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Running head: Distinct regulation of BNP by p38 isoforms in cardiomyocytes
ABSTRACT

Persistent controversy underlies the functional roles of specific p38 MAPK isoforms in cardiac biology and
regulation of hypertrophy-associated genes. Here we show that adenoviral gene transfer of p38p but not p38a
increased B-type natriuretic peptide (BNP) mRNA levels in vitro as well as atrial natriuretic peptide mRNA
levels both in vitro and in vivo. Overexpression of p38a, in turn, augmented the expression fibrosis-related
genes connective tissue growth factor, basic fibroblast growth factor and matrix metalloproteinase-9 both in
vitro and in vivo. p38p—induced BNP transcription was diminished by mutation of GATA-4 binding site,
whereas overexpression of MKKG6b, an upstream regulator of p38a and p38p, activated BNP transcription
through both GATA-4 and AP-1. Overexpression of MKK3, upstream regulator of p38a, induced BNP
transcription independently from AP-1 and GATA-4. These data provide new evidence for diversity in
downstream targets and functional roles of p38 pathway kinases in regulation of hypertrophy-associated
cardiac genes.

Key words: BNP; MAP kinases (MAPKSs); p38 MAPK; Cardiac hypertrophy; AP-1; GATA-4

Abbreviations: aFGF, acidic fibroblast growth factor; ANP, atrial natriuretic peptide; AP-1, activator protein-
1; ATF-2, activating transcription factor-2; bFGF, basic fibroblast growth factor; B-MHC, B-myosin heavy
chain; BNP, B-type natriuretic peptide; COL1AL, collagen type | alpha; CTGF, connective tissue growth
factor; DN, dominant negative; ERK, extracellular signal-regulated protein kinase; ET-1, endothelin-1;
MAPK, mitogen-activated protein kinase; MKK3, mitogen-activated protein kinase kinase 3; MKKG®,
mitogen-activated protein kinase kinase 6; MMP-2, matrix metallo-proteinase-2 (MMP-2); MMP-9 matrix
metalloproteinase-9; PE, phenylephrine; PDGF-A, platelet-derived growth factor alpha polypeptide; WT,
wild type
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1. Introduction

Natriuretic peptides atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP) are cardiac
hormones released into circulation by myocytes to protect the cardiovascular system against increased
hemodynamic load and decrease blood pressure by increasing salt and water excretion and by promoting
vasodilatation (reviewed in de Bold et al., 1996; Ruskoaho, 2003; Kuwahara and Nakao, 2010). Increased
expression of natriuretic peptides is a sign of hemodynamic overload of the heart and, at least in
experimental setting, can be used to measure the hypertrophic response in the heart. A number of signalling
pathways are implicated in the regulation of hypertrophy-associated genes, such as ANP and BNP. Among
these are mitogen-activated protein kinases (MAPKS), which represent a central converge point regulating
cellular behaviour. The three most-characterized MAPK pathways are the extracellular signal regulated
kinases (ERKS), the c-Jun N-terminal kinases (JNKs) and the p38s (Kyriakis and Avruch, 2001; Wang,
2007).

The p38 MAPK is a serine-threonine kinase that was originally isolated as 38-kDa protein rapidly
phosphorylated in response to lipopolysaccharide stimulation (Han et al., 1993; Han et al., 1994). It activates
numerous downstream kinases and transcription factors via phosphorylation (Ono and Han, 2000; Tenhunen
et al., 2006). p38 MAPK is in turn phosphorylated and hence activated by two upstream MAP kinase kinases
(MAPKKS, or MKKSs), MKK3 (Derijard et al., 1995) and MKK®6 (Han et al., 1996). Of the four p38 isoforms
(0, B, v and 8), only p38a and p38p isoforms are substantially expressed in heart (Jiang et al., 1996; Li et al.,
1996; Jiang et al., 1997). Selective activation of different p38 isoforms by distinct MKKs has also been
observed; MKKG®, which is 80 % homologous to the isoform MKK3, can activate all four p38 isoforms,
whereas MKK3 preferentially activates only p38a, p38y, and p386 (Jiang et al., 1996; Keesler et al., 1998).

p38 MAPK plays a central role in cardiac pathology, but controversy over the exact role — detrimental or
beneficial — still exists. Several in vitro and in vivo studies indicate that p38 is an important regulator of
cardiac hypertrophy (reviewed in Wang, 2007), but contradictory evidence has also been presented. For
example, MKK6-overexpressing hearts exhibited reduced end-diastolic ventricular cavity size and a modest
increase in cardiomyocyte size, while MKK3-overexpressing hearts had increased end-systolic chamber
volumes and thinned ventricular wall associated with myocyte atrophy (Liao et al., 2001). On the other hand,
dominant negative (DN) p38a, DN MKK3b and DN MKK6b transgenic mice showed progressive cardiac
hypertrophy, also suggesting an anti-hypertrophic function of p38 MAPK (Braz et al., 2003). We previously
found that in vivo adenoviral overexpression of MKK3b together with p38a led to a marked functional
improvement in infarcted rat heart; the size of an infarction area was significantly reduced, apoptosis
decreased and angiogenesis increased (Tenhunen et al., 2006). In addition, Nishida et al. showed that
cardiac-specific knockdown of p38a led to increased cardiomyocyte apoptosis and adverse myocardial
remodelling following pressure overload (Nishida et al., 2004). However, several studies have demonstrated
that during myocardial ischemia, p38 MAPK inhibition protects against lethal injury (Saurin et al.,2000;
Bassi et al., 2008).

The main reason for these controversial results may be both the overlapping and distinct physiological
functions of p38 MAPK isoforms (reviewed in Bassi et al., 2008). Wang et al. have suggested that p38a
(with MKK3b) might have pro-apoptotic effects while the overexpression of the p38 (with MKK6b)
isoform results in a hypertrophic response of cultured cardiac myocytes (Wang et al., 1998). These findings
were reiterated by Saurin et al., who demonstrated that inhibition of the p38a isoform, and not p38p, led to
an increase in cell viability and protection (Saurin et al., 2000). While novel pharmacological compounds are
already in trials targeting p38 MAPK in cardiovascular diseases, undoubtedly more information about p38
downstream molecules, and especially about the possible differences between the p38 isoforms, is needed to
determine whether the pharmacological manipulation of p38 MAPK pathway is a valid approach to treat
cardiac pathologies.

In this study we investigated the specific functions of p38a and p38p and their downstream targets in
cardiomyocytes. We find remarkable differences in p38 MAPK isoforms in regulating hypertrophy-
associated genes ANP and BNP as well as genes involved in cardiac fibrosis. Further, we show that while
p38a induces BNP transcription via activator protein-1 (AP-1), the p38p—induced BNP transcription is
mediated by transcription factor GATA-4. We also dissected the roles of upstream MAPKKSs of p38 pathway
and define novel downstream target genes of the specific p38 MAPK isoforms.

2. Materials and methods
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2.1. Materials

Cell culture reagents (bovine serum albumin, CaCl,, DMEM/F-12, PBS, insulin-transferrin sodium-
selenite media supplement, L-glutamine, penicillin-streptomycin, sodium pyruvate, 3°,3",5 -triiodo-L-
thyronine), endothelin-1 (ET-1), phenylephrine (PE), anti-flag antibody, protease- and phosphatase- inhibitor
cocktails (used in protein extraction) and protein extraction detergent IGEPAL® CA-630, as well as all the
oligonucleotides were from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against MKK3 and MKK6
were from Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA). Antibody against phospho-p38
(Thr180/Tyr182) and collagenase type Il Worthington (used in cell culture) were from Millipore (Billerica,
MA, USA). The p38 kinase assay kit containing also phosphorylated activating transcription factor-2
(phospho-ATF-2) antibody as well as antibody against total p38 was from Cell Signaling Technology
(Danvers, MA, USA). A p38 inhibitor SB203580 was from Tocris Bioscience (Bristol, UK). ECL Plus™
Western Blotting Detection System reagents, First-Strand cDNA Synthesis Kit for RT-qPCR and and L-[4,5-
®H] leucine were from GE Healthcare (Waukesha, WI, USA). Bio-Rad Protein Assay was from Bio-Rad
Laboratories (Hercules, CA, USA) and cell culture plates were from Greiner Bio-one (Monroe, NC, USA).
Dual-Luciferase® Reporter Assay System and pRL-TK control expression plasmid were from Promega Co.
(Fitchburg, WI, USA) and FUGENE 6 transfection reagent was from Roche Applied Science (Penzberg,
Germany).

2.2. Adenoviral vectors and plasmids

Adenoviral vectors encoding p38 MAPK pathway proteins were generated as described (Wang et al.,
1998) and BNP promoter constructs as reported earlier (Pikkarainen et al., 2002; Pikkarainen et al., 2003).
Further details about recombinant adenoviruses and BNP constructs are presented in Supplementary
Materials and Methods.

2.3. Cell culture and transfections

Cells were prepared from 2- to 4-day-old Sprague-Dawley rats as described (Tokola et al., 1994).
Cultured cells were subjected to transfection of the plasmid containing intact -534 BNP or mutated -534
BNP —luc-constructs along with pRL-TK control plasmids (1 pug and 0.5 ug, respectively) as described
earlier (Pikkarainen et al., 2002). Adenoviruses were added to the culture medium approximately 18-24
hours after the cells were plated and incubated for 24 hours, at the virus concentration of 1 to 4 MOI
(depending on the designed experiment). In co-transduction experiments, recombinant adenoviruses were
added to the culture medium 6-8 hours after the plasmid insertion, and incubated for 24 hours. When
appropriate, ET-1 (100 nM for 24 hours) or PE (100 uM for 15 minutes) were added to culture medium at
the third day of culture. pRL-TK plasmid was used as a control vector of BNP transfected cells in each
sample to equalize for transfection efficacy and the data are presented as ratio of luciferase activity to pRL-
TK activity. A luminometer (model RS from Thermo Labsystems, Vantaa, Finland) was used to measure
luminescence.

2.4. Western blot and kinase assays

Protein extraction and Western blot analysis were performed as described (Kerkela et al., 2002;
Pikkarainen et al., 2003). For kinase assay, myocytes were collected by scraping them into 200 pl of cell
lysis buffer. The phosphorylated p38 was immunoprecipitated with specific antibody at 4°C overnight. Next
day, the immunoprecipitates were washed twice with cell lysis buffer after centrifugations (10 000 rpm), and
then once more with a kinase buffer. After the final centrifugation, the pellets were incubated for 30 min at
30°C with kinase buffer, 200 uM ATP and 2 mg/ml ATF-2 fusion protein as a substrate (50 pl/sample). All
reagents were from Cell Signaling Technology. The reactions were terminated by placing the samples on ice
and adding 10 pl of 5xSDS. The samples were then boiled, microcentrifuged and analyzed by Western
blotting for phosphorylated ATF-2.

2.5. Isolation and analysis of RNA
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The RNA was extracted from cardiomyocytes with TRIzol reagent following the manufacturer’s protocol
(Invitrogen, Carlsbad, CA, USA) using the Phase Lock Gel System (Eppendorf AG, Hamburg, Germany)
and analyzed by real-time reverse transcription (RT) QPCR. cDNA first strand was synthesized from total
RNA derived from neonatal ventricular myocytes. Rat ANP, BNP, B-myosin heavy chain (3-MHC),
connective tissue growth factor (CTGF), acidic fibroblast growth factor (aFGF), basic fibroblast growth
factor (bFGF), collagen type | alpha 1 (COL1A1), matrix metallo-proteinase-2 (MMP-2), matrix
metalloproteinase-9 (MMP-9) and platelet-derived growth factor alpha polypeptide (PDGF-A) mRNA levels
were measured by RT-PCR as previously described (Majalahti-Palviainen et al., 2000). The primers and
fluorogenic probes used in real-time RT-QPCR are presented in Supplementary Table S1. The results were
normalized to 18S quantified from the same samples.

2.6. Protein synthesis

[*H] leucine incorporation was measured as described previously (Berk et al., 1989). Briefly, cells were
cultured in 24-well plates. When appropriate, recombinant adenoviruses were added to culture medium on a
second day of culture. On a third day of culture, medium was replaced with CSFM supplemented with [*H]
leucine (5 pCi/ml). After 24 hours, cells were lysed and processed for measurement of incorporated [*H]
leucine by liquid scintillation counter.

2.7. Cell death assays

Analysis for determination of cytoplasmic histone-associated DNA fragments was performed according
to manufacturer’s instructions (ELISA”"Y® Cell Death Detection Kit, Roche Applied Science, Penzberg,
Germany). Examination of the release of adenylate kinase from ruptured cells into the cell culture medium
was carried out with bioluminescent ToxiLight® Bioassay kit (Lonza Rockland Inc, Rockland, ME, USA)
kit according to manufacturer’s instructions (Kerkela et al., 2006).

2.8. Cardiac gene transfer in vivo

Male Sprague-Dawley rats weighing 250-300 g (n=40) were used. Cardiac gene transfer of recombinant
adenoviruses (LacZ, wild type p38a or wild type p38p and constitutively active MKK3b or MKKG6Db) into the
left ventricular free wall was performed as previously described (Tenhunen et al., 2006). After three days,
the animals were killed, the hearts were removed, and the cardiac chambers were separated. Left ventricular
tissue samples were weighed, immersed in liquid nitrogen, and stored at -70°C for later analysis. Extraction
of RNA was performed as previously described (Tenhunen et al., 2004) and mRNA levels of ANP, CTGF,
bFGF and MMP-9 mRNA levels were measured by RT-QPCR. The experimental design was approved by
the Animal Use and Care Committee of the University of Oulu.

2.9. Statistical analysis

Results are expressed as means £ SEM For the comparison of statistical significance between two groups,
the Student's t test was used. For multiple comparisons, data were analyzed with one-way analysis of
variance followed by a least significant difference (LSD) post hoc test. Differences at the 95 % level were
considered statistically significant.

3. Results
3.1. Function of recombinant adenoviruses and p38 inhibitor SB203580

Neonatal rat cardiomyocytes were transduced with recombinant adenoviruses encoding either wild type
(WT) p38a or WT p38p. The transduction efficacy was confirmed with a specific antibody recognizing the
fusion proteins of WT p38a and WT p38p that contain a flag-epitope (-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-
). Western blot analysis showed similar transduction of WT p38a and WT p38 to the cells detected by anti-
flag antibody (representative Western blot is shown in Supplementary Figure S1 A). Next, the p38 kinase

4
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activity following adenoviral transfer of p38 MAPK isoforms was determined by kinase assay. Cell lysates
were immunoprecipitated with phospho-p38 antibody, and the phosphorylation rate of downstream target
ATF-2 was detected with specific antibody by Western blotting. We found that the ATF-2 phosphorylation
was similarly enhanced by both WT p38a and WT p38p indicating similar kinase activity (representative
Western blot is presented in Supplementary Figure S1 B).

Cultured cardiomyocytes were then transduced with adenoviruses carrying sequences for constitutively
active forms of MKK3b and MKK6b [MKK3b(E) and MKKG6b(E), respectively]. The transduction efficacy
was confirmed with MKK3 and MKKG6 antibodies by Western blotting (representative Western blots are
shown in Supplementary Figure S1 A). ATF-2- based kinase assay demonstrated that overexpression of both
MKK3b(E) and MKKG6b(E) with or without WT p38a/p38p markedly induced ATF-2 phosphorylation
(representative Western blots are shown in Supplementary Figure S1 B). In addition, both upstream MKKs
(MKK3 or MKKG®6) similarly enhanced the activity of the p38 isoforms. However, because prior data
suggests that p38a is regulated by MKK3, and p38f by both MKK3 and MKK®6 (Jiang et al., 1996; Keesler
et al., 1998), we selected to use combinations of WT p38a + MKK3b(E) and WT p38p + MKK6b(E) to
maximally induce the activation of p38 isoforms.

We also transduced the cardiomyocytes with dominant negative (DN) p38a or DN p38f3 and treated the
cells with PE, a potent hypertrophic agonist acting via G-protein coupled receptors (GPCR) (Simpson,1985).
PE (100 uM) evoked a 13.8—fold increase in downstream target ATF-2 phosphorylation levels. DN p38a
reduced the PE—induced ATF-2 phosphorylation by 87% and DN p38f by 90%, hence suggesting that
adenoviral DN p38a and DN p38p are both equally capable of inhibiting the PE-induced activation of the
kinases (Supplementary Figure S2 A). The amount of phosphorylated p38 MAPK in cardiomyocytes was
also reduced to similar extent by transduction of cells with DN p38 MAPKSs (Supplementary Figure S2 B).
The function of pharmacological p38 inhibitor SB203580 was analyzed with ATF-2 —based kinase assay as
well. We found that SB203580 (10 uM) reduced the PE—-induced ATF-2 phosphorylation by 81.5%
(Supplementary Figure S2 C).

3.2. p38a and p38 MAPK regulate the hypertrophic response of cardiomyocytes

To investigate the role of p38 in cardiac hypertrophy, we studied the effect of p38 on BNP and two to
other central hypertrophy-associated genes ANP and B-MHC. Our data demonstrates that only p38 isoform
(with upstream kinase MKKG®) significantly induced the transcription of ANP (3.5-fold, P<0.001) and BNP
(2.8-fold, P<0.01) and it also tended to increase B-MHC transcription. Instead, p38a did not significantly
induce any of the genes studied, but, on the contrary, significantly diminished the f-MHC mRNA levels (by
78%, P<0.001) (Fig. 1A-C). Instead, both p38 isoforms induced an increase in protein synthesis, another
hallmark feature of cardiomyocyte hypertrophy (Sugden and Clerk, 1998), alone or in combination with
upstream MKKs, without significant differences between the isoforms (Fig. 1D). Protein synthesis was
increased also by transduction of MKK3 or MKKG6 alone (Fig. 1D).

3.3. p38a and p38p regulate BNP promoter via distinct pathways

Next, ET-1, a powerful paracrine inducer of cardiomyocyte growth and hypertrophy (Shubeita et al.,
1990), was used to activate rat BNP reporter gene transcription. ET-1 (100 nM) induced a 2.3—fold increase
in rat (A-534/+4) BNP promoter luciferase construct (rBNP-luc) transcription (P<0.001). Interestingly, co-
expression of DN p38f in rBNP-luc transfected cardiomyocytes completely abolished the ET-1-induced
rBNP promoter activation, whereas overexpression DN p38a had no significant effect (Fig. 2A). However,
overexpression of both WT p38a and WT p38p significantly activated the rBNP promoter (P<0.001 and
P<0.01, respectively, Fig. 2B).

The downstream targets of p38 MAPK isoforms were further studied by reporter gene assays.
Cardiomyocytes were transfected with rBNP promoter construct containing two site-directed mutations of
the proximal GATA-4 sites (BNP GATAMut). Interestingly, p38p—induced increase in rBNP promoter
activity was significantly reduced by mutation of GATA-4 binding sites (P<0.05, Fig. 2C). In contrast,
p38a—induced rBNP activation was not affected by the GATA-4 binding site mutation. Previous studies
suggest functional cooperation between GATA-4 and AP-1 in pressure overload-induced hypertrophy
(Herzig et al., 1997). To investigate the importance of AP-1 binding site in p38—induced BNP promoter
activation, we introduced a site directed mutation at AP-1 binding site of rBNP promoter (BNP AP-1Mut).

5
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Intriguingly, p38a—induced rBNP promoter activation was diminished by mutation of AP-1 binding site,
whereas p38p—induced rBNP reporter activation was not affected (P<0.05, Fig. 2D). Finally, since ANP,
BNP and a-MHC, contain potential ETS binding sequences (EBS) in their regulatory region (Pikkarainen et
al., 2003; Gupta et al., 1998), and previous studies have suggested that overexpression of p38a results in
EBS-dependent activation of rBNP promoter activity (Pikkarainen et al., 2003), we introduced a site directed
mutation at EBS site of rBNP promoter. However, the activation of rBNP reporter induced by
overexpression of WT p38a or WT p38p was not affected by the mutation of EBS at -498 bp at rBNP
promoter (data not shown).

3.4. Constitutively active MKK3b and MKK6b activate rBNP promoter

Next, the effect of MKK overexpression on BNP reporter activity was studied. Overexpression of either
MKK3b(E) or MKKG6b(E) significantly induced the rBNP promoter activity (1.6- and 1.7-fold, respectively)
and overexpression of WT p38a together with either MKK3b(E) or MKKG6b(E) further increased the rBNP
promoter activity (Fig. 3A). Overexpression of WT p38p together with MKK6b(E) also further enhanced the
rBNP promoter activity, whereas overexpression of WT p38p together with MKK3b(E) only had a minor
effect compared to MKK3b(E) alone (Fig. 3A). The MKK6b(E)—induced rBNP activation was diminished by
the mutation of both GATA-4 and AP-1 binding sites. However, MKK3b(E)-induced rBNP activation was
independent of GATA-4 and AP-1 binding sites and co-transduction with either of the p38 isoforms did not
redirect the signalling to either GATA-4 or AP-1 (Fig. 3B and 3C).

3.5. p38a and p38 MAPK isoforms regulate cell death in vitro

Cardiomyocytes transduced with MKK3b(E), MKK6b(E), WT p38a or WT p38p were also analysed for
apoptotic cell death. Overexpression of MKK3b(E) or MKK6b(E) alone had no effect on the rate of
apoptosis, while overexpression of either WT p38a or WT p38f enhanced apoptosis (1.5- and 1.6-fold,
respectively) detected by ELISA. Overexpression of WT p38a+MKK3b(E) and WT p38+MKK6b(E)
resulted in comparable increases in apoptosis, while combinations WT p38ca+MKKG6b(E) or WT
p38B+MKK3b(E) had no effect (Fig. 4A). Overexpression of p38a with MKK3b(E) also significantly
increased necrotic cell death (Fig. 4B). Necrotic cell death was almost similarly induced by overexpression
of MKK6b(E)+ WT p38p, but this change was not statistically significant (Fig. 4B).

3.6. p38a and p38p have distinct effects on fibrosis-related and growth factor genes

To examine whether there are functional differences between p38a and p38p in the activation of specific
genes related to cardiac fibrosis, a central feature in heart failure (reviewed in Swynghedauw, 1999),
cardiomyocytes were transduced with either WT p38a together with MKK3b(E) or WT p38 with
MKKB6b(E). Overexpression of p38a isoform (with MKK3b) produced a 3.0-fold increase in CTGF mRNA
levels, whereas overexpression of p38 with MKK6b had no significant effect (Fig. 5). Similarly, the mRNA
levels of both bFGF and MMP-9 were significantly increased (2.0- and 3.3-fold, respectively) by WT
p38a+MKK3b(E), but not affected by overexpression of WT p38p+MKKG6b(E) (Fig. 5). MMP-2 or
COL1A1 gene expression levels were not affected by overexpression of p38 MAPK isoforms. WT
p38B+MKKO6b(E) significantly decreased the PDGF-A mRNA levels (0.7-fold), while MKK3+p38a had no
effect. Instead, expression of aFGF was significantly decreased in both groups (both to 0.4-fold, Fig. 5).

3.7. p38 MAPKSs regulate cardiac gene expression in vivo

Finally, adenoviruses expressing MKK3b(E), MKK6b(E), WT p38a or WT p38p were injected into left
ventricular fee wall of adult Sprague-Dawley rats. Three days after injections animals were sacrificed and
samples from left ventricles were obtained for RT-QPCR analysis. The mMRNA analysis revealed that the
overexpression of WT p38p with MKK6b(E) resulted in a significant increase in ANP mRNA levels (2.3-
fold, P<0.05), whereas other combinations had no significant effect (Fig. 6A). Overexpression of p38a with
either of the upstream MKKs led to significant induction of CTGF mRNA levels (Fig. 6B). Overexpression
of WT p380+MKK6b(E) also resulted in an increase in bFEGF and MMP-9 mRNA levels (Fig. 6C-D).
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Overexpression of p38f together with MKK6b(E) induced a significant increase in CTGF mRNA (Fig. 6B)
levels, whereas other fibrosis-related genes were not affected by overexpression of p38f3 (Fig. 6C-6D).

4, Discussion

Given the number of studies focusing on the role of p38 MAPK in the cardiomyocyte intracellular
signalling during cardiomyocyte hypertrophy, it is remarkable that no consensus over the functional role of
p38 isoforms has been reached. Especially unclear are the differences between the p38 isoforms. In the
present work, we studied the involvement of distinct p38 isoforms into the regulation of natriuretic peptide
expression as a hallmark of hypertrophic response. Our results suggest that the more important isoform in the
regulation of myocyte hypertrophy is p38p, since only p38p isoform significantly activated gene expression
of natriuretic peptides ANP and BNP. These results agree with those of Wang et al., who observed
hypertrophic response by p38p overexpression in cardiomyocytes (Wang et al., 1998). In addition, we found
that activation of p38f pathway also induced an increase in ANP mRNA levels in vivo. However, both p38
isoforms and MKKSs significantly increased the rate of protein synthesis, another important hallmark of
cardiac hypertrophy.

Cardiomyocyte hypertrophy can be induced by various GPCR agonists, such as ET-1 (Shubeita et al.,
1990). The mechanisms connecting ET-1-induced cytosolic signalling to nuclear targets are not fully
understood, though. ET-1 has been reported to activate GATA-4 transcription factor via MAPK-mediated
phosphorylation (Kerkela et al., 2002). Here we show that the overexpression of both WT p38a and WT
p38p induce BNP reporter gene transcription, but when treated with hypertrophic agonist ET-1, only DN
p38p was sufficient to attenuate the ET-1-induced rat BNP reporter activation. This indicates that p38p
isoform plays a key role also in agonist-induced BNP activation.

Our data also shows that there are substantial differences in the activation of downstream mediators
GATA-4 and AP-1 by p38 isoforms. GATA transcription factors regulate differentiation, growth and
survival of a wide range of cell types (Pikkarainen et al., 2004). Also, apart from regulating embryonic and
baseline cardiac gene expression, GATA-4 is involved in inducible cardiac gene expression in response to
hypertrophic stimuli. GATA-binding elements have been found in several cardiac specific genes, such as a-
MHC, ANP and BNP (Pikkarainen et al., 2004). There is evidence suggesting that ERK may function as a
regulator of basal GATA-4 DNA binding activity, while p38 may mediate activation of GATA-4 by ET-1
(Kerkela et al., 2002). Transcription factor AP-1, in turn, is known to be a ubiquitous transcription factor
whose binding sites are abundant in the promoter region of numerous cardiac genes (Herzig et al., 1997;
Grepin et al., 1994). Previous studies have shown that MAPKSs represent key upstream signalling molecules
in many cell types, and they are able to activate AP-1 complex through a direct phosphorylation of the
subunits (Han et al., 1997). However, the role of different isoforms of p38 MAPKSs in activating AP-1 has
not been elucidated to date. Our current data suggests that overexpression of WT p38a activated the BNP
promoter in AP-1 dependent manner, whereas overexpression of WT p38p activated the BNP promoter via
GATA-4 binding sites. Overexpression of MKK6b(E) activated the BNP promoter via both AP-1 and
GATA-4 binding sites, suggesting involvement of both p38a and p38p isoforms. Importantly, the induction
of the BNP promoter by MKK3b(E) was not dependent on either AP-1 or GATA-4 binding sites indicating
that signal was not transmitted either through p38a or p38.

p38 MAPK has also been implicated in the regulation of fibrosis (for review see Clerk and Sugden,
2006). Here we found that a number of fibrosis-related genes are differentially regulated by distinct p38
isoforms. CTGF is a growth factor activated during cardiac fibrosis and it has been shown that CTGF is
rapidly up-regulated in response to several hypertrophic stimuli, including ET-1, PE, angiotensin 1l, growth
factors and mechanical stretch (reviewed in Matsui and Sadoshima, 2004; Daniels et al., 2009). We show
that WT p38a+MKK3b(E) overexpression significantly increased CTGF mRNA levels both in vitro and in
vivo. MMP-9, another important protein that critically contributes to the re-organization of extracellular
matrix (Spinale, 2002), was activated in cultured cells by overexpression of WT p38a+MKK3b(E), but not
by WT p383+MKKG6b(E), whereas in in vivo studies, the overexpression of p38a together with MKK6b(E)
was sufficient to induce MMP-9 gene expression. However, there were no differences in COL1AL1 mRNA
levels in WT p38a+MKK3b(E)-transduced cells. Overexpression of p38p with MKK6b(E) reduced the
MRNA levels of growth factors PDFG-A and aFGF in neonatal cardiomyocytes. Overexpression of p38a
with MKK3b(E) also reduced aFGF gene expression but, on the contrary, substantially increased bFGF
MRNA levels in vitro and p38a with MKK6b also increased bFGF levels in vivo. These results indicate that
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activation of p38p pathway typically elicits inhibitory effects on growth factors, while p38a appears to
stimulate the fibrosis-related factors CTGF, MMP-9 and bFGF, suggesting that MKK3 and p38a may play a
critical role in maintaining the plasticity of the heart undergoing fibrotic remodelling process. This is in
agreement with Liao et al, who demonstrated that overexpression of MKK3b or MKKG6b induces cardiac
fibrosis (Liao et al., 2001) as well as with Streicher et al. showing that MKK3b overexpressing transgenic
mice exhibit increased cardiac interstitial fibrosis and contractile dysfunction (Streicher et al., 2010) and with
Zhang et al. reporting reported reduced cardiac fibrosis in dominant negative p38a —transgenic mice (Zhang
et al., 2003). Instead, following myocardial infarction p38a+MKK3b overexpression resulted in reduced
apoptosis and reduced fibrosis (Tenhunen et al., 2006), and in pressure overload model cardiac-specific p38a
knock-out mice exhibited dilated cardiomyopathy, increased fibrosis and increased apoptosis (Nishida et al.,
2004). The differences between the experimental settings may explain these contradictory findings.

The p38 MAPKSs are also known to regulate cardiomyocyte viability. Wang et al. have suggested that
while p38a may have pro-apoptotic function in cardiomyocytes, p38f isoform might function as an anti-
apoptotic molecule (Wang et al., 1998). Instead, we found that apoptosis was similarly increased by p38a
and p38p overexpression, and also by overexpression of p38a+MKK3b(E) and p38p+MKKG6b(E), but not by
other combinations. Notably, Wang et al. used upstream kinase MKK3b with both p38a and p38f3, which
may explain the discrepancy compared to our current study. Both combinations also induced necrotic cell
death, although the effect was significant only with p38a+MKK3b(E). Nevertheless, the rate of cell death in
WT p38a+MKK3b(E) and WT p38p+MKKG6b(E) -infected cells was very similar and did not influence the
interpretation of the rest of the data.

The results of this study may have immediate therapeutic implications, since there are a number of
ongoing randomized clinical trials studying the effects of various p38 MAPK inhibitors (with no distinction
between isoforms); (http://clinicaltrials.gov). Most of the trials target inflammatory diseases (rheumatoid
arthritis, asthma, chronic obstructive pulmonary disease) but also the role of p38 inhibitors in cancer is under
active investigation. Several compounds are in trials targeting p38 MAPK also in cardiovascular diseases,
such as acute coronary syndrome (ACS) and inflammatory cardiovascular disorders. For example, a p38
inhibitor SB618323 is developed for treatment of coronary heart disease, and another inhibitor VX-702 is
being studied in the treatment of ACS (Lee and Dominguez, 2005; Ding, 2006). Our present results highlight
that more information about differences between the distinct p38 isoforms is needed to determine whether
the pharmacological manipulation of p38 is useful in the treatment of cardiovascular and other diseases.

In conclusion, the functional complexity and ambiguity of the p38 MAPKSs in heart may at least partly
be explained by the differences between the p38 isoforms. Our current findings suggest that the effects of
p38p are mediated via GATA-4 transcription factor, at least in the context of BNP promoter, whereas effects
of p38a are mediated via AP-1 binding site. MKK6—-induced BNP promoter activation is mediated by both
p38a and p38p, whereas the effect of MKK3 is at least partly independent of downstream MAPKSs (Fig. 7A).
In addition, we demonstrate that p38a. plays a key role in the regulation of cardiac fibrosis, whereas p38f3
regulates the expression of hypertrophy-associated genes ANP and BNP (Fig. 7B). Our data thus suggests
that isoform-selective p38 MAPK inhibitors may have distinct effects on the expression of hypertrophy-
associated genes and genes involved in cardiac fibrosis.
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Figure legends:

Fig. 1. p38P regulates mRNA expression of natriuretic peptides and both p38 MAPK isoforms accelerate the
rate of protein synthesis. Cultured cardiomyocytes were transduced with adenovirus-combinations WT p38a.
+ MKK3b(E) or WT p38p + MKK6b(E). RNA was collected 48 hours later and analyzed for gene
expression of ANP (A), BNP (B) and B-MHC (C) by RT-QPCR. The results were normalized to 185 RNA
guantified from the same samples and the mRNA levels are presented relative to LacZ-transduced cells
(mean+SEM of three independent experiments, n= 7-8; **P<0.01 and *** P<0.001 vs. LacZ; ¥, P<0.05 and
"% P<0.001 vs. p38a+MKK3). (D) Cultured cardiomyocytes were transduced with recombinant
adenoviruses and [*H]leucine (5 uCi/ml) was inserted to culture medium to determine the rate of protein
synthesis. Incorporated [*H]leucine was detected by liquid scintillation counter. The data is presented relative
to LacZ-transduced cells (mean+SEM of one representative experiment performed in triplicates, total n=12;
*P<0.05, **P<0.01 and *** P<0.001 vs. LacZ).

Fig. 2. Distinct regulation of BNP promoter by p38 isoforms. (A) Cardiomyocytes were transfected with
intact rat (A-534/+4) BNP promoter luciferase construct and subsequently transduced with recombinant
adenoviruses DN p38a or DN p38p and treated with ET-1 (100 nM for 24 hours). Relative levels of
luciferase (luc) activity were measured and normalized to pRL-TK control. BNP luc induction is presented
relative to LacZ-transduced cells (mean+SEM of three independent experiments, n=8; *** P<0.001 vs.
LacZ; ¥, P<0.05 vs. LacZ +ET-1). Cultured cardiomyocytes were transfected with intact rat BNP promoter
luciferase construct (BNP) (B), and with similar construct carrying a mutation in GATA-4 binding-site (BNP
GATAMut) (C) or AP-1 binding-site (AP-1Mut) (D). Subsequently, the cells were cotransduced with WT
p38a or WT p38p and the cell lysates were assayed for luciferace (luc) induction and normalized to pRL-TK.
BNP luc activity is presented relative to LacZ-transduced cells (mean+SEM of three independent
experiments, n=19-24; ** P<0.01 and *** P<0.001 vs. LacZ; T, P<0.05 vs. intact BNP -transfected cells
with the same recombinant adenovirus).

Fig. 3. MKKG6b regulates BNP promoter through AP-1 and GATA-4 while MKK3b regulates BNP
independently of GATA- and AP-1 binding sites. Cultured cardiomyocytes were transfected with intact rat
BNP promoter luciferase construct (BNP) (A) or with BNP reporter constructs harbouring the mutation at the
binding site of GATA-4 (BNP GATAMut) (B) or AP-1 (AP-1Mut) (C), and cotransduced with recombinant
adenoviruses MKK3b(E), MKK6b(E), WT p38a or WT p38p. BNP luciferase (luc) activity is normalized to
pRL-TK control vector and presented in proportion to LacZ-treated cells (mean+SEM of three independent
experiments, n=12-20; ** P<0.01 and *** P<0.001 vs. LacZ;*, P<0.05 and ™, P<0.01 vs. intact BNP -
transfected cells with the same recombinant adenovirus).

Fig. 4. Both p38 isoforms induce apoptosis and necrosis. Neonatal rat cardiomyocytes were transduced with
adenoviruses WT p38a, WT p38p, MKK3b(E), MKK6b(E) or control virus LacZ. (A) The immobilized
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antibody-histone complexes indicating the rate of apoptotic process in cell was determined by
spectrophotometer (ELISA™Y® Cell Death Detection Method). (B) Adenylate kinase release was analyzed
from cell culture medium to determine the rate of cytolysis indicating necrotic cell death (by ToxiLight®
Bioassay Kit). Data is presented relative to LacZ-transduced cells (mean+SEM of three independent
experiments, n=12-20; *, P<0.05, **, P<0.01 and *** P<0.001 vs. LacZ).

Fig. 5. Effects of p38a and p38p isoforms on the expression of fibrosis-related genes. Cultured
cardiomyocytes were transduced with adenovirus-combinations WT p38a + MKK3b(E) or WT p38p +
MKK6b(E). The mRNA levels were determined by reverse transcription and real-time QPCR, and are
normalized to 18S RNA quantified from the same samples and presented relative to LacZ-transduced cells
(mean+SEM of three independent experiments, n=4-6; *, P<0.05, **P<0.01 and *** P<0.001 vs. LacZ).

Fig. 6. p38a induces the mRNA expression of CTGF, bFGF and MMP-9 in vivo, whereas p38p regulates the
transcription of ANP in vivo. Adenoviruses encoding for WT p38a, WT p38f, MKK3b(E), MKK6b(E) or
LacZ were injected into the left ventricular wall of adult rats. Three days later RNA from left ventricles was
analyzed for mRNA levels of ANP (A), CTGF (B), bFGF (C) and MMP-9 (D) by RT-QPCR. The results are
normalized to 18S RNA quantified from the same samples and presented relative to LacZ-injected cells
(meant+SEM, n= 6-8; *, P<0.05 and **P<0.01).

Fig. 7. The functional complexity of p38 in heart. (A) Schematic presentation of p38 MAPK pathway in the
regulation of BNP promoter activity. Our results suggest that p38[ activates BNP through GATA-4, and
p38a via AP-1 transcription factor. Moreover, our results show that MKKS3 activates BNP promoter through
AP-1 and GATA-4-independent pathway, and hence probably through p38a—independent route. (B)
Schematic presentation of p38 isoforms in the regulation of cardiac gene expression. Our data indicates that
p38a plays an important role in the regulation of cardiac fibrosis, whereas p38f regulates the expression of
hypertrophic genes.
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*Highlights

MS ID#: MCE-D-10-00530
MS Title: Distinct Regulation of B-type Natriuretic Peptide Transcription by p38 MAPK Isoforms

Highlights:
> We demonstrate distinct cardiac gene regulation by p38a and p38p. > p38a induces BNP transcription

through AP-1 and p38p through GATA-4. > p38p is the main regulator of the expression of hypertrophy-
related genes. > p38a regulates the expression of fibrosis-related genes.
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Figure 2 (A)
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Figure 4 (A)
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Figure 5
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