti-phospho-ATF2 was used as the primary antibody
in the immunoprecipitation of cell lysates from H9c2 cells left
untreated or exposed to H2O2 for 30min (Fig. 6A). The specific
anti-phospho-MSK1 antibody was then used to test whether
phospho-ATF2 could pull down phosphorylated MSK1. As
shown in Fig. 6A and B, phosphorylation of MSK1 was
detected in the immunoprecipitate of H2O2-exposed cells'
lysate, previously incubated with anti-phospho-ATF2 or,
alternatively, anti-phospho-cJun antibody. These findings
imply that signalling complexes comprised of phospho-MSK1
and phoshpo-ATF2 or phospho-cJun can be formed under these
conditions. In Fig. 6C, the immunodepletion of phospho-ATF2,
after the addition of the respective antibody, is shown.
3.5. H2O2 stimulates AP1 DNA binding activity

Using EMSA, we next tried to delineate the possible role of
AP1 elements in transducing the signal downstream from ATF2
and cJun. Both transcription factors have been previously found
to bind to AP1 elements [32]. In accordance with our
hypothesis, H2O2-induced activation of ATF2 and cJun were
concordant with an increase in AP1 binding activity. In
particular, the latter exhibited a similar time-dependent profile
increasing from 30min (1.75±0.09-fold relative to control) and
attaining maximal values at 1h (3.57±0.19-fold relative to
control), while some basal binding was also observed in the
absence of stimulation (Fig. 7A,B). What is more, pre-
incubation of H9c2 cells with SP600125 or H89, was found
to partially inhibit the H2O2-induced AP-1 binding activity,
implicating JNKs as well as MSK1 in the signalling cascade
leading to this induction (Fig. 7C,D). In the presence of 10-fold
excess of non-radiolabeled AP-1 oligonucleotide, the detected
H2O2-induced band of the autoradiograph was diminished (data
not shown) confirming that it represents an AP-1 binding
complex.

4. Discussion

Exerting a cytoprotective effect against oxidative injury,
HOX-1 has been identified as a critical enzyme preserving
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cellular homeostasis [33] in both cultured cell systems, as well
as in in vivo studies [34]. Accumulating recent reports, account
for a key role of HOX-1 system in physiology and disease, via
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ranging from signal transduction to anti-oxidant, anti-apoptotic
and vascular activities (reviewed in Ref. [35]). Evidently, it is of
high importance to elucidate the signalling cascades involved in
HOX-1 regulation, particularly in the cardiac myocyte, with
ROS being known to have deleterious effects on vasculature
and the myocardium.

Therefore, we tried to determine the signalling cascades
involved in H2O2-induced HOX-1 mRNA upregulation in H9c2
cells, since the mechanism regulating the expression of this
pivotal gene, under oxidative stress conditions, remains elusive.
Noticeably, in respect to the signalling pathways mediating
HOX-1 transcriptional regulation, numerous studies have
reported the involvement of p38-MAPK in the latter by a
plethora of stimuli including statins [36], NAD(P)H oxidase
inhibitors [37], TGFβ [38] and hypoxia [39]. On the other hand,
fewer investigators have observed the participation of JNKs in
HOX-1 mRNA levels stimulation. In particular, Oguro et al.
[40] and Zhang et al. [41] have pointed to the critical
intermediacy of JNKs, in HOX-1 gene transcriptional regula-
tion, after treatment with the glutathione depletor phorone [40]
or ischemia/reperfusion [41], respectively. In addition, ERK
pathway has been found to mediate HOX-1 gene expression
induced by NO [42] and ischemia/reperfusion [41]. We have
shown that HOX-1 gene transcription is induced in H9c2 cells
exposed to oxidative stress [H2O2] (Fig. 1A), via activation of
multiple signalling pathways including: p38-MAPK, JNKs and
MSK1 (Fig. 1B). On the contrary, PD98059 did not block
H2O2-induced HOX-1 mRNA stimulation in our experimental
setting. Collectively, it becomes evident that the involvement of
MAPKs in the transcriptional regulation of HOX-1 depends on
the nature of the stimulus applied.

Keyse and Tyrrell were the first to show the accumulation of
HOX-1 mRNA after treatment of human skin fibroblasts with
100μM H2O2 [43]. Furthermore, using a microarray approach,
Kemp et al. have found that HOX-1 mRNA levels were
substantially upregulated after 2h as well as after 4h of H2O2
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treatment (200μM) in neonatal rat ventricular cardiac myocytes
[29].

MAPKs activation under oxidative stress is well established
in cardiac myocytes [44]. Intriguingly, in our hands, although all
three subfamilies were found to be phosphorylated by 200μM
H2O2 in H9c2 cells (Fig. 2), only p38-MAPK and JNKs
mediated HOX-1 mRNA upregulation (Fig. 1B). This result
could be justified in the context of p38-MAPK and JNKs being
the two principal MAPK subfamilies mediating cellular stress
signals, whereas ERKs are primarily associated with cell growth
and proliferation [21]. In correlation to our findings, in a study
by Turner et al. in H9c2 cells, all three MAPK subfamilies were
also shown to be phosphorylated in the range of 200–400μM
after exposure to H2O2 [16].

Among MAPKs substrates are members of the MSKs:
serine/threonine protein kinases, which are activated by ERKs
and p38-MAPK [22,45]. As shown in Fig. 1B, H89, a selective
MSK1 inhibitor [23,25,46], markedly blocked HOX-1 mRNA
upregulation by H2O2. In correlation to MSK1's detected
involvement in HOX-1 transcriptional regulation, the time
course of MSK1 phosphorylation at Thr581 was found to
closely follow that of p38-MAPK, attaining its maximal values
after 15min of H2O2 treatment (Fig. 3A). To our knowledge, our
study represents the first to demonstrate not only MSK1
phosphorylation under oxidative stress conditions in the cardiac
myocyte, but also the kinase role in H2O2-induced HOX-1 gene
expression.

Pharmacological inhibitors of PKC (GF109203X-10μM) or
PI3K (wortmannin-100nM) failed to attenuate MSK1 phos-
phorylation (data not shown). On the other hand, SB203580
diminished the latter, implicating p38-MAPK in this response
(Fig. 3B, lane 3). No involvement of ERKs in MSK1
phosphorylation was detected (Fig. 3B, lane 4). This result is
in accordance with a study by Weber et al., in sections from
hippocampal or cortical tissue from Alzheimer's (AD) disease
patients, with oxidative stress characteristics known to precede
the classical pathological hallmarks of AD [47]. Indeed, they
reported co-localization of phospho-MSK1 (Thr581) with
activated p38-MAPK and phospho-MSK1 (Ser376) with
activated ERK, suggesting preferential phosphorylation sites
for the two upstream effectors.

So far, numerous studies have pointed to MSK1 activation
downstream of p38-MAPK by a great variety of stimuli so
diverse as: platelet-derived growth factor (PDGF) in peritubular
smooth muscle cells (PSMC) [48], forskolin in NIH3T3 cells
[26], N-methyl-D-aspartate (NMDA) in cortical neurons [45],
tumour necrosis factor in endothelial cells [27] and ultraviolet B
irradiation in mouse epidermal JB6 cells [49]. These findings,
along with our results, mark the prominent role of MSK1 as a
convergent point, mediating the transduction of extracellular or
intracellular signals to downstream effectors, thus contributing
to cell homeostasis and equilibrium preservation.

Several studies have identified mainly transcription factors
(CREB [26,27,50], ATF1 [51], NfKB [25]), as well as STAT3
(signal transducer and activator of transcription 3) [46], 4E-BP1
(eIF4E-binding protein 1) [52] and histone H3/HMG-14 [23], as
indirect or direct targets of MSK1. All of the above provide
evidence of the latter being a link completing the circuit between
cell surface and the nucleosome. In an effort to assess potential
substrates of MSK1 in H2O2-treated H9c2 cells, and considering
that ATF2 and cJun transcription factors have been previously
shown to mediate oxidative stress effects in gene expression in
the cardiac myocyte [53], we first analyzed ATF2 (Fig. 4A) and
cJun (Fig. 5A) time-dependent phosphorylation patterns. In
particular, ATF2 phosphorylation was found to be maximal
(30min) earlier than that of cJun (60min), with both responses
completely abrogated by SP600125 and H89 (Figs. 4B and 5B,
respectively). Hence, JNKs and MSK1 seem to mediate ATF2
(Thr71) and cJun (Ser63) phosphorylation, unlike ERK and p38-
MAPK pathway that have no apparent participation. Thus, the
diverse interactions promoted under these interventions modulate
analogously the cellular transcriptional response.

This result correlated well with previous reports of cJun and
ATF2, JNK-dependent phosphorylation [54]. Interestingly,
while SB203580 completely abrogated H2O2-induced MSK1
phosphorylation at Thr581, it had no effect on the respective
ATF2 or cJun phosphorylation levels, while the latter is
inhibited by H89 (Figs. 4B and 5B, last lanes, respectively).
This may seem as a discrepancy, since we are suggesting that
both transcription factors constitute MSK1 substrates in our
study. What should be taken into consideration though is the
fact that MSK1 activity is controlled by multiple sites (Thr581,
Ser360, Ser212, Ser376, Ser381, Ser750, Ser7552, Ser758)
whose phosphorylation depends on upstream kinases activity or
autophosphorylation [55]. Therefore, MSK1 can still be active
while p38-MAPK is inactive. However, in the presence of H89,
which blocks MSK1 activity, the latter cannot exert its action.
To further substantiate MSK1 “interaction” with ATF2 and
cJun, co-immunoprecipitation experiments were performed that
verified our suggestion (Fig. 6). This observation is in
accordance with other studies [56]. In particular, Zhu et al.
[56] reported the direct interaction of ERKs with ATF2 and/or
MSK1 in UVC-treated mouse epidermal JB6 cells.

ATF2 and cJun, being known AP-1 components [57], we
predicted that they might exert their actions via increasing AP-1
transcription factor activity, leading to modifications in gene
transcription. In particular, it is well established that ATF2
regulates gene expression by forming dimers with proteins
containing basic region-leucine zipper domains, including cJun,
and recognizing CRE or AP-1 sequences, implicated in cellular
responses to stress [58]. Our hypothesis was confirmed since the
time profile of AP-1 binding activity (Fig. 7A,B) accompanies
those of ATF2 and cJun phosphorylation, thus activation.
Indeed, among the various regulatory elements localized in the
promoter 5′-flanking region of HOX-1, which control its gene
expression, Alam and Den as well as Alam, have identified an
AP-1 consensus site [59,60].

What is more, we observed AP-1 DNA binding activity to be
markedly attenuated by SP600125 and H89, implicating JNKs
and MSK1 in this response (Fig. 7C,D). This result is in
accordance with reports of JNKs contributing to AP-1 activity
via activation of ATF2 and cJun [61]. Furthermore, performing
a large-scale activation profiling of genes whose promoters are
bound and regulated by the AP-1 site binding cJun/ATF2 dimer,
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Hayakawa et al. found among others, HOX-1 gene to be
significantly differentially precipitated following genotoxic
stress in BT474 cells [62].

On the other hand, the inhibitory effect of H89 on AP-1
binding activity could be attributed indirectly to ATF2 and cJun
attenuated activity (Figs. 4B and 5B, last lanes), or directly to
MSK1 responsive elements. The latter has been articulated by
Darragh et al. who reported MSK1 responsive elements mapped
to two AP-1-like elements in the nuclear orphan receptor Nur77
promoter, in TNF- or anisomycin-stimulated mouse embryonic
fibroblasts [63].

5. Conclusions

Taken together, our results provide evidence concerning the
signalling mechanism underlying HOX-1 mRNA stimulation
by oxidative stress in H9c2 cells. This novel data marks the
involvement of p38-MAPK, JNKs and MSK1 pathways in
H2O2-induced HOX-1 transcriptional upregulation. What is
more, our findings, which are summarized in Fig. 8, suggest that
in our experimental setting, oxidative stress triggers the
activation of two parallel pathways converging at ATF2 and
cJun, modulating AP-1 binding activity. Based on the time-
dependent sequential activation of all the components examined
and since AP-1 elements have been reported in the rat HOX-1
promoter region [64,65], it is conceivable that JNKs and p38-
MAPK/MSK1 mediate their effects via the pathways delineated
in our study. Given the important role of HOX-1 in
cardiovascular disorders, further studies are required to fully
investigate the diversity and multiplicity of interactions between
the signalling cascades leading to its regulation. A critical target
of future investigation would also be the assessment of the
specific physiological outcome of these complex interactions,
aiming at potential therapeutic strategies enhancing enzymatic
anti-oxidative defenses.
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